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SANTRUMPOS

HIPEC — hiperterming¢ intraperitoniné chemoperfuzija / hiperterminé
intraperitoniné chemoterapija;

HO-1 — hemo oksigenazé 1;

SnPP — alavo protoporfirinas;

DNR — deoksiribonukleortigstis;

RNR — ribonukleortgstis;

SIRNR — tildancioji RNR;

mM — milimoliai;

umol — mikromoliai;

ATP —adenozino trifosfatas;

ADP — adenozino difosfatas;

ROS — aktyvis deguonies junginiai;

NADPH - nikotinamido adenino dinukleotido fosfatas;

NADH - nikotinamido adenino dinukleotidas;

FADH — flavino adenino dinukleotidas;

kDa — kilodaltonas;

AGS - skrandzio adenokarcinomos lastelés;

Caco-2 — storosios zarnos adenokarcinomos lgstelés;

T3M4 — kasos adenokarcinomos Igstelés;

MTT - 3-(4,5-dimetiltiazol-2-il-)-2,5-difeniltetrazolio bromidas.



IVADAS

Pasaulyje piktybiniai navikai uzima vieng i§ pagrindiniy mirties
priezas¢iy. DidZigja onkologiniy susirgimy dalj sudaro virskinimo sistemos
navikai, tokie kaip skrandzio, kasos ar storosios zarnos vézys [1]. Retais
atvejais jie biina diagnozuojami ankstyvose stadijose. Gana daznai diagnozé
nustatoma jau esant ligos iSplitimui j pilvaplévés ertme — karcinomatozei [2].
Nustacius tokig bukle, kurig sukélé storosios Zarnos adenokarcinoma,
pacientai vidutiniSkai iSgyvena nuo 3 iki 6 ménesiy [2], kasos — 7 ménesius
[3], negydomas skrandzio vézys — 2 ménesius [4]. Nustaius peritoning
karcinomatoze, dazniausiai skiriamas sisteminis gydymas — chemoterapija
[5], kuri prailgina iSgyvenamuma [6]. Kitas i§ gana placiai pasaulyje
naudojamy i8plitusiy virSkinamojo trakto naviky gydymo metody —
hiperterminé intraperitoniné chemoterapija (HIPEC) [7-9]. Sios procediiros
metu, pasildytas chemopreparatas yra leidziamas j pilvaplévés ertme, tikintis,
kad Siluma padés chemopreparatui geriau jsiskverbti j pilvaplévés ertmés
audinius, taip gaunant geresnj efekta negu chemopreparatg leidZiant
intraveniSkai [10]. HIPEC gali biiti taikoma dvejopai: vien tik HIPEC, arba
kartu su citoredukcija — chirurginiu badu pasalinant kaip jmanoma daugiau
matomy makronavikiniy zidiniy [11, 12].

HIPEC pranasumu pries intravening chemoterapijg laikoma tai, jog galima
naudoti aukstas chemopreparato koncentracijas. Tokiu atveju nuo per didelio
toksiskumo apsaugo plazmos-peritoninis  barjeras, kuris neleidzia
chemopreparatui patekti j kraujg. Taip pat nustatyta, kad HIPEC metu
chemopreparatas | pilvaplévés audinius penetruoja geriau negu jj leidziant
intraveniskai. Siam vaisto jsiskverbimui j gilesnius audiniy sluoksnius,
didelés reikSmes turi hipertermija. Taip pat HIPEC metu, auks$ta temperatira
pati veikia citotoksiskai, saglygodama apoptotinius mechanizmus [13-16].

Koks chemopreparatas bus naudojamas hiperterminés intraoperacinés
chemoterapijos metu, labai priklauso nuo pirminio naviko tipo, ligoninés,
kurioje gydomas pacientas ir kity aspekty. Dazniausiai naudojami
chemopreparatai yra cisplatina, oksaliplatina, mitomycinas C [17]. Taip pat,
priklausomai nuo gydymo centro, varijuoja ir procediiros laikas, bei
naudojamas temperatirinis rézimas [18]. Neturint suvienodinty procediiros
metodiky, apibrézianciy laika, temperatiira, citotoksinj preparata, labai sunku
vertinti HIPEC naudg ir jtakg pacienty iSgyvenamumui. Vienos studijos
nurodo, kad HIPEC zenkliai prailgina iSgyvenamumo rodiklius [6]. Kitose
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studijose nurodoma, kad pacienty kuriems taikyta citoredukcija su HIPEC ar
vien citoredukcija, iSgyvenamumas nesiskiria [19]. Gaunant nevienalycCius
rezultatus, ieSkoma naujy gydymo metodiky, kurios pagerinty HIPEC
procediiros sékme [20].

Karsc¢io indukuojami baltymai — tai visa grupé vidulgsteliniy medziagy,
tiesiogiai reaguojanciy ] jvairius aplinkos dirgiklius. Veikiant karSciui,
chemopreparatams, ultravioletinei spinduliuotei, jy vidulgstelinis kiekis
zenkliai didéja, siekiant apsaugoti Igsteles nuo dirgiklio pazaidos [21-24]. Yra
nustatyta, kad vézinés lgstelés pacios, be jokiy dirgikliy iSskiria padidintus
baltymy kiekius [25]. Slopinant kar$¢io indukuojamy baltymy sintezg, galima
gerinti lasteliy atsakg j minétus dirgiklius, taip pat ir kai kuriais atvejais veikti
pacias vézines lgsteles [26, 27]. Hemo oksigenazé — 1 (HO-1) jau keletg
desimtmeciy zinoma kaip citoprotekcinis baltymas. Nustatyta, kad $io geno
raiSka padidéja vézinése lastelése. Tokiu biidu jis reaguoja j chemoterapijos
sukelta oksidacin;j stresa, skatina lgsteliy proliferacija, bei slopina apoptoze ir
autofagija [28-30]. Siuo metu bandoma slopinti HO-1 funkcija, taip gerinant
véziniy lasteliy atsakg j chemoterapija. Tyrimy rezultatai rodo, kad HO-1
slopinimas atsaka gerina per naviko lasteliy mikroaplinkg ir imuning sistema
[31]. Vienas i$ potencialiy HO-1 slopinanc¢iy veiksniy — alavo protoporfirinas
(SnPP). Buvo nustatyta, kad slopinant HO-1 funkcija SnPP, padidéja
chemopreparato toksiskumas [32].

Yra atlikta daug tyrimy vertinant jvairiy lasteliy atsaka j hipertermijg ir
chemoterapija [33, 34]. Taciau studijy, kuriose biity vertinama skirtingy
vir§kinamojo trakto naviky atsako j Siuos veiksnius néra. Taip pat néra aisku,
ar kar§¢io indukuojamy baltymy funkcijos ir ekspresijos slopinimas gali
gerinti hipertermijos su chemoterapija poveik].

Darbo tikslas

Istirti vir§kinimo sistemos (skrandZio, kasos ir storosios Zarnos) navikiniy
lasteliy atsaka j hipertermija bei cisplating ir citoprotekcinio geno HO-1
moduliacijos jtakg Siems procesams in Vitro.

UzZdaviniai

1. Jvertinti hipertermijos ir chemopreparato cisplatinos poveikj
skrandzio, kasos ir storosios zarnos véziniy lasteliy metaboliniam
aktyvumui.



2. Nustatyti, ar hipertermija jtakoja chemopreparato patekimg |
skrandzio, kasos ir storosios Zarnos vézines lgsteles.

3. Istirti kaip hipertermija bei cisplatina (atskirai ir kartu) veikia
skrandzio, kasos ir storosios Zzarnos véziniy lasteliy apoptozés
procesus ir vidulgstelinio kvépavimo parametrus.

4. Nustatyti kaip citoprotekcinio baltymo HO-1 raiskos moduliacija
keiCia veéziniy lasteliy atsaka j hipertermijos ir chemopreparato
poveik].

Mokslinio darbo naujumas

Naudojant inovatyvias diagnostikos metodikas, virskinimo sistemos
navikai aptinkami vis anksCiau, taiau iSlicka gana daug atvejy, kuomet
diagnozuojant, onkologinis procesas pazenges ir iSplites pilvaplévés ertméje.
Tokiu atveju taikomas sisteminis gydymas chemoterapija, nes chirurginis
gydymas néra efektyvus [35-37]. Kitas i§ gydymo pasirinkimy — hiperterminé
intraoperaciné chemoterapija (HIPEC). Daugumoje studijy, analizuojanciy
HIPEC, nurodoma, kad §i procediira prailgina iS§gyvenamuma [6], taciau yra
ir tokiy, kurios nurodo, jog tai néra veiksmingas budas gydyti
intraperitoniSkai  diseminavusius  virSkinimo trakto navikus [19].
Multicentri$kai vertinti HIPEC rezultatus gana sunku, dél labai skirtingy
gydymo varijacijy (skirtingas procediiros laikas, temperatiira, naudojamas
chemopreparatas), taip pat ir pacienty atrinkimo gydymui kriterijy [38].

Tyrimy, kurie vertinty HIPEC poveikj lasteléms néra daug. Dazniausiai
Sios studijos vertina lgsteliy atsakg remdamosi vien apoptozés ar metabolinio
aktyvumo rodikliais. Iki Siol néra tiksliai aiSk@is mechanizmai, kurie jtakoja
lasteliy atsaka ] paSildyto chemopreparato veikimg. Yra teigiama, kad
hipertermija gerina lgsteliy atsakg vienoms lgsteléms daugiau kitoms maziau.
Studijy, kurios kompleksiskai vertinty lgsteliy atsakg metabolinio aktyvumo,
apoptozes, vidulgstelinés cisplatinos koncentracijos ir mitochondrijy
kvépavimo pokycius veikiant HIPEC iki Siol néra atlikta.

