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ABSTRAKT

2. ABSTRAKT

Diabetes mellitus 2. typu (DMT2) dnes piedstavuje z hlediska incidence a ekonomickych
dopadt jednu z nejvyznamnéjSich metabolickych chorob. Mezi hlavni pfi¢iny tohoto
onemocnéni patii ztrata funkce a viability pankreatickych B-bunck v disledku pisobeni
zvySenych hladin nasycenych mastnych kyselin (MK). Nenasycené MK jsou B-buiikami
1épe tolerovany. Dokonce jsou schopny inhibovat poskozujici ucinky nasycenych MK.
Molekularni mechanizmy indukce apoptozy pankreatickych B-bun€k nasycenymi MK
stejn¢ jako mechanizmy inhibice této indukce nenasycenymi MK jsou dosud nejasné.
Hlavnim cilem této prace bylo pfispét k objasnéni téchto mechanizmii.

U lidské linie pankreatickych B-buncék NES2Y jsme prokdzali: (1) Aktivace
kaspazy 2 piisobenim nasycené kyseliny stearové (SA) v koncentraci indukujici apoptozu
(1 mM) neni pro proces indukce apoptdzy zasadni. Tato kaspaza vSak moduluje drahy
stresu endoplazmatického retikula (ER) indukované piisobenim SA. (2) SA (1 mM)
aktivuje p38 MAPK signdlni drahu a inhibuje ERK signalni drahu. Inhibice ERK signalni
dréhy je pravdépodobné dusledkem aktivace p38 MAPK drahy. AvSak p38 MAPK
nejspiSe neni pro indukci apoptdzy plsobenim SA klicova. Nenasycend kyselina olejova
(OA, 0,2 mM) je schopna inhibovat G¢inky SA na uvedené signalni drahy. Sama o sob¢
ovliviiuje zminéné signalni drahy pouze minimalné. (3) SA (1 mM) aktivuje drahy stresu
ER, tj. drahy IREla, PERK a ATF6. OA (0,2 mM) inhibuje u¢inky SA na drahy IREla a
PERK a sama o sobé& ovliviiuje aktivaci téchto drah pouze minimalné. Vliv OA na ATF6
drdhu nebyl zjistovan. JNK kindza, obdobné¢ jako kaspaza 2, neni pro proces indukce
apoptozy pusobenim SA zédsadni, ale moduluje drahy stresu ER aktivované touto MK. (4)
Misto navozeni proapoptotické signalizace nasycenymi MK, stejn€ jako misto inhibi¢ni
intervence nenasycenych MK do mechanizmi indukce apoptdézy nasycenymi MK, se
nalézd ,upstream* od studovanych signalnich drah. Pravdépodobné se nachazi jiz na
plazmatické membrané bunék. (5) Hypoxie zesiluje proapoptoticky efekt SA (I mM)
nejspiSe prostiednictvim zvySeni signalizace stresu ER. Hypoxie také snizuje protektivni
efekt OA (0,2 mM) na proapoptoticky Ucinek SA a to takovym zplsobem, ze OA jiz neni
schopna blokovat indukci apoptdzy B-bunék vyvolanou plisobenim SA. Hypoxie samotna
ma na B-bunky relativné slaby poskozujici vliv. Hypoxie tedy mize ptedstavovat klicovy
faktor rozhodujici o prezivani/smrti pankreatickych B-bunck v pfitomnosti MK a tedy

v disledku toho 1 potencialné o vzniku DMT2.



ABSTRAKT

Nase vysledky pfispé€ly k porozuméni mechanizm, kterymi nasycené MK indukuji
apoptdzu pankreatickych B-bunék, a mechanizmii inhibice této indukce nenasycenymi MK.
Vysledky také prispély k objasnéni vlivu hypoxie na indukci apoptézy nasycenymi MK a
na inhibici této indukce nenasycenymi MK u B-bun¢k. Tyto poznatky by mohly byt
vyznamné pii hledani novych postupti terapie DMT2 zamétenych na zachovani funkce a

viability pankreatickych B bunék.



ABSTRACT

3. ABSTRACT

Recently, diabetes mellitus type 2 (DMT2) represents one of the most important metabolic
diseases according to its incidence and economic impacts. One of the main reasons of this
diesease is loss of function and viability of pancreatic B-cells due to the effect of increased
levels of saturated fatty acids (FAs). Unsaturated FAs are better tolerated by B-cells. They
are even capable of inhibiting detrimental effects of saturated FAs. Molecular mechanisms
of apoptosis induction in pancreatic B-cells by saturated FAs as well as mechanisms of
inhibition of this induction by unsaturated FAs are not completely elucidated. The main
aim of this study was to contribute to elucidation of these mechanisms.

Concerning human pancreatic B-cell line NES2Y we demonstarted: (1) Activation
of caspase-2 by stearic acid (SA), in apoptosis inducing concentration (1 mM), is not
crucial for the process of apoptosis induction. However, this caspase modulates SA-
induced endoplasmic reticulum (ER) stress pathways. (2) SA (I mM) activates the p38
MAPK signaling pathway and inhibits the ERK signaling pathway. Inhibition of the ERK
signaling pathway is probably a consequance of the p38 MAPK pathway activation.
However, p38 MAPK is not very likely crutial for the apoptosis induction by SA.
Unsaturated oleic acid (OA, 0.2 mM) is able to inhibit the effects of SA on mentioned
signalling pathways. OA itself has only minimal effect on these signaling pathways. (3) SA
(1 mM) activates ER stress pathways, i.e. IREla, PERK and ATF6 pathways. OA (0.2
mM) is able to inhibit the effects of SA on IREla and PERK pathways and itself has only
minimal effect on the activation of these pathways. Effect of OA on the ATF6 pathway
was not tested. JNK kinase, similarly as caspase-2, is not crucial for the process of
apoptosis induction by SA, but it modulates ER stress pathways activated by SA. (4) The
point of induction of pro-apoptotic signaling by saturated FAs, as well as the point of
inhibitory intervention of unsaturated FAs into mechanisms of apoptosis induction by
saturated FAs, is located upstream of studied signaling pathways. It is probably located on
the plasma membrane of cells. (5) Hypoxia potentiates pro-apoptotic effect of SA (1 mM),
probably via increased ER stress signaling. Hypoxia also decreases protective effect of OA
(0.2 mM) on pro-apoptotic effect of SA in such way that OA is not able to block the
induction of apoptosis of B-cells due to SA effect anymore. Hypoxia alone has relatively
weak detrimental effect on B-cells. Thus, hypoxia can represent a key factor which is
decisive for survival/death of pancreatic B-cells in the presence of FAs and thus, as a

consequence, also potentially decisive for the development of DMT?2.
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ABSTRACT

Our results contribute to understanding of mechanisms by which saturated FAs
induce apoptosis of pancreatic -cells and mechanisms of inhibition of this induction by
unsaturated FAs. Results also contribute to eluciodation of the effect of hypoxia on
apoptosis induction by saturated FAs and on inhibition of this induction by unsaturated
FAs in B-cells. These findings could be important in the search for new therapeutic

approaches of DMT2 focused on maintaining function and viability of pancreatic B-cells.
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CILE PRACE

4. CILE PRACE

Diabetes mellitus 2. typu dnes predstavuje z hlediska incidence a ekonomickych dopadt
jednu z nejvyznamnéjsich metabolickych chorob. Mezi hlavni pfi¢iny tohoto onemocnéni
patii ztrata funkce a viability pankreatickych B-bun¢k v disledku plsobeni zvySenych
hladin nasycenych mastnych kyselin (MK). Nenasycené MK jsou B-buitkami lépe
tolerovany. Dokonce jsou schopny inhibovat poSkozujici u¢inek nasycenych MK (Fiirstova
et al. 2008, Némcova-Fiirstova et al. 2011). Molekularni mechanizmy indukce apoptozy
pankreatickych f-bun€k nasycenymi MK a mechanizmy inhibice této indukce
nenasycenymi MK nejsou dosud plné objasnény. Uréitou tlohu zde pravdépodobné hraji
relevantni signdlni drahy vcetné drah stresu endoplazmatického retikula (ER). Hlavnim
cilem této prace bylo pfispet k objasnéni molekularnich mechanizml indukce apoptdzy
nasycenymi MK a mechanizmt inhibice této indukce nenasycenymi MK u lidskych

pankreatickych B-bunék.

Konkrétné jsme se zamérili na:

1.  tlohu kaspézy 2 v indukei apoptdzy nasycenymi MK

2. ulohu p38 MAPK a ERK signalnich drah v indukci apoptézy nasycenymi MK a
v inhibici této indukce nenasycenymi MK

3. ulohu drah stresu ER v indukci apoptdzy nasycenymi MK a v inhibici této indukce
nenasycenymi MK

4.  urCeni mista navozeni proapoptotické signalizace nasycenymi MK a urceni mista
inhibi¢ni intervence nenasycenych MK do mechanizml indukce apoptdzy
nasycenymi MK

5. vliv hypoxie na indukci apoptdzy nasycenymi MK a na inhibici této indukce

nenasycenymi MK
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5. LITERARNI PREHLED
5.1. Pankreatické p-bunky
5.1.1. Langerhansovy ostriivky a pankreatické f-buiky

Sav¢i pankreas se skladd z exokrinni a endokrinni tkan€. Endokrinni tkan reprezentuji
Langerhansovy ostriivky, které se zasadnim zptisobem podili na udrzovani pozadovanych
hladin zivin v krvi. Tyto ostrivky piedstavuji asi 2 % vahy pankreatu a jejich pocet se
pohybuje u dospélého ¢lovéka mezi 1 a 2 miliony (Kulkarni 2004, Meier et al. 2008). Jsou
tvoteny hlavné B-buiikami produkujicimi inzulin (65-90 % bunck ostrivki, asi 3000 na
ostrivek), (Butler et al. 2003, Ritzel et al. 2007), které tvoii jadro ostrtivku. Déle a-
buitkami produkujicimi glukagon (15-20 %), 6-buiikami produkujicimi somatostatin (3—10
%) a PP-buiikami produkujici pankreaticky polypeptid (1 %). Ty jsou pak vétSinou

lokalizovany na povrchu ostrivku (Collombat et al. 2010).

5.1.2. Diabetes mellitus 2. typu a jeho patogeneze

Diabetes mellitus je metabolické onemocnéni, které podle udaji Svétové zdravotnické
organizace (WHO), (http://www.who.int/mediacentre/factsheets/fs312/en/) postihuje téméf
350 milion lidi na celém svété. Hlavnim projevem této choroby je chronickd
hyperglykémie, ktera vznika v disledku nedostatecného mnozstvi inzulinu k pokryti potieb
organizmu. RozliSujeme dva zakladni typy tohoto onemocnéni — diabetes mellitus typu 1 a
2 (DMT1 a DMT2). 90 % pacientil, kteti trpi diabetem, maji diagnostikovan DMT2
(WHO).

Jednou z hlavnich obecnych pfi¢in rozvoje DMT?2 je moderni Zivotni styl populace,
ktery vede k obezité. Predev§im se jedna o chronicky zvySeny piijem potravy casto
nevhodné skladby v kombinaci s nizkou fyzickou aktivitou vedouci k nadvaze a posléze
obezité. Pres 40 % pacienti s DMT2 trpi nadvéhou ¢i obezitou (WHO). Nartst hmotnosti
je spojen se zvySenim pozadavku na produkci inzulinu. Kromé toho bylo prokazano, Ze
obezita ma spojitost se vznikem inzulinové rezistence (Kahn et al. 1993). Inzulinova
sniZzenou stimulaci transportu glukézy ve svalech a tukové tkani a zvySenou produkci
inzulinu. ZvySend produkce inzulinu pfedstavuje snahu organizmu kompenzovat
nedostateny efekt inzulinu v rezistentnich tkénich. V disledku inzulinové rezistence je
tedy pozadavek na produkci inzulinu je$t€ umocnén. KdyZz nejsou B-buniky schopny

kompenzovat relativni nedostatek inzulinu, dochdzi k jejich vycerpani, dysfunkci a
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nasledné apoptoze, coz vyuasti v DMT2. V dobé, kdy je DMT2 diagnostikovan, byva
funkce B-bunék snizena zhruba na polovinu (Pratley & Weyer 2001, Defronzo 2009).
Vztah mezi obezitou, inzulinovou rezistenci a DMT2 byl jednozna¢né prokazan (Steyn et
al. 2004, Kahn et al. 2006). Snizeni funkce a poctu B-bun€k je dnes pfijimano jako hlavni
pfi¢ina (na bun&tné urovni) vzniku a rozvoje DMT2 (Donath et al. 2005, Maedler 2008,
Thomas et al. 2009, Defronzo 2010, Poitout et al. 2010, Fonseca et al. 2011). Vedle
apoptozy P-bunck v disledku jejich vycCerpani se v patogenezi DMT2 vyznamnym
zpusobem uplatiiuji jest€¢ dalsi faktory. Obézni lidé maji chronicky zvysSenou hladinu
mastnych kyselin (Kahn et al. 2006) v krvi. Tento faktor se ukazuje byt, spolu se zvySenou
koncentraci glukézy v krvi, zasadni pfi¢inou dysfunkce a nasledné apoptdzy

pankreatickych B-bunck (viz kapitola 5.3.2, str. 19).

5.1.3. Experimentalni modely pouZivané pro studium procesi asociovanych
s diabetem typu 2

Experimentalni modely, které jsou bézné vyuzivany k studiu procesii asociovanych s
DMT2 predstavuji, podobné jako u jinych typli metabolickych ¢i jinych onemocnéni,
vzhledem k etickym zdbrandm ptedev§im zvifeci modely a bunécné linie. Jsou také
vyuzivany izolované Langerhansovy ostrivky pfedevsim zviteciho, ale i lidského piivodu.
Nicméné jejich vyuziti je vyrazné limitovano jejich dostupnosti, obtiZnosti izolace a nékdy
téz legislativou.

Jako zvifeci modely jsou nejcastéji vyuzivany hlodav¢éi modelové organizmy a to
vzhledem k jejich malé velikosti, rychlému mnozeni, ekonomické Gspornosti, atp. DMT2
muze u téchto modelovych organizmii vzniknout nebo byt vyvolan nékolika zpisoby: (1)
spontanné, tj. na zaklad€ piitomnosti autosomalné recesivni mutace v genu kodujicim
leptin (ob/ob ¢i db/db mysi, fa/fa krysy), (Zhang et al. 1994, Lee et al. 1996, Phillips et al.
1996); (2) vhodnou dietou (mysi kmen C57BL/6J, piskomil tlusty) ¢i medikaci (Surwit et
al. 1988, Shafrir & Ziv 1998, Srinivasan & Ramarao 2007); (3) chirurgickym zasahem
(pankreatomii), (Hinke et al. 2016) nebo (4) pomoci genovych modifikaci (pfehledné v
Kadowaki 2000).

Pro vyzkum DMT?2 se dnes pouziva fada linii pankreatickych B-bun¢k (pfehledné
v Skelin et al. 2010). Mezi nejvice pouzivané¢ nebo vyznamné vzhledem k tématu této
prace patfi linie RIN, BRIN, INS-1, HIT, BTC, MIN6 a NES2Y. Bunécna linie NES2Y,

kterou jsme pouzivali v naSich experimentech, byla odvozena z pacienta s détskou

14



LITERARNI PREHLED

chronickou hyperinzulinemickou hypoglykémii (nasidioblastéza). Tyto bunky v disledku
ztraty funkce adenosin trifosfat (ATP)-regulovaného draselného kandlu kontinudlné

vylucuji inzulin (Macfarlane et al. 1997). Sekrece inzulinu tedy neni regulovéana glukézou.

5.2. Apoptoza
5.2.1. Apoptoza a jeji biologicka uloha
Termin apoptéza (apoptosis) byl prvné pouzit v dnes jiz klasické praci autorského
kolektivu Kerra, Wyllieho a Currie z roku 1972 k popisu morfologicky specifického typu
bunécné smrti (Kerr et al. 1972) a pochazi ze slozeniny dvou feckych slov “apo* a “ptosis*
znamenajici odpadnout od néceho. Molekuldrni pribéh tohoto procesu byl poprvé
podrobné popsan na zakladé studia 131 odumirajicich bun¢k hlista Caenorhabditis elegans
v pribéhu jeho determinované ontogeneze (Bursch et al. 2000, Kinchen & Hengartner
2005, Kumar 2007). Ta je u jednotlivych druht hlisti vzdy totozna. Na zékladé téchto
praci byla nasledn€ apoptéza uznana jako jeden z typl tzv. programované bunécné smrti
(PBS). PBS je bunécna smrt, ktera predstavuje geneticky determinovanou eliminaci bun¢k
realizovanou na zékladé specifickych signali ve vhodném c¢ase a misté¢ podle urcitych
mechanizmil. Kazda bunika v mnohobunééném organismu tedy nese geneticky kédovanou
informaci pro realizaci vlastni sebedestrukce. Jak jiz bylo zminéno vySe, apoptoza
nepiedstavuje jediny znamy typ PBS, ale rozeznavame jest¢ minimalné jeden dalsi a sice
autofagii. Ta je nckdy oznacovana jako PBS typu II (Debnath et al. 2005, Tsujimoto &
Shimizu 2005). Je mozné, Ze oba uvedené typy PBS jsou propojeny, kdy autofagie mize
vyustit v apoptozu (Piacentini et al. 2003)

Vedle PBS existuje jeSté¢ bunénd smrt oznaCovanad jako nekroza. Ta nastava
v ptipadech, kdy jsou vnéjsi podminky neslucitelné s prezitim buiiky, kdy se buiika na
procesu bunécné smrti aktivné nepodili. Uvedené dva zdkladni typy bunécné smrti je
mozné odlisit na zaklad€ biochemické a morfologické charakteristiky (pfehledné v Elmore
2007). Nové poznatky ¢asem ukazaly, ze toto zékladni rozdéleni bunécné smrti na PBS a
nekrozu je piiliS zjednoduSené. Byla totiz dokumentovana fada piipadl, kdy uvedené
biochemické a morfologické charakteristiky nespadaji ani do jedné z uvedenych klasifikaci
¢i existuji jakési prechodové formy (Formigli et al., 2000, Sperandio et al. 2000, Bursch
2004, Fietta 2006, Christofferson & Yuan 2010).

Bylo zjiSténo, Ze apoptdza hraje u mnohobunéénych organismil vyznamnou tlohu v

mnoha fyziologickych a patofyziologickych procesech. Apoptéza mé ulohu v normalni
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morfogenesi tkani. Jde napiiklad o morfogenezi prstl, mozku ¢i Uplné nebo Casteéné
regresi jiz nepotiebnych organti v urcité etapé¢ vyvoje jedince jako je napiiklad ocas zab
(Jacobson et al. 1997, Meier et al. 2000, Nijhawan et al. 2000). V dosp€losti se pak
apoptdza uplatituje naptiklad pii regresi mlécnych zlaz po odstaveni nebo pfi folikularni
atrézii v post-ovula¢nim obdobi (Tilly 1991, Lund et al. 1996). Dale je pak, vzhledem ke
své roli pii pozitivni a negativni selekci lymfocytl, zdsadni pro spravnou funkci
imunitniho systému (Opferman & Korsmeyer 2003). Nelze opomenout ulohu apoptozy pii
eliminaci bun¢k napadenych patogeny ¢i obecné riznym zpisobem postizenych bunck
(naruseni funkce ¢i proliferacni aktivity), jejichz existence je pro organizmus potencidlné
nebezpeénd. Dilezitou roli m4 i vprocesu hojeni ran (Greenhalgh 1998). Patrné
nejvyznamnéjsi ulohou apoptoézy v dospélém organizmu je udrzovéni tkanové homeostaze

(ptehledné v Elmore 2007).

5.2.2. Molekularni mechanizmy indukce a exekuce apoptozy

Apoptéza miize byt vyvolana riznymi stimuly, napiiklad ligandy pro specializované
receptory, tzv. “receptory smrti“, nedostatkem stimulacnich faktorti nebo nutri¢nich slozek,
pusobenim y zateni nebo ptisobenim chemickych latek (Cornelis et al. 2005, Ehrlichova et
al. 2005, Afshar et al. 2006, Kralova et al. 2006, Lavrik et al. 2006, Matsubara et al. 2006).

Dulezitou skupinou proteinil iniciace a exekuce apoptdzy jsou kaspazy. Jsou to cysteinové

.....

.....

kaspazy patii kaspaza 3, 6 a 7. Kaspazy 1, 4 a 5 se pak ucastni zanétlivych reakci (Cohen
1997, Rai et al. 2005). Inicia¢ni kaspazy jsou aktivovany ve specifickych komplexech
oznacovanych jako PIDDozom (kaspaza 2), DISC (death-inducing signaling complex),
(kaspaza 8 a 10) a apoptozém (kaspaza 9), (Kischkel et al. 1995, Adams & Cory 2002
Tinel & Tschopp 2004). Hlavnimi regulatory aktivity kaspaz jsou proteiny rodiny IAP
(inhibitors of apoptosis proteins), které kaspazy inhibuji vazbou do katalytického mista
nebo vyvazuji jejich adaptorové proteiny (Deveraux et al. 1997, Roy et al. 1997, Pop &
Salvesen 2009).

16



LITERARNI PREHLED

5.2.2.1. Molekuliarni mechanizmy indukce apoptozy

Molekularni mechanizmy indukce apoptdzy predstavuji vysoce komplexni a sofistikovany
sled udalosti, v ramci kterého lze rozliSit dvé zakladni signalni dréhy: tzv. “vnéjs$i“ a
“vnitini“ drahu.

Vnéjsi dréha (oznaCovana téz jako receptorovd) je zahajovana na bunécném
povrchu prostfednictvim povrchovych receptort a jejich ligandii (napt. FasR/FasL, TNFR1
[tumour necrosis factor receptor 1]/TNF-o [tumour necrosis factor a] nebo DR3 [death
receptor 3]/Apo3L). Po aktivaci receptoru ptisluSnym ligandem je proapoptoticky signal
prenesen dovnitf buiikky na adaptorové proteiny (napi. FADD [fas associated death domain]
a TRADD [TNFR associated via death domain]). Tyto proteiny dale asociuji
s prokaspazou 8 a/nebo 10, coz vede k vytvoteni komplexu DISC a aktivaci prokaspaz
(Kischkel et al. 1995, Martin et al. 1998, Degterev et al. 2003).

Vnitini draha (také oznaCovéana jako mitochondridlni drdha) je obecné smétovana k
mitochondriim, kde dochazi k zménam na vnitini mitochondrialni membrané. Konkrétné k
otevirani PTP (permeability transition pore) poérl,, snizeni mitochondridlniho
membranového potencidlu (AY,) a uvoliovani kli€ovych faktorti realizace indukce
apoptdzy. Tyto proapoptotické proteiny miizeme na zaklade jejich funkce rozdélit do dvou
skupin. Prvni skupina zahrnuje cytochrom c, Smac /DIABLO (second mitochondria-
derived activator of caspases/direct inhibitor of apoptosis-binding protein with low pl) a
serinovou proteazu HtrA2 (high temperature requirement protein A2)/Omi (Du et al. 2000,
Loo et al. 2002, Garrido et al. 2006). Tyto proteiny aktivuji mitochondrialni drahu zavislou
na kaspazach. Cytochrom c se vaZe na protein Apaf-1 (apoptotic protease activating factor
1999, Hill et al. 2004) a aktivuje tuto kaspazu. Proapoptoticka uloha proteint
Smac/DIABLO a HtrA2/Omi je déna jejich schopnosti inhibovat aktivitu IAP. Ty se
nasledné nemohou vézat na kaspazy a mize dojit k iniciaci apoptdzy (van Loo et al. 2002,
Schimmer 2004). Druha skupina proapoptotickych proteinit uvolnénych z mitochondrie
zahrnuje AIF (apoptosis-inducing factor), endonukledzu G a CAD (caspase-activated
deoxyribonuclease). Tyto proteiny se vSak uplatiiuji v pozdé€jsi fazi apoptozy (viz nize).
Regulace uvedenych mitochondrialnich procesti probihéd zejména prostfednictvim proteinli
rodiny Bcl-2 (B-cell CLL/lymphoma-2), (Cory & Adams 2002).

Déle existuje jesté tzv. perforin/gramzym B draha. Ta mtze byt v buiikach spusténa

prostiednictvim cytotoxickych T lymfocyti a zahrnuje ucast molekul perforinu a
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......

(Igney & Krammer 2002, Barry & Bleackley 2002).

5.2.2.2. Molekularni mechanizmy exekuce apoptozy

Vyse popsané drahy vedou k finalni exekuéni fazi apoptdzy. Ta je realizovana S$tépenim
Exekuc¢ni késpazy nasledné aktivuji cytoplazmatické endonukleazy a proteazy, které
degraduji DNA (deoxyribonucleic acid), jaderné a cytoskeletarni proteiny. Zda se, ze
nejvyznamnéjsi exekuéni kaspazou je v procesu exekuce apoptozy kaspaza 3. Ta miize byt
oznacujeme jako tzv. substraty smrti. Jednd se napiiklad o proteiny uplatilujici se pii
Stépeni DNA jako endonukledza G a AIG, rtizné strukturni (kadhedriny, aktin, filamin,
spektrin) a regulaéni (cykliny, cytokiny, transkripcni faktory) proteiny (Slee et al. 2001,
Fischer et al. 2003, Timmer & Salvesen 2007). Stdpeni substratd smrti vede k formovani
apoptotickych télisek a expozici ligandl pro receptory fagocyti. Témi je bunika nasledné

pohlcena, takze nedochazi k zanétlivé reakci.

5.3. Vliv mastnych kyselin na pankreatické p-bunky

5.3.1. Mastné kyseliny

Mastné kyseliny (MK) jsou karboxylové kyseliny s alifatickym fetézcem. U vétSiny
ptirozené se vyskytujicich MK obsahuje tento fetézec sudy pocet uhlikil, vétSinou mezi
¢tyfmi a dvaceti-osmi. Z hlediska vyZivy a efektu MK na bunky (i pankreatické p-burky)
jsou nejvyznamngj§i MK s dlouhym fetézcem, které maji 14-22 uhlikd v alifatickém
fetézci. V této dizertacni praci je pojem ,,mastné kyseliny” pouzivan pro MK s dlouhym
fetézcem (pokud neni uvedeno jinak).

Podle stupné saturace miizeme MK rozdé€lit na nasycené, které¢ neobsahuji dvojnou
vazbu ve svém alifatickém fetézci, a nenasycené MK, které obsahuji jednu
(mononasycené) nebo vice (polynasycené) dvojnych vazeb mezi atomy uhliku.
Nenasycené MK mtizeme dale de€lit podle isomerie (konfigurace dvojné vazby) na cis a
trans, priCemz vétSina nenasycenych MK existuje v cis konformaci. Mira saturace MK,
stejné jako typ isomerie nenasycenych MK md vyznam pro vlastnosti bunécnych

membran, napft. fluiditu (Karnovski et al. 1982).
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MK mohou byt vzhledem k svému hydrofobnimu charakteru transportovany do
buiiky prostou difuzi (Kamp & Hamilton 2006). Nicméné byly identifikovany nckteré
proteiny, které vstup MK do buniky usnadiuji ¢i ptimo zprostfedkovavaji (Glatz et al.
2010). Nekteré z nich (napi. FATP [fatty acid transport protein]-1, FATP-4, FAT [fatty
acid translocase]/CD36 [cluster of differentiation 36] a kaveolin-1) jsou pfitomny i
v pankreatickych B-bunikdch (Noushmehr et al. 2005, Veluthakal et al. 2005, Dalgaard et
al. 2011). Vzhledem k nerozpustnosti MK ve vod€ jsou experimentaln¢ aplikovany na
buniky v komplexu s bovinnim sérovym albuminem (BSA).

Metabolismus MK zacind jejich konverzi na tzv. ,,Jong-chain* acylkoenzym A (LC-
CoA). Nasledn¢ muze byt tento meziprodukt v zavislosti na hladiné glukoézy esterifikovan
na triacylglyceroly, ¢i jiné derivaty jako napf. ceramid. Ty mohou mit na buiky také
Skodlivy efekt (Poitout et al. 2010, Unger & Zhou 2001). LC-CoA muze byt také
v mitochondridlni matrix oxidovan na acetylkoenzym A. LC-CoA také napomahd fuzi
granul sekretujicich inzulin s plazmatickou membranou B-bunck. Miize tedy rovnéz piimo
ovliviovat sekreci inzulinu (Deeney et al. 2000).

MK se mohou ucastnit regulace fady bunécnych procest naptiklad prostfednictvim
regulace genové transkripce (Jump 2004, Georgiadi & Kersten 2012), palmitoylace a
myristilace proteinti (Legrand & Rioux 2010) nebo skrze vytvafeni riiznych signalnich

molekul naptiklad ceramidu (Nikolova-Karakashian & Rozenova 2010, Lang et al. 2011).

5.3.2. Vliv mastnych kyselin na viabilitu pankreatickych p-bunék

Na zacatku tohoto stoleti bylo prokazano, Ze dieta bohata na tuky zplsobuje u
experimentalnich zvifat ubytek pankreatickych B-bunék v disledku indukce apoptdzy
(Joseph et al. 2002, Sone & Kagawa 2005, Sauter et al. 2008, Hennige et al. 2010). Toto
zasadni zjisténi tak odstartovalo a také legitimizovalo intenzivni vyzkum molekularnich
mechanizmil in vitro, kterymi je proapoptoticky efekt MK zprostfedkovavan. Zahy se
ukazalo, ze efekt MK na B-buiiky je zavisly na délce alifatického fetézce a stupni saturace
dané MK (Diakogiannaki et al. 2007, Newsholme et al. 2007, Dhayal et al. 2008). Tato
problematika byla déle detailn¢ji studovana a to na zvifecich B-bunécnych liniich, ale i na
zvitecich a dokonce lidskych izolovanych ostriiveich. Byl zjistovan efekt zejména téch
MK, které jsou nejvice zastoupeny v krevnim séru, tj. kyseliny palmitové (PA), stearové
(SA), palmitolejové (POA) a olejové (OA), (Ingalls & Hoppel 1995, Lagerstedt et al.
2001).
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5.3.2.1. Proapoptoticky efekt nasycenych mastnych kyselin

Na primérnich krysich B-buiikach (Cnop et al. 2007), stejné jako na krysich (Maedler et al.
2001, 2003) a lidskych (Eitel et al. 2002, El Assaad et al. 2003, Maedler et al. 2003, Lai et
al. 2008, Ladriere et al. 2010) ostravcich, bylo zdokumentovano, ze nasycend PA a SA
zpusobuji bunéénou smrt. Proapoptoticky efekt nasycenych MK byl také demonstrovan na
hlodav¢ich B-bunéénych liniich MIN6 (Busch et al. 2005, Choi et al. 2007, Laybutt et al.
2007, Jeffrey et al. 2008, Lai et al. 2008, Thorn & Bergsten 2010), B-TC (Hirota et al.
2006), RIN1046-38 (Eitel et al. 2002, 2003), RINmSF (Baldwin et al. 2012), BRIN-BD11
(Welters et al. 2004, 2006, Diakogiannaki et al. 2008), HIT-T15 (Okuyama et al. 2003,
Tuei et al. 2011, Kim et al. 2018) a INS-1 (El Assaad et al. 2003, Moffitt et al. 2005, Lin et
al. 2012). Nasycené MK, které maji kratsi alifaticky fetézec nez 16 uhlikli (napf. myristat),
nejsou schopné v buiikach bunéénou smrt vyvolat (Welters et al. 2004).