Besiskiriant baziniams tyrimy rezultatams, vertinant hipertermijos ir
chemoterapijos jtaka, ieSkoma btidy tobulinti HIPEC procediirg [20]. Kars¢io
indukuojami baltymai Zinomi, kaip citoprotekciniai. Jy kiekis Zenkliai did¢ja
veikiant tokiems lasteliy stresoriams kaip chemoterapija, aukSta temperatiira.
Jy padidintus kiekius i$skiria vézinés lastelés. Vienas i$ kar§¢io indukuojamy
baltymy - hemo oksigenazé — 1 (HO-1) yra citoprotekcinis genas, atsakingas
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uz véziniy lasteliy rezistentiSkumg chemoterapijai, bei apsauga nuo tokiy
veiksniy, kaip hipertermija. Veikiant minétiems dirgikliams, did¢ja
vidulastelinis HO-1 kiekis [29]. Siame tyrime HO-1 pasirinktas, kaip
potencialus ,taikinys* galimai gerinantis kombinuoto cisplatinos ir
hipertermijos poveikio rezultatus. Iki Siol néra aisku ar HO-1 raiskos ar
funkcijos slopinimas gali gerinti Igsteliy atsaka |} hipertermijos ir
chemoterapijos poveik].
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1. LITERATUROS APZVALGA

1.1 Skrandzio vézys

Skrandzio vézys uzima penkta vieta, t.y. 6,8 % tarp visy onkologiniy
susirgimy. Vertinant mirtis saglygotas vézio, Sie navikai uzima trecigja vieta
[1]. Sergamumas pasaulyje pagal gyvenamg vietove labai varijuoja, taciau
didZiausias susirgusiyjy skaicius fiksuojamas Azijos Salyse. Pastaraisiais
metais mirtingumas sergant skrandzio véziu mazéja dél iSvystyto efektyvaus
gydymo, taciau suvaldyti $ig ligg yra sunku, nes ji dazniausiai diagnozuojama
Il — 1V stadijoje [39].

Vertinant naviky geny ekspresija, galima iSskirti du skrandzio vézio tipus: I
— difuzinj (nediferencijuotg) ir zarninj tipg (gerai diferencijuotg) [40].
Difuzinis skrandzio vézys susij¢s su blogesne prognoze, dél greito augimo,
bei metastazavimo. Zarninis véZio tipas ne toks agresyvus, dazniausiai susijgs
su Helicobacter pylori infekcija. Taip pat $io tipo vézj gali sukelti rikymas,
alkoholio vartojimas, nutukimas ir augimo hormony disbalansas [41].
Vertinant histologiSkai, dazniausiai nustatoma papiling, tubuliné, mucininé ar
misri skrandzio adenokarcinoma [40].

Nustacius ankstyvos stadijos skrandzio vézj, optimaliausias gydymas —
operacija. Taciau, kaip minéta anksc¢iau, S§i liga diagnozuojama III — IV
stadijose, kuomet tikslinga skirti sisteminj — chemoterapinj gydyma. Tokiu
atveju skiriama 5-fluoruracilas, kapecitabinas, karboplatina, cisplatina,
docetakselis, oksaliplatina ir t.t. Pazengusiam procesui §ie vaistai skiriami
juos kombinuojant, pvz.: 5-fluoruracilas kartu su cisplatina (I A
rekomendacija pirmo pasirinkimo gydymui). Nusta¢ius HER2 receptorius
skrandzio vézinése lgstelése, taikoma taikiniy terapija trastuzumabu [42].

Diagnozavus intraperitoniskai iSplitusius skrandzio navikus, taip pat taikoma
HIPEC. Siuo atveju, procediros laikas varijuoja nuo 30 min iki 90 min.
Temperatira - 42 °C. Chemopreparatai - mitomycinas C + cisplating;
oksaliplatina; doksorubicinas + cisplatina; arba vien tik cisplatina. Kai kuriais
atvejais intraveniskai papildomai skiriamas 5-fluoruracilas [43].

1.2 Kasos vézys

ISsivysCiusiose Salyse, kasos vézys uzima septintg vieta tarp mirciy
susijusiy su onkologiniais susirgimais. Vertinant sergamuma piktybiniais
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navikais, $i liga vienuoliktoje vietoje. 2018 metais pasauliniu mastu, buvo
nustatyta 458918 naujy kasos vézio atvejy. Kadangi tai sunkiai gydomas ir
blogos prognozés onkologinis susirgimas, statistika, nurodanti naujus ligos
atvejus ir mirtis skiriasi nedaug. 2018 metais nustatyta viso 432242 mirtys
(4,5 % visy vézio sukelty mirciy) [44, 45]. Vyry ir motery sergamumo
rodikliai panasiis. Kasos vézys dazniausiai diagnozuojamas vyresnio amziaus
zmonéms. Apie 80 % visy atvejy sudaro asmenys, kuriy amziaus vidurkis 71
metai [46].

Sunku vertini veiksnius, sglygojancius kasos vézj. Tik apie 40 % atvejy
galima priskirti zinomiems rizikos faktoriams, i§ kuriy 10 % paveldimi, kiti
susij¢ su aplinka [47, 48]. BRCA 1/2 mutacija [49], Lin¢o sindromas [50],
Seiminé polipozé [51], Peutzo-Jegerso sindromas [52], paveldimas kasos
uzdegimas [53] ir cistiné fibrozé [54] kasos véZj jtakoja genetiskai. Aplinkos
sukeliami veiksniai gali buti rikymas, alkoholio vartojimas, nutukimas,
chroninis kasos uzdegimas, cukrinis diabetas [55].

Vertinant histologiskai, dazniausiai nustatoma kasos adenokarcinoma.
Retesniais atvejais diagnozuojama adenoskvamoziné, meduliné, bei
koloidiné karcinomos [56]. Diagnozavus kasos véZzj, optimaliausias gydymo
metodas — chirurginis, ta¢iau tik retais atvejais, ta techniskai pavyksta atlikti.
Dazniausiai kaip ir skrandzio vézys, kasos navikai nustatomi jau
pazengusiose stadijose [57]. Tokiu atveju skiriamas neoadjuvantinis gydymas
chemoterapija, tikintis sunaikinti cirkuliuojancias vézines lasteles, bei
sumazinti naviko turi iki operabilumo. Kai kuriais atvejais jtraukiamas ir
spindulinis  gydymas. Neoadjuvantinei  chemoterapijai  dazniausiai
naudojamas gemcitabinas arba FOLFIRINOX (oksaliplatina, leukovorinas,
irinotekanas ir 5-fluoruracilas) shcema [58]. Retesniais atvejais pasirenkama
cisplatina [59]. Kalbant apie pacientus, kuriems diagnozuotas isplites
procesas, pirmo pasirinkimo sisteminis gydymas yra FOLFIRINOX [60].

Taikant HIPEC, diseminavusiu pilvaplévés ertméje kasos véziu sergantiems
pacientams, procediiros laikas varijuoja nuo 30 min iki 60 min, temperatiira
varijuoja nuo 41°C iki 43 °C. DazZniausiai naudojami platinos preparatai, kaip
oksaliplatina, karbaplatina [61-63].

1.3 Storosios Zarnos vézys

Storosios zarnos vézys — treias pagal daznumg naujai nustatomas
piktybinis susirgimas ir antras pagal mirties priezastj tiek tarp vyry, tiek tarp
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motery. 6,1 % visy naujy veézio atvejy ir 9,2 % mir€iy nuo onkologiniy
susirgimy sudaro storosios Zarnos vézys. 2018 metais buvo planuota 1,8 min
naujy ligos atvejy ir 881000 mirciy [1, 44, 64].

Ligos rizikos veiksnius galima isskirti j 2 grupes: kei¢iamus ir nekei¢iamus.
Keic¢iamiems galima priskirti zalingus jprocius, kaip rukymas ir alkoholio
vartojimas, nutukima, raudong mésg. NekeiCiamiems priskiriama
uzdegiminés Zarnyno ligos, amzius, ir Seiminé storosios zarnos ve€Zzio
anamnezé [65].

Histologiskai, apie 90 % visy storosios zarnos naviky — adenokarcinomos,
besivystancios i$ storosios zarnos epiteliniy lasteliy [66]. Retesnes formas
sudaro skvamozinés, adenoskvamozinés, neuroendokrininés,
nediferencijuotos karcinomos [67]. Optimaliausias S§iy naviky gydymas —
operacija. Priklausomai nuo tumoro dydzio, pazeisty sritiniy limfmazgiy, gali
biti taikomas spindulinis gydymas ir chemoterapija. Sisteminiam gydymui
dazniausiai naudojamas 5-fluoruracilas [68, 69]. Neoadjuvantine
chemoterapija gydant lokaliai paZzengusig liga, taip pat gali biiti naudojamas
5-fluoruracilas, kai kuriais atvejais kartu su platinos preparatais. Sis derinys
dar labiau pagerina patologinj naviko atsaka j gydyma. Neoadjuvantiniame
gydyme, naudojant spinduling terapijg kartu su chemoterapija, geriausias
pasirinkimas — kapecitabinas [70]. Esant IV stadijos storosios zarnos véziui —
5 mety iSgyvenamumas tesiekia 6 %. Negydant, i§gyvenamumo mediana
tesickia 6 ménesius. 5-fluoruracilas kartu su leukovorinu i§gyvenamumo
rodiklius padidina iki 12 ménesiy [71]. FOLFOX (5-fluoruracilas,
leukovirinas, iririnotekanas ir oksaliplatina) padidina i§gyvenumo mediang
iki 20 ménesiy [72].

Taikant HIPEC daZnai biina skiriama ir intraveniné 5-fluoruracilo injekcija.
Laikas biina panaSus, kaip ir gydant intraperitoniSkai iSplitusj skrandzio ar
kasos vézj — 30 min. Intraperitonealiai leidziamas chemopreparatas susildytas
iki 41 °C - 43 °C. Sio tipo vézio gydymas HIPEC nesiskiria nuo anks¢iau
minéty. Skiriama oksaliplatina, mitomycinias C, irinotekanas [73].

1.4 Cisplatina

Cisplatina buvo iSrasta dar 1845 metais [74]. Kitaip Sis preparatas
vadinamas cis-diaminodichloroplatina. Cheminé formulé, apibtidinanti jos
struktiirg - Cl2HgN2Pt. Cisplatina yra stabili substancija, kurios molekuliné
masé 301,1 mg/mol, tankis — 3,74 g/cm?® [75].
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I cisplating, kaip prieSvézinj preparatg pradéta zitiréti tada, kai Rosenbergas
atrado jos antiproliferacinj poveikj lasteléms [74]. Cisplatina pradéta taikyti
klinikinéje praktikoje, taciau buvo ir daug skepticizmo, nes nustatyta, kad ji
salygoja sunkius $alutinis poveikius zmogaus organizmui. Tai pasireiské
nefrotoksiskumu, pykinimu, vémimu, ototoksiSkumu [76]. Tikintis sumazinti
Siuos veiksnius, cisplatina buvo modifikuojama, kuriant naujus platinos
derivatus, tokius kaip oksaliplatina, karboplatina [77-79]. Sis preparatas
naudojamas plauéiy vézio adjuvantiniam gydymui [80]. Kiausidziy vézio
gydyme cisplatina taip pat naudojama kaip vienas i§ pagrindiniy
medikamenty, taCiau ligos atkry¢io metu navikinés Igstelés jgauna
rezistentiSkuma $iam vaistui [81]. Kriities, séklidziy, Slapimo ptslés, gimdos
kaklelio karcinomos, ne Hodzkino limfoma taip pat gydoma cisplatina.