Proapoptoticky efekt na B-bunky byl v n¢kterych studiich (Cnop et al. 2002, 2007,
Maestre et al. 2003, Kharroubi et al. 2004, Karaskov et al. 2006, Cunha et al. 2008, Lai et
al. 2008, Li et al. 2010, Tuo et al. 2011) demonstrovan i po aplikaci nenasycenych MK.
Nicméné zjiStény cytotoxicky efekt byl vétSinou slabsi. Protichiidnost vysledkii pfi
sledovani efektu nenasycenych MK je zardzejici, ale patrn¢ plyne z odlisného nastaveni
pokusti v jednotlivych studiich (rtizna pouzita koncentrace BSA a dané MK, pouzivani séra
prostého media, apod.). Navzdory urcité vySe uvedené nekonzistenci vysledkli dnes panuje
nazor, ze nasycené MK maji oproti nenasycenym MK vyrazny proapoptoticky potencial
(Diakogiannaki et al. 2007, Newsholme et al. 2007, Cnop et al. 2008, Dhayal et al. 2008,
Morgan & Dhayal 2009).

5.3.2.2. Antiapoptoticky efekt nenasycenych mastnych kyselin

Je publikovéno stale vice praci, které ukazuji, Ze nenasycené MK jsou schopné inhibovat
proapoptoticky efekt nasycenych MK. Tento efekt byl demonstrovan v bunéénych liniich
INS-1 (Dhayal et al. 2008), INS-1E (Cunha et al. 2008), BRIN-BD11 (Welters et al. 2004,
2006, Diakogiannaki et al. 2007, Dhayal et al. 2008), RIN1046-38 (Eitel et al. 2002), a
také krysich (Cnop et al. 2001, Maedler et al. 2001) a lidskych ostriiveich (Eitel et al. 2002,
Maedler et al. 2003). Bylo také zjiSténo, ze nenasycené MK s kratkym fetézcem (s méné
nez Sestnacti uhliky, napf. kyselina myristolejovd) nemaji tento inhibi¢ni efekt nebo jsou
oproti nenasycenym MK s dlouhym alifatickym fetézcem (napt. POA ¢i OA) ménég Gcinné
(Welters et al. 2004, Dhayal et al. 2008). Zda se, ze zatimco pocet ¢i umisténi (pozice)
dvojnych vazeb v nenasycenych MK nema vliv na jejich cytoprotektivni efekt (Dhayal &
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Morgan 2011), tak konfigurace dvojné vazby (typ izomerie) ur€ity vliv nejspiSe ma.
V liniich BRIN-BD11 a INS-1 byl u kyseliny palmitelaidové a elaidové (trans protéjsky
POA a OA) prokazan nizsi cytoprotektivni ucinek oproti jejim cis izomeriim (Dhayal et al.
2008). Dale bylo zjisténo, ze nenasycené MK jsou schopny cytoprotektivniho ptisobeni jiz
pfi vyrazné nizSich koncentracich (napf. 50%), nez jaké jsou potieba pro indukci apoptdzy
v disledku ptsobeni nasycenych MK (Welters et al. 2004, Dhayal et al. 2008). Kromég
toho, nenasycené MK jsou schopny inhibovat apoptozu i pokud jsou piidany nékolik hodin
po aplikaci nasycenych MK. Dokonce jsou schopny inhibovat apoptézu vyvolanou i jinymi
proapoptotickymi stimuly, napf. cytokiny ¢i nepfitomnosti séra (Welters et al. 2004,
Dhayal et al. 2008, Diakogiannaki et al. 2008). Tato zjiSténi podporuji hypotézu, ze
inhibi¢ni efekt nenasycenych MK na apoptézu vyvolanou nasycenymi MK je
zprostiedkovan spiSe pres regulaci piislusné bunécné signalizace nez skrze metabolické

intervence (Welters et al. 2004, Newsholme et al. 2007, Morgan & Dhayal 2009).

5.4. Mechanizmy indukce apoptézy nasycenymi mastnymi
kyselinami u pankreatickych p-bunék

To, ze mastné kyseliny zptisobuji bunécnou smrt B-bunck skrze indukci apoptozy, byva

dokazovano ruznymi zpusoby. NejcCastéji vSak prostiednictvim aktivace kaspaz nebo

pfitomnosti typického apoptického markeru fosfatidylserinu na vné&j$im povrchu

cytoplazmatické membrany. Apoptéza miize byt realizovana v zavislosti na dané bunécné

linii nékolika riiznymi zptsoby (drdhami).

5.4.1. Aktivace klasickych drah indukce a exekuce apoptozy

V patogenezi DMT2 muze hrat dilezitou roli receptorova draha apoptézy. U mysi, které
v B-buiikach nemély kaspazu 8 a které byly krmeny potravou bohatou na tuky, byl zjistén
mensi Ubytek B-bunék a nedoslo u nich k rozvoji DMT?2 (Liadis et al. 2007). Kromé toho u
pacienti s DMT2 byla ve srovnani s nediabetickymi kontrolami zjiSténa v pankreatickych
ostrivcich zvySena aktivace kaspazy 8 (Marchetti et al. 2004). Nicméné Fas receptor se
velmi pravdépodobné na aktivaci kaspadzy 8 a patogenezi DMT2 nepodili. Specificka
delece tohoto receptoru nebyla schopna ochranit mysi proti vzniku DMT2 v dasledku diety
bohaté na tuky. Ostatni receptory smrti a jejich aktivace jednotlivymi MK nebyly dosud

studovany.
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Dale bylo zjisténo mozné zapojeni vnitini (mitochondridlni) drdhy apoptozy
v procesu bunécné smrti indukované MK. Po aplikaci PA bylo vizolovanych krysich
(Maedler et al. 2001, Choi et al. 2007) a lidskych ostrivcich (Maedler et al. 2003) a v
krysich bunécnych liniich (Maestre et al. 2003, Choi et al. 2007, Allagnat et al. 2011)
prokdzano uvoliiovani cytochromu ¢ z mitochondrii do cytoplazmy. V buiikdch INS-1 byla
monitorovana po aplikaci PA také hladina A¥,, a ROS (reactive oxygen species), (Maestre
et al. 2003). Byl zjistén pokles AY,, a zvySeni ROS. Vedle vlivu MK na uvoliovani
cytochromu c, hladinu AW}, a ROS, byl studovan vliv MK také na proteiny rodiny Bcl-2.
Bylo prokazano, ze aplikace PA vede k zvySeni mRNA (messenger ribonucleic acid) nebo
exprese proapoptotickych ¢lenti rodiny Bcel-2 (napt. Bax [Bcl-2-associated X protein]),
(Maestre et al. 2003, Wang et al. 2010). Hladina antiapoptotickych ¢lenti rodiny Bcl-2
(napt. Bcl-2) se nezmeénila (Maestre et al. 2003) nebo poklesla (Maedler et al. 2003,
Allagnat et al. 2011). Nenasycené POA a OA mély oproti PA opacény efekt (Maedler et al.
2003). Zvysena hladina proteinu Bax byla pozorovana i v pankreatickych [B-buitkach
pacientti s DMT2 (Laybutt et al. 2007).

Vliv proapototickych MK na $tépeni exekucnich kaspaz byl dosud nejvice studovan
na kaspaze 3. Aktivace této kaspazy byla prokdzana po aplikaci PA a/nebo SA v MIN6
(Johnson et al. 2004, Choi et al. 2007, Thorn et al. 2010, Wang et al. 2010), INS-1 (Rakatzi
et al. 2004, Choi et al. 2007), INS-1E (Bachar et al. 2009, Allagnat et al. 2011), INS
832/13 (El Assaad et al. 2003), RIN1046-38 (Eitel et al. 2003) and B-TC1 (Hirota et al.
2006) bunécnych liniich a také v izolovanych krysich (Choi et al. 2007) a lidskych
ostrivcich (Maedler et al. 2003). V bunécéné linii BRIN-BD11 (Dhayal et al. 2008) a
primarnich krysich B-buiikdch (Cunha et al. 2008) byla aktivace této kaspazy také
prokdzana, ale hladina zjiSténé aktivace zahrnovala 1 aktivaci kaspazy 7 (diky
nespecifi¢nosti pouZité metody). Déle byla po aplikaci PA prokdzana aktivace kaspazy 6.
Jeji aktivace predchézela aktivaci kaspazy 3 (Hirota et al. 2006). Vedle sledovani efektu
MK na samotnou aktivaci kaspaz se dale zjistovalo, do jaké miry kaspazy
zprostifedkovavaji apoptéozu indukovanou MK. Pomoci aplikace obecného inhibitoru
kaspaz z-VAD-fmk spole¢né s MK bylo prokazano (Lupi et al. 2002, Welters et al. 2006),
ze kaspazy maji pii indukci apoptézy MK vyznamnou ulohu, ale Ze se tohoto procesu

ucastni jeste dalsi protedzy.
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5.4.2. Kaspaza 2 a indukce apoptozy

Kaspaza 2 ptedstavuje evoluéné nejvice konzervovanou savei kaspazu. Jak jiz bylo
apikalni kaspazu (Lassus et al. 2002, Enoksson et al. 2004). Za normalnich podminek se
kaspdza 2 v bunice vyskytuje ve formé inaktivnich prekurzorti — prokaspézy 2. Ta se sklada
z velké a malé podjednotky, které predstavuji katalytickou doménu, a tzv. prodomény,
ktera plni funkci inhibi¢ni podjednotky proteinu.

K aktivaci kaspazy 2 dochazi v komplexu oznacovaném jako PIDDozém. Ten se
skladé z kaspazy 2, proteinti PIDD (p53-induced protein with a death domain) a RAIDD
(RIP-associated protein with a death domain), (Tinel & Tschopp 2004). Nejprve
pravdépodobné dochézi v disledku ptislusného proapoptotické signdlu k interakci proteinu
RAIDD, pfes jeho ,,death® doménu, s proteinem PIDD. Nasledné se prokaspaza 2, ktera se
v bunikach vyskytuje ve form€ monomerd, vaze prostiednictvim své CARD (caspase
recruitment domain) domény na adaptorovy protein RAIDD (viz obr. 1, str. 24).
V disledku toho dochézi k ptiblizeni molekul prokaspazy 2. Pfi dostatecném ptibliZeni
téchto molekul dojde k interakci protedzovych domén kaspédzy 2, které vytvaii docasny
dimericky komplex, ktery jiz ma urcitou katalytickou aktivitu. Dimerizace je nasledovana
Stépenim v misté mezi malou a velkou podjednotkou protedzovych domén jednotlivych
monomerl. To vede k formovani aktivniho stabilniho tetramerického komplexu, ktery jiz
ma maximalni katalytickou aktivitu. Nasledné Stépeni (autokatalytické nebo jinou
kaspazou) vede k vytvotfeni findlniho enzymu kaspazy 2 (viz obr. 1, str. 24). Aktivace
kaspazy 2 nezavisla na proteinech RAIDD a PIDD byla také dokumentovana (Mansilla et
al. 2006, Manzl et al. 2009).

Dosavadni poznatky tykajici se Glohy kaspézy 2 v mechanizmech indukce apoptdzy
jsou zna¢né. Rada téchto poznatkil je viak rozporuplnych. Proto je obtizné presnd
definovat tlohu této kaspazy v rdmci procesu indukce apoptdzy (Bouchier-Hayes & Green
2012). Byla prokézana aktivace kaspazy 2 v diisledku poSkozeni DNA. Déle se zda, Ze tato
kaspaza ma urcitou tlohu v ramci zablokovani bunééného cyklu a bunééné smrti vyvolané
tzv. mitotickou katastrofou (Mansilla et al. 2006, Manzl et al. 2009). Pomérn€ nov¢ byla
také prokdzana moznd uloha této molekuly vramci apoptéozy vyvolané stresem
endoplazmatického retikula (ER), (Cheung et al. 2006, Upton et al. 2008). Co se tyce
potencidlniho zapojeni kaspazy 2 v rdmci mechanizmt indukce apoptdzy nasycenymi MK
byla publikovana zatim pouze jedind préace, kde vSak autofi nesledovali aktivaci této

kaspazy (Maestre et al. 2003).
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Obrazek 1. Navrhovany model PIDDozomu (vlevo, ptevzato z Bouchier-Hayes & Green 2012) a
mechanizmus aktivace kaspazy 2 (vpravo, pievzato z Baliga et al. 2004). Vysvétleni viz kapitola
5.4.2., str. 23.

5.4.3. p38 MAPK signalni draha a indukce apoptozy

V ramci molekuldrnich mechanizmli indukce apoptézy MK u pankreatickych B-bun&k
muze byt zapojena mimo jiné i p38 MAPK (mitogen-activated protein kinase) signdlni
dréha. Klicovou molekulu pfedstavuje v ramci této drahy serin-treonin kindza p38 MAPK.
Dosud byly identifikovany ctyfi izoformy p38 MAPK: p38a, p38B (Jiang et al. 1996), p38y
(Lechner et al. 1996, Li et al. 1996) a p386 (Jiang et al. 1997, Kumar et al. 1997). Tyto
izoformy sdili pfiblizn€ 60 % sekvence DNA a byvaji klasifikovany podle Thr-Gly-Tyr
(TEY) dualniho fosforyla¢niho motivu. p38 MAPK je aktivovana fosforylaci threoninu a
tyrosinu prostfednictvim kindzy MKK (mitogen-activated protein kinase kinase) 3/6 nebo
v nékterych typech bunék MKK4 kindzou (Cohen 1999, Kyriakis et al. 2001). Dale je zde
jesté nejméné jeden mechanizmus aktivace p38 MAPK nezéavisly na MKK a zahrnujici
protein TAB1 (transforming growth factor-B-activated protein kinase 1 (TAK1)-binding
protein), (Matsuyama et al. 2003, Tanno et al. 2003). Jako dalsi ,,upstream* aktivatory byly
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identifikovany riizné MAP3Ks (mitogen-activated protein kinase kinase kinase) jako napf.
TAKI1 (transforming growth factor-f-activated protein kinase 1), (Moriguchi et al. 1996),
ASK1 (apoptosis signal-regulating kinase 1), (Ichijo et al. 1997), MLKs (mixed-lineage
kinases), (Zhang et al. 1995), a n¢které¢ dalsi proteiny rodiny MEKK (Cuenda & Dorow
1998, Takekawa et al. 1997). K aktivaci p38 MAPK ,,upstream* od MAP3Ks mohou
ptispivat nékteré GTP (guanosin trifosfat)-vazebné proteiny podrodiny Rho jako napf.
Racl (Ras-related C3 botulinum toxin substrate 1), Cdc42 (cell division control protein 42)
nebo Rho (Zhang et al. 1995, Bagrodia et al. 1995). Ty jsou aktivovany v disledku
ruznych extracelularnich fyzikéalnich (UV, teplo) a chemickych (anisomycin) stimuld a
cytokinii (tumor necrosis factor o [TNF-a], colony stimulating factor 1 [CSF-1]),
(ptehledné v Zarubin & Han 2005). p38 MAPK mize v zavislosti na bunééném typu
regulovat aktivaci riiznych proteinli, napt. transkripcnich faktora (CHOP [CCAAT-
enhancer-binding protein C/EBP], ATF2 [activating transcription factor 2]), jinych protein
kindz (MAPKAPK-2 [MAP kinase-activated protein kinase 2] a 3, MSK1/2 [mitogen- and
stress-activated protein kinase 1 and 2]), komponenti translacni masinérie (elF-4E
[eukaryotic translation initiation factor 4E]) a dalSich (piehledné¢ v Cuenda & Rousseau
2007). Tato signalni drdha se muze podilet, v zavislosti na bunééném typu, na regulaci
ruznych procestt jako je bunécny cyklus, diferenciace, senescence, autofagie, proces
zangtliveé reakce, a 1 na regulaci indukce apoptdzy (Zarubin & Han 2005, Liu et al. 2015).
Co se tyce funkce p38 MAPK signdlni drdhy v pankreatickych B-butikach, byla
zjisténa uloha této dradhy (zejména kindzy p38 MAPK) pii diferenciaci (linie AR42J;
Kojima & Umezawa 2006), proliferaci (primarni krysi B-buiiky; Parnaud et al. 2009) nebo
senescenci (Langerhansovy ostrivky C57BL/6J mysi, Sone & Kagawa 2005) téchto bunék.
Nejcastéji je vSak tato draha studovéana v souvislosti s funkci a zejména viabilitou B-bunék
ovlivnénou rtiznymi faktory, véetné¢ MK (napt. Saldeen & Welsh 2004, Yang et al. 2007,
Lu et al. 2011). Na pankreatickych B-bunécnych liniich ¢i ostriivcich bylo prokdzano, ze
p38 MAPK mize byt po aplikaci MK aktivovana, pifipadné piimo zprosttedkovavat
proapoptotickou signalizaci indukovanou pisobenim MK (Zhang et al. 2007a, Cvjeti¢anin

et al. 2009, Natalicchio et al. 2013).

5.4.4. ERK signalni draha a indukce apoptozy

Také ERK signélni drdha se muze podilet na mechanizmech indukce apoptéozy MK u
pankreatickych B-bunék. Ziejmé nejvyznamnéjsi kindzu ptedstavuje v ramci této drahy
ERK1/2 (extracellular signal-regulated kinase 1/2, také znama jako p42/p44 MAPK). ERK
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draha byva v zavislosti na bunééném typu aktivovana riznymi stimuly, zejména ristovymi
faktory a to pfes pfislusné RTKs (receptor tyrosine kinase). Ty, prostiednictvim
adaptorového proteinu SOS (son of sevenless) aktivuji Ras (rat sarcoma) GTPazu, ktera
zapojuje c-Raf kinazu do komplexu, kde probéhne jeji aktivace (Chang et al. 2003). c-Raf
fosforyluje dvé serinova rezidua na MEKI1/2 (mitogen-activated protein kinase/ERK
kinase) kinaze. Tato kindza nasledné aktivuje ERK1/2. c-Raf miize byt krom¢ proteinu Ras
aktivovana také jinymi proteiny jako napi. PKC (protein kinase C), (Kolch et al. 1993), Src
(Fabian et al. 1993), PAK (p21-activated protein kinase), (Diaz et al. 1997) a dalSimi.
Nicméné byly zjistény i molekuly, které c-Raf inhibuji, jako naptiklad Akt (Reusch et al.
2001), PKA (protein kinase A), (Dhillon et al. 2002a), PP2a (protein phosphatase 2a),
(Dhillon et al. 2002b) nebo pravé vyse uvedend p38 MAPK (Lee et al. 2002). Zda se, ze
thned po fosforylaci ERK1/2 dochazi k jeji translokaci do jadra (Pouysségur et al. 2002).
Tato kindza muize nasledné regulovat aktivaci fady substrati v riznych bunéénych
kompartmentech (ptehledné v Chen et al. 2001) jako naptiklad riznych kinaz (RSKs [p90
ribosomal  S6 kinases], MSKs, MNKs [MAP kinase signal-integrating kinases]),
cytoskeletalnich proteinil (paladin a paxillin), transkripénich faktort (c-Fos, c-Myc) nebo
membranovych proteinti (Syk [spleen tyrosine kinase], calnexin). ERK signalni dréha se
obecné uplatiuje jako klicovy regulator proliferace. Miize se vSak v nékterych typech
bunck podilet i na regulaci diferenciace, autofagie, senescence a apoptdzy (prehledné v
Cagnol & Chambard 2009).

ERK signalni drdha dosud nebyla v pankreatickych B-buiitkdch komplexné
studovana. Bylo zji§téno, ze tato draha zprostiedkovava signalizaci vyvolanou inzulinem
(Langerhansovy ostrivky myS$i kmenu C57BL6/J; Alejandro et al. 2010). Dale byla
prokdzana jeji tloha pfi proliferaci (linie INS-1; Kim et al. 2014) B-bunék. Zejména pak
byla zjistovana jeji funkce ve vztahu k viabilité B-bun€k ovlivnéné riiznymi faktory i MK
(napt. Kang et al. 2007, Simon et al. 2008, Wijesekara et al. 2010, Youl et al. 2010). Vliv
MK na aktivaci ERK1/2 byl dokumentovan v MIN6, INS-1, RINmS5F, NIT-1 bunéénych
liniich (Zhang et al. 2007a, Simon et al. 2008, Fontés et al. 2009, Plaisance et al. 2009,
Guo et al. 2010, Watson et al. 2011). Nicméné¢ ze zjiSténych vysledkl neni jasné, zda tato
draha prendsi pro- ¢i antiapoptotickou signalizaci. Efekt jednotlivych, jak nasycenych tak
nenasycenych MK na aktivaci ERK1/2 totiz neni v jednotlivych studovanych liniich

koncizni.
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5.4.5. Stres endoplazmatického retikula (ER) a indukce apoptozy

Naruseni funkce ER miuze vést k indukci bunécné smrti. Tato naruSeni se obecné oznacuji
jako stres ER. Pokud k nim dojde, dochazi v bunice k aktivaci ochrannych mechanizmt
oznacovanych jako ,,ER stress response” nebo ,unfolded protein response (UPR),
(Woehlbier & Hetz 2011). Pankreatické B-buiiky jsou, vzhledem k jejich specializaci na
sekreci inzulinu, velmi citlivé na jakékoliv naruSeni funkce ER. Patii tedy mezi bunky
nejvice nachylné k stresu ER (Araki et al. 2003).

Na UPR signalizaci se u bunék obratlovct zdsadnim zptsobem podili tii proteiny —
IREla (inositol-requiring protein la), PERK (protein kinase RNA-like endoplasmic
reticulum kinase) a ATF6 (activating transcription factor 6). Jsou lokalizovany v
membrané ER a pfenaseji informaci o situaci v ER do cytosolu a jadra, v disledku ¢ehoz
dojde k napravé spravné funkce ER. Za normalniho stavu jsou tyto proteiny inaktivni
pravdépodobné diky interakci s hlavnim chaperonem ER, proteinem BiP (immunoglobulin
binding protein, také znam jako glucose-regulated protein, Grp78 [glucose-regulated
protein 78]), (Hetz et al. 2011). Pii stresu ER dochazi k disociaci proteinu BiP od téchto tii
proteint.

IREla nasledn€¢ dimerizuje, coz vede k autofosforylaci a aktivaci cytosolické
endoribonukledzy a kindzové domény (Woehlbier & Hetz 2011). Aktivované IREla
realizuje alternativni splicing mRNA proteinu XBP1 (X-box binding protein 1), coz
nasledné vede k produkci aktivniho a stabilniho transkripéniho faktoru XBPls. Tento
protein je translokovan do jadra. Zde zvySuje expresi gend kodujicich proteiny, které se
podili na degradaci Spatn€ sbalenych proteinit v Ilumen ER (tzv. ,,ER-associated
degradation” [ERAD]), na regulaci vstupu proteini do ER, na formovani proteini do
spravné konformace a dalSich funkcich (Acosta-Alvear et al. 2007). Aktivni IREla také
inter-reaguje s proteinem TRAF2 (TNFR-associated factor 2), coz vede k aktivaci JNK (c-
Jun N-terminal kinase), (Urano et al. 2000). JNK piendsi proapototickou signalizaci
»downstream® od signélnich drah stresu ER (Woehlbier & Hetz 2011).

PERK je aktivovan po disociaci proteinu BiP autofosforylaci a homomultimerizaci.
Aktivovany PERK fosforyluje o podjednotku translaéniho faktoru elF2 (eukaryotic
initiation factor 2a). To vede k obecnému sniZeni translace. Nicméné, translace nékterych
mRNA je touto fosforylaci naopak selektivné zvySena, napt. mRNA kodujici ATF4
(activating transcription factor 4). Ten reguluje hladinu rdznych prosurvival gent
ovlivitujicich tadné sbalovani proteind, autofagii nebo metabolizmus aminokyselin

(Woehlbier & Hetz 2011). ATF4 také vyrazné zvySuje expresi proteinu CHOP, ktery je
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pravdépodobné zapojeny do procesu indukce apoptdzy stresem ER (Nishitoh 2012).
Dtlezitym transkripénim cilem ATF4 a CHOP je GADD34 (growth arrest and DNA
damage-inducible protein 34), ktery umozinuje defosforylaci fosforylovaného elF2a, coz
vede k obnoveni intenzity obecné translace a snizeni translace ATF4 na bazalni Uroven
(Ma & Hendershot 2003).

ATF6 je po disociaci BiP translokovan do Golgiho aparatu, kde je Stépen
proteazami (Haze et al. 1999). To vede k uvolnéni cytosolické ¢asti ATF6 oznaCované jako
ATFo6f. Ta pak funguje jako transkrip¢ni faktor a pfimo reguluje expresi genti kodujicich
chaperony, komponenty ERAD a XBP1 (Woehlbier & Hetz 2011).

Prvotni odpovédi bunky pfi stresu ER je tedy docCasna inhibice obecné syntézy
proteind. To buiice poskytuje Cas, kdy se mlze vymanit ze stresového piisobeni a navratit
se do homeostazy prostfednictvim aktivace dalSich drah UPR popsanych vyse. Pokud vSak
stresovy stimul pfetrvava, stane se tento obranny mechanizmus buiiky netéinny a dojde
k indukci apoptézy (Araki et al. 2003). Mechanizmy indukce apoptozy ,,downstream® od
stresu ER jsou dosud nejasné. Pfedpoklada se, v§ak zapojeni transkripéniho faktoru CHOP,
proteinll rodiny Bcl-2, INK kinazy, aktivace kaspazy 12 a moZzna i kaspaz 2 a 4 (Rodriguez
et al. 2011, Tabas & Ron 2011). Zjednodusené schéma dosavadnich poznatk tykajicich se
drah stresu ER, mechanizm UPR a apoptézy vyvolané stresem ER je na obrazku 2. (str.
29).

Zapojeni stresu ER v patogenezi DMT2 bylo prokazano v fadé¢ studii provedenych
jak na zvitecich, tak lidskych bunkéach (Thornton et al. 1997, Oyadomari et al. 2002,
Fonseca et al. 2010), ale i na Langerhansovych ostrivcich pacientii s DMT2 (Huanga et al.
2007a, Laybutta et al. 2007, Marchetti et al. 2007). Dostupné vysledky efektu MK na
aktivaci drah stresu ER v pankreatickych B-bunikach jsou nésledujici. Co se ty¢e IREla
drahy, vysledky nejsou uplné jednoznacné. Aktivace této drahy byla vSak vétSinou
prokazana jak v riiznych hlodav¢ich B-bunécnych liniich (Kharroubi et al. 2004, Karaskov
et al. 2006, Cnop et al. 2007, Laybutt et al. 2007, Gwiazda et al. 2007, Cunha et al. 2008,
Bachar et al. 2009), tak v krysich primarnich B-bunkach a v lidskych ostriivcich (Cunha et
al. 2008) po aplikaci PA. Aplikace nenasycenych MK pak vedla k aktivaci této drdhy
pouze asi v poloviné praci, kde se touto problematikou zabyvali (Kharroubi et al. 2004,
Karaskov et al. 2006, Cnop et al. 2007, Laybutt et al. 2007, Cunha et al. 2008). Aktivace
PERK dréhy (PERK-elF2a-ATF4-CHOP) byla vétSinou pozorovana po pusobeni PA, a to
v hlodav¢ich liniich, krysich primarnich B-bunikéch a lidskych ostriveich. Nenasycené MK
pak tuto drédhu spiSe neaktivovaly (Karaskov et al. 2006, Cnop et al. 2007, Laybutt et al.
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2007, Cunha et al. 2008, 2009, Diakogiannaki et al. 2008, Gwiazda et al. 2009, Ladriere et
al. 2010, Thorn et al. 2010, Wang et al. 2010). Experimentalni data tykajici se aktivace
ATF6 MK jsou nejednoznacnd. Aktivace této drahy byla zjist¢tna v MIN6 buitkach po
aplikaci PA, ale ne OA (Laybutt et al. 2007). V linii INS-1 naopak OA také aktivovala tuto
drahu (Kharroubi et al. 2004).

—

vy
0 CHOP Sw - -
ERAD
00 Chaperones Q“
Nucleus 0 0

Obrazek 2. Prehled klasickych drah stresu endoplazmatického retikula (ER), tj. ATF6, IREla a
PERK drahy, které se uplatiiuji pfi obnoveni funkce ER a piezivani bunky. Dale adaptivni
odpoveédi ,,downstream* od aktivace téchto drah a vybrané molekuly, které jsou povazovany za
ptipadny spojujici ¢lanek mezi stresem ER a indukci apoptozy. Prerusované Sipky ilustruji
prechodovy krok z adaptivni odpovédi k apoptoze. Prevzato z Biden et al. (2014).

Zvysena exprese chaperonu BiP je typicky marker stresu ER. Nicméné¢, efekt MK
na expresi tohoto proteinu se ukazuje byt v B-buiikdach zna¢né variabilni. V nékterych
studiich na pankreatickych p-bunécnych liniich nebyla po aplikaci riznych MK
pozorovana zvysend exprese BiP (Karaskov et al. 2006, Diakogiannaki et al. 2008, Lai et
al. 2008). V nékterych pracich naopak ano, a sice po aplikaci PA a OA (Kharroubi et al.
2004, Cnop et al. 2007). Stejny efekt byl také zdokumentovan v krysich (Ladriere et al.
2010) a lidskych (Cunha et al. 2008) ostriiveich a v MING6 bunkéch (Laybutt et al. 2007) po
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aplikaci PA, ale ne OA. ZvySend exprese proteinu BiP také piedstavuje dilezity
antiapoptoticky mechanizmus. Jeho zvySend exprese se ukazala byt v MIN6 builkach
(Laybutt et al. 2007), ne ale v linii INS-1 (Lai et al. 2008), protektivni pii apoptdze
vyvolané PA. Z vyse uvedenych vysledkii vyplyva, ze uloha proteinu BiP v apoptoze
pankreatickych B-bun¢k vyvolané MK neni dosud objasnéna.

Dosavadnich vysledkt tykajicich se mechanizmli jakym stres ER vyvolany MK
spousti apoptozu v B-buiikach je velmi malo. Jako potencialni mediatory této signalizace se

ukazuji byt molekuly CHOP, JNK kinéaza a kaspaza 12 (Cunha et al. 2008).

5.4.6. Dalsi mechanizmy indukce apoptozy

Zvysena zasoba nasycenych MK v B-bunkidch mutize vést k de novo produkci ceramidu
(Véret et al. 2011). Vysledky tady praci provedenych na krysich a lidskych bunéénych
liniich a ostriiveich jasné naznacuji, Ze se ceramid podili na indukci apoptdzy po aplikaci
MK (Shimabukuro et al. 1998, Maedler et al. 2001, 2003, Guo et al. 2010). Dale byla
zjistovana mozna uloha oxidu dusnatého (NO). V pankreatickych B-bunikach ma nizka
koncentrace NO produkovaného konstitutivni NO syntazou (NOS) funkci fyziologického
regulatoru sekrece inzulinu (Kaneko et al. 2003) a antiapoptoticky u¢inek (Noguchi et al.
2008). Oproti tomu zvySena koncentrace NO v B-buiikach produkovaného inducibilni NO
syntazou (iNOS) vede k apoptoze pankreatickych B-bunck (Kaneto et al. 1995, Darville &
Eizirik 1998, Kutlu et al. 2003). Indukce iNOS mRNA a/nebo produkce NO byla
prokézéna v ostrivcich ZDF (zucker diabetic fatty) krys (Shimabukuro et al. 1998) a
v buiikdch linie HIT-T15 po aplikaci PA (Okuyama et al. 2003). Nicméné&, v n€kterych
pracich se v krysich (Cnop et al. 2001) a lidskych (Lupi et al. 2002) ostriivcich a BRIN-
BDI11 bunkach (Welters et al. 2004) tento efekt po aplikaci PA nepodatilo prokazat. Dale
byla zjisténa mozna uloha fady dalSich mechanizmi ¢i signalnich drah, naptiklad PKCd
(Eitel et al. 2003, Simon et al. 2008), PKB (protein kinase B), (Higa et al. 2006, Fontés et
al. 2009), calpainu 10 (Johnson et al. 2004) nebo NF-kB (nuclear factor kappa B),
(Kharroubi et al. 2004).

5.5. Vliv hypoxie na pankreatické p-bunky

5.5.1. Hypoxie
Hypoxie je jev, pfi kterém dochazi v tkani k poklesu hladiny pO, (partial pressure of
oxygen) pod normdlni troveil. To nastava, kdyz spotieba kysliku prevySuje jeho piijem.

Koncentrace kysliku (pO;) v arteridlni krvi je pfiblizné 13 %, nicméné v jednotlivych
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tkanich/organech byva vyrazné niz$i a pohybuje se v rozmezi piiblizn€¢ od 1 % v kazi po
10 % v ledvinéach. V jednotlivych bunkach je pak koncentrace kysliku v rozmezi 1,3-2,5 %
(ptehledné v Carreau et al. 2011). Hypoxie vede k metabolické krizi projevujici se
poklesem produkce ATP a zvySenou produkci ROS, ¢imZ negativné plisobi na viabilitu
postizenych bunék a tkani. Pokud bunka trpi nedostatkem kysliku, dojde v ni k aktivaci
specifické¢ adaptivni odpovédi zahrnujici aktivaci transkripénich faktort rodiny HIF
(hypoxia-inducible factor). Ty zprostfedkovavaji prechod =z aerobni mitochondrialni
produkce na anaerobni glykolytickou produkci ATP (ptehledn¢ v Cantley et al. 2010).
Zaroven v postizené buiice dochdzi k procesim zabranujicim vzniku ROS, jako je
inaktivace pyruvat-dehydrogendzy nebo zvySeni mitochondridlni autofagie (Semenza

2010, Taylor 2008).

5.5.2. Vliv hypoxie na viabilitu pankreatickych p-bunék

Pankreatické B-buiiky jsou citlivé k hypoxickému stresu. Jejich sekre¢ni funkce totiZ silné
zavisi na stimulaci mitochondridlniho metabolismu, ktery spotiebovava velké mnoZzstvi
kysliku.  Stanovit  fyziologickou koncentraci  kysliku v pankreatu, piipadné
v Langerhansovych ostrivcich, je technicky velmi problematické. Nicméné bylo zjisténo,
ze se fyziologicka koncentrace kysliku na okraji krysich pankreatickych ostrivkli pohybuje
v rozmezi 6,3-6,4 % (Carlsson et al. 1998). To bylo potvrzeno i in silico (Buchwald et al.
2011). Hypoxie byva v pankreatu ¢asto zptsobena tzv. syndromem spankové apnoe. Ten je
diagnostikovan u 30-40 % obéznich lidi (Valencia-Flores et al. 2000) a vyvolava hypoxii
v ruznych tkanich. Pfimy proapoptoticky efekt hypoxie na piedevSim hlodavci
pankreatické B-buniky in vivo a 1 in vitro byl jasné prokazéan (Lai et al. 2009, Pedraza et al.
2012, Zheng et al. 2012, Fang et al. 2014). Ulohu hypoxii indukované apoptozy B-bunék
v patogenezi DMT2 podporuje 1 detekce hypoxie in vivo v ostriivcich zvitfecich modell pro

DMT?2 (Jonas et al. 1999, Li et al. 2006, Sato et al. 2011, Bensellam et al. 2012).

5.5.3. Mechanizmy indukce a exekuce apoptozy hypoxii u pankreatickych
B-bunék

Molekularni mechanizmy indukce a exekuce apoptozy v disledku hypoxie nejsou u

pankreatickych B-bun¢k pfiliS znamy. Zda se vSak, Zze jednu z hlavnich uloh ma

transkrip¢ni faktor HIF-1. Urcitou roli vSak sehravaji 1 dalsi proteiny.
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Bylo zjisténo, Ze spotieba kysliku stimulovand glukézou, zpiisobuje v B-buiikdch
vnitrobunéénou hypoxii. To vede v hlodav¢ich a lidskych Langerhansovych ostriivcich
k aktivaci transkripcnich faktorG rodiny HIF (HIF-la a HIF-2a) a nasledné transkripci
cilovych genii (pfehledné¢ v Bensellam et al. 2012). Mezi cilové geny transkripéniho
faktoru HIF-1 patii fada gent regulujicich energeticky metabolismus, dale angiogenezi,
bunécnou diferenciaci a apoptoézu (pfehledné v Liu et al. 2012). HIF-1a a HIF-2a jsou
transkrip¢ni faktory, které jsou za normalni koncentrace kysliku pfitomny v cytosolu. Jsou
hydroxylovany na prolinovych zbytcich hydroxylazami regulovanymi kyslikem (Semenza
et al. 2004). To vede k jejich rozpoznani a ubiquitinaci von Hippel-Lindau (VHL) E3
ubiquitin ligdzou (Maxwell et al. 1999). V hypoxickych podminkéch vS§ak nejsou HIF-1a a
HIF-2a proteiny dale degradovany. To jim umoziuje dimerizovat s HIF-1pB, vytvofit tak
transkripcni faktor HIF-1 a transportovat se do jadra (Jiang et al. 1996, Liu et al. 2012).
HIF-1 prostiednictvim zvySeni exprese GLUTI1 (glucose transporter 1), nékolika
glykolytickych enzymt, LDH (lactat dehydrogenase), (Semenza et al. 1996) a PDKI1
(phosphoinositide-dependent protein kinase 1), (Kim et al. 2006) pienastavi v -buiikach
spotfebovavani glukoézy aerobnim metabolismem na spotfebovavani anaerobnim
metabolismem. Glykolyza vede k udrzeni dostatecné hladiny ATP za soucasného snizeni
spotieby kysliku v mitochondriich (Papandreou et al. 2006) a reguluje sekreci inzulinu
(ptfehledné¢ v Gerber & Rutter 2016). Zda se, Ze v pankreatickych [-bunikach
zprostfedkovava HIF-1 adaptivni odpovéd’ na sniZenou hladinu kysliku (Stokes et al.
2013). Jeho aktivita je zfejm¢e nezbytna pro spravné fungovani téchto bunck (Gunton et al.
2005, Cheng et al. 2010). Nékteré prace vSak naznacuji moznou ulohu tohoto komplexu
pfi naruseni funkce B-bunék (Cantley et al. 2009, Puri et al. 2009, Zehetner et al. 2008) a v
indukci apoptdzy v disledku hypoxie (Moritz et al. 2002). Komplex HIF-1 ma tedy v -
bunkach pravdépodobné prosurvival funkci, pouze pokud je jeho aktivita udrZovana na
nizké hladiné. NaruSeni jeho funkce stejn¢ jako jeho déle trvajici aktivita vede pak k
naruSeni funkce B-bunék.

Co se tyce mozného zapojeni receptorové drahy indukce apoptdézy v ramci
molekularnich mechanizmt aktivovanych v disledku hypoxie v pankreatickych B-buiikach
v jedné praci byla popsana aktivace kaspazy 8 (Lai et al. 2009). V dalsi praci vSak nebylo
prokazano zapojeni Fas a TRAIL (TNF-related apoptosis-inducing ligand) receptori a
proteinu c-FLIP (cellular FLICE-like inhibitory protein), (Wang et al. 2012). Jiné molekuly
této drahy nebyly zatim testovany. Co se tyc¢e mozného zapojeni vnitini (mitochondrialni)

drahy indukce apoptézy v dusledku hypoxie, dostupna data naznacuji potencidlni tlohu
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nékterych proteinti rodiny Bcl-2. Konkrétné BNIP3 (Bcl-2/adenovirus E1B 19kDa
interacting protein 3), Bcl-2, Bcel-x1 (B-cell leukemia/lymphoma-extra large), Bid (BH3-
interacting domain) a Bax (Moritz et al. 2002, Miao et al. 2006, Lai et al. 2009, Wang et al.
2012, Fang et al. 2014). Zapojeni proteinu Bad (Bcl-2-associated death promoter) pak
prokazano nebylo (Lai et al. 2009). Efekt hypoxie na aktivaci exekuénich kaspaz byl dosud
studovan témét vyhradné na kaspaze 3 (Ryu et al. 2009, Zheng et al. 2012, Wang et al.
2012, Tian et al. 2013, Sato et al. 2014, Qiao et al. 2015, Bensellam et al. 2016). Pedraza et
al. (2012) naznacili také moznou ulohu kaspazy 7.

Bylo zjisténo, ze v rdmci molekuldrnich mechanizmii indukce apoptézy v dasledku
hypoxie v pankreatickych p-bunikdch se mize uplatiiovat také signalizace stresu ER.
Nicméné jeji uloha neni vzhledem k protichidnym vysledklim (Zheng et al. 2012,
Bensellam et al. 2016) v tomto procesu jasna. Zheng et al. (2012) prokézali aktivaci UPR a
zvySeni exprese proapoptotického chaperonu CHOP v dasledku hypoxie, zatimco
Bensellam et al. (2016) zjistili, ze hypoxie inhibuje UPR. ZvySenou expresi proteinu
CHOP v disledku hypoxie detekovali 1 Sato et al. (2014). I autofagie se mize urcitym
zpusobem uplatiiovat v rdmci molekuldrnich mechanizmt indukce apoptodzy v disledku
hypoxie, ackoliv jeji konkrétni lloha neni pfili§ jasna. Mohla by piedstavovat protektivni
adaptivni mechanizmus, ktery pro hladovéjici bunku zprostiedkovava energii (Wang et al.
2012). Vedle vySe zminénych proteind se miZe podilet na molekularnich mechanizmech
indukce apoptozy v disledku hypoxie také NF-kB draha (Lai et al. 2009). Dale bylo
zjisténo zapojeni napt. AMPK (adenosine monophosphate-activated protein kinase), (Ryu

et al. 2009), JNK a iNOS (Ko et al. 2008).
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6.2. Vlastni komentar k publikacim a diskuze vysledkii

Hledani efektivni 1éCby diabetu mellitu 2. typu (DMT2) dnes predstavuje, vedle snahy
nalezt efektivnéjsi 1é€bu nadorovych a kardiovaskularnich onemocnéni celosvétove, jednu
z hlavnich priorit mediciny. Je tomu tak zejména kvuli velkému a stale se zvySujicimu
poctu pacientt a také kvuli vzristajicim ndkladim na 1é¢bu. Z téchto diivodl jsou znalosti
mechanizmil patogeneze této choroby velmi potiebné, nebot’ mohou pomoci pii hledani
novych moznosti diagnozy, 1écby a prevence. Vyzkum v nasi laboratofi je zaméfen na
studium molekuldrnich mechanizmii, které se podileji na dysfunkci a apoptoze
pankreatickych B-bunék ve spojitosti s patogenezi DMT2. Konkrétné se snazime pfispéet
k pochopeni molekularnich mechanizmi indukce apoptézy nasycenymi mastnymi
kyselinami (MK) a mechanizml inhibice této indukce nenasycenymi MK u pankreatickych
B-bungk.

Vétsina experimentll v ramci vyzkumu apoptdzy B-bunék je vzhledem k deficitu
vhodnych lidskych B-bunéénych linii provadéna na liniich krysich nebo mysich, pfipadné
krysich nebo mySich ostriiveich. Lidské Langerhansovy ostrivky se vzhledem k jejich
dostupnosti a preferen¢nimu pouziti pro transplantace pouZzivaji minimalné. V naSich
experimentech jsme pouzivali jednu z mala existujicich lidskych B-bunécnych linii, a to
NES2Y. Ta vznikla na Univerzit¢ v Leicesteru (UK) vroce 1997 po odebrani bunck
zpacienta  trpicitho  détskou  chronickou  hyperinzulinemickou  hypoglykémii
(nasidioblastéza), (Macfarlane et al. 1997). Tyto bunky maji defektni expresi
transkripéniho faktoru IUF1 (insulin upstream factor 1) a proto nejsou schopny reagovat na
glukozu. Nejsou tedy vhodné pro studie zabyvajici se procesy asociovanymi se sekreci
inzulinu. Nicmén¢ pro studium molekularnich mechanizmi apoptézy indukované MK neni
tato vlastnost limitujici. Linie NES2Y byla jiz dfive pouZita pro studium indukce apoptdzy
v jinych laboratofich (Ou et al. 2005a, 2005b).

V publikacich, které jsou podkladem této prace, jsme pouzivali 1 mM koncentraci
nasycené kyseliny stearové (SA). Tato koncentrace SA se ukdzala v naSich ptedeslych
experimentech jako nejvhodnéjsi pro indukci apoptdézy v pankreatickych B-bunkach linie
NES2Y nasycenymi MK (Fiirstovd et al. 2008). 1 mM koncentrace SA zaroven
koresponduje s chronicky zvySenou hladinou SA, kterd je typicka pro obézni pacienty.
Fyziologickd koncentrace SA se u dospélych pohybuje vrozmezi 0,110-1,170 mM
(Lagerstedt et al. 2001, Abdelmagid et al. 2015). SA patii mezi nejcastéji zastoupené MK v
krevni plazmé (Ingalls & Hoppel 1995, Lagerstedt et al. 2001, Stender et al. 2008). Vedle
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SA jsme v pilotnich pokusech testovali také vliv nasycené kyseliny palmitové (PA).
Vzhledem k niz$i G¢innosti PA v indukci apoptézy pankreatickych B-bunék jsme dale
pracovali pouze s SA. V experimentech jsme dale pouzivali nenasycenou kyselinu
olejovou (OA) jakozto protéjSek nasycené SA. Koncentrace 0,2 mM OA, kterd je
fyziologicka (Lagerstedt et al. 2001), se ukdzala byt v nasich pfedeslych experimentech
dostacujici pro plnou inhibici indukce apoptdézy nasycenou SA (1 mM), (Fiirstova et al.
2008). Pouzit¢é koncentrace MK se nachdzeji vrozmezi koncentraci pouzitych
v podobnych experimentech jinymi autory (naptf. Maedler et al. 2003, Eitel et al. 2002,
Lupi et al. 2002). Vzhledem ktomu, ze jsou MK ve vodé nerozpustné, byly
v experimentech na bunky aplikovany vazané na sérovy bovinni albumin. Fetdlni bovinni
sérum, které je béznou soucasti pouzivanych médii, obsahuje rizné MK o nejasné
koncentraci. My jsme proto v naSich experimentech pouzili upravené bezsérové médium
RPMI 1640 (Kovat & Fran€k 1989, Koc et al. 2006), které umoziiuje pouzit presnou
koncentraci dané MK. Nicméné¢ media obsahujici sérum jsou casto v podobnych
experimentech pouzivana (napt. Maedler et al. 2001, Maestre et al. 2003, Welters et al.
2006, Diakogiannaki et al. 2007, Dhayal et al. 2008).

V experimentech, kde jsme sledovali vliv hypoxie, jsme jako silnou hypoxii
pouzivali 1% koncentraci kysliku v kultivaéni atmosféie, jako stiedni hypoxii potom 4%
koncentraci. 20% koncentrace kysliku byla pouZita jako normoxie (ve vztahu k vné&jSim
podminkam, tj. koncentraci kysliku ve vzduchu). Tyto, pfipadné¢ velmi podobné
koncentrace kysliku se v tomto smyslu bézné€ pouzivaji (Wang et al. 2012, Sato et al. 2014,

Qiao et al. 2015).

6.2.1. Uloha kaspazy 2 v indukci apopt6zy nasycenymi mastnymi kyselinami
Nasemu pracovnimu kolektivu se podafilo jako prvnimu demonstrovat aktivaci kaspazy 2
nasycenymi MK v B-buiikdch (N&émcova-Fiirstova et al. 2011). Uloha kaspazy 2
v apoptoze pankreatickych B-bunék byla prokazana jiz diive v B-bunécné linii HIT-T15
v disledku nedostatku GTP (Huo et al. 2002). Dale byla jeji aktivace demonstrovana
v lidskych ostriiveich v priibéhu procesu odebirani a uchovéani pankreatu pro izolaci
ostruvkl. Tato aktivace byla spojovana s niz§i viabilitou ostrivki (Ramachandran et al.
2006). Vjin¢ studii vSak nebyla prokadzédna uloha kaspazy 2 v regulaci viability
pseudoostritvkll vytvorenych B-buiikami linie MING6 (Lock et al. 2011).

.....

riznych stimuld v fadé¢ experimentalnich modelt (Gu et al. 2008, Huang et al. 2007b,
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.....

pfi indukci apopdzy vyvolané nasycenymi MK v pankreatickych B-buiikdch. Nezjistili
jsme vsak zadny signifikantni efekt umlCeni exprese kaspéazy 2 prostfednictvim specifické
siRNA (small interfering RNA) na viabilitu buné¢k NES2Y po aplikaci SA (viz publikace
1: obr. 6, str. 54). To naznaCuje, ze kaspaza 2 zde nemd vyznamnou ulohu. Vzhledem
k tomu, Ze jsme nezjistili ovlivnéni aktivace ostatnich kaspaz pti umlceni exprese kaspazy
2 (viz publikace 1: obr. 7, str. 54), kaspaza 2 jejich aktivaci v buiikach linie NES2Y po
aplikaci SA pravdépodobné nereguluje.

Ptedchozi prace nasi laboratore ukézala (Némcova-Fiirstova et al. 2011), Ze hladina
proteinu PIDD (regula¢ni komponenta komplexu PIDDoz6ému) se po aplikaci MK neméni
(Némcova-Fiirstova et al. 2011). To naznacuje, ze kaspaza 2 je zde velmi pravdépodobné
aktivovana mechanizmem nezavislym na formovani komplexu PIDDozému. Molekularni
mechanizmy nezdvislé na PIDDozomu jiz byly prokdazany v nékterych jinych
experimentalnich modelech, kde byla apoptdza asociovana s aktivaci kaspazy 2 (napf.
Droin et al. 2001, Lavrik et al. 2006, Kim et al. 2009). Ukézalo se, ze kaspaza 2 muze byt
aktivovana podobné jako kaspaza 8 i komplexem DISC (Droin et al. 2001, Lavrik et al.
2006, Olsson et al. 2009), ale nemusi se jiz dale podilet na pfenosu proapoptotického
signalu (Lavrik et al. 2006). K této situaci by mohlo dochazet i v bunkach linie NES2Y,
nebot’ zde dochézi k aktivaci obou kaspaz a umlceni exprese kaspazy 2 nemélo vliv na
proapoptickou signalizaci. Jiz diive byla také prokazana aktivace kaspazy 2 kaspazou 7
(Inoue et al. 2009). K tomu by mohlo pfipadné dochézet i v bunikach linie NES2Y, nebot’
k aktivaci kaspazy 7 po aplikaci SA také dochazi (viz publikace 1: obr. 4B, str. 53).

Ukazali jsme tak, Ze kaspaza 2 je v pankreatickych B-bunkdch NES2Y aktivovana
pusobenim SA velmi pravdépodobné mechanizmem nezahrnujicim formovani
PIDDozému. Kaspaza 2 v ramci aktivace kaspaz neptedstavuje apikalni kaspazu a pfi

apoptoze vyvolané nasycenymi MK pravdépodobné nema zasadni ulohu.

6.2.2. Uloha p38 MAPK a ERK signalnich drah v indukci apoptozy
nasycenymi mastnymi Kyselinami a v inhibici této indukce nenasycenymi
mastnymi kyselinami

6.2.2.1. Regulace aktivace p38 MAPK a ERK signalnich drah mastnymi kyselinami

Zjistili jsme, ze SA v koncentraci indukujici apoptozu (1 mM) v pankreatickych B-buiikach

NES2Y aktivuje p38 MAPK signalni drahu a inhibuje ERK signalni drahu (viz publikace
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2: obr. 1C a 1D na str. 63). Naproti tomu nenasycend OA (0,2 mM), inhibuje uvedené
ucinky SA, pficemz sama o sobé ovlivituje aktivaci testovanych drah pouze minimaln¢ (viz
publikace 4: obr. 2 na str. 96).

Aktivace p38 MAPK v diisledku samostatného piisobeni PA a OA (vliv SA nebyl
zjistovan), byla jiz na nékterych pankreatickych B-bunécnych liniich a ostriivcich popsana
(Cvjeti¢anin et al. 2009, Yuan et al. 2010, Natalicchio et al. 2013). Co se tyce aktivace
ERK signalni drahy, dostupné vysledky nejsou jednozna¢né. V nékterych pracich byla po
aplikaci PA prokéazéana aktivace (Fontés et al. 2008, Simon et al. 2008, Plaisance et al.
2009), v jinych inhibice (Guo et al. 2010, Watson et al. 2011) této drahy. Aktivaci ERK
kinazy po aplikaci SA ukézali pouze Simon et al. (2006). Zhang et al. (2007) pak prokazali
aktivaci této kindzy po aplikaci OA. Nekonzistence dostupnych dat mtze byt do jisté miry
zpusobena odliSnym experimentdlnim nastaveni — doba ptisobeni MK a/nebo pouzité
koncentrace se v n¢kterych studiich vyrazné lisily. Dle ndm dostupnych poznatkil nebyl
inhibi¢ni efekt nenasycenych MK na aktivaci p38 MAPK a inhibici ERK signalni drahy,
pusobenim apoptdzu indukujicich koncentraci nasycenych MK, dosud popsan.

Shrnutim naSich a dalSich dostupnych vysledki mizeme konstatovat, Ze aplikace
nasycenych MK, v apoptézu indukujici koncentraci, vede v pankreatickych B-buitkach
spiSe k aktivaci p38 MAPK drahy. Nenasycené MK tuto drahu mohou aktivovat, pouze
pokud jsou aplikovany ve vysSi koncentraci. Jinak jsou schopny inhibovat efekt
nasycenych MK. Vliv nasycenych a nenasycenych MK na aktivaci ERK drahy je potom

vzhledem k protichiidnym vysledkiim zatim nejasny.

6.2.2.2. Uloha p38 MAPK signalni drahy v indukci apoptozy nasycenymi mastnymi
kyselinami

Zjistili jsme, ze p38 MAPK signalni drdha se v pankreatickych B-buiikach linie NES2Y
muze podilet na apoptdze vyvolané 1 mM SA, ale pravdépodobné v tomto procesu nema
klicovou tlohu (viz publikace 2: obr. 2 na str. 64, obr. 3 na str. 65, obr. 4 na str. 66 a obr. 5
na str. 67). K podobnému zjisténi dosli Yuan et al. (2010) na mys$i linii B-bunék NIT-1 s
pouzitim nikoliv SA ale PA. Dalsi autofi jejich vysledky v buiikach NIT-1 vSak nepotvrdili
(Zhang et al. 2007a). Nicméné doba piisobeni PA byla v jejich experimentu pouze 10 min.
Naopak Abaraviciene et al. (2008), Cvjeti¢anin et al. (2009) a nésledné Natalicchio et al.
(2013) naznacili nebo pfimo ukdzali (pouzitim specifického inhibitoru p38 MAPK) na
krysich a/nebo lidskych B-bunéénych liniich a ostrivcich, ze p38 MAPK zprostfedkovava
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v

apoptozu indukovanou PA. Vysledky téchto autori naznacuji vyznamngjsi tlohu p38
MAPK kinazy v procesu apoptézy vyvolané nasycenymi MK.

Z vyse uvedenych publikovanych vysledki se zda, ze p38 MAPK aktivovana
nasycenymi MK se v pankreatickych B-bunkéch pravdépodobné ucastni proapoptotické
signalizace vyvolané témito kyselinami. Tato funkce p38 MAPK kindzy byla
demonstrovana i v hlodav¢ich a lidskych ostriivcich, které byly vystaveny oxidovanym
lipidim (Ma et al. 2010) nebo cytokinim (Saldeen et al. 2001, Makeeva et al. 2006).
Kromé¢ toho, proapoptoticka tloha této kindzy byla naznaCena po aplikaci MK také

v nékterych jinych typech bunék (Chai et al. 2007, Liu et al. 2009, Song et al. 2014).

6.2.2.3. Uloha ERK signalni drahy v indukci apopt6zy nasycenymi mastnymi
kyselinami
V nasi praci jsme zjiStovali, zda p38 MAPK kinaza reguluje aktivitu ERK signdlni dréhy.
Ackoliv nekteré z vysledkli vztah mezi p38 MAPK a ERK signalni drahou neprokazaly
(viz publikace 2: obr. 2B na str. 64 a obr. 4B na str. 66), celkové spiSe naznacuji, ze p38
MAPK kinéza inhibuje v pankreatickych B-buiikéch signalni drahu ERK (publikace 2: obr.
3B na str. 65 a obr. 5B na str. 67). V B-buiikdch nebyl dosud vztah mezi uvedenymi
drahami studovan, ale v nékterych jinych typech bun¢k byl vliv p38 MAPK kindzy na
drahu ERK popsén (Berra et al. 1998, Lee et al. 2002). Tento vliv byl podobné jako
v naSem piipad¢ inhibi¢niho charakteru.

Vzhledem k naSemu zjisténi, ze p38 MAPK drdha pravdépodobné v procesu
apoptozy bun€k NES2Y indukované MK nemé kli¢ovou ulohu, tak pravdépodobné ani
ERK signalni draha by v tomto procesu neméla hrat vyznamnou roli. To vSak nevylucuje

v

moznost, Ze v jinych typech bun€k mohou mit obé drahy vyznamnéjsi ulohu.

6.2.3. Uloha stresu ER v indukci apoptézy nasycenymi mastnymi kyselinami a
v inhibici této indukce nenasycenymi mastnymi kyselinami

6.2.3.1. Regulace aktivace jednotlivych drah stresu ER mastnymi kyselinami

Zjistili jsme, ze SA v koncentraci vyvolavajici apoptozu (1 mM) aktivuje vSechny tii drahy

stresu ER (tj. IRE1a, PERK a ATF6 drahy) jiz 3h po aplikaci (viz publikace 1: obr. 1 na

str. 51, obr. 2 a 3 na str. 52). Tyto vysledky ziskané na lidské B-bunécné linii NES2Y

koreluji s vysledky ziskanymi spiSe na priméarnich B-bunikach krysiho a lidského pivodu
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(Cunha et al. 2008, Ladriere et al. 2010), nez na hlodav¢ich B-bunécnych liniich
(Kharroubi et al. 2004, Cunha et al. 2008, Diakogiannaki et al. 2008).

Aktivace IREla drahy v dasledku pisobeni SA skrze detekci alternativniho
sestifihu XBP1 mRNA a aktivaci JNK (viz publikace 1: obr. 1 na str. 51 a obr. 2 na str. 52)
byla prokdzéna i nckterymi dalSimi autory (Kharroubi et al. 2004, Cnop et al. 2007,
Laybutt et al. 2007, Cunha et al. 2008, Gwiazda et al. 2009), ale ne vSemi (Diakogiannaki
et al. 2008, Lai et al. 2008, Ladriere et al. 2010). Tento zdanlivy rozpor by mohl byt
vysvétlen odlisSnou mirou vyvolaného stresu ER v jednotlivych studiich, kdy se ukazuje, Ze
IREla dréha je aktivovana pouze v ptipad¢ silného stresu ER (Lai et al. 2008). Analogicky
efekt SA na aktivaci PERK a fosforylaci elF2a jako v bunikdch NES2Y (viz publikace 1:
obr. 1 na str. 51) byl zjistén také v B-bunécnych liniich zvifeciho plivodu vystavenych
pusobeni PA (Karaskov et al. 2006, Cnop et al. 2007, Laybutt et al. 2007, Cunha et al.
2008, Diakogiannaki et al. 2008, Lai et al. 2008, Gwiazda et al. 2009, Dhayal & Morgan
2011, Kim et al. 2018). Aplikace SA vyvolala v buitkdch NES2Y aktivaci drahy ATF6 (viz
publikace 1: obr. 3, str. 52) obdobn¢ jako v bunkéach linie MIN6 pisobeni PA (Laybutt et
al. 2007). Je zajimavé, ze v buiikach linie INS-1 aktivovala ATF6 drahu OA (Kharroubi et
al. 2004).

Nenasycend OA (0,2 mM) je schopna inhibovat u¢inky SA na IREla a PERK
dréhy stresu ER, pfi¢emz samotnd OA ovliviiyje tyto drdhy minimalné€. To bylo zjiSténo
jak ndmi u lidské B-bunécné linii NES2Y (viz publikace 4: obr. 3 na str. 97, obr. 4 na str.
98 a obr. 5 na str. 99) tak u krysich linii BRIN-BD11 a INS-1E (Diakogiannaki et al. 2008,
Sommerweiss et al. 2013). Co se tyce vlivu pasobeni OA na efekt SA na aktivaci ATF6
drahy, nejsou dostupna zadna data.

Miuizeme tedy shrnout, Ze aplikace nasycenych MK, v koncentraci indukujici
apoptozu, vede k silné aktivaci vSech tfi signalnich drah stresu ER. Nenasycené¢ MK jsou
schopny inhibovat aktivujici G€inek nasycenych MK na IREla a PERK drahy stresu ER a
samy ovliviiuji jejich aktivaci pouze minimaln€é. VIiv nenasycenych MK na efekt
nasycenych MK na aktivaci ATF6 drahy nebyl zatim nikym studovan. Je dostupnd pouze
jedna préce, kde aplikace (samotné) nenasycené OA vedla k aktivaci drahy ATF6.

6.2.3.2. JNK a indukce stresu ER nasycenymi mastnymi kyselinami
Inhibice aktivity JNK snizila upregulaci proteinu BiP zptsobenou SA (viz publikace 1:
obr. 4A, str. 53). JNK kindza se tedy na regulaci stresu ER ur¢itym zpiisobem podili,

pravdépodobné prostfednictvim regulace aktivace ,,downstream* od proteinu c-Jun. c-Jun
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se mize ucastnit procesu formovani komplexu AP-1 (activator protein-1), ktery vedle
exprese ATF6 a XBP1 reguluje také expresi BiP proteinu (He et al. 2000, Yamamoto et al.
2004). Toto vysvétleni neni v souladu s minimélnim efektem JNK inhibice na expresi
CHOP (viz publikace 1: obr. 4A, str. 53), ktery je také regulovan komplexem AP-1 (Pirot
et al. 2007). Kromé¢ toho bylo jiz dfive v buiikach linie INS-1 prokézéano, zZe na formovani
komplexu AP-1 se po aplikaci PA nepodili c-Jun ale Jun-B (Pirot et al. 2007). Jun-B je
dalsi ¢len Jun rodiny transkrip¢nich faktord, jejichz aktivace je nezavisla na JNK (Kallunki
et al. 1996).

JNK kinaza je povazovana za ptipadny spojujici ¢lanek mezi stresem ER a indukci
apoptdzy. Nicméné, po specifické inhibici této kindzy inhibitorem SP600125, jsme
nezjistili inhibici ¢i zpozdéni aktivace kaspaz ani zvyseni exprese CHOP (viz publikace 1:
obr. 4A a 4B, str. 53) jak ukazali Cunha et al. (2008). Nase vysledky naznacuji, Ze INK
neni v buikdch NES2Y mediatorem apoptozy vyvolané SA, nelze vSak vyloucit moZnou
»prosurvival® ulohu JNK kinazy. Ta byla n€kterymi autory prokézana (Park et al. 2007,
Leung et al. 2008).

JNK kindza se tedy v pankreatickych B-buiikdch pravdépodobné urcitym zplisobem
podili na regulaci stresu ER. Jeji uloha coby mediidtoru mezi stresem ER a indukci

apoptdzy vyvolané nasycenymi MK neni vSak jasna.