Cisplatinos poveikis lgstelei gali buti suskirstytas j 4 etapus (Pav. 1.4.1.). | —
cisplatinos patekimas j Igstele. Siuo etapu, pasyvios pernasos pagalba,
cisplatina patenka i lastelés vidy. Taciau yra studijy, kur teigiama, kad ¢ia
dalyvauja ir aktyvus membraninis transportas [82]. Il etapas - vandens
prisijungimas/aktyvacija. Lastelés viduje vanduo pakeicia cisplatinos
chlorido jonus. Chemopreparatas tampa hidrolizuotas, buitent tokia forma gali
jungtis su amino riagi¢iy azotu. Sio proceso pusamzis ~ 2 val [83]. Il etapas
— jungimasis su DNR. Susijungime dalyvauja viena labiausiai nukleofilisky
DNR viety — N7 pozicija guanine. Kartais adeninas taip pat gali prisijungti
hidrolizuotus platinos preparatus [84]. IV etapas — Igstelés atsakas. Kuomet
yra pazeidziama DNR, pirmas veiksmas kg daro Igstelé — sustabdo savo cikla,
kad nevykty dauginimasis, ir nepasigaminty paveikty lgsteliy klony. DNR
paveikus cisplatina, lgstelés ciklas sustoja ties G2 stadija [82]. Ciklo
stabdymg skatina ATM ir ATR mediatoriai. Yra Zinoma, kad lastelés ciklo
sustojimas G2 stadijoje salygoja apoptoze [85]. Isijungia NER (nukleotidy
pazaidos ekscizijos sistema), kuri stengiasi pazeista vienagrandés DNR dal;j
pasalinti. Nepavykus to padaryti, vyksta lastelés inicijuojama apoptozé [86].
Dalis véziniy lasteliy yra atsparios cisplatinai. Vienos i§ tokiy - Gliomos ir
kai kuriy kiausidziy vézio lgstelés. Veikiant jas hipertermija (40 °C),
rezistentiSkumas cisplatinai pranyksta, ir jos ztiva [87]. Taip pat yra Zinoma,
kad veikiant daugumg lasteliy hipertermija, cisplatinos dozé gali biti
mazinama, siekiant gauti toki patj efekta, kaip veikiant vien tik cispatina [88].
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Pav. 1.4.1. Cisplatinos poveikis Ilgstelei.
| — patekimas j lastele. IT — vandens prisijungimas/aktyvacija. 111 — jungimasis su DNR.

IV — lastelés atsakas. Adaptuota i§ Johnstone ir kt. [89].

Cisplatina  taip pat jtakoja  vidulgstelinius signalinius  kelius.
MAPK/INK/ERK/p38, p53, c-Abl keliai yra jtakojami DNR pazaidos [90].
Yra zinoma, kad Igstelés jautrumas cisplatinos sukeltai apoptozei, tiesiogiai
susijes su c-Abl ekspresija. p53 baltymas atsakingas uz lgstelés atsaka j
gydymg cisplatina. Tai kaip mediatorius, tarp lastelés ciklo stabdymo
mechanizmo ir apoptozés inicijavimo [82]. Taciau yra studijy, kur nerasta
jokios p53 jtakos cisplatinos veikimui Igsteléje. Kaip Sis baltymas sgveikaus
su cisplatinos poveikiu priklauso nuo jvairiy naviko genetiniy mutacijy, pacio
naviko lasteliy ir specifiniy signaliniy keliy. Zinoma, kad tokie baltymai, kaip
BRCALI, ciklinas G, kurie susij¢ su p53 signaliniu keliu, taip pat jtakoja
cisplatinos citotoksiskuma [91]. Ar vyks lagstelés apoptozé, ar nekrozé,
daugiausiai sglygoja vidulgsteliné cisplatinos koncentracija. Atliekant
tyrimus su peliy tubuliniy lgsteliy pirminémis kultiromis, jas veikiant didele
cisplatinos doze, lastelés nekrotizavo po keliy valandy. Tuo tarpu apoptoze
sukelia mazesné cisplatinos koncentracija, kuri veikia lastele ilgesnj laika [92,
93]. Vidulastelinis ATP kiekis taip pat sglygoja apoptoze arba nekroze [94,
95].
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1.5 Hipertermijos poveikis Igstelei

Medicinoje, daugeliui ligy hipertermija ilgg laika naudojama kaip
pagrindinis gydymas, arba kaip gydymo sudedamoji dalis. Naudojant Silumag
gali biti gydomos jvairios traumos. Dar 1989 metais karSto vandens
aplikacijomis buvo gydomas gimdos kaklelio vézys [96]. Atlikta ir daugiau
tyrimy, keliant temperatiirg srityje, kurioje yra navikas, taip tikintis geresnio
gydymo atsako [97]. Taciau yra ir neigiamas $io poveikio aspektas. Ilgg laikg
veikiant organizmg aukS$ta temperatiira, jis Zalojamas [98].

Yra daugybé pasekmiy, kurias sukelia hipertermija lgstelei, tokiy kaip
sulétéjes lasteliy  dalijimasis, padidé¢jes jautrumas radioterapijai.
Hipertermijos déka, padidéjus kraujo perfuzijai, vietiSkai veikiant navika,
pagerinamas intraveniniy vaisty patekimas. Taip pat padidéjusios
temperatiros déka, pageréja oksigenacija, ko pasékoje pageréja lastelés
atsakas | radioterapijg. Sulétéjus lagstelés ciklui, jos nebegali taisyti
spindulinio gydymo sukelty pazaidy [99, 100]. Taciau auks$ta temperatira
pradzioje didindama audiniy oksigenacija ir perfuzija, po tam tikro laiko
salygoja  kraujagysliy pazaidg. Tuomet kraujo tékmé mazégja,
oksihemoglobino kiekis taip pat mazéja. Deguonies tritkumas didina naviky
pH, kas salygoja lasteliy iSemija ir mirtj [100, 101]. Néra vienodos
temperatiiros ir jos veikimo trukmés visy tipy lasteléms, kuomet pradeda
vystytis jy zutis. Nustatyta, kad tokie temperatiiriniai ir laiko parametrai,
kurie veikia navikus, dar neveikia sveiky audiniy [102]. Apskritai, poky¢iai
kurie atsiranda aukStai temperatiirai veikiant lgstele, atsiranda nuo joS
pakitusiy signalo keliy, bei jy jtakos DNR ir RNR baltymy sintezei [103].
Baltymy sintezé lastelése sustabdoma jas veikiant labai aukSta temperatiira,
0 veikiant vidutine hipertermija pradedami gaminti kar§¢io indukuojami
baltymai. Jie sglygoja lgsteliy tolerancijg aukstai temperatiirai [104]. Grjztant
prie lastelés pH poky¢iy, reikia paminéti, jog temperatiira, kuri yra didesné
nei 42,5 °C sumazina pH lygj tiek lastelés viduje tiek ir iSoréje. Rugstingumo
padidéjimas taip pat pasitarnauja gydant navikus. Rugsti terpé didina Iasteliy
jautrumg tiek chemoterapijai tiek ir jonizuojanciai spinduliuotei [105]. Dél
hipertermijos poveikio, sumazéus pH lygiui, atsiranda patogeniniai
vidulgsteliniai mechanizmai, kurie dazniausiai gali biiti grjiZtami (nustojus
veikti temperatiirai). Sie mechanizmai tai: pieno riigsties kiekio padidéjimas,
padidéjusi ATP hidrolize, padidéjusi ketogeneze, CO» parcialinio slégio
padidéjimas, NA/H perna$os sistemos slopinimas [106].
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Vertinant literatiroje pateiktus duomenis, temperatiira nuo 39 °C iki 42 °C
laikoma hipertermija, > 42 °C - mirtina hipertermija. Taciau aukstesnei
temperatiirai tapti mirtina taip pat reikia, kad ji organizmg veikty tam tikra
laikg [107]. Siam aspektui didziausios jtakos turi baltymy agregacija ir
denaturacija. Po to jsijungiant lgstelés ciklo stabdymui, baltymy sintezés ir
DNR reparacijos slopinimui [108]. Hipertermija keicia ir lipidy struktiira,
taciau yra zinoma, jog tai griztamas mechanizmas [109]. Taip pat lastelés
homeostazés pokyciai salygoja post-transliacines modifikacijas kaip
glikozilinima, acilinima, fosforilinima, DNR fragmentacija [110-112]. Cia
DNR pazaida turbiit jtakojama hipertermijos ne kaip pacios DNR, bet kaip
branduolio baltymy, kurie yra agreguojami [109, 113] (Pav. 1.5.1.). Auksta
temperatiira sglygoja aktyviyjy deguonies formy (ROS) gamyba, ko pasekoje
sutrikdoma mitochondrijy kvépavimo grandiné. Nustatyta, kad ROS did¢ja
tiek esant 40 °C tiek ir esant aukStesnei nei 42 °C [114-117].

Hipe rtermija q[ Padidéja m(iabolizmas ]

Padidéja aktyviyju O,
formy gamyba

Zala baltymams
*Oksidacija
*Agregacija
*Denaturacija

]

Branduolio baltymy paZzaida [qutelés proliferacijos J

DNR reparacijos il

* G1 fazés stabdymas
* Mitozés stabdymas

Membranos pazaida
+ Padidéjes transportas
* Padidéje lastelés signalai

LASTELES MIRTIS
* Apoptozé (mazas karscio kiekis) @
* Nekroze (didelis kars¢io kiekis

Pav. 1.5.1. Hipertermijos sukelti vidulgsteliniai pokyciai, sqlygojantys
st

Adaptuota i$ Bettaieb ir kt. [113].
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1.6 Hiperterminé intraperitoniné chemoterapija (HIPEC)

Hipertermings intraperitoninés chemoterapijos iStakos siekia 1934 metus,
kuomet buvo atrasta, kad pasalinus didziaja dalj navikiniy masiy, esan¢iy
pilvaplévés ertméje, yra atitolinami iSplitusio vézio simptomai. Sie
simptomai tai zarnyno nepraeinamumas, ascitas, tuSc¢iaviduriy organy
perforacija [118]. Sis gydymo metodas véliau buvo kiek primirstas. 18
deSimtmetyje Griffits nustaté, kad citoredukciné¢ operacija (Salinant
makroskopiSkai matomas navikines mases pilvaplévés ertméje) ir
postoperaciné chemoterapija gerina Zmoniy, serganiy iSplitusiu
intraperitonealiai véziu iSgyvenamuma [119, 120]. Pirmoji HIPEC procediira,
naudojant chemopreparata Thiotepa, bei hipertermija, buvo atlikta 1979
metais [121].

Dazniausiai HIPEC atlickama po intraperitoniskai iSplitusio naviko
citoredukcijos. Pacios procediiros tikslas — iSplauti i§ pilvaplévés ertmés
likusias plaukiojan¢ias navikinés Iasteles, kartu leidziant paSildyta
chemopreparata. Sildymo tikslas — gerinti chemopreparato penetracija i
audinius, bei didinti jo citotoksiskuma. Dazniausiai naudojama temperatiira
yra 41 °C - 43 °C. Pacios procediiros metu atvérus pilvaplévés ertme, | ja
suvedamos zarnelés, pro vienas i8$ jy leidziamas pasildytas chemopreparatas,
pro kitas iSleidziamas (Pav. 1.6.1.) [122].
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chemopreparatas

Silumokaitis

filtras

Pav. 1.6.1. HIPEC aparatiiros schema.

Adaptuota i§ Randle ir kt. [122].

HIPEC gali biiti atlickama dvejopai: uzdara ir atvira metodika (Pav. 1.6.2.).
Atvira HIPEC dar kitaip vadinama ,Koliziejaus metodika®. Atvérus
pilvaplévés ertme ir suvedus jeinancio ir iSeinan¢io chemopreparato
vamzdelius, aplink visg pjuvj apsiuvama plévelé, kad pati ertmé buty uzdara,
taiau per ja galima bity atlikti manipuliacijas rankomis. Tokiu biidu
aparatira chemopreparatg palaiko 43 °C - 45 °C temperatiiroje, kad
intraperitoniSkai biity uZtikrinta ~ 41 °C - 43 °C. Chemopreparatas leidziamas
1 L/min grei¢iu, nuo 30 min iki 90 min. Atviros metodikos HIPEC privalumas
yra tas, kad pilvaplévés ertméje geriau pasiskirsto Siluma. Trikumas — sunku
palaikyti reikiamg temperatiira, bei didesné rizika operacinés personalui
ikvépti chemopreparato [123].

UZdaros procediiros metu vamzdeliai taip pat jvedami ] pilvaplévés ertme,
taciau po jvedimo ji sandariai uzsiuvama. HIPEC metu, pilvas turi bati
pastoviai spaudomas chirurgo rankomis, kad chemopreparatas tolygiau
pasiskirstyty. Po to, vél atidarius pilvaplévés ertmg, ji iSplaunama.
Pagrindinis uZdaros HIPEC privalumas - minimalus temperattiros
praradimas. Hipertermija pasiekiama greiciau, tikimybé personalui jkvépti
chemopreparato sumazéja. Esant uzdarai pilvaplévés ertmei, galima sukelti
intraabdominalinj spaudima, taip dar pagerinant chemopreparato penetracija
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i audinius. Sios metodikos trikumas — sunku i§laikyti vienoda temperatiira
visoje pilvaplévés ertméje [123]. HIPEC metu anesteziology komanda taip
pat turi biti pasiruosusi. Reikia palaikyti adekvaty centrinj veninio spaudimo
ir diurezés santykj. Maza diureze gali salygoti chemopreparato
nefrotoksiskumas. Taip pat turi biti monitoruojama kiino temperatiira, kuri
esofagialiai gali pasiekti daugiau nei 39 °C. Kaklas ir kirk$niy zonos turi biiti
Saldomos ledu [123].

Iki dabar néra nustatyta nei kokie chemopreparatai, nei jy dozés turéty buti
naudojami HIPEC. Dazniausiai pasirenkamas vaistas — mitomycinas C. Jo
dozuoté varijuoja nuo 12,5 mg/m? iki 35 mg/m? [124]. Kitas i$ pasirinkimy —
oksaliplatina. Tai treCios kartos platinos preparatas, kurj leidziant j
pilvaplévés ertme reikia skiesti su 5 % dekstrozeés tirpalu. Tai salygoja
hiperglikemijg ir hiponatremijg [125]. Irinotekanas - chemopreparatas
neleidziantis i§ vienagrandés DNR sujungti j dvigrandg, taip pat naudojamas,
dozuojant nuo 360 mg/m? iki 400 mg/m?. Cisplatina HIPEC pasirenkama,
taciau daugelis vengia jos sukelty komplikacijy, tokiy kaip nefrotoksiskumas
[126].

Atvira metodika Uzdara metodika

Pav. 1.6.2. Uzdara ir atvira HIPEC metodika.

Atviros metodikos vaizdas adaptuotas i§ Sugarbaker ir kt. [127], uzdaros — Boutros ir kt.
[128].

Kalbant apie pilvapléve ir jos ertme, reikia pasakyti, kad pati pilvaplévée labai
plonas 5 sluoksniy mezoteliniy lgsteliy audinys. Jos storis 90 pum [124].
Nustatyta, kad HIPEC metu, chemopreparatas j audinius penetruoja tik 1 — 3
mm [129]. Pilvaplévés ertmés — kraujo plazmos barjeras stabdo penetracija,
taip apsaugodamas organizmg nuo chemopreparato toksiskumo. Taip pat yra
jrodyta, kad atliekant citoredukcing operacijg ir pasalinus didzigja dalj
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pilvaplévés, chemopreparato koncentracija paciame organizme nedidéja
[130].

1.7 Lastelés apoptozé

Apoptoze - tai daugelio vidulasteliniy procesy iSraiska, kurios metu lgstelé
zusta. Tai homeostazés mechanizmas, palaikantis normaly Iasteliy skaiciy
organizme. Taip pat apoptozés mechanizmas naudojamas kartu su
imuninémis organizmo reakcijomis, kuomet Igstelés veikiamos virusy ar kity
veiksniy [131]. Radiacija ar jvairGs vaistai, naudojami chemoterapijoje,
salygoja DNR pazaida daugelyje lasteliy. Si paZzaida salygoja apoptoze, per
p53 geng. Taciau ji atsiranda tik tam tikrose Igstelése. Ne visada lengva
atskirti apoptoze nuo nekrozés. Sie procesai gali atsirasti atskirai, arba vienas
po kito. Daugeliu atveju ar vyks apoptoze ar nekrozé sglygoja dirgiklio tipas
arba jo laipsnis. Veikiant mazu radiacijos ar karscio kiekiu, taip pat mazomis
chemopreparato dozémis, salygojama apoptozé. Padidinus S$iy veiksniy
parametrus — nekrozé [132, 133].

Pagal aktyvavimo kelig, galima iSskirti 2 kelius, salygojancius apoptoze
(Pav.1.7.1.). Tai iSorinis ir vidinis. ISorinis kelias prasideda FAS ligandui
prisijungus prie FAS receptoriaus. Tuomet aktyvuojama prokaspazé 8, kuri
skyla j kaspaze 8, aktyvuojancig kaspaze 3. Minéta kaspaze skaido PARP,
sukelian¢ig apoptoze. Vidinis kelias prasideda mitochondrijose po DNR
pazaidos, kuomet pradeda kauptis p53 baltymas. Jo didelis kiekis salygoja
antiapoptotinio baltymo Bcl-2 sumazéjimg. Tuomet Bax (proapoptotinis
baltymas) iterpiamas j mitochondrijy membrang, sudarydamas kanala, laidy
citochromui C. Padidéjus citoplazmoje citochromo C Kiekiui, aktyvuojama
kaspazé 9, tuomet kaspaze 3. Kaspazé 3 skaido PARP, sukeldama apoptoze
[134].
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ISorinis kelias Vidinis (mitochondrijy) kelias

Fas ligandas 1 DNR paZaida
Fas receptorius 1 1 I
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Prokaspazé 8 I

¥ p53

Suskilusi kaspazé 8 = J
Kaspazésg aktyvacija Bel-2 | e=xiani @ Bax T
PARP skaidymas ISlaisvintas citochromas C

Apoptoze Kaspazés 9 aktyvacija

Kaspazés 3 aktyvacija
PARP skaidymas

Apoptozeé

Pav. 1.7.1. ISorinis ir vidinis apoptozés aktyvavimo kelias.
Adaptuota i§ Kim ir kt. [134].

Pagal eiga apoptoze galima skirstyti j tris fazes: I — iniciacijos, kuomet viduje
lgstelés yra kaupiami apoptozés dirgikliai (hormonai, ROS formos,
neuromediatoriai, ir kt.); 11 —apsisprendimo, kurios metu dirgikliai aktyvuoja
baltymus, kurie pazeidzia branduolj; IIT — sunaikinimo, kuomet morfologiskai
kinta lastelé. Pirmoji fazé dar gali buiti grjztamas procesas, antroji ir tre¢ioji —
ne [135].

Apoptozés metu Ziivancios lastelés traukiasi déka citoskeleto trikingjimo. Sj
procesa salygoja kaspaziy veikla. Lastelés tampa eozinofiliskos, o branduolys
bazofiliSkas. Lastelés traukiasi, prarasdamos ryS; su aplink esanciomis.
Vienas i§ pagrindiniy apoptozés etapy yra piknoze¢, kuomet traukiasi
branduolys, chromatinas kondensuojasi. Branduolio membrana tampa
nevienalyteé, tuomet pateke endonukleazés ,,sukarpo® DNR — tai karioreksé.
Veéliau kondensuota citoplazma ir branduolys suskaldomas ] maZzus
fragmentus, vadinamus apoptotiniais kiinais, kurie atitriiksta nuo Igsteles.
Siuos kiinus véliau surenka makrofagai [136-138].
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1.8 Hemo oksigenazeé 1 (HO-1)

Hemo oksigenazé 1 (HO-1) yra baltymas, kuris priklauso karscio
indukuojamy baltymy grupei. Sio baltymo funkcija - nevienalyté. HO-1
atlieka ne tik metaboling, taciau ir citoprotekcing funkcijg lgstelése. Viena i§
pagrindiniy Sio baltymo funkcijy — katalizuoti pirmaja ir hemo
reguliuojancigja degradacijos reakcija, po ko susidaro anglies monoksidas,
laisva gelezis ir biliverdinas. Toliau, dalyvaujant biliverdino reduktazei ir
NADPH, biliverdinas gali buti paverstas j bilirubing (Pav. 1.8.1.) [139].
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Pav. 1.8.1. Hemo degradacija ir virsmas § bilirubing.
Adaptuota pagal Stocker ir kt. [139].