6.2.3.3. Kaspaza 2 a indukce stresu ER

Zjistili jsme, Ze umlceni exprese kaspdzy 2 sniZilo zvySenou hladinu proteinu BiP po
aplikaci SA (viz publikace 1: obr. 8, str. 55). Logette et al. (2005) ukdzali, ze exprese
kaspazy 2 mize byt transkripéné regulovéna proteiny SREBP (sterol-regulatory element
binding protein) 2 a SREBPlc, coz jsou hlavni aktivatory genii kodujicich proteiny
regulujici syntézu cholesterolu a MK. Tito autofi déle zjistili, ze uml€eni exprese kaspazy
2 vede v bunce k poklesu hladin cholesterolu a triacylglycerolu (Logette et al. 2005).
Kromé toho, Zhang et al. (2007b) ukazali, ze mysi s deficitem kaspazy 2 (knockout) maji
mén¢ télesného tuku neZz normalni mysi. Zda se tedy, ze kaspdza 2 se miZe urcitym
zpusobem podilet na signalizaci regulujici metabolismus lipidd, coz miize nésledné

ovlivnit miru stresu ER v bunikach.
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6.2.4. ,Upstream®“ mechanizmy indukce apoptézy nasycenymi mastnymi

kyselinami a misto inhibi¢ni intervence nenasycenych mastnych kyselin
Vysledky nasSich (obr. 3, str. 117) i nékterych dalSich studii (Vacaresse et al. 1999, Holzer
et al. 2011) poukazuji na to, ze pocatek drahy indukce apoptdézy nasycenymi MK se
nachazi ,,upstream* od nami studovanych signalnich drah p38 MAPK, ERK a stresu ER. Je
mozné, Ze signalizace vyvolana MK muze zaCinat jiz na plazmatické membrané bunky,
kde MK ovliviiuji jeji fluiditu. Nasycené MK s rigidnim a rovnym acylovym fetézcem po
inkorporaci do membranové dvojvrstvy snizuji membranovou fluiditu (Karnovski et al.
1982). To miize zménit schopnost membranovych receptort (napt. receptorovych tyrosin
kindz) dimerizovat a tedy prendSet signaly dale. Signaly tohoto typu mohou mit charakter
proliferacni a/nebo,,prosurvival®.

Nenasycené MK s ,,ohnutym® acylovym fetézcem pak redukuji membranovou
fluiditu vyrazné¢ méné nez nasycené MK ¢i jsou schopny ji dokonce zvySovat. Co se tyce
mozného mechanizmu inhibi¢ni intervence nenasycenych MK v signalizaci vyvolané
nasycenymi MK, tak jeden z moznych mechanizmii muize byt zvySeni membranové
fluidity a tim kompenzovani efektu nasycenych MK na rigiditu membrany. Dalo by se také
spekulovat o mozné uloze lepsi schopnosti nenasycenych MK se inkorporovat do
plazmatické membrany v priabéhu ,kompetice* s nasycenymi MK. Nicméné, abychom

potvrdili tyto spekulace, jsou potieba dalsi specifické studie.

6.2.5. Vliv hypoxie na indukci apoptozy nasycenymi mastnymi Kyselinami a na
inhibici této indukce nenasycenymi mastnymi kyselinami
6.2.5.1. Vliv hypoxie na indukci apoptézy a na inhibici této indukce mastnymi
kyselinami
Ukéazali jsme, Ze hypoxie (stfedni i silnd) signifikantné zvySuje proapoptoticky efekt 1 mM
SA, pticemz efekt silné hypoxie byl vyrazné vétsi nez efekt stfedni hypoxie (viz publikace
5: obr. 1, str. 108). Tyto vysledky naznacuji, ze kdyz se plsobeni hypoxie kombinuje
s pisobenim jiného proapoptotického faktoru, hypoxie pak miize piedstavovat rozhodujici
element vedouci k indukci apoptozy pankreatickych B-bunék. Potenciace cytotoxického
efektu riznych latek v dasledku hypoxie byla zjisténa v jinych typech bun¢k (Walford et
al. 2004, Bullova et al. 2016).
Dale jsme ukézali, Ze hypoxie signifikantné€ snizila protektivni efekt 0,2 mM OA

proti proapoptotickému efektu SA a to takovym zpiisobem, ze OA jiz nebyla schopna
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blokovat indukci apoptozy B-bunék vyvolanou piisobenim SA. Efekt silné hypoxie byl
opét vyrazngjsi nez efekt stfedni hypoxie (viz publikace 5: obr. 1, str. 108). Zda se tedy, ze
hypoxie muize v pankreatickych B-bunikach také inhibovat antiapoptoticky efekt nekterych
latek. Zatim nebyly publikovany zadné prace zabyvajici se timto tématem.

Zjistili jsme, ze stfedni hypoxie (4 % O;) nema Zadny efekt na rist a viabilitu
lidskych pankreatickych bun¢k NES2Y, zatimco silna hypoxie (1% O) méa urcity relativné
mirny ucinek snizujici rtst bun¢k (viz publikace 5: obr. 1, str. 108). Je zajimavé, Ze na [3-
buniky hlodav¢ich linii (INS-1, MIN6) ma silna, ale 1 stiedni hypoxie vyrazné silnéjsi
proapoptoticky efekt (Lai et al. 2009, Zheng et al. 2012, Sato et al. 2014, Qiao et al. 2015).
To by mohlo naznacovat, ze lidské pankreatické B-buniky jsou vici hypoxickému stresu
odolngjsi nez P-bunky hlodavéi. Zda je to dano naruSenim mechanizmii
zprostifedkovavajicich poskozujici Gi€inek hypoxie v linii NES2Y nebo jde o fyziologickou
situaci u lidskych B-bunék, ziistava otdzkou.

Hypoxie tedy muze ptedstavovat klicovy faktor rozhodujici o pfezivani/smrti
pankreatickych B-bun¢k v ptitomnosti MK a tedy v dasledku i o vzniku diabetu 2. typu.
Z4dna jina studie zabyvajici se vlivem spoluptisobeni hypoxie a MK nebyla dosud

publikovana.

6.2.5.2. Mechanizmy hypoxie a misto intervence hypoxie do mechanizmi indukce
apoptozy a inhibice této indukce mastnymi kyselinami
Co se tyce molekul potencidlné zprostiedkovavajicich poskozujici ucinek hypoxie
v bunikdch NES2Y, nase vysledky naznacuji (viz publikace 5: obr. 2, str. 109), Ze doSlo
bylo v pankreatickych B-buiikdch zjiSt€éno pouze zapojeni kaspazy 8, 3 a 7 jakozto
mediatort poskozujiciho ucinku hypoxie (Lai et al. 2009, Qiao et al. 2015, Sato et al. 2014,
Zheng et al. 2012, Wang et al. 2012, Bensellam et al. 2016, Ryu et al. 2009, Tian et al.
2013). My jsme vSak nové prokazali mozné zapojeni kaspazy 9 a 6. Je zajimavé, ze
aktivace kaspaz vyvolana piisobenim nasycenych MK byla sniZena za stiedné hypoxickych
podminek (viz publikace 5: obr. 2, str. 108), pfiCemz ale nedoslo k zvySeni poctu
prezivajicich bunék. Naopak jsme zjistili sniZzeni poctu piezivajicich bunek (viz publikace
S: obr. 2, str. 109). Vysvétleni téchto protichiidnych vysledki je znacné problematické.
Zjistili jsme, Ze hypoxie potenciuje efekt MK na expresi (jeji zvySeni) hlavnich
markert stresu ER, proteini BiP a CHOP (viz publikace 5: obr. 3, str. 110). Tyto vysledky
stejné€ jako vysledky dalSich autorii (Oslowski & Urano 2011, Zheng et al. 2012) naznacuji,
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ze vedle aktivace kaspaz zprostiedkovava v pankreatickych B-bunikdch proapoptoticky
ucinek hypoxie také signalizace stresu ER. Bylo prokazano, ze signalizace stresu ER se
naléza ,,upstream® od aktivace kaspaz (Tabas & Ron 2011). Proto se musi intervence
hypoxie do mechanizmu indukce apoptézy nasycenymi MK a do mechanizmt inhibice této
indukce nenasycenymi MK nalézat v ramci nebo ,,upstream‘ od drah stresu ER.

ER stres vyvolany pisobenim MK je v B-buitkdch potenciovan hypoxii
pravdépodobné proto, protoze proces ,sbalovani“ molekul proinzulini v ER zahrnuje
vytvofeni tii disulfidovych vazeb reakci vyzadujici molekularni kyslik (Appenzeller-
Herzog & Ellgaard 2008). Kdyz je vSak molekularniho kysliku nedostatek, dochézi
k akumulaci nesbalenych molekul proinzulinu stejné jako dalSich proteinti. To vede ke
snizeni funkce B-bunék a dohromady s ptisobenim MK pfispiva k naruseni homeostaze ER.
V srde¢nich myocytech bylo zjiSténo, ze silnd hypoxie vyvolava redistribuci dvou
transportéri. MK (FAT/CD36 a FABPpm) z cytoplazmy na plazmatickou membranu
bunky. To vede k zvySeni ptijmu MK do bunky (Chabowski et al. 2006). Oba transportéry
se nachdzeji i v pankreatickych p-buiikach (Hyder et al. 2010, Dalgaard et al. 2011). K této
redistribuci v disledku hypoxie by mohlo dochézet obdobné i1 v B-burnikdch a tedy by tento
jev mohl pfedstavovat mechanizmus, kterym hypoxie v pankreatickych B-buitkach zvySuje
proapoptoticky efekt nasycenych MK. Vzhledem k tomu, Ze nenasycend OA mtze mit v f3-
bunikach pii vyssich koncentracich také proapoptoticky efekt (Cnop et al. 2002, Cunha et
al. 2008, Tuo et al. 2011) uvedeny zvySeny piijem MK v disledku redistribuce
transportérit MK by mohl znamenat, Ze OA jiz dale neplsobi cytoprotektivné, ale naopak
muze B-bunkam Skodit. A/Nebo, OA jiz neni schopna inhibovat proapototické plsobeni
SA, jejiz koncentrace se zvysila v dusledku hypoxii vyvolané redistribuce transportéri
MK.

Ukazuje se tak, Ze hypoxie vede v pankreatickych B-buiikach k zapojeni drah stresu
ER. Misto intervence proapoptotického efektu hypoxie do mechanizmii indukce apoptozy

a inhibice této indukce MK se musi nalézat ,,upstream* nebo v rdmci drah stresu ER.
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Vlasta Némcova-Firstova® Kamila Balusikova® Jan Sramek® Roger F. James® Jan Kovar®

aDivision of Cell and Molecular Biology & Center for Research of Diabetes, Metabolism and Nutrition,
Third Faculty of Medicine, Charles University, Prague, "Department of Infection, Immunity and
Inflammation, University of Leicester, Leicester

Key Words
Caspase-2 » JNK « Saturated fatty acids « Apoptosis + Endoplasmic reticulum stress « B-cells

Abstract

Background: Fatty acid-induced apoptosis and ER stress of pancreatic B-cells contribute to
the development of type 2 diabetes, however, the molecular mechanisms involved are unclear.
Aims: In this study we have tested the role of caspase-2 and suggested ER stress mediator
JNK in saturated fatty acid-induced apoptosis of the human pancreatic B-cells NES2Y. Results:
We found that stearic acid at apoptosis-inducing concentration activated ER stress signaling
pathways, i.e. IRE1a, PERK and ATF6 pathways, in NES2Y cells. During stearic acid-induced
apoptosis, JNK inhibition did not decrease the rate of apoptosis nor the activation of caspase-8,
-9, -7 and -2 and PARP cleavage. In addition, inhibition of JNK activity did not affect CHOP
expression although it did decrease the induction of BiP expression after stearic acid treatment.
Caspase-2 silencing had no effect on PARP as well as caspase-8, -9 and -7 cleavage and the
induction of CHOP expression, however, it also decreased the induction of BiP expression.
Surprisingly, caspase-2 silencing was accompanied by increased phosphorylation of c-Jun.
Conclusions: We have demonstrated that caspase-2 as well as JNK are not key players in
apoptosis induction by saturated fatty acids in human pancreatic B-cells NES2Y. However, they
appear to be involved in the modulation of saturated fatty acid-induced ER stress signaling,

probably by a mechanism independent of c-Jun phosphorylation.
Copyright © 2013 S. Karger AG, Basel

Introduction o

There is convincing experimental evidence showing that saturated fatty acid exposure
(in contrast to unsaturated fatty acids) is detrimental to pancreatic B-cell survival and leads
to B-cell apoptosis by still unclear molecular mechanisms [1-3].
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As secretory cells, B-cells are especially prone to perturbations in endoplasmic
reticulum (ER) function [4] and subsequent triggering of ER stress. Saturated fatty acids
were shown to activate ER stress signaling in pancreatic 3-cells in vitro [3, 5-8] and increased
levels of ER stress markers have been demonstrated in [-cells of type 2 diabetes patients [9-
11]. Therefore, ER stress is suggested as a likely mechanism that mediates the pro-apoptotic
effect of saturated fatty acids in pancreatic -cells [12, 13].

It has been proposed that ER stress signaling is mediated by three sensor proteins
localized in the ER membrane,i.e. IRE1la (inositol-requiring protein 1a), PERK (protein kinase
RNA (PKR)-like ER kinase) and ATF6 (activating transcription factor 6). Activation of IREla
leads to JNK (c-Jun N-terminal kinase) activation by phosphorylation and to unconventional
splicing of mRNA for XBP1 (X-box binding protein 1) which results in translation of
active transcription factor (XBP1s). Activation of PERK results in the inhibition of protein
translation via phosphorylation of e[F2a (eukaryotic initiation factor 2a). When the ATF6
pathway is activated, ATF6 translocates to nucleus where it functions as transcription factor.
All this signaling is aimed primarily at the restoration of ER homeostasis, e.g. by decreasing
protein translation and increasing the expression of chaperones, such as the prominent ER
chaperone BiP (immunoglobulin heavy chain-binding protein) [14]. However, if this response
fails, apoptosis is induced by the mechanisms that are not still completely understood. The
proposed mediators are JNK and transcription factor CHOP (CCAAT-enhancer-binding
protein (C/EBP) homologous protein) [15].

Within the framework of ER stress signaling, JNK is supposed to exert its effect via
modulation of the activity of several Bcl-2 family proteins by phosphorylation and via
phosphorylation of c-Jun that participates in formation of AP-1 (activator protein-1) complex
involved in transcriptional regulation of many predominantly pro-apoptotic genes, including
CHOP [16]. Fatty acid treatment activates JNK in 3-cells [6, 17-19] and it is known that type 2
diabetes is associated with the activation of the JNK pathway [20], however, the contribution
of JNK in fatty acid-induced apoptosis and ER stress in p-cells is not clear.

In our previous research we have newly demonstrated that caspase-2 is activated
together with ER stress induction when apoptosis is induced by saturated fatty acids in
human pancreatic -cell line NES2Y [8, 21]. There are also several other lines of evidence
pointing at caspase-2 as a possible transducer of pro-apoptotic ER stress signaling in various
cell types [22-25] although the mode of its activation under ER stress conditions is rather
speculative.

In the present study, we have tested the role of caspase-2 and suggested ER stress
mediator JNK in saturated fatty acid-induced apoptosis and ER stress signaling in human
pancreatic B-cells NES2Y. Here we demonstrate that caspase-2, as well as JNK, are not key
players in apoptosis induction by saturated fatty acids in pancreatic -cells. However, [NK
appears to be involved in the modulation of saturated fatty acid-induced ER stress signaling.

Materials and Methods

Materials

All chemicals were from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise indicated. For western
blot analysis and fluorescence microscopy, the following primary and secondary antibodies were used:
anti-BiP (#3177), anti-CHOP (#2895), anti-cleaved caspase-7 (#9491), anti-cleaved caspase-8 (#9496), anti-
cleaved caspase-9 (#9505), anti-phospho elF2a (#9721), anti-phospho-c-Jun (#9261), anti-c-Jun (#9165),
anti-phospho-SAPK/INK (#4668), anti-SAPK/JNK (#9258) and anti-PARP (#9542) from Cell Signaling
Technology (Danvers, MA, USA), anti-actin (clone AC-40) from Sigma-Aldrich (St. Louis, MO, USA), anti-ATF6
(ab 11909) and anti-caspase-2 (ab 32021) from Abcam (Cambridge, UK), HRP-linked goat anti-mouse and
goat anti-rabbit antibody from Santa Cruz (Santa Cruz, CA, USA) and AlexaFluor 488-conjugated goat anti-
mouse antibody from Invitrogen (Invitrogen-Molecular Probes, Eugene, OR, USA).
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Cells and culture conditions

The human pancreatic [3-cell line NES2Y [21, 26] was used. NES2Y are proliferating insulin-secreting
cells with a defect in glucose responsiveness. Cells were routinely maintained in an RPMI 1640 based
culture medium [27]. In experiments, a defined serum-free medium [28] supplemented with stearic acid
bound to 2% fatty-acid free bovine serum albumin (BSA) was used [21]. Stock solution containing stearic
acid bound to the 10% BSA in the serum-free medium was prepared as described previously [21] and
diluted to the required concentration of fatty acid and BSA prior to experiments. Fatty acid/BSA molar
ratios used in experiments were lower than the ratios known to exceed the binding capacity of BSA [29]. In
some experiments, thapsigargin at a concentration of 1 pM in serum-containing culture medium was used
for ER stress induction.

Flow cytometric assessment of cell viability

Cells (approximately 5x10° cells per sample) were seeded and stearic acid or control media were
applied after 24-h preincubation as described above (see “Western blot analysis”). After 18 and 24-h
incubation, the percentage of viable, apoptotic and necrotic cells was determined employing flow cytometry
and Annexin V-FITC Apoptosis Detection Kit (Abcam, Cambridge, UK) according to manufacturer’s
instructions. Apoptotic cells were defined as annexin V-FITC positive cells. Necrotic cells were defined as
propidium iodide-positive, annexin V-FITC negative cells.

Western blot analysis

Cells (approximately 1-3x10° cells per sample) were seeded and after a 24-h preincubation period
allowing cells to attach, the culture medium was replaced by the serum-free medium containing stearic
acid or thapsigargin at required concentration or by control medium. After required period of incubation,
both adherent and floating cells were harvested and western blot analysis was performed as described
previously [8]. All primary antibodies were used in 1:1 000 dilution with exception of anti-CHOP antibody
that was diluted 1:500. The chemiluminiscent signal was detected using Carestream Gel Logic 4000 PRO
Imaging System equipped with Carestream Molecular Imaging Software (Carestream Health, New Haven,
CT, USA) for image acquisition and analysis.

Assessment of XBP1 mRNA splicing

Cells (approximately 1x10° cells per sample) were seeded and stearic acid and thapsigargin were
applied after 24-h preincubation as described above (see “Western blot analysis”). After 3, 6, 12 and 24-h
incubation, the cells were harvested and the splicing of XBP1 mRNA was assessed by RT-PCR as described
previously [8, 30] with GAPDH as a housekeeping gene [31].

Confocal microscopy analysis of ATF6 translocation

Cells were seeded onto coverslips (approximately 2 x 10° cells per coverslip) and stearic acid or
thapsigargin were applied after 24-h preincubation as described above (see “Western blot analysis”).
After desired period of induction, coverslips were fixed with 4% paraformaldehyde for 20 min at 37°C.
After washing with PBS, cells were permeabilized with 0.1% Tween in PBS for 10 min and blocked with FX
Enhancer (Invitrogen-Molecular Probes, Eugene, OR, USA). ATF6 was stained employing primary antibody
against ATF6 (Abcam, Cambridge, UK) (1:50 in PBS at 4°C overnight) and AlexaFluor 488-conjugated goat
anti-mouse secondary antibody (Invitrogen-Molecular Probes, Eugene, OR, USA) (1:100 in PBS for 2 hour in
the dark at room temperature). Stained cells on coverslips were transfered onto a droplet of Vectashield®
Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA) or ProLong Gold with DAPI
(Invitrogen-Molecular Probes, Paisley, UK) and sealed. Samples were analyzed employing a confocal
microscope Leica TCS SP5 (Bannockburn, IL, USA) with 63x oil objective at relevant excitation and emission
wavelengths.

Inhibition of JNK kinase activity

Cells (approximately 1x10°cells per sample) were seeded and after a 23-h preincubation period
allowing cells to attach, the culture medium was replaced by the serum-free medium (for stearic acid
treatment) or serum-containing medium (for thapsigargin treatment) with JNK inhibitor SP600125 (Enzo
Life Sciences, Farmingdale, NY, USA) at desired concentration, or by control medium with the vehiculum
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only (DMSO). After 1 h of pretreatment with [NK inhibitor, stearic acid and BSA or thapsigargin were added
to achieve the required concentrations. After 18 h and 24 h of incubation the cells were harvested and
lysates were prepared for Western blot analysis.

Assessment of the effect of INK inhibition on growth and viability

Cells were seeded at 2 x 10* cells/100 pl of culture media (see above) into wells of 96-well plate.
The JNK inhibitor SP600125 and stearic acid were applied in the same way as described in ,Inhibition of
JNK kinase activity”, After 48 h-incubation, the number of living cells was determined by hemocytometer
counting after staining with trypan blue.

Silencing of caspase-2 expression by siRNA

For the inhibition of caspase-2 expression, caspase-2 specific sSiRNA (Applied Biosystems, Foster
City, CA, USA) and INTERFERin (PolyPlus-Transfection, Illkirch, France) as transfection reagent, were used
according to manufacturer instructions. Nonspecific siRNA (Applied Biosystems, Foster City, CA, USA) was
used as negative control. The efficiency of inhibition of caspase-2 expression at the protein level was tested
after 72 or 96 h of siRNA treatment in each experiment by Western blot analysis of caspase-2 expression.

For caspase-2 silencing, 1.5 x 10° cells were seeded into Petri dishes (@ 6 cm). After 24 h allowing cells
to attach, the media was changed for media containing caspase-2 specific siRNA or nonspecific siRNA at
final concentration of 5 nM and INTERFERin transfection reagent at 1:300 dilution. After 72 h of incubation
with siRNA, cells were harvested into their cultivation media and seeded in the same media into 6-well
plates in concentration of 1 x 10° cells/2.5 ml per well. After 24 h allowing cells to attach, the media was
replaced by relevant media for the treatment with stearic acid or thapsigargin, containing in addition fresh
siRNA and transfection reagent at the same concentration as used for the initial inhibition of caspase-2
expression. Stearic acid- or thapsigargin-induced and control cells were harvested after 6, 18 and 24 h of
treatment as described in ,Western blot analysis“. The level of caspase-2 expression during each experiment
was tested after 72 h of induction with siRNA, i.e. at the time of seeding cells for stearic acid or thapsigargin
application, and at the end of experiment, i.e. 24 h after the application.

Assessment of the effect of caspase-2 silencing on growth and viability

The experiment was set up exactly in the same way as described in ,Inhibition of caspase-2 expression
by siRNA", but after 72 h-incubation with siRNA, nontransfected and both caspase-2 siRNA and nonspecific
siRNA treated cells were seeded at 2 x 10* cells/100 pl of relevant media (see above) into wells of 96-
well plate and after 48 h-incubation with stearic acid, the number of living cells was determined by
hemocytometer counting after staining with trypan blue.

Statistical analysis
Statistical significance of differences was determined by Student’s t-test. P <0.05 was considered
statistically significant.

Results

Assessment of the mode of stearic acid-induced cell death

Our previous studies showed that stearic acid at a concentration of 1 mM induces cell
death in most of NES2Y cells within 48 h after stearic acid application. However, apoptotic
cells as well as caspase-2 activation appeared within 24 h after the application [8, 21, our
unpublished data]. Therefore, all effects were tested until 24 h after fatty acid application.
Under the experimental conditions used, application of stearic acid (1 mM) led to apoptosis
in 16.2 + 0.8 % of cells and necrosis in 3.2 + 0.2 % of cells within 18 h after the application.
In corresponding controls it was 2.9 + 0.1 % and 0.8 + 0.1 %, respectively. Within 24 h after
the application, it led to apoptosis in 28.3 + 7.6 % of cells and necrosis in 6.3 + 0.2 % cells. In
corresponding controls it was 3.8 + 0.1 % and 1.6 + 0.1 %, respectively, as assessed by flow
cytometry after annexin V-propidium iodide staining (data not shown).
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Fig. 1. Effect of 1 mM stearic acid (SA) on the
expression of phospho-elF2a, elF2a, phospho-
JNK, JNK, phospho-c-Jun, c-Jun, BiP and CHOP in SAAmMM) - & - 4+ - o+ - 4
NES2Y cells. Cells incubated without stearic acid e <50
represented control cells. After 3, 6, 12 and 24
h of incubation, the expression of proteins was
determined by western blot analysis employing
relevant antibodies (see ,Materials and Methods").
Monoclonal antibody against human actin was used
to confirm equal protein loading. The data shown INK— ’_ ]
were obtained in one representative experiment of —

at least three independent experiments.
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Activation of ER stress signaling by stearic acid

We tested the level of expression of molecules known to be involved in ER stress
signaling (phospho-elF2a, phospho-]JNK, phospho-c-Jun, Bip and CHOP) at 3, 6, 12 and 24 h
after stearic acid (1 mM) treatment of NES2Y cells. Interestingly, we found that JNK (IRE1a
pathway of ER stress signaling) was phosphorylated and thus activated as early as 3 h after
stearic acid application. This activation was accompanied by increased expression and
phosphorylation of transcription factor c-Jun, i.e. the target of JNK activity. Phosphorylation
of both these molecules lasted until 24 h after the application (Fig. 1). Stearic acid also
induced early splicing (3 h after the application) of XBP1 (Fig. 2).

To assess the involvement of PERK pathway of ER signaling, we tested the
phosphorylation status of the translation factor elF2a. Stearic acid treatment resulted in
early phosphorylation (3 h after the application) of e[F2« that lasted at least for the first 12
hours of treatment but then decreased to the level comparable with control cells in contrast
to the molecules involved in IRE1a signaling, i.e. JNK and c-Jun.

We employed confocal microscopy in order to assess ATF6 translocation to the nucleus
after its activation by cleavage, as it has been demonstrated after palmitate application in
pancreatic -cells previously [11]. As a positive control, cells were treated with thapsigargin,
a synthetic inductor of ER stress. We were able to detect ATF6 translocation due to stearic
acid application as early as 3 h after the application (Fig. 3). This activation lasted atleast 12
h. After 24 h of treatment, the assessment of the extent of ATF6 translocation after stearic
acid application was very unreliable due to undergoing apoptosis.

As to the downstream effector molecules we found CHOP expression to be induced 6 h
after stearic acid application that lasted for 24 h (Fig. 1). In contrast, we did not observe any
change in BiP level until 12 h of stearic acid treatment. Significant increase in BiP level was
detected 12 h and 24 h after stearic acid application (Fig. 1).

Effect of INK inhibition on ER stress

We assessed the role of JNK in stearic acid-induced ER stress and apoptosis in NES2Y
[3-cells employing SP600125, a specific inhibitor of [NK. The concentration of inhibitor,
which was necessary for efficient [NK inhibition, was determined by testing the effect of
several inhibitor concentrations on the level of phosphorylated c-Jun (data not shown).
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Fig. 2. Effect of 1 mM stearic acid (SA) on XBP1

mRNA splicing in NES2Y cells. Cells incubated =
without stearic acid represented control cells. After 3h  6h 12h 24h =
3, 6,12 and 24 h of incubation, the XBP1 splicing SA (1 mM) S R

was assessed by RT-PCR using relevant primers (see

.Materials and Methods"). As a positive control of XBP1u _ g o« -
XBP1 splicing, NES2Y cells were treated with 1 pM xep1s — IS =

thapsigargin (TG). GAPDH was used as a control

gene for RT-PCR. The data shown were obtained in EABLH —
one representative experiment of three independent

experiments.

Fig. 3. Effect of 1 mM stearic acid (SA)
on ATF6 translocation into nucleus in
NES2Y cells. Cells incubated without
stearic acid represented control cells,
After 3 h of incubation, ATF6 (green)
and nuclei (blue) within the cells were
stained and representative images
were acquired with Leica confocal
scanning microscope (see ,Materials
and Methods”). As a positive control of
ATF6 translocation, NES2Y cells were

Control SA (1 mM) TG (1 pM)

ATF6

treated with 1 puM thapsigargin (TG). ATF6
ATF6 staining and the merge of ATF6 and +
nuclear signal is shown. Data obtained in nuclei

one representative experiment of three
independent experiments are shown.

Using 50 and 100 uM SP600125 together with stearic acid, we achieved 61+5% and 82+7%
decrease of phosphorylated c-Jun level, respectively, after 24 h of treatment compared to
cells treated with stearic acid alone. Inhibition of JNK activity in stearic acid-treated cells
resulted in significant decrease of BiP level after 18 h and 24 h of treatment. However,
surprisingly CHOP expression induced by stearic acid was not affected by JNK inhibition (Fig.
4A, only data for 18 h are shown). To determine the role of [NK inhibition in the regulation
of BiP expression, we assessed the effect of JNK inhibition on BiP upregulation induced by
another ER stressor, i.e. thapsigargin. There was only slight effect of [NK inhibition on BiP
expression after 18 h of treatment with 1 uM thapsigargin, however, the inhibitory effect
on BiP expression was clearly detectable after shorter period (6 h) of treatment. Similarly
to the effect of [NK inhibition after stearic acid application, CHOP expression induced by
thapsigargin was not affected by JNK inhibition, (Fig. 5).

Effect of INK inhibition on caspase activation and apoptosis induction

We showed previously that caspase-7, caspase-9, caspase-8 and caspase-2 are activated
during stearic acid-induced apoptosis in NES2Y B-cells, in contrast to caspase-3. Therefore,
we tested the effect of inhibition of JNK activity on activation (cleavage) of these caspases
and also on the cleavage of PARP (common marker of apoptosis) after 18 and 24 h of
treatment. However, the level of cleaved caspase-7, caspase-9, caspase-8 and PARP and the
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Fig. 4. Effect of specific JNK inhibitor SP600125 (SP) on the effect of 1 mM stearic acid (SA) on (A) the
expression of phospho-c-Jun, c-Jun, BiP and CHOP, on (B) the cleavage of PARP, caspase-7, caspase-9, caspase-8
and caspase-2 in NES2Y cells and on (C) the cell growth and viability of NES2Y cells. Cells incubated without
stearic acid represented control cells. After 18 h (A) or 24 h (B) of incubation, the expression or cleavage
of proteins was determined by western blot analysis employing relevant antibodies (see ,Materials and
Methods*). Monoclonal antibody against human actin was used to confirm equal protein loading. The data
shown were obtained in one representative experiment of three independent experiments. (C) Cells were
seeded at 2x10* cells/100 pl of culture medium per well of 96-well plate and stearic acid and SP600125
were applied as described in “Materials and Methods”. The number of living cells was determined after 48
h of incubation. Each column represents the mean of 4 separate cultures + SEM. ** P<0.01 when comparing
the effect of stearic acid with or without SP600125 and control cells, nonsignificant (NS) when comparing
the effect of stearic acid applied together with SP600125 and the treatment with stearic acid alone.