Pirming HO-1 struktiirg sudaro 288 aminoriigStys. Antrin¢ struktiira
sudaryta i§ 7 a spiraliy, sgveikaujanc¢iy su hemu. Yra zinomos trys HO-1
izoformos, i$ kuriy labiausiai iStirta — pirmoji [140]. HO-1 geng koduoja
13854 baziy poros, esancios 22 chromosomoje q12.3 vietoje [30]. Baltymo
svoris ~ 32 kDa. Tiriant ekspresija sveikuose Zmogaus audiniuose, nustatyta,
kad didziausias HO-1 kiekis — bluznyje (Pav. 1.8.2.) [141]. Hemolizés metu,
HO-1 kiekis padidéja tiek kepenyse, inkstuose, tiek ir makrofaguose. Siuos
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pokyCius lemia padidintas hemoglobino kiekis [142]. Vertinant
vidulgstelinius HO-1 kiekius atskirose lastelés dalyse, Sio baltymo rasta

endoplazminiame tinkle, vakuolése, taip pat branduolyje ir mitochondrijose
[30].
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Pav. 1.8.2. HO-1 ekspresija sveikuose audiniuose.
Adaptuota pagal Fagerberg ir kt. [141].

Padidéjusia HO-1 ckspresija gali salygoti daugelis faktoriy. Tai Kkaip
bendrinis daugelio organizmy, kaip zinduoliai, pauksciai, zuvys net ir augalai
savigynos mechanizmas sglygojantis vieno ar kito stresoriaus. Veikiant
tokiam stresoriui, aktyvuojama HO-1 geno transkripcija ir mRNR gamyba
[143-145]. Vienas daZniausiai tyrinéjamy HO-1 ekspresijg sglygojanciy
veiksniy — hipertermija [146]. Kiti, nemaziau svarbts faktoriai, kurie
indukuoja HO-1 yra: vandenilio peroksidas, UV spinduliuoté, dietilmaleatas,
kadmio chloridas, kobalto chloridas, hemo protoporfirinas, kobalto
protoporfirinas, alavo protoporfirinas, hipoksija, hiperoksija, interleukinai,
angiotenzinas Il. Idomu tai, kad alavo ir cinko protoporfirinai skatina HO-1
transkripcija, taciau tiek in vivo tiek in vitro slopina jo funkcija [30].

HO-1 tiesiogiai susijes ir su tam tikromis ligomis. Yra zZinoma, kad sumazéjes
HO-1 kiekis Zmogaus organizme tiesiogiai atsakingas uz metabolinius
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sutrikimus, individo Zemg tgj, sumazéjusj geleZies pasisavinima, anemijg,
kreSumo sutrikimus ir ankstyva mirtj [147]. Peliy individai su HO-1 deficitu
turi didesnés apimties organus, jy audiniuose nustatomas didelis oksidacinio
streso lygis. Manoma, kad jeigu Sie individai gyventy ilgesnj laika, jiems
i8sivystyty onkologiniai susirgimai, diabetas. HO-1 ekspresija padidéja
sergant daugeliu vézio tipy, tac¢iau pacio baltymo funkcija ir vieta lasteléje
varijuoja (Lentelé¢ 1.8.1.) [148]. Sergant prostatos karcinoma, branduolio
HO-1 ekspresija tiesiogiai koreliavo su naviko progresija [149]. Nustatyta,
kad individai, kuriy HO-1 ekspresija néra didelé, yra labiau linke susirgti
skrandzio ar plauciy adenokarcinoma, nei tie, kurie i$skiria didesnj HO-1
kiekj [150]. Slopinant HO-1 kartu su EGF receptoriaus inhibitoriumi, kartu
veikiant plauéiy vézio lgsteles cisplatina gerina pastarosios poveikj [151],
padidina apoptozés lygj bei sustiprina lasteliy atsakg j spindulinio gydymo ir
cisplatinos poveikj [152, 153].

Lentele 1.8.1. HO-1 reiksme navikuose.

Vézio tipas HO-1 vieta Reik§mé
plaudiy citoplazma susijes su didesne stadija
prostatos branduolys susijes su vézio progresavimu
kasos citoplazma proangiogeninis
galvos/kaklo branduolys susijes su vézio progresavimu
glioma makrofagai proangiogeninis
storosios zarnos citoplazma/makrofagai susijes su geresne prognoze
skrandzio citoplazma/makrofagai susijes su geresne prognoze

Adaptuota pagal Wegiel ir kt. [148].

1.9 Alavo protoporfirinas

Alavo protoporfirinas (SnPP) - HO-1 funkcijos slopiklis. Jo cheminé
formulé - C34H32N404Sn. Molekuliné masé — 679,4 g/mol [154]. Yra Zinoma,
kad S$is protoporfirinas hemo degradacijos keliu, hemg konvertuoja j
biliverding. Idomu tai, kad SnPP didina HO-1 ekspresija, taciau slopina jo
funkcijg. Sergant gelta, jis mazina bilirubino kiekj plazmoje [155]. HO-1 ir
SnPP rySys pradétas tyrinéti dar 9 deSimtmetyje. ISsiaiSkinta, kad SnPP
mazina hemo oksigenazés mitochondrinés RNR kiekj. Negana to, gali
slopinti naviky augima, bei maZinti ciklino D1 ekspresija, taip létinant B
lasteliy leukemijos progresijg [156], taip pat gerinti organizmo reakcijg j
infekcija [157]. Klinikinéje praktikoje, buvo atliekami tyrimai, kur SnPP
buvo naudojamas kiidikiy hiperbilirubinemijos gydyme [158].
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1.10 Mitochondrijy energetiniai mechanizmai

Mitochondrijos yra Iastelés plauciai. Jos suvartoja apie 98 % viso gaunamo
deguonies. Vidulastelinis mitochondrijy kiekis priklauso nuo lastelés
funkcijos. Daug energijos suvartojanciose lastelése galima priskai¢iuoti kelis
tukstan¢ius. Mazai energijos reikalaujanciose Igstelése — kelis Simtus [159].
Mitochondrijose randama DNR ir ribosomy. Jose gaminami baltymai [160].
Pagrindiné mitochondrijy funkcija — energijos gamyba. Taciau jos taip pat
atsakingos uz Ca?" homeostaze, vidinius signalus, apoptoze, bei redokso
biisenos palaikymg [160-162].

Energijos gamyba mitochondrijose vyksta oksidacinio fosforilinimo biidu,
kuomet i$ riebaly riig§¢iy ir angliavandeniy gaunama ATP, kuri naudojama
vykdyti vidulasteliniams procesams [163].

Oksidacinis fosforilinimas yra pagrindinis biidas lastelei apsirtpinti energija.
Siame procese dalyvauja keturi kvépavimo grandinés kompleksai, i§ kuriy
trys veikia kaip protony pompos ir perneSa protonus i§ matrikso |
tarpmembraning ertm¢. Daugybé Siy kompleksy, kuriuos jungia KoQ ir
citochromas C kopijy yra i$sidést¢ vidinéje mitochondrijy membranoje [162,
164, 165]. Mitochondrijy kvépavimo grandiné sukuria elektrocheminj
protony gradienta (Pav. 1.10.1.). Sj gradienta naudoja V kompleksas (ATP-
aze), i§ ADP ir Pi sintetindamas ATP [166].

I kompleksas — kitaip dar vadinamas NADH dehidrogenazé, susideda i§ 45
baltyminiy subvienety ir sveriantis apie 1 mDa [164]. Ji yra L formos,
sudaryta i$ hidrofobinés ir hidrofilinés daliy. Pirmoji — membraniné dalis, kur
randami kofaktoriai, atsakingi uz NADH oksidacijg. Antroji — nustatoma
mitochondrijy matrikse ir dalyvauja protony pernasoje [165].

Il kompleksas — sukcinato dehidrogenazé, zymiai didesné uz NADH
dehidrogenaze. Jos svoris 123 kDa. Sis kompleksas taip pat randamas
vidinéje mitochondrijy membranoje. Bei atkartojant pirmajj, randama FAD
prosteting, bei Fe — S grupés. Idomu tai, kad §j kompleksa koduoja DNR
[165].

Il kompleksas — citochromo ¢ oksidoreduktazé, arba — citochromo bcl
kompleksas, atliekantis svarbig funkcijg ir apoptozés mechanizme. Svoris —
13 kDa. Si kompleksa sudaro 2 dalys: citochromas cl1 su Fe-S grupe
membranos 1Sor¢je, o citochromas b yra membranos viduje. Kompleksas
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veikia kaip katalizatorius, oksiduojant KoQH: iki KoQ. Taip pat
katalizuojama citochromo redukcija [165].

IV kompleksas — citochromo ¢ oksidazé, sudaryta i$ 13 subvienety. Tris i$ jy
koduoja genai, esantys mitochondrijose, kitus 10 — esantys branduolyje [167,
168]. Dvi hemo grupés (a ir a3), bei du Cu?* centrai (A ir B) sudaro §i
kompleksg. Citochromo c¢ oksidazé katalizuoja Oz redukcijg, tam
panaudodama citochromg c. IV komplekso struktiirg gali keisti tokios
patologijos kaip vézys ir cukrinis diabetas [168].

V kompleksas — ATP sintazé. Jj sudaro du domenai: Fo ir Fi. Pirmasis
domenas randamas viding¢je mitochondrijy membranoje, o antrasis jy
matrikse. Oksidacinio fosforilinimo metu ATP sintazé atsakinga uz ATP
gamybg. D¢l elektrocheminio vandenilio jony gradiento, V kompleksas
sintetina ATP i§ ADP ir fosfatinés grupés (Pi) [165].

TARPMEMBRANINE ERTME

A

A
sukcinatas  fumaratas
NADH NAD+ H+ ADP+ Pi ATP
MATRIKSAS

Pav. 1.10.1. Mitochondrijy kvépavimo grandiné ir jos kompleksai.

I - NADH dehidrogenazé; II - sukcinato dehidrogenazé; I1I - citochromo ¢ oksidoreduktazé;
IV - citochromo ¢ oksidazé; V — ATP sintazé. Adaptuota pagal Ros Kuperus ir kt. [169].