Fig. 5. Effect of specific JNK inhibitor SP600125

6h 18 h
(SP) on the effect of 1 uM thapsigargin (TG) on
the expression of phospho-c-Jun, c-Jun, BiP and & s g s
CHOP in NES2Y cells. Cells incubated without = é' 2 g
thapsigargin represented control cells. After 6 h 0z ne
and 18 h of incubation, the expression of proteins & & & &
. . . + + + 4+
was determined by western blot analysis employing sss ey
relevant antibodies (see ,Materials and Methods"). g22-= 223
ET T £ T
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to confirm equal protein loading. The data shown
were obtained in one representative experiment of Phospho-c-Jun — |— - l | - |
three independent experiments.
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level of procaspase-2 were not influenced by JNK inhibition during stearic acid treatment
(Fig. 4B, only data for 18 h are shown) as well as the cell growth and viability within 48 h of
treatment (Fig. 4C).
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Fig. 6. Effect of caspase-2 silencing by specific

siRNA on (A) caspase-2 expression and on (B) the A g .

effect of 1 mM stearic acid (SA) on the cell growth ﬁ( ‘%4

and viability of NES2Y cells. Cells incubated without g z %E

stearic acid represented control cells. (A) The 28 B
expression of caspase-2 after 24 h of incubation with SA(ImM) - + - +

stearic acid was determined by western blot analysis Procaspase-2 — E

using caspase-2 specific antibody (see ,Materials

and Methods*). Monoclonal antibody against human Actin — El

actin was used to confirm equal protein loading. The

data shown were obtained in one representative B 60 NS Ty

experiment of three independent experiments. (B)
Cells treated with nonspecific siRNA, caspase-2
specific siRNA and without siRNA as described
in ,Materials and Methods" were seeded at 2x10*
cells/100 pl of culture medium per well of 96-well
plate and stearic acid was applied (see “Materials
and Methods”). The number of living cells was
determined after 48 h of incubation. Each column
represents the mean of 4 separate cultures + SEM.
** P<0.01 when comparing the effect of stearic
acid with respective control cells, nonsignificant 9
(NS) when comparing the effect of caspase-2 and
nonspecific siRNA (P = 0.05).
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Fig. 7. Effect of caspase-2 silencing by specific siRNA
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Effect of caspase-2 silencing on apoptosis induction and caspase activation

To assess the role of caspase-2 in apoptosis induced by stearic acid in NES2Y cells, we
employed siRNA approach to silence caspase-2 expression. Using caspase-2 specific siRNA,
we achieved 81+4% inhibition of caspase-2 expression in the latest time point tested, i.e. 24
h of treatment (Fig. 6A). First, we assessed the effect of caspase-2 silencing on the growth
and viability of NES2Y cells during the treatment with stearic acid. After 48 h of treatment,
there was no significant difference between the number of cells with down-regulated
expression of caspase-2 and cells treated with control nonspecific siRNA. We also did not
observe any significant effect of the transfection procedure per se on the growth and viability
of NES2Y cells (Fig. 6B). Next, we tested the effect of inhibition of caspase-2 expression on
PARP cleavage and the activation of caspase-7, -9 and -8. Activation of all caspases tested was
readily detectable after 18 h of treatment, however, we did not see any inhibitory effect of
caspase-2 silencing on the activation of caspases tested as well as on PARP cleavage (Fig. 7).
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Fig. 8. Effect of caspase-2 silencing by specific
siRNA on the effect of 1 mM stearic acid (SA) on the
expression of phospho-c-Jun, c-Jun, CHOP and BiP
in NES2Y cells. Cells incubated without stearic acid
represented control cells. After 6 h (phospho-c-Jun
and c-Jun), 18 h (CHOP) and 24 h (BiP) of incubation,
the expression of proteins was determined by
western blot analysis employing relevant antibodies
(see ,Materials and Methods"). Monoclonal antibody
against human actin was used to confirm equal

Fig. 9. Effect of caspase-2 silencing by specific
siRNA on the effect of 1 uM thapsigargin (TG) on
the expression of procaspase-2, phospho-c-Jun,
c-Jun, CHOP and BiP in NES2Y cells. Cells incubated
without thapsigargin represented control cells. After
6 h and 18 h of incubation, the expression of proteins
was determined by western blot analysis employing
relevant antibodies (see ,Materials and Methods").
Monoclonal antibody against human actin was used
to confirm equal protein loading. The data shown

protein loading. The data shown were obtained in
one representative experiment of three independent
experiments.

were obtained in one representative experiment of
three independent experiments.

Effect of caspase-2 silencing on ER stress

We did not detect any effect of caspase-2 silencing on the induction of CHOP expression
after 18 and 24 h of stearic acid treatment (Fig. 8, only data for 18 h are shown). However,
caspase-2 silencing led, similarly like the inhibition of JNK activity, to the decrease of BiP
upregulation induced by stearic acid treatment for 18 h and 24 h (Fig. 8, only data for 24
h are shown). Surprisingly, we also found increased level of phosphorylated c-Jun in cells
with silenced caspase-2 expression after 6 h, 18 h and 24 h of treatment with stearic acid
(Fig. 8, only data for 6 h are shown). In order to compare the involvement of caspase-2 in the
upregulation of BiP expression and c-Jun phosphorylation after stearic acid application (Fig.
8) with the involvement after ER stress induction, we tested the effect of caspase-2 silencing
after ER stress induction by thapsigargin. However, we found no effect of caspase-2 silencing
on thapsigargin-induced upregulation of BiP expression and c-Jun phoshorylation (Fig. 9).

Discussion

Our previous studies showed that saturated fatty acids (palmitic acid and, more
efficiently, stearic acid) induce apoptosis associated with caspase-2 activation in human
pancreatic B-cells NES2Y [8, 21]. These studies also pointed at a possible role of ER stress in
apoptosis induction by saturated fatty acids [8]. Thus in this study we decided to testthe role
of caspase-2 and the ER stress mediator JNK in stearic acid-induced apoptosis of NES2Y cells
considering their possible role in ER stress signaling.
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NES2Y cells respond to fatty acids similarly like primary human B-cells [2, 6, 7, 32], as we
also found in our previous experiments [8, 21]. Thus it may be expected that the responses
to saturated fatty acid seen in this study with NES2Y cells are comparable to the effects on
human B-cells in vivo. Currently, there is a limited number of studies investigating the effect
of fatty acids on ER stress signaling in relation to apoptosis in B-cells of human origin [6,
7, 32]. Moreover, the effect of stearate is studied only rarely despite it appears to be more
effective than palmitate in human p-cells [1, 8].

We demonstrated activation of all known pathways of ER stress signaling, i.e. IRElq,
PERK and ATF6 pathway, by saturated stearic acid at a cell death-inducing concentration (1
mM) in NES2Y cells as soon as 3 h after the treatment. After that we detected upregulation
of the expression of ER stress markers CHOP and BiP 6 h and 12 h after the treatment,
respectively.

JNK is considered as one of the most possible mediators that connect excessive ER
stress with apoptosis induction. However, in human NES2Y cells, inhibition of JNK activity
did not lead to significant changes in the level of stearate-induced apoptosis (see Fig. 4C).
In the study of Cunha et al. with rat p-cells INS-1E [6] inhibition of palmitate-induced JNK
activation resulted in a partial reduction of apoptosis. In another study with INS-1E cells,
JNK inhibition was showed to be anti-apoptotic [18]. In NES2Y cells, JNK activation by stearic
acid was accompanied with intensive and fast c-Jun phosphorylation (see Fig. 1A). However,
there are conflicting data concerning the question whether palmitate-induced JNK activation
in INS-1E cells also leads to phosphorylation of c-Jun [18, 33]. Therefore it is somewhat
difficult to compare the data. Nevertheless, none of the studies showed complete inhibition
of fatty acid-induced apoptosis by JNK inhibition. It indicates that some other mediator(s) or
pathway(s) different from JNK signaling should be involved in saturated fatty acid-induced
apoptosis.

Several lines of evidence indicate that fatty acid-induced activation of JNK in 3-cells is
very fast and precedes the activation of ER stress response and therefore could not result
solely from IREla activation [17, 19]. ]NK can also be activated by MAP kinase kinases
MKK4 and MKK7 and thus its activation by saturated fatty acids can result also from the
involvement of signaling pathways that are not related to ER stress induction [16]. Our
results do not contradict this hypothesis since we observed full JNK activation after 3 h but
splicing of XBP1 reached its maximum at 6 h. To sum up, our data suggest that JNK signaling
in NES2Y cells is not a mediator of stearic acid-induced apoptosis regardless of whether its
activation is solely the result of ER stress induction or whether also other signaling pathways
contribute to its activation.

In rodent cells, the activation of caspase cascade in response to ER stress is initiated
by the activation of caspase-12 [34]. However, except of specific population of African
descendents, the human population does not possess functional caspase-12 [35]. Several
lines of evidence indicate that caspase-2 [22-25] or caspase-4 [36, 37] could substitute for
caspase-12 inhuman cells but this hypothesis hasnotyetbeen tested in pancreatic p-cells. Our
preliminary experiments did not point at a significant role of caspase-4 activation in stearic
acid-induced apoptosis of NES2Y cells (data not shown). However, we previously identified
that caspase-2 was significantly activated by palmitate and stearate in NES2Y cells [8, 21].
Caspase-2 was also shown to play the key role in GTP-depletion-induced B-cell apoptosis
[38]. In this study we show not only that caspase-2 is dispensable for fatty acid-induced
apoptosis in NES2Y but we also found no influence of caspase-2 silencing on the activation
of other caspases previously shown to be associated with stearate-induced apoptosis [8].

During stearic acid-induced apoptosis in NES2Y cells, in contrast to JNK inhibition,
caspase-2 silencing was accompanied by the increased phosphorylation of c-Jun. However,
both caspase-2 silencing and JNK inhibition had similar effect on CHOP and BiP expression
after stearic acid treatment (see Figs. 4A and 8). This indicates that CHOP and BiP expression
in NES2Y cells are not regulated by c-Jun. This is consistent with the finding that dimers
of transcription factor AP-1 that contribute to CHOP induction by palmitate in INS-1E
[-cells are composed preferentially of c-Fos and jun-B, but not c-Jun [33] and the activity
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of jun-B is not controlled by [NK-mediated phosphorylation [39]. However, the mechanism
mediating the decrease of BiP expression downstream of JNK inhibition (see Fig. 4A) and the
mechanism responsible for increased c-Jun phosphorylation after caspase-2 silencing (see
Fig. 8) remain obscure. Nevertheless, some regulatory role of JNK in BiP expression is likely,
as demonstrated by the decrease of BiP expression by JNK inhibition during thapsigargin-
induced ER stress (see Fig. 5) [40].

Downregulation of BiP expression due to caspase-2 silencing after stearic acid-induced
apoptosis (see Fig. 8) is unexpected. As we did not observe this downregulation during
thapsigargin-induced ER stress, the downregulation by caspase-2 silencing seems to be
restricted to specific ER stress stimuli, such as saturated fatty acids. Caspase-2 was shown to
be transcriptionally regulated by the sterol regulatory element binding protein 2 (SREBP2)
and to participate together with this transcription factor in the activation of endogenous
cholesterol and triacylglycerol synthesis [41, 42]. In this way, caspase-2 silencing might be
associated with lowering of intracellular lipid levels which could be reflected in turn by the
alleviation of ER stress and reduction in BiP expression induced by stearic acid.

Taken together; in this study we assessed the role of caspase-2 and JNK in stearic acid-
induced apoptosis and ER stress in NES2Y cells. Stearic acid activates IRE1a, PERK and ATF6
pathways of ER stress signaling. Neither caspase-2 nor JNK activation is involved in apoptosis
induction by saturated fatty acids. However, both caspase-2 and JNK modulate stearic acid-
induced ER stress in NES2Y cells.
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Abstract: Saturated stearic acid (SA) induces apoptosis in the human pancreatic -cells NES2Y.
However, the molecular mechanisms involved are unclear. We showed that apoptosis-inducing
concentrations of SA activate the p38 MAPK signaling pathway in these cells. Therefore, we tested

the role of p38 MAPK signaling pathway activation in apoptosis induction by SA in NES2Y cells.

Crosstalk between p38 MAPK pathway activation and accompanying ERK pathway inhibition after
SA application was also tested. The inhibition of p38 MAPK expression by siRNA silencing resulted
in a decrease in MAPKAPK-2 activation after SA application, but it had no significant effect on
cell viability or the level of phosphorylated ERK pathway members. The inhibition of p38 MAPK
activity by the specific inhibitor SB202190 resulted in inhibition of MAPKAPK-2 activation and
noticeable activation of ERK pathway members after SA treatment but in no significant effect on cell
viability. p38 MAPK overexpression by plasmid transfection produced an increase in MAPKAPK-2
activation after SA exposure but no significant influence on cell viability or ERK pathway activation.
The activation of p38 MAPK by the specific activator anisomycin resulted in significant activation
of MAPKAPK-2. Concerning the effect on cell viability, application of the activator led to apoptosis
induction similar to application of SA (PARP cleavage and caspase-7, -8, and -9 activation) and in
inhibition of ERK pathway members. We demonstrated that apoptosis-inducing concentrations of SA
activate the p38 MAPK signaling pathway and that this activation could be involved in apoptosis
induction by SA in the human pancreatic 3-cells NES2Y. However, this involvement does not seem to
play a key role. Crosstalk between p38 MAPK pathway activation and ERK pathway inhibition in
NESZ2Y cells seems likely. Thus, the ERK pathway inhibition by p38 MAPK activation does not also
seem to be essential for SA-induced apoptosis.

Keywords: p38 MAPK; ERK; fatty acids; pancreatic 3-cells; apoptosis; NES2Y

1. Introduction

Increased levels of fatty acids (FAs) in blood are considered to be one of the main factors
responsible for pancreatic 3-cell death in type 2 diabetes [1-5]. Our previous studies as well as
others have shown that saturated FAs induce apoptosis in pancreatic 3-cells [2,4-8]. Although the
precise molecular mechanisms of apoptosis induction by FAs in (3-cells remain unclear [9], there are
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some indications that the p38 MAPK (mitogen-activated protein kinase) signaling pathway could be
involved [10,11].

p38 MAPK kinase has been shown to participate in the regulation of many cellular processes
such as cell proliferation, differentiation, the inflammatory response, and apoptosis (reviewed in [12]).
Generally, p38 MAPK is activated via the dual-specific MKK3/6 (mitogen-activated protein kinase
kinase 3 and 6), kinase in response to various extracellular stimuli such as physical and chemical
stress (reviewed in [12]). p38 MAPK regulates activation of MAPKAPK-2 (MAPK-activated protein
kinase 2), which is responsible for nuclear export of activated p38 MAPK [13] and can also affect
activation of certain proteins involved in apoptosis regulation such as NF-kB (nuclear factor kB) [14]
or caspase-3 [15]. Concerning apoptosis, it has been demonstrated, in different cell types and under
different experimental conditions, that p38 MAPK can mediate pro-apoptotic signaling [16,17]. The
pro-apoptotic function of p38 MAPK has also been demonstrated in studies using pancreatic 3-cells
exposed to FAs. However, the possible role of p38 MAPK in FA-induced apoptosis in pancreatic 3-cells
remains unclear [10,18,19].

Several studies [16,20] have shown that in some types of cells, p38 MAPK can inhibit the c-Raf —
MEK1/2 — ERK1/2 (extracellular signal-regulated kinases 1 and 2) pathway, i.c., the ERK signaling
pathway. The ERK pathway is mostly activated by growth factors. These factors, acting through
receptor kinases and adaptor protein son of sevenless (SOS), activate Ras GTPase, which is responsible
for c-Raf phosphorylation [21]. Like p38 MAPK, the ERK pathway can affect various proteins associated
with apoptosis, e.g., Fox03a or several proteins of the Bcl-2 family [22]. It has been demonstrated
that the ERK pathway can mediate both pro-apoptotic as well as anti-apoptotic signaling [23-26].
Regulation of ERK1/2 activation by saturated FAs in pancreatic (3-cells has also been shown [27,28].

There are data supporting the idea that the p38 MAPK signaling pathway could be involved
in apoptosis induction by FAs in pancreatic 3-cells [10,18]. In the present study, we demonstrated
that p38 MAPK is activated during apoptosis induction by stearic acid (SA) in the human pancreatic
[3-cells NES2Y. Therefore, we tested the role of p38 MAPK signaling pathway activation in apoptosis
induction by SA, representing saturated FAs, in NES2Y cells. Crosstalk between p38 MAPK pathway
activation and ERK pathway inhibition, after SA application, was also tested. We demonstrated that
the activation of the p38 MAPK pathway could be somehow involved in apoptosis induction by SA
in the human pancreatic 3-cells NES2Y. However, this involvement does not seem to play a key role.
Crosstalk between p38 MAPK pathway activation and ERK pathway inhibition in NES2Y cells seems
likely. Thus, the ERK pathway inhibition by p38 MAPK activation does not also seem to be essential
for SA-induced apoptosis.

2. Results

2.1. Effect of Stearic Acid on Cell Death Induction and Activation of Members of the p38 MAPK and ERK
Signaling Pathways

We assessed cell viability as well as cleavage of PARP (a common marker of apoptosis) and
caspase-7, -8 and -9 activation by cleavage after SA (1 mM) exposure, in NES2Y cells. SA application
resulted in significant induction of cell death within 48 h after SA application (Figure 1A), and increased
caspase-7, -8, -9 and PARP (a substrate of activated executioner caspases) cleavage 18 h after SA
application (Figure 1B). Previously, it was found that there is nearly no activation of caspase-3 in NES2Y
cells after SA exposure, and that caspase-2 does not play a key role in SA-induced apoptosis [8,29].

Next, we assessed the levels of activated (phosphorylated) members of the p38 MAPK
signaling pathway (phospho-MKK3/6, phospho-p38 MAPK, phospho-MAPKAPK-2) as well as
the levels of activated members of the ERK signaling pathway (phospho-c-Raf, phospho-MEK1/2,
phospho-ERK1/2) within 24 h after SA application, in NES2Y cells.

SA treatment resulted in an increase in the level of phosphorylated members of the p38 MAPK
pathway as early as 3 h after application. The level of phosphorylation increased to a maximum at 12 h
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after application for all tested proteins. At 24 h after treatment, the level of phosphorylation decreased.
No change was detected in the level of total p38 MAPK during 24 h after SA application (Figure 1C).

Levels of phosphorylated members of the ERK pathway decreased as early as 3 h after SA
application, except for MEK1/2. The effect of SA increased to the maximum for all tested proteins
12-24 h after application. We did not detect any change in the level of total ERK1/2 during 24 h after
SA application (Figure 1D).
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Figure 1. Effect of 1 mM stearic acid (SA) (see “Materials and Methods”) on (A) cell growth and
viability; (B) the level of cleaved PARP, caspase-7 (C7), caspase-8 (C8) and caspase-9 (C9) (markers of
apoptosis); (C) the level of phospho-MKK3/6, p38 MAPK, phospho-p38 MAPK, phospho-MAPKAPK-2
(p38 MAPK signaling pathway); and (D) the level of phospho-c-Raf, phospho-MEK1/2, ERK1/2,
phospho-ERK1/2 (the ERK signaling pathway) in NES2Y cells. Cells incubated without SA represented
control cells. After 18 h of incubation (see “Materials and Methods”) for markers of apoptosis (B) and 3,
6,12 and 24 h of incubation for p38 MAPK and ERK pathways members (C,D), the levels of individual
proteins were determined using Western blot analysis and the relevant antibodies (see “Materials and
Methods”). Monoclonal antibody against human actin was used to confirm equal protein loading.
The data shown were obtained in one representative experiment from at least three independent
experiments. When assessing cell growth and viability (A), cells were seeded at a concentration
of 2 x 10% cells/100 pL of culture medium per well of 96-well plate (see “Materials and Methods”).
The number of living cells was determined after 48 h of incubation. Each column represents the mean
of four separate cultures + standard error of the mean (SEM). * p < 0.05 when comparing the number
of control cells and cells treated with SA.

2.2. Effect of p38 MAPK Silencing

In order to test the involvement of p38 MAPK in apoptosis signaling induced by SA in NES2Y
cells, we assessed the effect of p38 MAPK silencing by specific siRNA on cell growth and viability after
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SA treatment. We also tested the effect of p38 MAPK silencing on phosphorylation of MAPKAPK-2
(pathway member downstream of p38 MAPK) and phosphorylation of ERK pathway members (c-Raf,
MEK1/2 and ERK1/2) after SA application. To assess the efficiency of silencing, we measured the
level of total p38 MAPK and phospho-p38 MAPK, respectively.

p38 MAPK silencing (approximately 60%) resulted in a decrease in phospho-p38 MAPK level,
which was expected, and also a decrease in phospho-MAPKAPK-2 level 18 h after SA application
(Figure 2A). However, it had nearly no effect on the level of phosphorylated ERK pathway members
(Figure 2B). Cell viability was not significantly affected by p38 MAPK silencing during 48 h after SA
treatment (Figure 2C)
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Figure 2. Effect of p38 MAPK silencing, using a specific siRNA (see “Materials and Methods”) and the
effect of stearic acid (SA), on (A) the level of p38 MAPK, phospho-p38 MAPK, phospho-MAPKAPK-2
(substrate of p38 MAPK); (B) the level of phospho-c-Raf, phospho-MEK1/2, phospho-ERK1/2 (the ERK
signaling pathway); and (C) cell growth and viability of NES2Y cells. Cells incubated without siRNA
represented control cells. After 18 h of incubation (see “Materials and Methods”) with or without
stearic acid (SA) (A,B), the level of individual proteins was determined using Western blot analysis
and the relevant antibodies (see “Materials and Methods”). A monoclonal antibody against human
actin was used to confirm equal protein loading. The data shown were obtained in one representative
experiment from three independent experiments. When assessing cell growth and viability (C), cells
were seeded at a concentration of 2 x 10% cells/100 uL of culture medium per well of 96-well plate (see
“Materials and Methods”). The number of living cells was determined after 48 h of incubation with or
without SA. Non-specific siRNA was used as a negative control. Each column represents the mean of
four separate cultures = SEM. NS (non-significant) when comparing the number of cells incubated
with p38 MAPK specific siRNA and with non-specific siRNA.
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2.3. Effect of the Specific p38 MAPK Inhibitor SB202190

We also assessed the effect of inhibition of p38 MAPK activity, using the specific inhibitor 58202190,
on cell growth and viability, phosphorylation of MAPKAPK-2 (pathway member downstream of
P38 MAPK), and phosphorylation of ERK pathway members (c-Raf, MEK1/2 and ERK1/2) after
SA treatment in NES2Y p-cells. To assess the efficiency of inhibition, we measured the level of
phospho-MAPKAPK-2.

P38 MAPK inhibition resulted in a decrease in phospho-MAPKAPK-2 level (Figure 3A) and in an
increase of the levels of phosphorylated ERK pathway members (Figure 3B) 12 h after SA application.
P38 MAPK inhibition in cells without SA exposure also increased the levels of phosphorylated ERK
pathway members (Figure 3B). Cell viability was not significantly affected by the p38 MAPK inhibition
within the 48-h period after SA treatment (Figure 3C).
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Figure 3. Effect of the specific p38 MAPK inhibitor, SB202190, (see “Materials and Methods”) and
the effect of stearic acid (SA) on (A) the level of phospho-MAPKAPK-2 (substrate of p38 MAPK);
(B) the level of phospho-c-Raf, phospho-MEK1/2, phospho-ERK1/2 (the ERK signaling pathway);
and (C) cell growth and viability of NES2Y cells. Cells incubated without the inhibitor represented
control cells. After 12 h of incubation (see “Materials and Methods”) (A,B), the level of individual
proteins was determined using Western blot analysis and the relevant antibodies (see “Materials
and Methods”). A monoclonal antibody against human actin was used to confirm equal protein
loading. The data shown were obtained in one representative experiment from three independent
experiments. When assessing cell growth and viability (C), cells were seeded at a concentration
of 2 x 10* cells/100 uL of culture medium per well of 96-well plate (see “Materials and Methods”).
The number of living cells was determined after 48 h of incubation. Each column represents the mean
of four separate cultures = SEM. NS (non-significant) when comparing the number of control cells and
cells treated with SB202190 as well as when comparing the effect of SA alone and applied together
with $B202190.

2.4. Effect of p38 MAPK Querexpression

Next, we assessed the effect of p38 MAPK overexpression, through specific plasmid transfection,
on cell growth and viability, phosphorylation of MAPKAPK-2 (pathway member downstream of
p38 MAPK), and phosphorylation of ERK pathway members (c-Raf, MEK1/2 and ERK1/2) after SA
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exposure in NES2Y p-cells. To assess the efficiency of overexpression, we measured the level of total
p38 MAPK and phospho-p38 MAPK, respectively.

Significant p38 MAPK overexpression resulted in an expected increase in phospho-p38 MAPK
level and also an increase in phospho-MAPKAPK-2 level 18 h after SA application (Figure 4A).
However, it had no effect on the level of phosphorylated ERK pathway members (Figure 4B).
Cell viability was not significantly affected by p38 MAPK overexpression during 48 h after SA treatment
(Figure 4C).
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Figure 4. Effect of p38 MAPK overexpression, using transfection with a specific plasmid (Vector with
p38 MAPK) (see “Materials and Methods”) and the effect of stearic acid (SA) on (A) the level of p38
MAPK, phospho-p38 MAPK and phospho-MAPKAPK-2 (substrate of p38 MAPK); (B) the level of
phospho-c-Raf, phospho-MEK1 /2, phospho-ERK1/2 (the ERK signaling pathway); and (C) cell growth
and viability of NES2Y cells. Cells transfected with an empty vector (Empty vector) represented control
cells. After 18 h of incubation (see “Materials and Methods”) with or without stearic acid (SA) (A,B),
the level of individual proteins was determined using Western blot analysis and the relevant antibodies
(see “Materials and Methods”). A monoclonal antibody against human actin was used to confirm
equal protein loading. The data shown were obtained in one representative experiment from three
independent experiments. The fact that the band of p38 MAPK in the control samples is not visible
here resulted from a large difference in p38 MAPK content in control and transfected cells. When
assessing cell growth and viability (C), cells were seeded at a concentration of 2 x 10* cells/100 pL of
culture medium per well of 96-well plate (see “Materials and Methods”). The number of living cells
was determined after 48 h of incubation with or without SA. Each column represents the mean of four
separate cultures + SEM. NS (non-significant) when comparing the number of cells incubated with
plasmid DNA containing p38 MAPK (Vector with p38 MAPK) and cells incubated with empty plasmid
DNA (empty vector).
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2.5. Effect of the Specific p38 MAPK Activator Anisomycin

Lastly, we also assessed the effect of p38 MAPK activation, using the specific activator anisomyecin,
on cell growth and viability, phosphorylation of MAPKAPK-2 (pathway member downstream of p38
MAPK), and phosphorylation of ERK pathway members (c-Raf, MEK1/2 and ERK1/2) in NES2Y
[3-cells. To assess the efficiency of activation, we measured the level of phospho-p38 MAPK as well as
the level of phospho-MAPKAPK-2.

Anisomycin-induced p38 MAPK activation resulted in a strong activation (phosphorylation)
of MAPKAPK-2 (Figure 5A), 12 h after treatment. This activation appeared to be stronger than
SA-induced activation. Anisomycin-induced p38 MAPK activation also led to a decrease in levels
of the phosphorylated ERK pathway members, similar to that seen in SA-treated cells (Figure 5B).
Furthermore, p38 MAPK activation resulted in induction of cell death (Figure 5C) within 48 h after
anisomycin application, again similar to that seen in SA-treated cells.

Because cell death was induced, we also tested the effect of p38 MAPK activation on the cleavage
of PARP (a common marker of apoptosis) and caspase-7, -8 and -9 activation. Caspase-7, -8, -9
activation as well as PARP cleavage was detected 12 h after activator application (Figure 5D).
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Figure 5. Effect of the specific p38 MAPK activator, anisomycin, (see “Materials and Methods”) and the
effect of stearic acid (SA) on (A) the level of p38 MAPK, phospho-p38 MAPK and phospho-MAPKAPK-2
(substrate of p38 MAPK); (B) the level of phospho-c-Raf, phospho-MEK1/2, phospho-ERK1/2 (the
ERK signaling pathway); (C) cell growth and viability; and (D) cleavage of PARP, caspase-7 (C7),
caspase-8 (C8) and caspase-9 (C9) (markers of apoptosis) in NES2Y cells. Cells incubated without the
activator and SA represented control cells. After 12 h of incubation (see “Materials and Methods”)
(A,B,D), the level of individual proteins was determined using western blot analysis and the relevant
antibodies (see “Materials and Methods”). A monoclonal antibody against human actin was used to
confirm equal protein loading. The data shown were obtained in one representative experiment from
three independent experiments. When assessing cell growth and viability (C), cells were seeded at
a concentration of 2 x 10* cells/100 pL of culture medium per well of 96-well plate (see “Materials
and Methods”). The number of living cells was determined after 48 h of incubation. Each column
represents the mean of four separate cultures + SEM. * p < 0.05 when comparing the number of control
cells and cells with anisomycin or SA.
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3. Discussion

Our previous papers as well as this study demonstrate that saturated fatty acids (palmitic and
stearic acid) induced apoptosis in the human pancreatic 3-cell line NES2Y (see Figure 1A,B) [5,8,29].
Molecular mechanisms of apoptosis induction by saturated fatty acids (FAs) in [3-cells have not
been fully elucidated yet [9]. Some studies indicated a possible involvement of various kinases in
pro-apoptotic signaling (e.g., [10,27,30]). In this study, we tested the involvement of the p38 MAPK
signaling pathway in stearic acid (SA)-induced apoptosis in the human pancreatic $-cells NES2Y.
Furthermore, this study showed that, together with p38 MAPK pathway activation, apoptosis-inducing
SA also inhibits the ERK pathway in NES2Y cells. Thus, we also tested crosstalk between p38 MAPK
pathway activation and ERK pathway inhibition after SA application. To our knowledge, there is
no detailed study considering deeply the effect of saturated FAs on p38 MAPK signaling pathway
in relation to apoptosis induction in -cells of human origin. Moreover, the effect of stearate is
studied only rarely despite it appears to be more effective than palmitate in human (-cells [8,31].
Human NES2Y cells respond to FAs similarly like primary human B-cells [2,32-34], as we also found
in our previous experiments [5,8]. Thus, it may be expected that the responses to saturated SA seen in
this study with NES2Y cells could be more or less relevant to its effects on human (3-cells in vivo.

As mentioned above, we demonstrated that apoptosis-inducing SA activates the p38 MAPK
pathway in NES2Y p-cells (see Figure 1C). Activation of p38 MAPK in response to palmitic acid
has already been documented in NIT-1 and RIN pancreatic -cells [10,18]. Some studies [35,36] as
well as our preliminary data indicate that SA-induced pro-apoptotic signaling could begin on the
plasma membrane of cells probably due to SA effects on membrane fluidity. It is likely that it happens
upstream of p38 MAPK signaling. The effect of SA on membrane fluidity can result in changes in
the activity of some membrane receptor(s) or membrane-associated protein(s), which can mediate
further signaling.

We also demonstrated that apoptosis-inducing SA inhibits the ERK pathway in NES2Y (-cells (see
Figure 1D). Inhibition of ERK1/2 activity, in response to palmitic acid, has already been documented in
some studies with pancreatic 3-cell lines [27,28]. However, in other papers, activation of ERK1/2 was
shown [37,38]. Moreover, the experimental conditions used in these studies have been quite dissimilar.
As with the effect of SA on p38 MAPK activation, the effect of SA probably starts upstream of the ERK
pathway. Some papers [16,20] suggest that a possible regulator of this pathway might be p38 MAPK
kinase. In this paper, we showed that p38 MAPK kinase was activated by SA (see above).

Inhibition of p38 MAPK expression by siRNA silencing and inhibition of p38 MAPK activity
by the specific inhibitor SB202190 after SA application, as well as p38 MAPK overexpression using
plasmid transfection, had no significant effect on cell viability (see Figures 2C, 3C and 4C). However, the
application of the specific p38 MAPK activator, anisomycin, resulted in apoptosis induction similar to
that seen after application of SA (see Figure 5C). It also resulted in PARP cleavage and caspase-7, -8, -9
activation (see Figure 5D).

The insignificant effect of p38 MAPK silencing on cell viability after SA treatment could have
resulted from incomplete inhibition of p38 MAPK expression (see Figure 2A). The remaining amount of
P38 MAPK was still able to transduce a sufficient signal for apoptosis induction. The second possibility
of explanation is that the p38 MAPK signaling pathway does not play a key role in apoptosis induction
after SA treatment. The insignificant effect of the inhibitor application on cell viability could be
explained by a similar way like the insignificant effect of p38 MAPK silencing. The insignificant
effect of p38 MAPK overexpression, accompanied by an increased level of phospho-p38 MAPK (see
Figure 4A), rather supports the possibility that the p38 MAPK pathway does not play a key role.

Concerning the effect of the activator, it should be mentioned that anisomycin also has the
potential to affect, besides p38 MAPK, the activation of other molecules. Thus, the described effect of
the activator on cell viability may not be mediated by p38 MAPK. Nonetheless, there is a possibility
that the p38 MAPK pathway is somehow involved in SA-induced pro-apoptotic signaling in NES2Y
cells. However, it probably does not represent the main pathway of the pro-apoptotic SA effect. The
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possibility of a pro-apoptotic role for p38 MAPK has also been mentioned in other types of pancreatic
(3-cells or islets exposed to saturated FAs [10,18,39]. Nevertheless, in these cells, p38 MAPK seems to
be more important as a mediator of saturated FA-induced apoptosis.

We can just speculate as to possible mechanisms playing a substantial role in saturated FA-induced
apoptosis in pancreatic 3-cells. These mechanisms probably represent a network of multiple signaling
pathways. It is clear that caspases are involved here [8,32,40,41]. Generally, the involvement of
the mitochondrial as well as the receptor pathways of apoptosis induction was documented in
pancreatic 3-cell lines or islets of animal or human origin (e.g., [2,40,42-45]). The involvement
of inducible forms of nitric oxide synthase activation and nitric oxide production seems also
speculative [1,6,46,47]. Experimental evidence strongly supports the role of de 1novo ceramide formation
in saturated FA-induced apoptosis [2,42,46]. Other considered mechanisms that might play a role in
regulation of 3-cell viability by saturated FAs are activation of protein kinase C5 [30], degradation of
carboxypeptidase E [48], calpain-10 activation [41], activation of the transcription factor NF-kB [49,50],
inhibition of protein kinase B [40], and the level of stearoyl-CoA desaturase-1 expression [33,51].
Nevertheless, the most studied molecular mechanism suggested to mediate FA-induced apoptosis is
signaling of endoplasmic reticulum stress [7,29,32,34,49,52,53].

p38 MAPK silencing had no significant effect on ERK pathway activation (see Figure 2B). This
could again be the result of incomplete inhibition of p38 MAPK expression (see above). On the other
hand, application of the p38 MAPK inhibitor, SB202190, resulted in recognizable activation of ERK
pathway members (see Figure 3B). However, it should be mentioned that this inhibitor effect could be
the result of a direct effect of the inhibitor on the ERK pathway, since activation of c-Raf by SB202190
has been documented [54].

No significant effect on ERK pathway activation was also detected after p38 MAPK overexpression
(see Figure 4B) while the application of p38 MAPK activator, anisomycin, resulted in significant
inhibition of activation of ERK pathway members (see Figure 5B). Unfortunately, no significant effect
of p38 MAPK overexpression, accompanied by increased level of phospho-p38 MAPK (see Figure 4A),
on ERK pathway activation does not support the possibility of crosstalk. Regarding the effect of
the activator, it should be noted that the effect of anisomycin on ERK pathway activation might not
necessarily be mediated by p38 MAPK, since the activator can also affect other molecules. Although
some of the approaches used to regulate p38 MAPK activation had no significant effect on ERK
pathway activation; it seems that p38 MAPK kinase activation has an inhibitory effect on the ERK
pathway in NES2Y fB-cells after SA application. To date, no data documenting possible crosstalk
between the p38 MAPK pathway and the ERK pathway, in pancreatic 3-cells, has been published.

Taken together, we demonstrated that SA at apoptosis-inducing concentrations activates the p38
MAPK signaling pathway in human (3-cells. We suggest that the activation of the p38 MAPK signaling
pathway could be somehow involved in apoptosis induction by SA. However, this involvement does
not seem to play a key role. Crosstalk between p38 MAPK pathway activation and the accompanying
inhibition of the ERK signaling pathway after SA application seems more likely. Thus, the ERK pathway
inhibition by p38 MAPK activation does not also seem to be essential for SA-induced apoptosis in
human p-cells.

4, Materials and Methods

4.1. Materials

All chemicals were from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise
stated. For western blot analysis, the following primary and secondary antibodies were
used: anti-phospho-MKK3/6 (#9236), anti-p38 MAPK (#8690), anti-phospho-p38 MAPK (#4511),
anti-phospho-MAPKAPK-2 (#3007), anti-phospho-c-Raf (#9427), anti-phospho-MEK1/2 (#9154),
anti-ERK1/2 (#5013), anti-phospho-ERK1/2 (#4370), anti-PARP (#9542), anti-cleaved caspase-7 (#9491),
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anti-cleaved caspase-8 (#9496), anti-cleaved caspase-9 (#9505) from Cell Signaling Technology (Danvers,
MA, USA) and anti-actin (clone AC-40).

4.2. Cells and Culture Conditions

The human pancreatic f-cell line NES2Y [5,55] was used. NES2Y cells are proliferating
insulin-secreting cells with a defect in glucose responsiveness. Cells were routinely maintained
in an RPMI 1640 based culture medium [56]. In experiments, a defined serum-free medium [57]
supplemented with 1 mM SA bound to 2% FA-free bovine serum albumin (BSA) was used [5].
Stock solutions containing SA bound to 10% BSA in a serum-free medium were prepared as described
previously [5] and diluted to the required concentration of SA and BSA prior to experiments. SA/BSA
molar ratios used in experiments were lower than the ratios known to exceed the binding capacity of
BSA [58].

Our previous studies showed that SA, at a concentration of 1 mM, induced cell death in
most NES2Y cells within 48 h of application. Apoptotic cells appeared within 24 h after SA
application [5,8,29]. Therefore, all assessments were performed within 24 h after SA application,
except for the assessment of cell growth and viability.

4.3. Assessment of the Effect of Stearic Acid on Cell Growth and Viability

Cells were seeded at a concentration of 2 x 10* cells/100 pL of culture media into the wells of
96-well plate. After a 24-h pre-incubation period (allowing cells to attach) the culture medium was
replaced with a serum-free medium containing 2% BSA with or without SA. The control medium
contained 2% BSA only. After 48 h of incubation, the number of living cells was determined using a
hemocytometer counting system, after staining with trypan blue.

4.4. Western Blot Analysis

Cells (approximately 1 x 100 cells per sample) were seeded and after a 24-h pre-incubation period
(allowing cells to attach), the culture medium was replaced with a serum-free medium containing 2%
BSA with or without SA. The control medium contained 2% BSA only. After the required incubation
period, cells were harvested and Western blot analysis was performed as described previously [8].
All primary antibodies were used in a 1:1000 dilution. The chemiluminescent signal was detected using
a Carestream Gel Logic 4000 PRO Imaging System equipped with Carestream Molecular Imaging
Software (Carestream Health, New Haven, CT, USA), which was used for image acquisition.

4.5. p38 MAPK Silencing by siRNA Transfection

To silence p38 MAPK expression, p38 MAPK specific siRNA (s3586, Life Technologies, Carlsbad,
CA, USA) and INTERFERin (PolyPlus-Transfection, Illkirch, France), as transfection reagent, were
used according to the manufacturer’s instructions.

To silence p38 MAPK, 2.1 x 10° cells/6 mL were seeded into Petri dishes (& 6 cm). After 24 h
(allowing cells to attach), the culture medium was replaced with new culture medium with or without
the p38 MAPK specific siRNA and transfection reagent. The siRNA and transfection reagent were
diluted in Opti-MEM® Reduced Serum Medium (Life Technologies) to a final concentration of 150 nM
and 0.4%, respectively, prior to transfection. After 72 h of incubation, cells were harvested and seeded
into six-well plates at a density of 1 x 100 cells /2.5 mL per well. After 24 h (allowing cells to attach),
the culture medium was replaced with a serum-free medium containing: (1) fresh siRNA, transfection
reagent (at the same concentration used for the initial inhibition of p38 MAPK expression) and 2%
BSA with or without SA; or (2) 2% BSA with or without SA (control media). After 18 h of treatment,
cells were harvested and lysates were prepared for western blot analysis as described previously [8].
The efficiency of p38 MAPK expression silencing was tested in each experiment at the protein level
using Western blot analysis.
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4.6. Assessment of the Effect of p38 MAPK Silencing on Cell Growth and Viability

The experiment was set up in the same way as described in “p38 MAPK silencing by siRNA
transfection” with the following modifications. After 72 h of incubation with or without the
specific or non-specific siRNA and transfection reagent, cells were seeded at a concentration of
2 x 10* cells/100 pL of relevant medium (see above) into the wells of 96-well plate. After 48 h of
incubation with or without SA, the number of living cells was determined using a hemocytometer
counting system after staining with trypan blue.

4.7. p38 MAPK Overexpression by Plasmid Transfection

In order to increase expression of p38 MAPK in NES2Y cells, transfection with plasmids containing
p38 MAPK was performed. The plasmid was originally produced by Roger Davis (Howard Hughes
Medical Institute, Chevy Chase, MD, USA). Subsequently, it was subcloned into pcDNA 3.1 by Jarmila
Krélova (Institute of Molecular Genetics of the ASCR, Prague, Czech Republic) and kindly donated to
us (with permission from Davis).

Cells were seeded into 6-well plates at a density of 1 x 10° cells/2.5 mL per well. After 24 h
(allowing cells to attach), the culture medium was replaced with new culture medium containing
2.5 pg of plasmid DNA (empty plasmid or plasmid containing p38 MAPK) and Lipofectamine
3000 (Invitrogen, Paisley, UK) as a transfection reagent according to the manufacturer’s instructions.
After 48 h, the culture medium was replaced with a serum-free medium containing 2% BSA with or
without SA. After 18 h of the treatment, cells were harvested and lysates were prepared for Western
blot analysis as described previously [8]. The efficiency of transfection was tested by analyzing the
level of p38 MAPK using Western blot.

4.8. Assessment of the Effect of p38 MAPK Overexpression on Cell Growth and Viability

The experiment was set up in the same way as that described in “p38 MAPK overexpression
by plasmid transfection” with the following modifications. Cells were seeded at a concentration of
2 x 10* cells/100 pL of relevant medium (see above) into the wells of the 96-well plate. The amount of
plasmid DNA used was 100 ng per well. After 48 h of incubation with or without SA, the number of
living cells was determined using a hemocytometer counting system after staining with trypan blue.

4.9. Inhibitor and Activator Application

Cells (approximately 5 x 10° cells per sample) were seeded and after a 24-h pre-incubation period
(allowing cells to attach) the culture medium was replaced with: (1) a serum-free medium with or
without the p38 MAPK inhibitor SB202190 (Abcam, Cambridge, UK) at a desired concentration; (2) a
serum-free medium containing 2% BSA with or without the p38 MAPK activator anisomycin (Sigma
Aldrich, 5t. Louis, MO, USA) at required concentration; or (3) a serum-free medium containing 2% BSA
and SA. The control medium contained only 2% BSA and the vehiculum dimethyl sulfoxide (DMSQ).
After 1 h of inhibitor pre-treatment, 2% BSA with or without SA was added to achieve the required
concentrations. After 12 h of incubation, the cells were harvested and lysates were prepared for
Western blot analysis as described previously [8]. The concentration of inhibitor/activator, which was
necessary for efficient p38 MAPK inhibition/activation, was determined by testing the effect of several
inhibitor/activator concentrations on the level of phosphorylated p38 MAPK and/or MAPKAPK-2
(substrate of p38 MAPK). The duration of treatment with the inhibitor/activator was selected based on
the time course of activation/inhibition of p38 MAPK after SA and SB202190/anisomycin application.

4.10. Assessment of the Effect of Inhibitor or Activator on Cell Growth and Viability

Cells were seeded at 2 x 10* cells/100 uL of culture media (see above) into the wells of 96-well
plate. The p38 MAPK inhibitor SB202190, the activator anisomycin, and SA were applied in the same
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way as described above (“Inhibitor and activator application”). After 48 h of incubation, the number of
living cells was determined using a hemocytometer counting system after staining with trypan blue.

4.11. Statistical Analysis

The statistical significance of observed differences was determined using the Student’s t-test.
p < 0.05 was considered statistically significant.
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Abstract: Pancreatic 3-cell failure and death is considered to be one of the main factors responsible
for type 2 diabetes. It is caused by, in addition to hyperglycemia, chronic exposure to increased
concentrations of fatty acids, mainly saturated fatty acids. Molecular mechanisms of apoptosis
induction by saturated fatty acids in -cells are not completely clear. It has been proposed that kinase
signaling could be involved, particularly, c-Jun N-terminal kinase (JNK), protein kinase C (PKC), p38
mitogen-activated protein kinase (p38 MAPK), extracellular signal-regulated kinase (ERK), and Akt
kinases and their pathways. In this review, we discuss these kinases and their signaling pathways
with respect to their possible role in apoptosis induction by saturated fatty acids in pancreatic 3-cells.

Keywords: c-Jun N-terminal kinase (JNK); protein kinase C (PKC); p38 mitogen-activated protein
kinase (p38 MAPK); extracellular signal-regulated kinase (ERK); Akt; fatty acids; pancreatic 3-cell;
apoptosis; diabetes

1. Introduction

Increased concentrations of fatty acids (FAs) in blood are known to be one of the main factors
responsible for pancreatic $-cell death in type 2 diabetes [1-5]. The detrimental potential of FAs
has been described for human as well as animal p-cells in vivo and in vitro [1,2,6—-12]. It seems that
the toxicity of FAs particularly depends on the degree of their saturation. It was suggested that
saturated FAs (e.g., stearic and palmitic acid) induce apoptosis in pancreatic 3-cells, whereas the effect
of unsaturated FAs (e.g., oleic and palmitoleic acid) on (-cell viability is not entirely clear. It seems
that at low concentrations they are well tolerated and are even capable of inhibiting the pro-apoptotic
effect of saturated FAs [2,4-6,9,13-16]. Nevertheless, at higher concentrations they might also be
pro-apoptotic [17-19]. The precise molecular mechanisms of apoptosis induction by saturated FAs in
p-cells remain unclear [20]. However, it has been proposed that kinase signaling pathways could be
involved [10,21-23].

Saturated FAs were shown to induce endoplasmic reticulum (ER) stress in cells including
pancreatic -cells. ER stress was demonstrated to result in activation of signaling pathways starting
mainly with three membrane proteins, i.e., inositol-requiring protein 1a (IREle), protein kinase RNA
(PKR)-like ER kinase (PERK) and activating transcription factor 6 (ATF6). Activation of IRE1« leads to
c-Jun N-terminal kinase (JNK) activation by phosphorylation, which further phosphorylates c-Jun. The
mentioned signaling pathways primarily participate in the restoration of ER homeostasis. However,
if this response fails, apoptosis is induced by mechanisms that are not still completely understood
(reviewed in [20,24]).

Kinase signaling pathways are regulated in response to various extracellular physical (e.g., UV
radiation, and temperature) and chemical (many agens) stimuli and also in response to various
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cytokines. They can be involved, depending on cell type, in the regulation of many cellular processes
such as proliferation, differentiation, inflammatory response, autophagy, senescence, and also in
apoptosis (reviewed in [25]).

In this review, we will discuss kinase signaling pathways with a possible role in apoptosis
induction by saturated FAs in pancreatic (3-cells. Concerning this, JNK, protein kinase C (PKC), p38
mitogen-activated protein kinase (p38 MAPK), extracellular signal-regulated kinase 1/2 (ERK1/2),
and Akt (also known as protein kinase B (PKB) kinase) signaling have been the most extensively
studied [26-28]. Thus, we will discuss available data on above-mentioned pathways, from both in vitro
as well as in vivo experiments using (3-cells of animal (mainly rat and murine) and human origin.

2. ¢-Jun N-Terminal Kinase (JNK)

2.1. INK and Its Role in Cell Signaling

JINK is a serine-threonine kinase. It was described in the early 1990s [29,30] when three isoforms
were identified, i.e., JNKI, JNK2, and JNK3 (also referred to as stress-activated protein kinase (SAPK)-y,
SAPK-« and SAPK-, respectively) [31-33]. JNK is activated by mitogen-activated protein kinase
kinase (MKK) 4 and MKK7? via dual phosphorylation on the tripeptide motif Thr-Pro-Tyr. This
tripeptide is located within the activation T-loop in protein kinase subdomain VIII [34]. MKK4 and
MKKY7 are activated by several MAP kinase kinase kinases (MAP3Ks) as e.g., transforming growth
factor-f3-activated kinase 1 (TAK1), apoptosis signal-regulating kinase 1 (ASK1), tumor progression
locus 2 (TPL2), and mixed-lineage kinases (MLKs) and by some members of the MEKK family. Besides
this mechanism, JNK kinase can also be activated by IREla protein [35], which represents one of
the main signaling pathways of ER stress. It has been showed that ER stress can mediate apoptosis
induction by different stimuli including FAs [20,24].

JNK can affect the function of many proteins (reviewed in [36]) including transcription factors
(e.g., signal transducers and activators of transcription (STAT), p53, and proteins of forkhead box
(Foxo) or ATF family), mitochondrial proteins (e.g., Sab or proteins of B-cell lymphoma 2 (Bcl-2)
family), other protein kinases (Akt, p90 ribosomal 56 kinase (p90RSK)), and proteins associated
with cell movement (kinesin, doublecortin) or protein degradation (E3 ligase). JNK kinase is mostly
involved in mediating the apoptotic response of cells to pro-inflammatory cytokines, and genotoxic or
environmental stresses. However, activation of this kinase is also associated with the regulation of cell
proliferation, differentiation, survival, and autophagy [34].

2.2. INK in Apoptosis Induced by Saturated Fatty Acids in B-Cells

In Sand rat islets as well as in INS-1 and INS-1E rat B-cells, several authors found that INK
is activated, and mediate apoptosis induction by palmitate or palmitate in combination with high
glucose concentrations [22,27,37—41]. We showed that JNK is activated in INS-1E cells in response to
pro-apoptotic stearate application (unpublished data). Contrary to previous data, it was also shown
that the JNK1 isoform protects against FA /high glucose-induced apoptosis in these cells [42].

Regarding murine pancreatic 3-cells, Abaraviciene et al. (2008) [43] as well as Natalicchio et al.
(2013) [37] demonstrated in primary islets that J]NK activation is involved in palmitate-induced
pro-apoptotic signaling. Similar data were obtained in MIN6 and MIN6NS cells [17,44]. In NIT-1
cells, Yuan et al. (2010) [19] also found that JNK mediates apoptosis induction by palmitate. However,
this was not confirmed by Zhang et al. (2007) [26] who documented no effects of apoptosis-inducing
palmitate treatment on JNK activation in these cells. Nevertheless, exposure time was only 10 min in
their experiment.

In human primary islets, it was demonstrated that JNK activation mediates the pro-apoptotic
effects of palmitate [37]. The pro-apoptotic role of this kinase in human islets has also been
demonstrated by Aikin et al. (2004) [45]. Authors have also shown that JNK can be inhibited by
phosphoinositide 3-kinase (PI3K)/ Akt signaling. However, in NES2Y human [-cells, it seems that
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stearic acid-induced JNK activation, which is associated with the stearic acid-induced ER stress marker
immunoglobulin heavy chain-binding protein (BiP), is probably not a key step in apoptosis induction
by stearate [46].

It is generally accepted that JNK kinase is activated by saturated FAs-induced ER stress in
pancreatic (3-cells [20,38].

To conclude, it has been documented that saturated FAs activate [NK kinase in pancreatic
[3-cells mainly via ER stress. However, other mechanisms cannot be excluded. It seems that JNK
activation mediates apoptosis induction by saturated FAs. Nevertheless, the amount of available data
is insufficient to say that this is conclusive. In addition to the process of apoptosis induction, JNK is
probably also involved in fatty acid-induced autophagy [47] in pancreatic 3-cells. The pro-apoptotic
role of JNK has also been documented in osteoblasts and hepatocytes treated with saturated FAs [48-50].
JNK seems to be one of the most important kinases in the process of apoptosis induction by FAs in
pancreatic 3-cells, mainly via ER stress induction (Figure 1).

3. Protein Kinase C (PKC)

3.1. PKC and Its Role in Cell Signaling

The PKC family of serine-threonine kinases comprises at least ten isoforms that are divided into
three groups based on sequence homology and mechanism of activation [51]: (1) conventional PKC
(PKCex, B1, 32 and v); (2) novel PKC (PKC3, ¢, n and 0); and (3) atypical PKC (PKCC and PKCLi/A).
The first two groups are activated by diacylglycerol (DAG) in response to receptor signaling coupled
with the activation of phospholipase C. Novel PKC isoforms can be also activated by DAG but are Ca**
insensitive. Atypical PKCs are not activated by DAG and Ca®* but instead in response to receptors
that stimulates PI3K leading to activation of phosphoinositide-dependent protein kinase 1 (PDK1).

PKC isoforms have been associated with numerous physiological functions, including secretion
and exocytosis, modulation of ion conductance, cell proliferation, and apoptosis or survival [52-54].
The PKC5 isoform was the first identified member of the novel PKC group. This isoform was, of the
respective PKC isoforms, the most often found to be connected with the process of apoptosis induction
via regulation of its down-stream targets, e.g., INK-STAT1 signaling, Akt, ERK1/2, and p38 MAPK
kinases [55-58].

3.2. PKC in Apoptosis Induced by Saturated Fatty Acids in p-Cells

In the rat INS-1 cell line, it has been shown that PKC? activation can mediate apoptosis induction
by palmitate [23]. Wrede et al. (2003) [28] demonstrated, using the same cell line, the activation of
PKCb by long-chain acyl-CoA. The authors also showed that PKCS can inhibit Akt kinase. In addition,
our unpublished data concerning activation of PKC? in response to pro-apoptotic stearic acid also
suggests that PKC3 is involved in saturated FAs-induced apoptosis in INS-1E cells. In RIN1046-38 rat
[3-cells, PKC$ activation and translocation from cytosol to the nucleus was found to be necessary for
apoptosis induction by saturated FAs (palmitate, stearate) in contrast to unsaturated FAs (palmitoleate,
oleate, linoleate) [59]. Similarly, Simon et al. (2008) [60] reported, in rat RINm5F B-cells, that PKC6
kinase was activated in response to low, but still apoptosis-inducing, concentrations of palmitic acid
and non-apoptosis-inducing concentrations of stearic acid. The authors suggested that PKCb mediates
apoptosis induction by these FAs. Alcdazar et al. (1997) [61] observed, in Langerhans islets of Wistar
albino rats, a translocation of PKC activity (respective isoforms were not tested) from cytosol to cellular
membranes after palmitate and high glucose co-application. However, they did not test whether PKC
was a mediator of apoptosis induction under these experimental conditions. On the other hand, it
seems that in the BRIN-BD11 rat cell line, PKC5 is not required for palmitate-induced apoptosis [9].

Hennige et al. (2010) [12] showed in murine pancreatic 3-cells in vivo that overexpression of
dominant-negative PKC?¢ protects against high fat diet-induced 3-cell failure through a mechanism
that involves inhibition of FA-mediated apoptosis. Furthermore, Qi et al. (2010) [18] documented
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activation of PKC o and 1 isoforms after exposure to apoptosis-inducing concentrations of palmitate
in MING6 B-cells, which suggests a pro-apoptotic role for the tested isoforms.

With regard to human pancreatic 3-cells, there is only one piece of data available. We found no
effect on PKCS$ activation resulting from treatment with pro-apoptotic concentrations of stearate in

NES2Y cells (unpublished data).
Generally, it seems that PKC? is activated by saturated FAs and it can mediate apoptosis induction

by saturated FAs in pancreatic p-cells. However, this role for PKCé has not been demonstrated
in human -cells, till now (our unpublished data). Nuclear localization might be necessary for
pro-apoptotic function of PKCs. The involvement of PKCé activation in apoptosis induction in
pancreatic [-cells by stimuli other than FAs, such as interleukin 13 (IL-13) and streptozotocin, has
been described [62]. The pro-apoptotic role of PKC$ has been found in a variety of cell types [63-65]
and is now generally accepted [54]. On the other hand, the «, 3, €, A, and ( isoforms of PKC seem to
be pro-survival [54]. PKC?& can also inhibit Akt kinase in (3-cells. PKCb seems to be important in the
process of apoptosis induction by FAs in pancreatic (3-cells, similar to JNK and p38 MAPK (Figure 1).
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Figure 1. The involvement of c-Jun N-terminal kinase (JNK), protein kinase C (PKC), p38
mitogen-activated protein kinase (p38 MAPK), extracellular signal-regulated kinase (ERK), and Akt
kinases and their pathways in apoptosis induction by saturated fatty acids (FAs) in pancreatic -cells.
Solid lines represent relationships with a reasonable probability where bold solid line means more

important relationship. Dashed lines represent possible, but less certain, relationships.

4. p38 Mitogen-Activated Protein Kinase (p38 MAPK)

4.1. p38 MAPK and Its Role in Cell Signaling

To date, four splice variants of the p38 MAPK serine-threonine kinase have been identified: p38«,
p386 [66], p38y [67,68], and p383 [69,70]. p38 MAPK is mainly activated, as is JNK, by MKK3/6 kinases
or, in some specific cell types, by MKK4 kinase. Several MKK kinases (MAP3Ks) have been identified
as upstream activators. These include TAK1 [71], ASK1 [72], MLKs [73], and some members of the
MEKK family [74,75]. GTP-binding proteins from the Rho subfamily, such as Ras-related C3 botulinum
toxin substrate 1 (Racl), cell division control protein 42 (Cdc42), or Rho [73,76], can contribute to
activation of p38 MAPK upstream from MAP3Ks. GTP-binding proteins are activated in response

to various extracellular physical (UV light, heat) and chemical (anisomycin) stimuli, and cytokines

(tumor necrosis factor & (TNF-), colony stimulating factor 1 (CSF-1)) (reviewed in [77]).
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P38 MAPK can, depending on cell type, regulate activation of various proteins such as
transcription factors (CCAAT-enhancer-binding protein C/EBP (CHOP), and activating transcription
factor 2 (ATF2)), other protein kinases (MAP kinase-activated protein kinase (MAPKAPK)-2 and -3, and
mitogen- and stress-activated protein kinase 1/2 (MSK1/2)), and translation machinery components
(eukaryotic translation initiation factor 4E (elF-4E)) (reviewed in [78]). This signaling pathway can
regulate, depending on cell type, different processes including cell cycle, differentiation, inflammation,
senescence, autophagy, and apoptosis [77,79].

4.2. p38 MAPK in Apoptosis Induced by Saturated Fatty Acids in p-Cells

It has been showed in rat pancreatic islets and insulinoma cells (RIN) as well as in rat INS-1E cells
that p38 MAPK activation mediates apoptosis induction by palmitate [21,37]. Additionally, we have
also shown activation of the p38 MAPK pathway (MKK3/6—p38 MAPK—+MAPKAPK-2) in INS-1E
cells in response to treatment with pro-apoptotic concentrations of stearic acid (unpublished data).

p38 MAPK activation is involved in palmitate-induced pro-apoptotic signaling in murine
primary islets [37,43]. Yuan et al. (2010) [19] obtained similar data in mouse NIT-1 p-cells while
Zhang et al. (2007) [26] was unable to confirm these results. They found no effect of apoptosis-inducing
concentrations of palmitate treatment on p38 MAPK activation in these cells. However, Zhang et al.
(2007) analyzed the FA effect after only 10-min of exposure, compared to 48 h of exposure used by
Yuan et al. (2010) [19].

It has been shown in human primary islets that p38 MAPK activation mediates the pro-apoptotic
effects of palmitate [37]. Activation of the p38 MAPK pathway (MKK3/6—p38 MAPK—+MAPKAPK-2),
in response to treatment with pro-apoptotic concentrations of stearate, has been documented in NES2Y
human f-cells. It has been shown that this activation could be involved in apoptosis induction by
stearic acid; however, this involvement does not seem to play a key role. It has also been shown that
activated p38 MAPK probably inhibits the ERK pathway [80].

Concerning a possible connection between p38 MAPK and ER stress signaling in pancreatic
[3-cells, there is relatively little data available suggesting that p38 MAPK activation functions upstream
of ER stress [81].

In summary, it seems that p38 MAPK is activated by saturated FAs and is somehow involved
in pro-apoptotic signaling induced by saturated FAs in animal as well as human pancreatic B-cells.
Such function of p38 MAPK activation was also demonstrated in rodent and human islets treated by
oxidized lipids [82] and pro-apoptotic cytokines [83,84]. The pro-apoptotic role of p38 MAPK signaling
has been suggested in other cell types treated with FAs, e.g., coronary artery endothelial cells [85],
vascular smooth muscle cells [86], and hepatocytes [87]. p38 MAPK, when activated by saturated
FAs in pancreatic 3-cells, seems to inhibit ERK1/2 kinase. p38 MAPK seems to be one of the most
important kinases in the process of apoptosis induction by FAs in pancreatic B-cells, similar to JNK
and PKC$ (Figure 1).

5. Extracellular Signal-Regulated Kinase 1/2 (ERK1/2)

5.1. ERK1/2 and Its Role in Cell Signaling

ERK1/2 (proteins ERK1 and ERK2 with 85% sequence homology, also known as p42/p44 MAPK)
are serine-threonine kinases and are well-known members of the MAPK kinase family. It is a part of
the c-Raf—+MEK1/2—ERK1/2 signaling pathway, i.e., the ERK pathway. This pathway, depending on
cell type, is activated through a variety of different stimuli, including growth factors and cytokines via
the relevant receptor tyrosine kinases (RTKs) [88], and ligands of heterotrimeric G protein-coupled
receptors [89]. Subsequently, Ras GTPase is activated and recruits c-Raf kinase into a complex where it
becomes activated [90]. Then, c-Raf phosphorylates the mitogen-activated protein kinase /ERK kinase
(MEK1/2), which in turn activates ERK1/2. c-Raf kinase can be activated, not only by Ras protein, but
also by other proteins such as PKC [91], Src [92], and p21-activated protein kinase (PAK) [93].
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Depending on the cell type, ERK1/2 kinase regulates the function of numerous substrates across all
cellular compartments including several kinases (ribosomal S6 kinase (RSKs), MSKs, and MAP kinase
signal-integrating kinases (MNKs)), cytoskeletal proteins (paladin and paxillin), transcription factors
(c-Fos, and ¢-Myc), and membrane proteins (spleen tyrosine kinase (Syk), and calnexin) (reviewed
in [94]). The ERK signaling pathway is generally considered to be a key regulator of cell proliferation,
however, it may also be involved in the process of differentiation [95], autophagy, senescence, and
apoptosis (reviewed in [96]).