Visi Sie kompleksai kartu su neSikliais dalyvauja oksidaciniame
fosforilinime. Energijos gamybai naudojami angliavandeniy, riebaly ragsciy
ir baltymy oksidacijos galutiniai produktai — piruvatas, acetil-KoA,
aminortigStys. Piruvatu gali buti gliukozé ar kiti angliavandeniai. Patekus
Sioms medZiagoms ] matriksg, jos verciamos acetil-KoA, kuris veéliau
naudojamas Krebso cikle [160]. Glikolizés, Krebso ciklo ar riebaly rigséiy
oksidacijos metu sintetinami NADH ir FADH2, kurie véliau oksiduojami
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kvépavimo grandingje. | ir 11 kompleksuose NADH ir FADH: atiduoda
elektronus, kurie yra perneSami ant KoQ, kuris taip yra redukuojamas.
Redukuotas KoQ), elektronus atiduoda 111 kompleksui. Citochromo ¢ oksidazé
elektronus gauna i§ citochromo c ir kvépavimo grandiné¢ pabaigiama.
Veikiant I, 11l ir 1V kompleksams, i$ matrikso j tarpmembraning ertme
pernesami protonai. Sios pernagos déka, tarpmembraninéje ertméje susidaro
protony koncentracijos gradientas, ko pasekoje atsiranda elektros kriviy
skirtumas tarp abiejy mitochondrijos membranos pusiy. Sj gradienta
daugiausia naudoja V kompleksas ATP gamyboje [170, 171].
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2. TYRIMU METODAI

2.1 Intraperitoniskai plintancio véZzio lasteliy linijos

AGS ir Caco-2 Igstelés buvo jsigytos i§ ,,American Type Cell Culture*
(ATCC; Manassas; VA; JAV). AGS lasteliy linija iSskirta 1§ 54 mety moters,
serganCios skrandzio adenokarcinoma. Prie§ iSskiriant Sias lgsteles, jai
nebuvo taikomas joks sisteminis gydymas. Caco-2 Igstelés iSskirtos i§ 72
mety vyro, sergancio storosios zarnos adenokarcinoma. T3M4 Iasteliy linija
padovanojo ,,European Pancreas Centre” (Heidelbergas; Vokietija). Sios
lastelés buvo isskirtos i§ kasos duktaline adenokarcinoma sergancios, japony
kilmés pacientés metastatinio limfmazgio. Yra zinoma, kad Sios linijos
lastelés produkuoja karcinoembrioninj antigeng (CEA) ir turi Kras mutacija.

Visos lgstelés buvo kultivuojamos RPMI terpéje (Invitrogen; Karlsbhadas;
CA; JAV), kartu su fetaliniu jauc¢io serumu (FBS; Invitrogen; Karlsbadas;
CA; JAV), bei 1 % penicilino/streptomicino tirpalu (Invitrogen; Karlsbadas;
CA; JAV). Konteineriai su lgstelémis buvo laikomi drégname inkubatoriuje,
palaikant 37 °C ir 5 % COa.

2.2 Eksperimentas ir jo rezultaty vertinimas

Eksperimenta galima skirstyti j 2 dalis: nemoduliuojant HO-1;
moduliuojant HO-1 raiska ir funkcijg (Pav. 2.2.1.). Pirmojoje dalyje lastelés
buvo inkubuojamos 24 valandas, véliau veiktos cisplatina ir temperatira. 1Csg
— 50 % mazinanti atitinkamos lasteliy linijos metabolinj aktyvuma,
cisplatinos koncentracija, nustatyta titruojant doze. Naudota temperatiira
buvo: 37 °C (kontrol¢), 38 °C, 39 °C, 40 °C, 41 °C, 42 °C, 43 °C, 44 °C ir 45
°C. Mineéti 2 veiksniai naudoti atskirai, arba kartu. Atkartojant daZniausiai
naudojamg HIPEC laika, poveikis truko 1 val. Lasteles veikiant tam tikru
temperatiiriniu reZimu, pradzioje buvo matuojama lgsteliy terpés temperatiira,
pasiekus uzsibrézta — pradétas skaiCiuoti eksperimento laikas. Praéjus
valandai, lgsteliy terpé pakeista nauja. Naudojant cisplating — keiciant terpe,
papildomai 3 kartus Iékstelé buvo praplauta PBS tirpalu (Invitrogen;
Karlsbadas; CA; JAV). IS karto po eksperimento buvo matuojama
vidulasteliné cisplatinos koncentracija. Pragjus 48 val. nuo eksperimento
pradzios, atlikti MTT, apoptozés, energetikos ir HO-1 raiskos tyrimai.
Antrojoje eksperimento dalyje, pradzioje lasteléms buvo inkorporuota HO-1
tildanti RNR (siRNR), kitos buvo veiktos alavo protoporfirinu (SnPP).
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Praéjus 72 val., veikta/neveikta cisplatinos ICsp ir normotermija (37 °C) arba
hipertermija (43 °C). Tuomet lastelés kultivuotos dar 48 val. ir poveikio
atsakas vertintas apoptozés, metabolinio aktyvumo, raiskos ir kvépavimo
greicio tyrimais.

* Apoptoze (tekmés citometrija);

¢ Cisplatinos koncentracijos «  Energetinis aktyvumas (MTT), izobologramos;
- matavimas (masés +  HO-1raiska (PCR, Western blot);
2 TYRIMAI spektrometrija) +  Kvépavima greitis (V, Vapo);
-
z
<
S Lasteliy kultivavimas
i - »
g normaliomis sglygomis
[e] Temperatirosir  Poveikio pabaiga
= cisplatings 1€ Nuplaunama
2 poveikio pradiia. I3steliy terpé,
turinti cisplatinos.
Pakeitiama nauja
terpé.

+  Apoptozé (tékmés citometrifa);

*  Energetinis aktyvumas (MTT);

+  HO-1raitka (PCR, Western blot);
3 TYRIMAI «  Kvépavimo greitis (Vi Vapel;
o
=
=
2
< Lasteliy kultivavimas Lasteliy kultivavimas
o 9
g normaliomis salygomis normaliomis salygomis
2 HO-1siRNR Temperatiros,  Poveikio pabaiga
o transfekcija/ cisplatinos I1C5, Nuplaunama
= poveikis SnPP poveikio pradfia. Iasteliy terpé,

turinti cisplatinos.
Pakeitiama nauja
terpé.

Pav. 2.2.1. Tyrimy modelio grafinis vaizdavimas.
23MTT

Lasteliy metabolinis aktyvumas buvo vertinamas MTT (3-(4,5-
dimetiltiazol-2-il-)-2,5-difeniltetrazolio bromidas) (Invitrogen; Karlsbadas;
CA; JAV) metodika. Lékstelés su paveiktomis lasteléemis ir 5 mg/ml MTT
buvo inkubuojamos 4 val. Véliau terpé iSsiurbta ir j Sulinélius jpilta DMSO
(dimetilsulfoksidas) (Karl Roth Gmbh; Karlsriihé; Vokietija), kuris iStirpino
susidariusius formazano kristalus. Spalvos sugertis buvo matuojama 570 nm
ir 650 nm bangos ilgyje. Tyrimui naudotas Sunrise spektrofotometras (Tecan
Austria Gmbh; Grodigas; Austrija). Rezultatai apdoroti MS Excel 365
programa (Microsoft; Redmondas; WA, JAV).

2.4 1zobologramos

Cisplatinos ir temperatiiros bendro poveikio lagsteléms analizei buvo
pasirinkta izobologramy metodika. Siam tikslui buvo naudojami MTT
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metabolinio aktyvumo duomenys, gauti veikiant 38 °C, 39 °C, 40 °C, 41 °C,
42 °C, 43 °C, 44 °C, ir 45 °C temperatiiroje, bei cisplatinos 25 pmol/L, 50
umol/L, 100 pmol/L, 200 umol/L, ir 400 umol/L. Gautos nuo dozés
priklausancios efektinés kreivés. Kombinuoto gydymo analizei buvo
naudojama: 39 °C + 50 umol/L; 39 °C + 100 umol/L; 39 °C + 200 umol/L;
40 °C + 50 pmol/L; 40 °C + 100 pmol/L; 40 °C + 200 pmol/L; 41 °C + 50
umol/L; 41 °C + 100 umol/L; 41 °C + 200 pmol/L; 42 °C + 50 pmol/L; 42 °C
+ 100 pmol/L; 42 °C + 200 pmol/L; 43 °C + 50 umol/L; 43 °C + 100 pmol/L;
43 °C + 200 pmol/L; 44 °C + 50 umol/L; 44 °C + 100 umol/L ir 44 °C + 200
umol/L. Duomeny analizei naudota Chou efekto medianos lygtis [172],
rodanti kombinacinj 2 poveikiy indeksa (CI). Siam skaiGiui esant <1 —
poveikis vertinamas kaip sinergistinis; Cl=1 — adityvus; >1 — antagonistinis.
Skai¢iavimams buvo pasitelkta CompuSyn programiné jranga (CompuSyn
Inc; Panamusas; NJ; JAV).

2.5 Tékmés citometrija

Apoptozes lygio pokytis buvo vertinamas tékmés citometrijos metodika,
praéjus 48 val., po cisplatinos ir hipertermijos poveikio. Lastelés veiktos 2 ml
0,25 % tripsino (Invitrogen; Karlsbadas; CA; JAV) 37 °C ~ 7 min, kad jas
atkelti nuo 1éksteliy pavirSiaus. Véliau jos buvo praskiestos RPMI
kultivavimo terpe. Analizei buvo naudojamas Guava Nexin Annexin V
(Merck; Millipore; Burlingtonas; MA; JAV) gamykliskai paruostas testo
rinkinys, kurio pagrindiniai preparatai yra: Annexinas V-PE ir 7-
aminoactinomycinas D. Priklausomai kokiu preparatu dazési Igstelés, buvo
vertinama ar ji gyvybinga, ar ankstyvoje apoptozéje, ar vélyvoje
apoptozéje/nekrozéje. Visi tyrimo etapai atlikti pagal gamintojo nurodymus.
Buvo naudojama Guava Personal Cell Analysis Flow Cytometer aparatiné
jranga (Merck; Millipore; Burlingtonas; MA; JAV), bei to paties gamintojo
CytoSoft programiné jranga (versija 2.1.4).

2.6 Polimerazés grandininé reakcija (PGR)

RNR buvo iSgauta i§ Igsteliy naudojant PureLink® RNA Mini Kit
(Ambion; Austinas; TX; JAV), pagal gamintojo nurodymus. Sios RNR kiekis
buvo iSmatuotas naudojant UV spketrofotometrijg (NanoDrop; Walthamas;
MA; JAV). cDNR buvo paruosta naudojant 2 pg RNR, juos maiSant su Super
Script Vilo Master Mix tirpalu (Invitrogen; Karlsbadas; CA; JAV) pagal
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gamintojo rekomendacijas. RNR amplifikacija atlikta 20 pl taryje, naudojant
1 X Master Mix, pradmenis, bei 2 pg RNR Sablong. Pradinis kaitinimo etapas
buvo vykdomas 95 °C, 10 min. Po to seké denatiravimo etapas — 95 °C, 10
min. Grandinés ilginimo etapas truko 40 cikly po 1 minutg, 72 °C. HO-1
pradmenys buvo jsigyti i§ Invitrogen (Karlsbadas; CA; JAV): HO-1 fwd - 5°-
TGCTCAACATCCAGCTCTTTGAGGA-3> ir HO-1 rev - 5’-
CAGGCAGAGAATGCTGAGTTC-3". PGR produkty vizualizacijai buvo
naudojamas 1,5 % agarozés gelis ir jo elektroforezé, veikiant 140 V, ~40 min.
Etidzio bromidu nudazyti rezultatai veikti ultravioletine Sviesa (Gel Doc™
XR+ Gel Documentation System; Bio-Rad Laboratories, Inc.; Herculesas;
CA; JAV). Analiz¢ atlikta to paties gamintojo, Imagelab programine jranga
(versija 6.0.0).

2.7 Western blot

Paruosus Igsteliy lizatus radioimunoprecipitacijos buferiu (Abcam;
Kembridzas; JK), su proteaziy inhibitoriais (Roche Diagnostics; Baselis;
Sveicarija) bei naudojant baltymy kiekio nustatymo rinkinj (Thermo Fischer
Scientific; Waltamas; MA; JAV), buvo nustatyta baltymy koncentracija. 50
ng, 5 min pasildyty 95 °C méginiy buvo perkelta i 4 % - 12 % SDS-PAGE
geli. Veikiant gelj 30 V 50 min., méginiai perkelti ant polivinilideno fluorido
membranos. Tuomet sumazinti nespecifiniam rezultatui, membranos veiktos
blokavimo buferiu (WesternBreeze Blocker/Diluent; Invitrogen; Karlsbadas;
CA; JAV) 1 val. kambario temperatiroje. Véliau, 4 °C temperatiroje parg
laiko veikti pirminiais antikiiniais. HO-1 antik@inis — anti HO-1, iSgautas i
triusio (kat.nr. EP1391Y; 1:2000; Abcam; KembridZzas; JK), taip pat naudotas
ir kontrolinis antikiinis — GAPDH, isSgautas i§ pelés (kat.nr. AM4300;
Ambion; Austinas; TX; JAV). Toliau, méginiai veikti 1 val. kambario
temperatiiroje antriniais antikiiniais: prie§ triusio antikiinius (kat.nr.
WP20007; Invitrogen; Karlsbadas; CA; JAV), bei pries pelés (kat.nr.
WP20006 Invitrogen; Karlsbadas; CA; JAV). Vizualizuoti rezultatus, buvo
naudojamas chemiliuminescuojantis substratas (CDP-Star; Invitrogen;
Karlshadas; CA; JAV) su ChemiDoc sistema (Bio-Rad Laboratories, Inc.;
Herculesas; CA; JAV). ImageJ (versija 1.48; National Institutes of Health;
Betezda; MD; JAV) programiné jranga buvo naudojama vaizdinj rezultatg
paversti skaitiniu.
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2.8 Vidulasteliné cisplatinos koncentracija

ISkart po cisplatinos/hipertermijos poveikio, buvo vertinama vidulgsteliné
cisplatinos koncentracija. Naudojant 2.7 skyriuje nurodyta metodika, lastelés
buvo lizuotos, o lizatai praskiesti 10 karty. Koncentracija buvo matuojama
masés spektrometru (NexION™ 300D; Perkin Elmer; Waltham; MA; JAV),
turin¢iu nikelio kiigius ir kvarcing cikloning preparato purskimo kamerg.
Norint pasalinti poliatominius trikdzius, naudotos 99,999 % Helio dujos.
Kalibracinéms kreivéms gauti, buvo naudojamas Multi-Element calibration
standart 4 (Perkin Elmer; Waltham; MA; JAV).

2.9 HO-1 raiskos slopinimas siRNR

72 wval. prie§ cisplatinos ir hipertermijos poveikj, HO-1 raiska buvo
slopinama slopinan¢ia siRNR, jsigyta i§ Ambion (Austinas; TX; JAV),
turin¢ig sekancig nukleotidy seka: 5’-UGAACACUCUGGAGAUGAC-3".
Kadangi buvo naudojama 30 nM HO-1 siRNR, toks pats kiekis panaudotas ir
kontrolinés siRNR (AllStars NegativeControl; Qiagen; Hildenas;Vokietija),
kurios nukleotidy seka - 5’-UUCUCCGAACGUGUCACGU-3’. Siekiant
siRNR patekti j lgstelés vidy, buvo didinamas membranos pralaidumas. Tam
naudotas Lipofectamine® RNAIMAX (Invitrogen; Karlsbadas; CA; JAV) bei
Opti-MEM™ terpé (Invitrogen; Karlsbadas; CA; JAV), pagal gamintojo
rekomendacijas. Nutildymo efektyvumas vertintas Western blot metodika.

2.10 HO-1 funkcijos slopinimas alavo protoporfirinu (SnPP)

72 val. pries HIPEC in vitro simuliacija, lastelés buvo veikiamos 20 nM
SnPP. Praéjus valandai, terpé buvo nupilama. 3 kartus l€kstelé buvo praplauta
PBS tirpalu (Invitrogen; Karlsbadas; CA; JAV) ir Iastelés buvo kultivuojamos
normaliomis saglygomis drégname inkubatoriuje, palaikant 37 °C ir 5 % Oz,
iki kito eksperimento etapo.

2.11 Mitochondrijy kvépavimo grei¢io nustatymas

Analizuojant kvépavimo greicio pokyc¢ius lgstelése, naudota Oxygraph-2k
(Oroboros; Insbrukas; Austrija) poliarografiné sistema. Tyrimas vyko 37 °C,
naudojant Klark O elektroda. Tyrimui naudota terpé sudaryta is: 0,5 mmol/Il
EGTA, 3 mmol/l MgCI2, 60 mmol/l K-laktobionato, 20 mmol/l taurino, 10
mmol/l KH2PO4, 20 mmol/l HEPES, 110 mmol/l sukrozés. Lasteliy
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membranos pralaidumo didinimui buvo naudojama 8 pg/ml digitonino.
Bazinis — mitochondrijy kvépavimo greitis 2-0je metabolinéje bisenoje (Vo),
buvo matuojamas terpéje, kartu su substratais 5 mmol/l glutamatu + 2 mmol/I
malatu. Vapp — tre¢ioji metaboliné mitochondrijy biisena vertinta | terpe
jterpiant 1 mM ADP. Vo — mitochondrijy kvépavimo greitis 2-0je
metabolinéje biisenoje, esant terpéje prisotintoje substrato ir deguonies, Vapp
— mitochondrijy kvépavimo greitis treCioje metabolinéje biisenoje,
maksimaliai aktyvuojant ADP priedu (Immol/l ADP), esant substrato ir
deguonies [173]. Duomeny vertinimui naudotas kvépavimo Kkontrolés
koeficientas (KKK). Jis apskai¢iuojamas pagal formule: KKK= Vapp/Vo.
Kuo KKK didesnis, tuo efektyvesnis kvépavimas. Kuo Sis koeficientas
mazesnis, tuo didesni oksidacinio fosforilinimo sutrikimai mitochondrijose.
Rezultaty apipavidalinimui pasitelkta Datlab 5 (Oroboros; Insbrukas;
Austrija) programin¢ jranga. 1 mln lasteliy/ 2 ml terpés buvo naudojama
kiekvienam kvépavimo matavimui, o duomenys pateikti pmol/s/0,5mlIn
lasteliy.

2.12 Statistiné analizé

Statistiné SPSS (versija 21.0; IBM, Armonkas; NY; JAV) programa, bei
grafiné - GraphPad (versija 6.01; GraphPad Software; La Jolla; CA; JAV)
buvo pasitelktos duomeny vertinimui ir atvaizdavimui. SKirtumo tarp
tirlamyjy grupiy statistiniam patikimumui vertinti buvo pasirinkta Mann-
Whitney ir One-Way ANOVA statistiniai testai. Grafikuose vaizduojama
vidurkis + standartinis nuokrypis 1§ 3 atskiry eksperimenty. P<0,05 nustatyta
kaip statistiSkai patikima reikSmeé.
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3. REZULTATAI

3.1 Temperatiiros ir cisplatinos poveikis 1asteliy metaboliniam
aktyvumui
3.1.1 Temperatiiros poveikis tiriamosioms lasteléms

AGS, Caco-2 ir T3M4 lastelés buvo veikiamos atitinkama temperatiira, vieng
valandg. Viena lasteliy grupé, kaip kontrolé buvo veikiama 37 °C. Kitos
lasteliy grupés veikiamos 38 °C, 39 °C, .... 45 °C. Skirtingos temperatiiros
poveikis Igsteliy metaboliniam aktyvumui buvo vertinamas MTT tyrimu.
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Pav. 3.1.1.1. Skirtingas lgsteliy atsakas j temperatiirg

AGS ir Caco-2 lgsteliy metabolinis aktyvumas mazéjo hipertermijos salygomis, tuo tarpu
T3M4 — sumazéjo veikiant 42 °C, o veikiant aukStesnei temperatiirai, buvo panasus j
kontrolés. Metabolinio aktyvumo duomenys prilyginti atitinkamos Igsteliy linijos
kontrolinés grupés aktyvumui (37 °C) — 100%. * - p<0,05.

Visos lasteliy linijjos 1 temperatiira reagavo skirtingai. Jautriausios
hipertermijai buvo AGS Iastelés. Jos 1 temperatiiros kilimg reagavo
adekvaciai. Kylant temperatiirai nuo 37 °C iki 41 °C aktyvumas nekito. Nuo
41 °C iki 45 °C, jy metabolinis aktyvumas sumazéjo 30 %. Lyginant su
kontrole (37 °C), 43 °C sumazino aktyvuma 16 %, 44 °C - 22 %, 45 °C - 30
% (p<0.05). Caco-2 lasteliy metabolinis aktyvumas nekito temperatiiros
intervale nuo 37 °C iki 42 °C. Veikiant Igsteles 43 °C ir 44 °C, jy aktyvumas
sumazéjimo atitinkamai 15 % ir 20 % (p<0,05). 45 °C temperatiira taip pat
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mazino lgsteliy metabolinj aktyvuma, taCiau statistiSkai reikSmingo pokycio
nenustatyta. T3M4 Iasteléems temperatiira aiSkaus poveikio nedaré ir
aktyvumas nekito. ISsiskyré tik 42 °C, kur statistiskai reik§mingai (p<0,05)
sumazéjo metabolinis aktyvumas 30 %. Taciau veikiant auksStesne
temperatiira, lasteliy aktyvumas vél buvo panasus j kontrolinés grupés (Pav.
3.1.1.1.). Didinant temperatiirg atitinkamai maz&jo metabolinis aktyvumas
AGS lastelése. Caco-2 - aktyvumas sumazéjo tik veikiant 43 °C ir 44 °C, o
T3M4 - 42 °C. Veikiant aukStesnémis temperatiiromis Caco-2 ir T3M4
Iasteles, metabolinis aktyvumas buvo panasus j kontroliniy grupiy.