5.2, ERK1/2 in Apoptosis Induced by Saturated Fatty Acids in p-Cells

Quan etal. (2014) [27] reported that, in the rat INS-1 (3-cell line, treatment with apoptosis-inducing
concentrations of palmitate led to inhibition of the MEK1/2-ERK1/2 signaling. The authors
demonstrated that the signaling had a pro-survival function in INS-1 cells. Guo et al. (2010) [97],
using the same cells, also showed ERK1/2 inhibition, even after very brief treatment (10 min) with
non-apoptosis-inducing concentrations of palmitate. We have observed activation of the ERK pathway,
in INS-1E cells, following exposure to apoptosis-inducing concentrations of stearate (unpublished
data). Simon et al. (2008) [60], in RINm5F cells, found activation of this kinase in response to short-term,
but not to long-term, treatment with low, but apoptosis-inducing concentrations of palmitic acid and
non-toxic concentrations of stearic acids. The authors suggested that persistent ERK1/2 activation
via saturated FAs may have pro-survival functions to prevent the toxic effects of late PKC5 activation.
Since survival pathways are activated, this may explain why short-period exposure to FA is not enough
to induce apoptosis in pancreatic 3-cells.

Plaisance et al. (2009) [98], in murine MING6 (-cells, showed that ERK1/2 activation is involved
in palmitate-induced apoptosis. Activation of ERK1/2 in response to non-apoptosis-inducing
concentrations of palmitate was also documented by Fontés et al. (2009) [99] in the same cell line as
well as in rat islets. Watson et al. (2011) [100], on the other hand, showed inhibition of ERK1/2 after
exposure to pro-apoptotic concentrations of palmitate in MING6 cells. Abaraviciene et al. (2008) [43]
demonstrated ERK1/2 activation in murine primary islets in response to short-term (30 min) treatment
with palmitate at apoptosis-inducing concentrations. Longer incubation (24 h) with palmitate had no
effect on ERK1/2 activation.

Concerning human pancreatic (-cells, it has been shown in the NES2Y cell line that
apoptosis-inducing stearic acid inhibits the ERK pathway, probably via p38 MAPK activation. However,
this ERK pathway inhibition does not seem to be essential for stearate-induced apoptosis [80].

A possible connection between ERK1/2 and ER stress signaling in [3-cells was also tested, however,
with negative results ([81], our unpublished data).

Taken together, the data show that saturated FAs in pancreatic 3-cells in some cases stimulate and
in some cases inhibit ERK1/2, i.e., the ERK pathway. Reasons for these rather confusing findings are
unclear. In the case of ERK1/2 stimulation, it can result in both pro-survival as well as pro-apoptotic
effects. Again, these findings are rather confusing. In the case of ERK1/2 inhibition, it seems that
the pro-survival effects of ERK1/2 are inhibited. However, we should note that we are dealing
with relatively little data. It has been documented that ERK1/2 activation can mediate apoptosis
induction by IL-1p or 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) dioxin in pancreatic 3-cells and /or
rat islets [101-104]. On the other hand, there are other studies that document the pro-survival
functions of the ERK pathway in pancreatic 3-cells as well as in mice and human islets [105,106].
In other cell types, ERK1/2 (the ERK pathway) can also have both pro-survival [107] as well as
pro-apoptotic [108,109] functions. We should mention that in f-cells treated with saturated FAs,
ERK1/2 seems to be inhibited by p38 MAPK. In comparison with the other discussed kinases, ERK1/2

does not play a decisive role in apoptosis induction by FAs in pancreatic 3-cells (Figure 1).
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6. Akt (PKB, Protein Kinase B)

6.1. Akt and Its Role in Cell Signaling

There are three known isoforms of Akt kinase, i.e., Akto (Aktl), Aktp (Akt2), and Akty (Akt3).
The pathway leading to the activation of this serine-threonine kinase starts with the interaction of
the respective ligands with various RTKs, G-protein coupled receptors, and integrins that activate
PI3K. This kinase consequently activates PDK1 through phosphorylation of phosphatidylinositol
4,5-bisphosphate (P1P2) (reviewed in [110]).

PDK1 further activates Akt kinase, which in turn regulates activation of many substrates involved
in cell growth and proliferation, e.g., mammalian target of rapamycin (mTOR) and cyclins (reviewed
in [111]), angiogenesis via endothelial nitric oxide synthase (eNOS), (reviewed in [112]), and apoptosis
(e.g., FoxO1, Bcl-2-associated death promoter (BAD) or nuclear factor kB (NF-«kB) [113-115]).

6.2. Akt in Apoptosis Induced by Saturated Fatty Acids in p-Cells

Higa et al. (2006) [10], in the INS-1 cell line, found that Akt activation could mediate apoptosis
induction by palmitate. Qin et al. (2014) [23] documented activation of Akt in response to
apoptosis-inducing palmitate treatment in the same cell line. We also observed Akt activation due
to the application of apoptosis-inducing stearic acid, in INS-1E cells (unpublished data). Fontés et al.
(2009) [99] demonstrated in rat islets that cytotoxic palmitate treatment increases Akt phosphorylation.
On the contrary, several authors [22,27,40], using similar concentrations and exposure times as in
discussed experiments, found that treatment with apoptosis-inducing concentrations of palmitate
led to Akt inhibition. They also showed pro-survival function of this kinase in INS-1 cell line.
In RINmMS5F rat 3-cells, Simon et al. (2008) [60] showed inhibition of Akt in response to low (0.1 mM)
but apoptosis-inducing concentrations of palmitic acid and non-apoptosis-inducing concentrations of
stearic acid. The authors suggested that Akt probably has pro-survival function here. A similar role for
Akt kinase, in these cells, was also suggested by Nicoletti-Carvalho et al. (2010) [116] who documented
that palmitate at apoptosis-inducing concentrations led to inhibition of interleukin-6-activated Akt.
However, it is interesting that the application of this acid alone inhibited Akt only very slightly.

Li et al. (2012) [117] demonstrated in murine MIN6 pancreatic 3-cells that treatment with
cytotoxic concentrations of palmitate led to inhibition of Akt phosphorylation followed by FoxO1
nuclear re-distribution. They demonstrated PI3K/ Akt pro-survival and FoxO1 pro-apoptotic functions
in these cells. Similar data have also been obtained by other authors [118,119]. Watson et al.
(2011) [100] showed that Akt kinase was inhibited after exposure to palmitate at apoptosis-inducing
concentrations. Interestingly, Fontés et al. (2009) [99] found in MING cells, that treatment with
pro-apoptotic concentrations of palmitate increases Akt phosphorylation 12-18 h after application but
not after 24 h. The authors hypothesized that under non-pro-apoptotic conditions, FAs enhances Akt
phosphorylation. When either the concentration or the length of exposure is increased, FAs-induced
cell death is associated with a secondary decrease in Akt phosphorylation. This idea can be supported
by data from Martinez et al. (2008) [17] who demonstrated, in MING6 cells, that early enhancement
of Akt phosphorylation by apoptosis-inducing concentrations of palmitate at 4 h was followed by
a decrease at 24 h and was associated with cell death. In the NIT-1 mouse cell line, activation of
Akt kinase in response to short-term exposure to pro-apoptotic concentrations of palmitate has been
demonstrated [26].

With regard to human pancreatic -cells, the only available data are our unpublished data.
We documented Akt kinase inhibition in NES2Y cells in response to apoptosis-inducing concentrations
of stearate. However, we did not test whether this inhibition was related to stearate-induced apoptosis.

It was showed that under pathological conditions of chronic activation, ER stress inhibits Akt
kinase in pancreatic (3-cells [40,120,121]. Akt can also be inhibited by PKC? [28] and, on the other hand,
it can inhibit JNK [45] in B-cells.
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Based on the above data, it seems (in spite of some contradictory results, especially in INS-1
cells) that the Akt kinase/pathway is inhibited by saturated FAs and has a pro-survival function
in pancreatic (3-cells. The pro-survival role of this kinase in B-cells is supported by the findings of
Tuttle et al. (2001) [122] that Akt kinase increases (3-cell size and mass in C57BL /6] mice and of
Aikin et al. (2004) [45] that PI3K/ Akt signaling suppresses the pro-apoptotic JNK pathway in human
islets. The pro-survival function of Akt kinase/pathway has been documented in other cell types, too
(e.g., [123,124]). Additionally, Akt can be inhibited by PKC? in [3-cells.

7. Conclusions

According to available data, it seems that JNK, PKC5, and p38 MAPK kinases and their pathways
are activated, JNK via ER stress, by saturated FAs. These kinases probably represent main kinase
signaling mediating apoptosis inducted by saturated FAs in pancreatic B-cells. Another important
kinase signaling pathway seems to be Akt, which is inhibited by saturated FAs, possibly through
ER stress, and has what appear to be pro-survival functions in pancreatic 3-cells. The effect of
saturated FAs on ERK1/2 and the role of its pathway, in (3-cells, after saturated FAs exposure are
not completely clear since available data tend to be rather contradictory. The ERK pathway may be
activated as well as inhibited by saturated FAs. Similarly, the role of this pathway can be pro-apoptotic
as well as pro-survival in pancreatic 3-cells. There might be crosstalks between some of the discussed
pathways (Figure 1).
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ASK1 apoptosis signal-regulating kinase 1
ATE2 activating transcription factor 2
ATF6 activating transcription factor 6
BAD Bcl-2-associated death promoter
Bcl-2 B-cell lymphoma 2
BiP immunoglobulin heavy chain-binding protein
Cdc42 cell division control protein 42
CHOP CCAAT-enhancer-binding protein C/EBP
CSF-1 colony stimulating factor 1
DAG diacylglycerol
elF-4E eukaryotic translation initiation factor 4E
eNOS endothelial nitric oxide synthase
ER endoplasmic reticulum
ERK1/2 extracellular signal-regulated kinase 1/2
FA fatty acid
Foxo forkhead box
IL-1p3 interleukin 13
IRE1cx inositol-requiring protein 1
JNK c-Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MAPKAPK MAP kinase-activated protein kinase
MEK1/2 mitogen-activated protein kinase/ERK kinase
MKK mitogen-activated protein kinase kinase
MLKs mixed-lineage kinases
MNKs MAP kinase signal-integrating kinases
MNKs MAP kinase signal-integrating kinases
MSK1/2 mitogen- and stress-activated protein kinase 1/2
mTOR mammalian target of rapamycin
NF-kB nuclear factor kB
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PAK p21-activated protein kinase
PERK protein kinase RNA (PKR)-like ER kinase
PIP2 phosphatidylinositol 4,5-bisphosphate
PI3K phosphoinositide 3-kinase
PDK1 phosphoinositide-dependent protein kinase 1
PKB protein kinase B (also known as Akt kinase)
PKC protein kinase C
P90RSK p90 ribosomal S6 kinase
Racl Ras-related C3 botulinum toxin substrate 1
Raf rapidly accelerated fibrosarcoma
Ras rat sarcoma
RTKs receptor tyrosine kinases
SAPK stress-activated protein kinase
STAT signal transducers and activators of transcription
Syk spleen tyrosine kinase
TAK1 transforming growth factor-p-activated kinase 1
TCDD 2,3,7 8-tetrachlorodibenzo-p-dioxin
TNF-ex tumor necrosis factor
TPL2 tumor progression locus 2
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Abstract: It has been shown that saturated fatty acids (FAs) have a detrimental effect on pancreatic
[B-cells function and survival, leading to apoptosis, whereas unsaturated FAs are well tolerated and
are even capable of inhibiting the pro-apoptotic effect of saturated FAs. Molecular mechanisms of
apoptosis induction and regulation by FAs in -cells remain unclear; however, mitogen-activated
protein (MAP) kinase and endoplasmic reticulum (ER) stress signaling pathways may be involved.
In this study, we tested how unsaturated oleic acid (OA) affects the effect of saturated stearic acid
(5A) on the p38 mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase
(ERK) pathways as well as the ER stress signaling pathways during apoptosis induction in the
human pancreatic (3-cells NES2Y. We demonstrated that OA is able to inhibit all effects of SA.
OA alone has only minimal or no effects on tested signaling in NES2Y cells. The point of OA
inhibitory intervention in SA-induced apoptotic signaling thus seems to be located upstream of the
discussed signaling pathways.

Keywords: fatty acids; pancreatic (3-cells; apoptosis; p38 mitogen-activated protein kinase (MAPK);
extracellular signal-regulated kinase (ERK); endoplasmic reticulum (ER) stress; NES2Y

1. Introduction

Increased levels of fatty acids (FAs) in blood are considered to be one of the main factors
responsible for pancreatic $-cell death in type 2 diabetes [1-5]. Our previous studies as well as other
studies have shown that this effect of FAs is related to the saturation of particular FAs. Saturated
FAs (palmitic or stearic acid) have detrimental effects on pancreatic (3-cells survival, leading to
apoptosis, whereas unsaturated FAs (oleic or palmitoleic acid) are well tolerated and even capable of
inhibiting the pro-apoptotic effect of saturated FAs [2,4-8]. Molecular mechanisms of apoptosis
induction and its regulation by FAs in (3-cells remain unclear [9]. However, it was shown that
apoptosis induced by saturated FAs can be mediated by p38 MAPK (mitogen-activated protein
kinase) and ERK (extracellular signal-regulated kinases) MAPK signaling pathways [10-14] as well
as by endoplasmic reticulum (ER) stress signaling [15,16].

The p38 MAPK pathway becomes mainly activated by the dual-specific MKK3/6
(mitogen-activated protein kinase kinase 3 and 6) kinase due to various extracellular stimuli such as
chemical stresses (reviewed in [17]). p38 MAPK regulates the activity of MAPKAPK-2
(MAPK-activated protein kinase 2) which is involved in nuclear export of activated p38 MAPK [18].
It may also affect the activation of some proteins such as NF-kB (nuclear factor kappa B) [19] or
caspase-3 [20]. These proteins are involved in the regulation of apoptosis induction.

Int. |. Mol. Sci. 2017, 18, 2313; doi:10.3390/ijms18112313 www.mdpi.com/journal/ijms
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The ERK pathway is mostly activated by growth factors. Growth factors, acting through
receptor kinases and adaptor protein son of sevenless (SOS), activate Ras GTPase, which is
responsible for c-Raf phosphorylation [21]. This kinase consequently phosphorylates MEK1/2
(mitogen-activated protein kinase/ERK kinase), which leads to the phosphorylation and thus
activation of ERK1/2 kinase. Like p38 MAPK, ERK1/2 can affect the activation of various proteins
that also regulate apoptosis, such as Fox03a (forkhead box O3a) or several proteins of the Bcl-2
(B-cell lymphoma) family [22].

ER stress signaling is represented by three known pathways. Their activation seems to begin on
the ER membrane by the activation of three proteins: (1) IRElax (inositol-requiring protein 1a);
(2) PERK (protein kinase RNA (PKR)-like ER kinase); and (3) ATF6 (activating transcription factor 6).
Activated IREla causes unconventional splicing of mRNA for XBP1 (X-box binding protein 1),
which leads to the translation of active transcription factor (XBP1s). It also leads to JNK (c-Jun
N-terminal kinase) activation by phosphorylation, which further phosphorylates c-Jun. Activated
PERK results in the inhibition of protein translation via elF2a (eukaryotic initiation factor 2a)
phosphorylation. ATF6 translocation to the nucleus, where ATF6 functions as a transcription factor,
represents the activation of the ATF6 pathway. The main purpose of these signaling patterns is to
restore ER homeostasis, e.g., by decreasing protein translation and increasing the expression of
chaperones, such as the ER chaperone BiP’ (immunoglobulin heavy chain-binding protein) [23].
However, failure of these responses leads to apoptosis induction by not fully clear mechanisms. The
proposed mediator is transcription factor CHOP (CCAAT-enhancer-binding protein (C/EBP)
homologous protein) [24].

In the present study, we tested how unsaturated OA affects the effect of saturated SA on the p38
MAPK and ERK pathways as well as the ER stress signaling pathways during apoptosis induction in
the human pancreatic [3-cells NES2Y. We demonstrate that OA is able to inhibit all effects of SA. OA
alone had minimal or no effects on tested signaling in NES2Y cells. The point of OA inhibitory
intervention in SA-induced apoptotic signaling thus seems to be located upstream of the discussed
signaling pathways.

2. Results

2.1. Effect of Oleic Acid on Stearic Acid-Induced Apoptosis

We showed that OA (0.2 mM) inhibited SA-induced (1 mM) cell death of NES2Y cells. OA
applied alone has no or only minimal effects on NES2Y cells (Figure 1A). Cell death induced by SA is
associated with the activation of initiator caspase-9 and -8 as well as executioner caspase-7 and poly
ADP-ribose polymerase (PARP) (substrate of caspase-7) cleavage. Thus, it can be characterized as
apoptosis. The activation of caspases as well as PARP cleavage is inhibited by the co-incubation of
OA (Figure 1B,C). Cleavage of caspase-2 and -3 was not tested, since we found previously that there
is nearly no activation of caspase-3 in NES2Y cells after SA exposure, and that caspase-2 does not
play a key role in SA-induced apoptosis [8,25].

2.2. Effect of Oleic Acid on the Activation of the p38 MAPK and the Inhibition of the ERK Signaling Pathways
by Stearic Acids

We previously showed the activation of the p38 MAPK signaling pathway and the inhibition of
the ERK signaling pathway within 24 h of the application of apoptosis-inducing SA (1 mM) in
NES2Y p-cells [14]. In order to test whether OA (0.2 mM) could interfere with the effect of SA,
we assessed the activation of the p38 MAPK signaling pathway and inhibition of the ERK signaling
pathway within 24 h after OA co-incubation with SA in NES2Y cells.

The effect of SA on the activation of the p38 pathway members, i.e., an increase in the level of
phosphorylated MKK3/6, p38 MAPK, and MAPKAPK-2, was inhibited by co-incubation with OA as
early as 12 h after the treatment in all of the tested proteins. OA applied alone resulted in low or
nearly no changes in the level of phosphorylated p38 MAPK pathway members. No change was
detected in the level of total p38 MAPK within 24 h of FA treatment (Figure 2A).
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Figure 1. Effect of 1 mM stearic acid (SA), 1 mM stearic acid applied simultaneously with 0.2 mM
oleic acid (OA), and 0.2 mM oleic acid (see Section 4) on (A) cell growth and viability, (B) the level of
cleaved caspase-9 (C9), caspase-8 (C8), caspase-7 (C7), and PARP in NES2Y cells. Cells incubated
without fatty acids represented control cells. (A) Cells were seeded at a concentration of 5 x 103
cells/100 pL of culture medium per well of 96-well plate (see Section 4). The number of living cells
was determined after 96 h of incubation. The number of cells of the inoculum is shown as a dashed
line. Each column represents the mean of four separate cultures + standard error of the mean (SEM).
** p <0.01 when comparing the effect of 1 mM stearic acid applied together with 0.2 mM oleic acid
and the effect of 1 mM stearic acid alone. (B) After 18 h of incubation (see Section 4), the levels of
individual proteins were assessed using Western blot analysis and relevant antibodies (see Section
4). Actin was induded to confirm equal protein loading. The data presented were obtained in one
representative experiment from at least three independent experiments. (C) Densitometric analysis
of data from Western blotting are also shown. Each column represents the mean of three
experimental values + SEM. ** p < 0.01 when comparing the effect of SA with control cells, ** p <0.05
when comparing the effect of SA plus OA with the effect of SA alone.

The effect of SA on the inhibition of the ERK pathway members, i.e., a decrease in the level of

phosphorylated c-Raf, MEK1/2, and ERK1/2, was also inhibited by OA co-incubation within 24 h of
the treatment. Separate application of OA resulted in nearly no effect on the level of phosphorylated
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ERK pathway members. We did not detect any change in the level of total ERK1/2 within 24 h of FA
treatment (Figure 2B).
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Figure 2. Effect of 1 mM stearic acid (SA), 1 mM stearic acid applied simultaneously with 0.2 mM
oleic acid (OA), and 0.2 mM oleic acid (see Section 4) on (A) the levels of phospho-MKK3/6, p38
MAPK, phospho-p38 MAPK, and phospho-MAPKAPK-2 (the p38 MAPK signaling pathway);
and (B) the levels of phospho-c-Raf, phospho-MEK1/2, ERK1/2, and phospho-ERK1/2 (the ERK
signaling pathway) in NES2Y cells. Cells incubated without fatty acids represented control cells.
After 3, 6, 12, and 24 h of incubation (see Section 4), the levels of individual proteins were assessed
using Western blot analysis and relevant antibodies (see Section 4). Actin was included to confirm
equal protein loading. The data presented were obtained in one representative experiment from at
least three independent experiments. Densitometric analysis of data from Western blotting is also
shown. The analysis was carried out for 12 h after fatty acids application in the case of the p38 MAPK
pathway and for 24 h in the case of the ERK pathway. Each column represents the mean of three
experimental values + SEM. ** p <0.01 when comparing the effect of SA with control cells, * p <0.05,
= p <0.01 when comparing the effect of SA plus OA with the effect of SA alone.
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2.3. Effect of Oleic Acid on the Activation of the ER Stress Signaling Pathways by Stearic Acid

We previously documented the activation of ER stress signaling pathways (IREla and PERK
pathways) within 24 h of apoptosis-inducing SA (1 mM) treatment in NES2Y (3-cells [25]. In order to
test whether OA (0.2 mM) could affect the SA-induced activation of ER stress signaling pathways,
we assessed the activation of members of the ER stress IRE1a pathway (the levels of phospho-IRElq,
phospho-JNK, phospho-c-Jun) and the PERK pathway (the level of phospho-elF2a) within 24 h after
OA co-incubation with SA in NES2Y cells. The level of XBP1 splicing as well as the level of two
downstream effector molecules, CHOP and BiP (known as ER stress markers), were also tested.

The effect of SA on the activation of ER stress pathways, i.e., an increase in the levels of
phospho-IRE1a (and IRE1x), phospho-JNK (JNK level was not changed), phospho-c-Jun (and c-Jun),
phospho-elF2x (elF2«x level was not changed), CHOP and BiP, as well as the induction of XBP1
splicing, was significantly inhibited by OA co-incubation within 24 h of the treatment. Separate
application of OA resulted in nearly no changes in the level of tested proteins and XBP1 splicing
(Figures 3-5).
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Figure 3. Etfect of 1 mM stearic acid (SA), 1 mM stearic acid applied simultaneously with 0.2 mM
oleic acid (OA), and 0.2 mM oleic acid (see Section 4) on the level of ER stress markers BiP and
CHOP in NES2Y cells. Cells incubated without fatty acids represented control cells. After 3, 6, 12, and
24 h of incubation (see Section 4), the levels of individual proteins were assessed using Western blot
analysis and relevant antibodies (see Section 4). Actin was included to confirm equal protein loading.
The data presented were obtained in one representative experiment from at least three independent
experiments. Densitometric analysis of data from Western blotting is also shown. The analysis was
carried out for 24 h after fatty acids application. Each column represents the mean of three
experimental values + SEM. ** p <0.01 when comparing the effect of SA with control cells, * p <0.05, **
p <0.01 when comparing the effect of SA plus OA with the effect of SA alone.
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Figure 4. Effect of 1 mM stearic acid (SA), 1 mM stearic acid applied simultaneously with 0.2 mM
oleic acid (OA), and 0.2 mM oleic acid (see Section 4) on the levels of (A) elF2a and phospho-elF2«,
and (B) IREl«, phospho-IRElq, JNK, phospho-]NK, c-Jun, and phospho-c-Jun in NES2Y cells. Cells
incubated without fatty acids represented control cells. After 3, 6, 12, and 24 h of incubation (see
Section 4) (A,B), the levels of individual proteins were assessed using Western blot analysis and
relevant antibodies (see Section 4). Actin was included to confirm equal protein loading. (C)
Densitometric analysis of data from Western blotting is also shown. The analysis was carried out for
6 h after fatty acids application in the case of phospho-elF2q, for 12 h in the case of phospho-JNK,
¢Jun and phospho-c-Jun, and for 24 h in the case of IREla and phospho-IREla. Each column
represents the mean of three experimental values + SEM. * p < 0.05, ** p < 0.01 when comparing the
effect of SA with control cells. * p < 0.05, * p < 0.01 when comparing the effect of SA plus OA with the
effect of SA alone.
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Figure 5. Effect of 1 mM stearic acid (SA), 1 mM stearic acid applied simultaneously with 0.2 mM
oleic acid (OA), and 0.2 mM oleic acid (see Section 4) on XBP1 splicing in NES2Y cells. Cells
incubated without fatty acids represented control cells. After 3, 6, 12, and 24 h of incubation (see
Section 4), the XBP1 splicing was assessed by RT-PCR using relevant primers (see Section 4). NES2Y
cells were treated with 1 pM thapsigargin as a positive control of XBP1 splicing. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as a control gene for RT-PCR. The data
presented were obtained in one representative experiment from at least three independent
experiments. Densitometric analysis of data from RT-PCR is also shown. The analysis was carried
out for 24 h after fatty acids application. Each column represents the mean of three experimental
values + SEM. ** p < 0.01 when comparing the effect of SA with control cells, ** p < 0.01 when
comparing the effect of SA plus OA with the effect of SA alone.

3. Discussion

We, as well as other authors, have shown that unsaturated FAs have nearly no detrimental
effect on pancreatic -cells, but that they are in fact capable of inhibiting the pro-apoptotic effect of
saturated FAs [2,4-8]. The molecular mechanisms involved in the modulation of saturated
FAs-induced apoptosis by unsaturated FAs in -cells are not fully clear. However, it seems that the
effect of unsaturated FAs is mediated by the regulation of some signaling pathways rather than by
their direct interference with the metabolism of saturated FAs [6,26,27]. Therefore, in this paper we
tested the modulation of the effects of apoptosis-inducing saturated SA on the p38 MAPK pathway,
the ERK pathway, and also on ER stress signaling pathways IRE1a and PERK by unsaturated OA.

Our data showed that the activation of the p38 MAPK pathway, inhibition of the ERK pathway,
and activation of the IREla and PERK ER stress pathways by SA were inhibited by OA
(see Figures 2-5). The inhibitory effect of OA on the effect of saturated FAs on the p38 MAPK and
ERK pathways has not been demonstrated, to our knowledge, until now. On the other hand, the
inhibitory effect of OA on palmitate-induced ER stress was already documented in BRIN-BD11 and
INS-1E rat pancreatic (-cells [7,28]. However, our study concerning the effect of SA presented
more data.

We also provided a pilot experiment (using confocal microscopy), in which we tested the effect
of OA on the SA-induced activation of the ATF6 pathway of ER stress signaling. We found (data not
shown) that SA-induced ATF6 activation and translocation into the nucleus did not seem to be
inhibited by OA co-incubation. Separate administration of OA had no effect on ATF6 translocation.
However, this finding was not confirmed by an independent method.

Our findings concerning both MAP kinase signaling pathways as well as ER stress signaling
pathways support the fact that the point of OA inhibitory intervention in SA-induced apoptotic
signaling is located upstream of this signaling. Our preliminary data, as well as some previous
studies [29,30], indicate that the point of intervention may be located on the plasma membrane
where FAs affect membrane fluidity [31]. We hypothesize that saturated FAs with rigid and straight
acyl chain conformation reduces membrane fluidity after incorporation into the lipid bilayer.
This could alter the capability of membrane receptor(s) (receptor tyrosine kinases) to dimerize and
thus transfer signals. Signals in the case of receptor tyrosine kinases can be signals for the
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stimulation of proliferation and/or pro-survival signals. Concerning a possible mechanism of OA
inhibitory intervention in SA signaling leading to apoptosis induction, we speculate that the
inhibitory effect of OA can be generated simply by increasing membrane fluidity, which compensate
for the effect of SA.

In conclusion, we have shown, employing human pancreatic (3-cells NES2Y, that unsaturated
OA is able to inhibit the effects of saturated SA on the activation of the p38 MAPK signaling
pathway and inhibition of the ERK signaling pathway, as well as activation of the IREla and PERK
ER stress signaling pathways. OA alone had minimal or no effects on tested signaling in NES2Y
cells. The point of OA inhibitory intervention in SA-induced apoptotic signaling thus seems to be
located upstream of the discussed signaling pathways.

4. Materials and Methods

4.1. Materials

Chemicals were from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated. The
following primary and secondary antibodies for Western blot analysis were used:
anti-phospho-MKK3/6  (#9236), anti-p38 MAPK (#8690), anti-phospho-p38 MAPK (#4511),
anti-phospho-MAPKAPK-2 (#3007), anti-phospho-c-Raf (#9427), anti-phospho-MEK1/2 (#9154),
anti-ERK1/2 (#5013), anti-phospho-ERK1/2 (#4370), anti-BiP (#3177), anti-CHOP (#2895), anti-elF2c
(#9722),  anti-phospho-elF2ac  (#9261),  anti-IREla  (#3294),  anti-SAPK/INK  (#9258),
anti-phospho-SAPK/INK (#4668), anti-c-Jun (#9165) and anti-phospho-c-Jun (#9261), anti-PARP
(#9542), anti-cleaved caspase-7 (#9491), anti-cleaved caspase-8 (#9496), anti-cleaved caspase-9 (#9505)
from Cell Signaling Technology (Danvers, MA, USA), anti-phospho-IREla (ab 48187) and
anti-GAPDH (ab9485) from Abcam (Cambridge, UK), and anti-actin (clone AC-40).

4.2. Cells and Culture Conditions

The human pancreatic 3-cell line NES2Y employed in the experiments was kindly provided by
Roger F. James (Department of Infection, Immunity and Inflammation, University of Leicester) [5,32].
NES2Y cells are proliferating cells secreting insulin with a defect in glucose responsiveness. Cells were
regularly maintained in an RPMI 1640-based culture medium [33]. A defined serum-free medium [34]
supplemented with FAs (1 mM SA, a combination of 1 mM SA and 0.2 mM OA, or 0.2 mM OA alone)
bound to a 2% FA-free bovine serum albumin (BSA) was used in experiments [5]. Stock solutions
containing FAs bound to 10% BSA in a serum-free medium were made as described previously [5] and
diluted to the required concentration of FA and BSA prior to experiments. Molar ratios of FA/BSA
used in experiments were lower than the ratios known to exceed the binding capacity of BSA [35].

Our previous studies showed that SA, at a concentration of 1 mM, leads to the activation of the
p38 MAPK and ER stress signaling pathways and to the inhibition of the ERK signaling pathway
within 24 h of the treatment [8,14]. Therefore, all assessments were performed within 24 h of
treatment, except for the assessment of cell growth and viability. Since the physiological
concentration of SA in adult serum seems to vary between 0.110-1.170 mM [36,37], we used 1 mM
concentration of SA to simulate an elevated level of SA. An increased level of circulating FAs is a
common characteristic of obese individuals [38], and a connection between obesity and type 2
diabetes mellitus (in addition to insulin resistance) has been clearly presented [38,39]. Finally,
0.2 mM concentration of OA was used, since this was the lowest concentration sufficient to inhibit
the detrimental effects of SA [8].

4.3. Assessment of the Effect of Oleic Acid on the Effects of Stearic Acid on Cell Growth and Viability

Cells were seeded into the wells of a 96-well plate at a concentration of 5 x 10° cells/100 uL of
culture media. After a 24-h pre-incubation period (allowing cells to attach) the culture medium was
substituted with a serum-free medium containing 2% BSA with or without fatty acid(s). The control
medium contained 2% BSA only. After 96 h of incubation, the number of living cells was assessed
using a hemocytometer counting system, after staining with trypan blue.
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4.4. Western Blot Analysis

Cells (approximately 1 x 10¢ cells per sample) were seeded and, after a 24-h pre-incubation
period (allowing cells to attach), the culture medium was substituted with a serum-free medium
containing 2% BSA with or without FA(s) (SA, a combination of SA and OA, or OA alone) at
required concentrations. The control medium contained 2% BSA only. After the required incubation
period, cells were harvested and Western blot analysis was performed as described previously [8].
All primary antibodies were used in a 1:1000 dilution. The chemiluminescent signal was detected
using a Carestream Gel Logic 4000 PRO Imaging System equipped with Carestream Molecular
Imaging Software (Carestream Health, New Haven, CT, USA), which was used for image
acquisition. Image Master™ 2D Platinum 6.0 software (GE Healthcare, Uppsala, Sweden) was used
to obtain data for densitometric analyses.

4.5. Assessment of XBP1 mRNA Splicing

Cells (approximately 1 x 10¢ cells per sample) were seeded and, after 24 h pre-incubation, FAs
and thapsigargin were applied as described above (see Section 4.4). After 3, 6, 12, and 24 h
incubation, the cells were harvested and the splicing of XBP1 mRNA was ascertained by RT-PCR as
described previously [8,40] using GAPDH as a housekeeping gene [41].

4.6. Statistical Analysis

The statistical significance of observed differences was determined using the Tukey test.
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ATF6 Activating transcription factor 6
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BiP Immunoglobulin heavy chain-binding protein
CHOP CCAAT-enhancer-binding protein (C/EBP) homologous protein
elF2«x Eukaryotic initiation factor 2«
ERK1/2 Extracellular signal-regulated kinase 1/2
ER Endoplasmic reticulum
FA Fatty acid
Foxo03a Forkhead box 03a
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
IRE1ax Inositol-requiring protein 1
JNK ¢-Jun N-terminal kinase
MAP Mitogen-activated protein
MAPK Mitogen-activated protein kinase
MAPKAPK  MAP kinase-activated protein kinase
MEK1/2 Mitogen-activated protein kinase/ERK kinase
NF-<B Nuclear factor kappa B
PARP Poly ADP-ribose polymerase
PERK Protein kinase RNA (PKR)-like ER kinase
SA Stearic acid
SEM Standard error of the mean
SOS Son of sevenless
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Abstract: Saturated fatty acids (FAs) induce apoptosis in the human pancreatic (3-cell line NES2Y
while unsaturated FAs have nearly no detrimental effect. Moreover, unsaturated FAs are capable
of inhibiting the pro-apoptotic effect of saturated FAs. Hypoxia is also known to have deleterious
effects on [-cells function and viability. In the present study, we tested modulatory effect of
hypoxia on the effect of FAs on growth and viability of human pancreatic (3-cells NES2Y. We
showed that hypoxia increased pro-apoptotic effect of stearic acid (SA). Endoplasmic reticulum
stress signaling seemed to be involved in this effect. Hypoxia also decreased protective effect of
oleic acid (OA) against pro-apoptotic effect of SA. Thus OA in the presence of hypoxia was unable
to safe SA-treated -cells from apoptosis induction. Hypoxia itself had only weak detrimental
effects on NES2Y cells. Our data suggest that hypoxia could represent an important factor in
pancreatic 3-cell death induced by FAs and thus in the development of type 2 diabetes mellitus.

Keywords: fatty acids; pancreatic 3-cells; hypoxia; apoptosis; ER stress; caspases; NES2Y.

1. Introduction

It was suggested that increased levels of fatty acids (FAs) in blood as well as hypoxia are
factors contributing to pancreatic (3-cells failure and death and thus to type 2 diabetes mellitus
(T2DM) development [Lupi et al. 2002, Maedler et al. 2003, Azevedo-Martins et al. 2006, Welters
2006, Fiirstova et al. 2008, Lai et al. 2009; Zheng et al. 2012; Fang et al. 2014].

Our previous studies as well as studies of others have shown that the effect of FAs on the
function and viability of pancreatic 3-cells depends on the level of their saturation. Saturated FAs,
i.e. palmitic or more efficiently stearic acid (SA), have detrimental effect on [-cells, whereas
unsaturated FAs, i.e. oleic acid (OA) or palmitoleic acid, are well tolerated and are even capable of
inhibiting the pro-apoptotic effect of saturated FAs [Maedler et al. 2003, Welters et al. 2004, 2006,
Fiirstova et al. 2008, Diakogiannaki et al. 2008, Némcova-Fiirstova et al. 2011].

Direct hypoxia detrimental effects on pancreatic -cell function and viability was documented
in rodents [Lai et al. 2009; Zheng et al. 2012; Fang et al. 2014]. The role of hypoxia in [-cell
apoptosis can be supported by the presence of hypoxia in vivo in the islets of animal models of
T2DM [Jonas et al. 1999; Li et al. 2006; Sato et al. 2011; Bensellam et al. 2012b]. In addition, it was
found that severe hypoxia in islet grafts contributes to [-cell apoptosis in the early post-
transplantation period [Emamaulee et al. 2007; Olsson et al. 2011].

Molecular mechanisms of apoptosis induction by saturated FAs and inhibition of this
induction by unsaturated FAs as well as molecular mechanisms underlying the deleterious effects
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of hypoxia in (-cells remain unclear [Bensellam et al. 2012a, Biden et al. 2014]. However, beside
caspases activation leading to PARP cleavage endoplasmic reticulum (ER) stress signaling seems to
be involved [Cnop et al. 2010, Némcova-Fiirstova et al. 2011, Zheng et al. 2012; Bensellam et al.
2016].

ER stress was demonstrated to result in activation of three signaling pathways. These
pathways primarily participate in the restoration of ER homeostasis, e.g. by increasing the
expression of chaperones, such as immunoglobulin heavy chain-binding protein (BiP) [Hetz et al.
2012]. However, if this response fails, caspases are activated and apoptosis is induced by
mechanisms that are not still completely understood. Suggested mediator is here transcription
factor CCAAT-enhancer-binding protein (C/EBP) homologous protein (CHOP) [Tabas & Ron
2011]. Proteins BiP and CHOP are therefore considered to be main markers of ER stress (reviewed
in [Biden et al. 2014]).

In the present study, we tested modulatory effect of hypoxia on the effect of FAs on growth
and viability of human pancreatic 3-cells NES2Y. This seems to be the first study testing such
hypoxia effect in pancreatic B-cells as well as in other cell types. We documented that hypoxia
increased pro-apoptotic effect of SA. ER stress signaling seemed to be involved in this effect.
Hypoxia also decreased protective effect of OA against pro-apoptotic effect of SA. Thus OA in the
presence of hypoxia was unable to safe SA-treated [3-cells from apoptosis induction. Hypoxia itself
had only weak detrimental effects on NES2Y cells. These results suggest that hypoxia could
represent an important factor in pancreatic -cell death induced by FAs and thus in the
development of T2DM.

2. Results

2.1. Modulation of the effect of fatty acids on cell growth and viability by hypoxia

In non-treated cells only strong hypoxia decreased the number of living cells approximately
1.5-fold comparing to the number of cells under normoxia within 48 h of incubation (Figure 1A).

Under control conditions (20 % O2), 1 mM stearic acid (SA) decreased the number of living
NES2Y cells approximately to 28 % of the number of non-treated cells, i.e. significantly below the
number of cells of inoculum, within 48 h of incubation. Moderate hypoxia (4 % O:2) produced
further significant decrease of the number of cells treated with 1 mM SA within the same
incubation period. The number of living cells under moderated hypoxia was about 10 % of the
number of cells under normoxia. Ratio of the number of SA-treated cells and non-treated cells was
decreased from 0.082 (normoxia) to 0.029 by moderate hypoxia. Strong hypoxia (1 % O:) decreased
the number of cells treated with SA more than moderate hypoxia. The number of living cells under
strong hypoxia represented approximately 4 % of the number of cells under normoxia. Ratio of the
number of SA-treated cells and non-treated cells was decreased from 0.082 (normoxia) to 0.017 by
strong hypoxia (see Figure 1A, B).

Under control conditions (20 % O2), 0.2 mM oleic acid (OA) applied together with 1 mM SA
increased the number of living cells approximately 6.5-fold compared to the number of cells
treated with SA only, i.e. significantly over the number of cells of inoculum, within 48 h of
incubation. Moderate hypoxia significantly decreased this enhancing effect of OA. The number of
living cells under moderated hypoxia was increased due to OA co-application with SA only 5.4-
fold comparing to the number of cells treated with SA only, i.e. significantly below the number of
cells of inoculum. Strong hypoxia decreased the enhancing effect of OA more than moderate
hypoxia. The number of living cells under strong hypoxia was increased after OA co-application
only 3.1-fold comparing to the number of cells treated with SA only (see Figure 1A, C).

OA at a concentration of 0.2 mM had no effect on the number of living cells under control
conditions (20 % O:) within 48 h of incubation. Hypoxia seemed to have similar effect on OA-
treated cells like on non-treated cells (Figure 1A).
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Figure 1. (A) Effects of hypoxia (see “Materials and Methods”) applied simultaneously
with 1 mM stearic acid (SA), 1 mM SA plus 0.2 mM oleic acid (OA), and 0.2 mM OA (see
“Materials and Methods”) on cell growth and viability of NES2Y cells. (B) Effect of
hypoxia on cell growth and viability of NES2Y cells treated with SA when comparing
with cells without fatty acid (ratio of the number of SA-treated cells and non-treated
cells). (C) Effect of hypoxia on cell growth and viability of NES2Y cells treated with SA
plus OA when comparing with SA-treated cells (ration of the number of cells treated with
SA plus OA and SA-treated cells). When assessing cell growth and viability, cells were
seeded at a concentration of 9 x 104 cells/100 puL of culture medium per well of 24-well
plate (see “Materials and Methods”). The number of living cells was determined after 48
h of incubation in the presence of a hypoxia (4 % and 1 % Oz) or under control conditions
(20 % Oz). Each column represents the mean of four separate cultures £ SEM. * P<0.05, **
P<0.001 when comparing the effect of particular hypoxia with normoxia. Dotted line
represents the number of cells of inoculum.

2.2. Modulation of the effect of fatty acids on activation of caspases by hypoxia

Under control conditions (20 % O3), the application of 1 mM SA resulted in significant
activation (cleavage) of initiator caspase-8, -9 as well as executioner caspase -6, -7 and the cleavage
of caspase substrate PARP in NES2Y cells compared to non-treated cells after 18 h of incubation.
Moderate hypoxia (4 % O2) seemed to decrease slightly the level of cleaved caspases but not of the
PARP in cells treated with SA. Strong hypoxia (1 % Oz2) increased the level of caspases and PARP
cleavage (Figure 2).

Under control conditions, the application of 0.2 mM OA together with 1 mM SA decreased the
cleavage of caspases and PARP due to SA application within 18 h of incubation. Moderate as well
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as strong hypoxia counteracted the protection effect of OA against cleavage of caspases and PARP
due to SA application (Figure 2).

The application of OA at a concentration of 0.2 mM did not result in caspase activation and
PARP cleavage within 18 h of incubation. Hypoxia did not affect it. Hypoxia itself had nearly no
effect on caspase activation and PARP cleavage (Figure 2).

1mMSA = E =ik F L E % -
0.2mMOA » w e s s l® b E&E B oW
% 0, 20 4 120 4 1204 1.2 4 1
Cleaved C8 - — e — —
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Figure 2. Effects of hypoxia (see “Materials and Methods”) applied simultaneously with 1
mM stearic acid (SA), 1 mM SA plus 0.2 mM oleic acid (OA), and 0.2 mM OA (see
“Materials and Methods”) on the activation of caspase-8 (C8), caspase-9 (C9), caspase-6
(C6), caspase-7 (C7) assessed by the level of cleaved caspases and on the level of PARP
cleavage in NES2Y cells. After 18 h of incubation, levels of individual proteins were
determined using western blot analysis employing relevant antibodies (see “Materials
and Methods”). Actin level was used to confirm equal protein loading. The data shown
were obtained in one representative experiment from at least three independent
experiments.

2.3. Modulation of the effect of fatty acids on the expression of BiP and CHOP by hypoxia

Under control conditions (20 % O2), the application of 1 mM SA resulted in a significant
increase of the expression of endoplasmic reticulum stress markers BiP and CHOP in NES2Y cells
after 18 h of incubation. Moderate (4 % Oz) as well as strong (1 % O:z) hypoxia seemed to increase
the expression of both proteins in the cells treated with SA (Figure 3).

Under control conditions, the application of 0.2 mM OA together with 1 mM SA decreased
significantly the expression of BiP and CHOP due to SA application after 18 h of incubation.
Moderate as well as strong hypoxia counteracted the effect of OA and the expression of BiP and
CHOP was increased when comparing with OA effect under control conditions (Figure 3).

Under control conditions, the application of 0.2 mM OA alone had no effect on the expression
of BiP as well as CHOP. Hypoxia did not change it significantly. Hypoxia itself had nearly no effect
on the expression of both proteins (Figure 3).
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Figure 3. Effects of hypoxia (see “Materials and Methods”) applied simultaneously with 1
mM stearic acid (SA), 1 mM SA plus 0.2 mM oleic acid (OA), and 0.2 mM OA (see
“Materials and Methods”) on the level of BiP and CHOP in NES2Y cells. After 18 h of
incubation, levels of individual proteins were determined using western blot analysis
employing relevant antibodies (see “Materials and Methods”). Actin level was used to
confirm equal protein loading. The data shown were obtained in one representative
experiment from at least three independent experiments.

3. Discussion

Previous studies have demonstrated that saturated fatty acids (FAs), e.g. stearic acid (SA) and
palmitic acid, induced apoptosis in the human pancreatic [3-cell line NES2Y while unsaturated FAs
(oleic acid (OA) and palmitoleic acids) have weak detrimental effect only at high concentrations.
Moreover, unsaturated FAs are capable of inhibiting the pro-apoptotic effect of saturated FAs
[Maedler et al. 2003, Welters et al. 2004, 2006, Diakogiannaki et al. 2008, Fiirstova et al. 2008,
Némcova-Fiirstova et al. 2011]. Beside saturated FAs also hypoxia was demonstrated to have
deleterious effect on B-cells function and viability [Jonas et al. 1999, Li et al. 2006, Sato et al. 2011,
Bensellam et al. 2012b, Zheng et al. 2012, Fang et al. 2014, Bensellam et al. 2016].

We tested in this study the modulation of effects of FAs on the growth, viability and
functioning of the human pancreatic -cells NES2Y by hypoxia. To our knowledge, this is the first
study testing such hypoxia effect in pancreatic -cells as well as in other cell types.

We have documented that moderate (4 % O2) as well as strong (1 % O:z) hypoxia significantly
increased pro-apoptotic effect of saturated SA in NES2Y (-cells. The effect of strong hypoxia was
significantly stronger then the effect of moderate hypoxia (see Figure 1A, B and 2). Concerning
these data, it seems that deleterious effects of hypoxia when combined with other pro-apoptotic
factor(s) may represent decisive element leading to pancreatic [3-cell death. Potentiation of
cytotoxic effect of various agents due to hypoxia was published in other cell types [Walford et al.
2004, Bullova et al. 2016]. Next, we have showed that hypoxia significantly decreased protective
effect of unsaturated OA against pro-apoptotic effect of saturated SA. Thus OA was unable to
block apoptosis induction in SA-treated (3-cells. The effect of strong hypoxia was again markedly
significantly stronger then the effect of moderate hypoxia (Figure 1A, C and 2). Concerning these
results, it seems that hypoxia can also inhibit anti-apoptotic effect of some agens in pancreatic 3-
cells. However, there were no studies published considering this issue to our knowledge.
Regarding our results of the effect of hypoxia applied alone, we have found that only strong
hypoxia (1% O2) has significant effect on cell growth and viability of NES2Y cells, i.e. it decreased
cell growth (Figure 1A). Interestingly, in rodent 3-cell lines (INS-1, MIN6) moderate or strong
hypoxia caused much stronger deleterious effects [Lai et al. 2009; Zheng et al. 2012; Sato et al. 2014;
Qiao et al. 2015]. Additional data are needed to elucidate if relatively weak hypoxia effect in
NES2Y cells is due to impaired mechanisms that mediate detrimental effects of hypoxia or it is
physiological situation and human pancreatic (3-cells are more tolerant to hypoxic stress than
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rodent B-cells. Taken together data discussed above suggest that hypoxia could represent an
important factor in pancreatic 3-cell death induced by FAs and thus in the development of type 2
diabetes mellitus (T2DM).

Concerning possible molecules mediating hypoxia detrimental effects in NES2Y cells it seem that
caspases (caspase-9, -8, -7 and -6) and PARP are involved since FAs-induced cleavage of these
proteins was increased under hypoxic conditions (see Figure 2A). A possible involvement of
caspase-8, -3 and -7 was published till now [Lai et al. 2009; Qiao et al. 2015; Sato et al. 2014, Zheng
et al. 2012, Wang et al. 2012, Bensellam et al. 2016, Ryu et al. 2009. Tian et al. 2013] but this is the
first study suggesting possible participation of caspase-9 and -6 as a mediators of hypoxia
deleterious effects in pancreatic (3-cells. Interestingly, moderate hypoxia decreased saturated SA-
induced caspases cleavage (Figure 2) and it was not followed by increase of the number of living
cells. On the contrary, decrease of the number of living cells was observed (see Figure 1A).
Additional studies are needed to elucidate these data. We have also documented that hypoxia
increases FAs-induced expression of the main ER stress markers BiP and CHOP (Figure 3). These
results as well as results of other authors [Oslowski & Urano 2011, Zheng et al. 2012] suggest that
beside caspases activation also ER stress signalling mediates detrimental effects of hypoxia in
pancreatic (>-cells. ER stress signaling was generally considered to be upstream from caspases
activation [Tabas & Ron 2011]. Therefore, hypoxia intervention into molecular mechanisms of
apoptosis induction by saturated FAs and into mechanisms of inhibition of this induction by
unsaturated FAs must be located at least partly within or upstream of ER stress pathways.

FA-induced ER stress is potentiated by hypoxia in -cell probably since the appropriate
folding of proinsulin in the ER involves the formation of three disulphide bonds, a process that
requires molecular oxygen [Appenzeller-Herzog & Ellgaard 2008]. Therefore, lack of molecular
oxygen leads to accumulation of unfolded proinsulin and other proteins decreasing {3-cell function
and together with FAs contributing to disruption of ER homeostasis. It was documented in cardial
myocytes that strong hypoxia induces redistribution of two FAs transporters FAT/CD36 and
FABPpm from an intracellular pool to plasma membranes leading to increased FAs accumulation
[Chabowski et al. 2006]. Both transporters were documented to be present in pancreatic (3-cells
[Hyder et al. 2010, Dalgaard et al. 2011]. One can speculate that this redistribution leading to FAs
uptake can occur also in B-cells in response to hypoxia treatment and thus this effect may also
represent the mechanism by which hypoxia increases FAs-induced ER stress in pancreatic 3-cells.
Moreover, increased uptake of FAs in cells under hypoxia conditions may lead to situation when
OA (at low concentrations protective, at high concentrations pro-apoptotic [Sramek et al. 2016b])
has no more cytoprotective effects in 3-cell but on the contrary has pro-apoptotic effects. And/or,
OA is no more able to inhibit pro-apoptotic effects of SA whose concentrations were increased in a
cell due to hypoxia-induced uptake.

To conclude, we demonstrated that hypoxia increased pro-apoptotic effect of SA in human
pancreatic [3>-cells NES2Y. ER stress signaling could be involved here. Hypoxia decreased
protective effect of OA against pro-apoptotic effect of SA. Thus in the presence of hypoxia OA was
unable to safe SA-treated [-cells from apoptosis induction. Hypoxia itself had only weak
detrimental effects on NES2Y cells. Our data suggest that hypoxia could represent an important
factor in pancreatic B-cell death induced by FAs and thus in the development of T2DM.

4. Materials and Methods

4.1. Materials

All chemicals were from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise stated. For
western blot analysis, the following primary and secondary antibodies were used: anti-cleaved
caspase-6 (#9761), anti-cleaved caspase-7 (#9491), anti-cleaved caspase-8 (#9496), anti-cleaved
caspase-9 (#9505) anti-PARP (#9542), anti-BiP (#3177), anti-CHOP (#2895) from Cell Signaling
Technology (Danvers, MA, USA) and anti-actin (clone AC-40).
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4.2. Cells and culture conditions

The human pancreatic B-cell line NES2Y [Macfarlane et al. 1997, Fiirstova et al. 2008] was
used. Cells were routinely maintained in an RPMI 1640 based culture medium [Musilkova & Kovar
2001]. Cells were plated on 50 mm gas permeable culture dishes (Sarstedt AG & Co, Niimbrecht,
Germany) or on 24-well gas permeable plates (Coy Laboratory Products, Grass Lake, MI, USA)
according to experimental protocols described below. In experiments, a defined serum-free
medium [Kovar & Fran€k 1989] supplemented with fatty acids (FAs) (1 mM stearic acid (SA), a
combination of 1 mM SA and 0.2 mM oleic acid (OA), or 0.2 mM OA alone) bound to a 2% FA-free
bovine serum albumin (BSA) was used [Fiirstova et al. 2008]. Stock solutions containing FA(s)
bound to 10% BSA in a serum-free medium were prepared as described previously [Fiirstova et al.
2008] and diluted to the required concentration of FA and BSA prior to experiments. FA/BSA molar
ratios used in experiments were lower than the ratios known to exceed the binding capacity of BSA
[Cnop et al. 2001].

Our previous studies showed that SA, at a concentration of 1 mM, induces endoplasmic
reticulum stress and apoptosis in most NES2Y cells within 24 h of application [Némcova-Fiirstova
et al. 2011, 2013; Srdmek et al. 2016a, 2017]. Therefore, all assessments were performed within 24 h
after FAs application except for the assessment of cell growth and viability. 1 mM concentration of
SA was used to simulate an elevated level of SA in blood [Lagerstedt et al. 2001, Abdelmagid et al.
2015]. 0.2 mM concentration of OA was used, since this was the lowest concentration sufficient to
inhibit the detrimental effects of SA [Fiirstova et al. 2008].

4.3. Assessment of the effect of hypoxia on cell growth and viability

Cells were seeded at a concentration of 9 x 104 cells/100 uL of culture media into the wells of
24-well plate. After a 24-h pre-incubation period (allowing cells to attach) the culture medium was
replaced with a serum-free medium containing 2% BSA with or without FA(s) (SA, a combination
of SA and OA, or OA alone) at required concentrations. Cells were placed inside a standard
incubation cabinet providing 20% oxygen level or inside chambers of a specific incubation cabinet
[Polak et al. 2015] in which oxygen levels were 4 % or 1 %. Standard incubation cabinet (20%
oxygen level) represents normoxia of outer environment. It provides sufficient oxygen
concentration for normal (3-cells function. Incubation in specific incubation cabinet providing 4%
oxygen concentration represents moderate hypoxia for pancreatic $-cells. Incubation in 1% oxygen
concentration represents strong hypoxia. We used 20% oxygen concentration as normoxia in this
paper. It is commonly used also by other authors [Lai et al. 2009, Zheng et al. 2012, Sato et al. 2014].
After 48 h of incubation, the number of living cells was determined using a hemocytometer
counting system, after staining with trypan blue.

4.4. Western blot analysis

Cells (approximately 1x10¢ cells per sample) were seeded and after a 24-h pre-incubation
period (allowing cells to attach) the culture medium was replaced with a serum-free medium
containing 2% BSA with or without FA(s) (SA, a combination of SA and OA, or OA alone) at
required concentrations. Cells were placed inside a standard incubation cabinet (20 % oxygen level,
normoxia) or inside chambers of a specific incubation cabinet [Polak et al. 2015] in which oxygen
levels were 4 % (moderate hypoxia) or 1 % (strong hypoxia). After the required incubation period,
cells were harvested and western blot analysis was performed as described previously [Némcova-
Fiirstova et al. 2011]. All primary antibodies were used in a 1:1000 dilution. The chemiluminescent
signal was detected using a Carestream Gel Logic 4000 PRO Imaging System equipped with
Carestream Molecular Imaging Software (Carestream Health, New Haven, CT, USA), which was
used for image acquisition.

4.5. Statistical analysis

The statistical significance of observed differences was determined using the Student’s t-test. p
< 0.05 was considered statistically significant.
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Zjistili jsme, Ze proapoptotické piisobeni SA (1 mM) zvysuje fosforylaci EGFR receptoru
(potencialniho ¢lenu jak p38 MAPK, tak ERK drahy). OA (0,2 mM) je schopna inhibovat
tento ucinek SA a sama ovlivituje fosforylaci EGFR vyrazné¢ méné nez SA (obrazek 3).
K podobnym efektim vedla aplikace MK i v ptipadé¢ p38 MAPK signalni drdhy (cf.
publikace 4, obr. 2A, str. 96). Tyto vysledky tedy naznacuji, Zze misto navozeni
proapoptotické signalizace nasycenymi MK, stejné jako misto intervence nenasycenymi
MK do mechanizmt indukce apoptézy nasycenymi MK by se skute¢né mohlo nalézat jiz
na plazmatické membrané B-bunck, kde MK ovliviiuji jeji fluiditu. Nasycené MK
s rigidnim a rovnym acylovym fetézcem po inkorporaci do membranové dvojvrstvy snizuji
membranovou fluiditu. To mize zménit schopnost membranovych receptorovych kindz,
napiiklad EGFR, dimerizovat a tedy pfenaset signdly dale. Mozny mechanizmus inhibi¢ni
intervence nenasycenych MK v apoptotické signalizaci vyvolané nasycenymi MK je jiz
popsan v kapitole 6.2.4. Uvedené potencidlni mechanizmy inhibi¢ni intervence
nenasycenych MK, stejn¢ jako mechanizmy, jakymi dochédzi k navozeni proapoptotické
signalizace nasycenymi MK, bychom radi ovéfili specifickymi experimenty. Tj., naptiklad
meéfenim membranové fludity po aplikaci MK nebo zjistovanim zastoupeni aplikovanych
MK v plazmatické membrané. Také bychom chtéli objasnit, jakou konkrétni ulohu ma
EGFR v ramci mechanizmi indukce apoptdzy nasycenymi MK a mechanizmi inhibice
této indukce nenasycenymi MK. Dale mame k dispozici primarni data ukazujici na mozné
zapojeni dalSich molekul/signdlnich drah vrdmci mechanizmii indukce apoptdzy
nasycenymi MK. Jde o PKB signdlni drdhu, NF-xB signalizaci a dal$i molekuly jako
napiiklad n€které STAT proteiny. Jejich konkrétni tloha v rdmci uvedenych mechanizmii
by nés zajimala. Také bychom chtéli ovétit mozné propojeni nékterych téchto molekul s
nami jiZ studovanymi signalnimi dréhami.

Déle bychom se chtéli zaméfit na objasnéni molekuldrnich mechanizmi, kterymi
hypoxie zesiluje proapoptoticky efekt SA a blokuje protektivni efekt OA. Radi bychom
nasli misto intervence hypoxie do molekularnich mechanizmt indukce apopt6zy a inhibice
této indukce MK u pankreatickych B-bunék. To se dle naSich dosavadnich vysledkii musi
nalézat ,,upstream* nebo v rdmci drah stresu ER. Krom¢ vySe uvedeného bychom také
chtéli prispét k objasnéni molekularnich mechanizmii indukce apoptdzy hypoxii samotnou.

To zatim nebylo pfili§ studovéno.
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2h 6h 12 h 24 h
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Obrazek 3. Efekt 1mM kyseliny stearové (SA), ImM SA aplikované spole¢né s 0.2mM kyselinou
olejovou (OA), a 0.2mM OA na hladinu EGFR a fosfo-EGFR v NES2Y bunkach. Bunky
inkubované bez MK ptedstavovaly kontrolni buiiky. Po 3, 6, 12 a 24 hodinach inkubace byla
zjisténa hladina EGFR proteinu western blot analyzou s pouzitim ptislusnych protilatek. Hladina
aktinu byla zjiStovana pro potvrzeni stejného mnozstvi proteini nanasenych ve vzorcich.
Prezentovana data ptedstavuji vysledek jednoho z nejméné tii nezavislych experimentu.
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V této praci jsme se pokusili pfispét k objasnéni molekularnich mechanizmti indukce

apoptozy nasycenymi mastnymi kyselinami (MK) a mechanizmt inhibice této indukce

nenasycenymi MK u lidskych pankreatickych B-bunék, a to na modelu buné¢k linie NES2Y.

Prokézali jsme, ze:

1.

Aktivace kaspazy 2 pusobenim nasycené kyseliny stearové (SA) v koncentraci
indukujici apoptozu (1 mM) neni pro proces indukce apoptodzy zasadni. Tato kaspaza
vSak moduluje drahy stresu endoplazmatického retikula (ER) indukované plisobenim
SA.

SA (1 mM) aktivuje p38 MAPK signéalni drahu a inhibuje ERK signalni drihu.
Inhibice ERK signélni drahy je pravdépodobné dusledkem aktivace p38 MAPK
drahy. AvSak p38 MAPK nejspise neni pro indukci apoptézy pisobenim SA kli¢ova.
Nenasycend kyselina olejova (OA, 0,2 mM) je schopna inhibovat vySe uvedené
ucinky SA. Sama o sob¢ ovliviluje aktivaci uvedenych signalnich drah pouze
minimaln¢.

SA (1 mM) aktivuje drahy stresu ER, tj. drdhy IREla, PERK a ATF6. OA (0,2 mM)
je schopna inhibovat uc¢inky SA na drahy IREla a PERK a sama o sob¢ ovliviiuje
aktivaci téchto drah pouze minimalné. V1iv OA na ATF6 drahu nebyl zjistovan. JNK
kindza, obdobné¢ jako kaspaza 2, neni pro proces indukce apoptdzy navozené SA
zasadni, ale moduluje drahy stresu ER aktivované plisobenim SA.

Misto navozeni proapoptotické signalizace nasycenymi MK, stejné jako misto
inhibi¢ni intervence nenasycenych MK do mechanizmt indukce apoptdzy
nasycenymi MK, se nalézd ,upstream™ od studovanych signalnich drah.
Pravdépodobné jiZ na plazmatické membrané bunék.

Hypoxie zesiluje proapoptoticky efekt SA (I mM) pravdépodobné prostiednictvim
zvySeni signalizace stresu ER. Hypoxie také snizuje protektivni efekt OA (0,2 mM)
na proapoptoticky ucinek SA a to takovym zplisobem, Zze OA jiZ neni schopna
blokovat indukci apoptdzy B-bunék vyvolanou pisobenim SA. Hypoxie samotnd ma
na B-buiiky relativné slaby poskozujici vliv. Hypoxie tedy miize ptedstavovat
klicovy faktor rozhodujici o pfezivani/smrti pankreatickych B-buné€k v ptitomnosti

MK a tedy v diisledku i1 o vzniku diabetu 2. typu (DMT2).

Nase vysledky pftispély k porozuméni mechanizmii indukce apoptézy nasycenymi

MK a mechanizmt inhibice této indukce nenasycenymi MK u pankreatickych B-bun¢k.
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Dale piisp€ly k porozuméni mechanizmt vlivu hypoxie na indukci apoptézy nasycenymi
MK a na inhibici této indukce nenasycenymi MK u B-bunck. Nami ziskana data tedy
v SirSim kontextu pftispivaji k pochopeni mechanizmti, které hraji vyznamnou ulohu v
patogenezi DMT?2. Zjisténé poznatky by mohly byt uzite¢né pii hledani novych moznosti
diagnozy, 1écby a prevence DMT?2 a také pii hledani novych moznosti zvyseni viability
izolovanych Langerhansovych ostrivkll pro transplantace. Protoze stejné ¢i obdobné
molekularni mechanizmy regulace funkce a viability prostfednictvim MK se mohou
uplatnovat i1 u jinych typa bunék (napi. hepatocyty, kardiomyocyty), jsou zjisténé vysledky

dualezité i pro jiné oblasti mediciny (hepatologie ¢i kardiologie).
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