3.1.2 Cisplatinos poveikis véZinéms lasteléms

Virskinimo sistemos vézinés lastelés buvo veiktos cisplatina ir tirtas jy
metabolinis aktyvumas MTT metodika (Pav. 3.1.2.1.). Nustatyta kiekvienai
lasteliy linijai cisplatinos ICso doze, t.y. preparato kiekis, kurio uZztenka
sumazinti lgsteliy metabolinj aktyvumg 50 %. Visy lasteliy aktyvumas
mazg¢jo, taciau jam sumazinti reikalinga skirtingu preparato doziy. SkrandZio
vézinéms lasteléms cisplatinos ICsp — 182 umol/l, storosios zarnos — 194
umol/l ir kasos — 48 umol/I.
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Pav. 3.1.2.1. Lgstelés skirtingai reaguoja j cisplating.

T3M4 — jautriausiai reaguoja j cisplatinos poveikj. Metabolinio aktyvumo duomenys
prilyginti atitinkamos lasteliy linijos kontrolinei grupei (neveikiant cisplatina). Punktyriné
linija atitinka 1Csp,

Vertinant gautus rezultatus, T3M4 Iastelés buvo jautriausios cisplatinos
poveikiui. MaZziausiai jautrios — Caco-2. Remiantis Siuo tyrimu buvo
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pasirinktos atitinkamos 1Cso cisplatinos koncentracijos kiekvienai lasteliy
linijai ir naudotos tolimesniuose tyrimy etapuose.

3.1.3 Kombinuotas temperatiiros ir cisplatinos poveikis

Imituojant in vitro hiperterminés intraperitoninés chemoperfuzijos salygas,
lastelés buvo veiktos tiek skirtingomis temperatiromis, tiek specifine
cisplatinos ICso koncentracija. Tyrimas atliktas naudojant MTT metodika.
Siuo eksperimentu noréta i$siaidkinti kaip temperatiira, keiGia cisplatinos
citotoksiskuma, kuris vertintas per lasteliy metabolinj aktyvuma.
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Pav. 3.1.3.1. Cisplatinos ir temperatiiros poveikio kombinacija isskiria 2
lgsteliy grupes.

AGS ir T3M4 lastelés veikiamos cisplatinos ICsp veikiant tam tikrais temperatiiriniais
rézimais gali biiti suaktyvintos, didéjant jy metaboliniam aktyvumui. Aktyvumo duomenys
prilyginti atitinkamos lasteliy linijos kontrolinei grupei (veikiant cisplatina 37°C ).
Punktyriné linija atitinka ICso metabolinj aktyvuma.

Temperatiiriniai réZimai nuo 37 °C iki 41 °C netur¢jo jokios jtakos cisplatinos
poveikiui. Keista, taciau ties tam tikra temperatiira, buvo stebétas metabolinio
aktyvumo padidéjimas lyginant su lastelémis veiktomis cisplatina 37 °C. 42
°C didino cisplatina veikty AGS lasteliy aktyvuma 33 %. T3M4 aktyvumas
padidéjo 32 % veikiant 43 °C. Vertinant aukstesnés nei 43 °C poveikj, buvo
stebimas jo mazéjimas AGS ir T3M4 lgsteliy linijose, taciau jis nekito Caco-
2. Cia 43 °C - 45 °C intervale metabolinis aktyvumas, lyginant su kontrole
buvo sumazejes 30 %. Tuo tarpu veikiant cisplatina AGS ir T3M4 lasteles
ir 45 °C, aktyvumas sumazéjo atitinkamai 70 % ir 76 %. Apibendrinant
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rezultatus galima isskirti 2 temperatiiros poveikio grupes: I — Caco-2, kuomet
kylant temperatiirai, palaipsniui krenta cisplatina veikty lasteliy metabolinis
aktyvumas; 1l — AGS ir T3M4, kuomet veikiant tam tikrais temperatiirinais
rézimais aktyvumas gali padidéti (Pav. 3.1.3.1.). Panasu, kad veikiant
hipertermine intraperitonine chemoterapija navikines lasteles, kuomet tam
tikra temperatiira gali padidinti aktyvuma, bitina atsizvelgti | temperatiirinj
rezima, nes galima sulaukti prieSingo rezultato nei tikétasi.

3.1.4 Kombinuoto temperatiiros ir cisplatinos poveikio matematiné
analizé: sinergija ar antagonizmas?

Ivertinti bendra cisplatinos ir temperatiiros poveikj lasteléms, buvo
pasirinkta izobologramy matematiné skai¢iavimo metodika. Analiz¢ atlikta
naudojant metabolinio aktyvumo duomenis. Nustatyta, kad visos tirtos
temperatiiros ir cisplatinos koncentracijos veikia antagonistiSkai AGS
lgsteles. Caco-2 Igsteléms kombinuotas poveikis buvo trejopas: sinergistinis
(40 °C su 50 pmol/L ir 100 pmol/L cisplatinos; 43 °C su 50 umol/L, 100
umol/L, ir 200 umol/L cisplatinos; 44 °C su 50 pumol/L, 100 umol/L, ir 200
umol/L cisplatinos); adityvus (39 °C su 100 pmol/L cisplatinos; 41 °C su 100
umol/L cisplatinos ir 42 °C su 50 pmol/L ir 100 umol/L cisplatinos); bei
antagonistinis (39 °C su 200 umol/L cisplatinos; 40 °C su 200 umol/L
cisplatinos, 41 °C su 50 umol/L ir 200 umol/L cisplatinos; 42 °C su 200
umol/L cisplatinos). T3M4 Igsteléms buvo nustatytas adityvus (41 °C su 200
umol/L cisplatinos, 42 °C su 50 umol/L cisplatinos, 44 °C su 100 umol/L ir
200 pumol/L cisplatinos) ir antagonistinis (visos kitos tirtos temperatiiros ir
cisplatinos kombinacijos) poveikis (Pav. 3.1.4.1.).
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Pav. 3.1.4.1. Izobologramos. Trilypis cisplatinos ir temperatiiros poveikis.

Linijos, jungiancios trikampiuose esancius ICsp taskus, bei diagramose esanciose desinéje
atspindi kombinacijos indeksg (CI = 1). Visi tagkai, kurie yra zemiau linijos — rodo
kombinacinio poveikio sinergizmag, ant linijos — adityvuma, vir$ linijos — antagonizma.
Taskai, esantys labai nutolg nuo linijos (antagonizmas) grafike nerodomi. Naudojami
matematiskai apskaiciuoti ICso: AGS - 51°C su 159 umol/L cisplatinos; Caco-2 — 66 °C su
328 umol/L; T3M4 — 61 °C su 0 umol/L.

Apibendrinant, matematiné kombinuoto poveikio analizé parodé sinergistinj
ry$] tik Caco-2 lastelése, o adityvy Caco-2 ir T3M4. Skrandzio véZio
lasteleéms poveikis buvo tik antagonistinis.

3.2 Vidulastelinés cisplatinos koncentracijos pokyciai

Veikiant atitinkama Igsteliy linijai cisplatinos ICsg, tirta koks
chemopreparato kiekis patenka j Igstelés vidy. Analizuoti duomenys tiek
normotermijos tiek hipertermijos salygomis (Pav. 3.2.1.). Didziausia
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cisplatinos koncentracija rasta AGS lastelése — 23 ng/ml, maZziausia T3M4—
11 ng/ml. Tuo tarpu Caco-2— 20 ng/ml. Hipertermija esamg koncentracija
patikimai didino: AGS — 30 % (p<0.01); Caco-2 — 20 % (p<0.05) ir T3M4 —
18 % (p<0,05).
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Pav. 3.2.1. Hipertermijos jtaka vidulgstelinei cisplatinos koncentracijai.

Cisplatinos koncentracija demonstruojama ng/ml vienetais. Mann-Whitney testas
naudotas rasti statistiSkai reik§Smingus skirtumus tarp grupiy, kur * - p<0,05; ** - p<0,01.
,Tcis“ — cisplatina veiktos lgstelés; ,,-cis* — neveiktos.

3.3 Cisplatinos ir temperatiiros itaka véZiniy lasteliy apoptozei ir
vidulasteliniam kvépavimui
3.3.1 Kombinuoto cisplatinos ir temperatiiros poveikio jtaka apoptozei

Hipertermijos poveikio | cisplatinos citotoksiskumg analizei taip pat buvo
pasitelkta tékmés citometrijos metodika, matuojant ankstyva, vélyva
apoptoze ir zuvusias lgsteles (Pav. 3.3.1.1.). Daugiausiai démesio skirta
ankstyvai apoptozei, nes Sis tyrimas buvo atliekamas 48 val. po eksperimento.
Ivertinus pries tai atlikty tyrimy rezultatus, pasirinkta optimaliausia veikianti
temperattira — 43 °C (hipertermija). Cisplatina salygojo apoptozes padidéjima
Caco-2 ir T3M4 lgstelése atitinkamai 1,5 ir 3,4 karto (p<0,05). Tuo tarpu
vélyvos apoptozés/negyvybingy lasteliy nustatyta atitinkamai 0,5 % ir 2,9 %.
Lyginant hipertermijos (43 °C) poveikj, cisplatina veiktoms lasteléms su
kontroline grupe (veiktos cisplatina normotermijoje — 37 °C), nustatyta, kad
hipertermija paskatino apoptoze 20 % (1% vélyvos apoptozés/Zuvusiy
Igsteliy) Caco-2 ir 19 % (3,9 % vélyvos apoptozés/zuvusiy lasteliy) T3M4
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(p<0,05). Vien tik cisplatina AGS lasteliy apoptozés normotermijoje
nejtakojo, kuri buvo panasi j kontrolinés grupés (lasteliy neveikty cisplatina
ir kultivuoty normotermijoje). Taciau hipertermija zenkliai paskatino
ankstyva apoptoze AGS, ja padidindama 61 % (04 %  vélyvos
apoptozés/zuvusiy lgsteliy) (p<0,05).
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Pav. 3.3.1.1. Hipertermijos jtaka ankstyvai apoptozei.

Hipertermija jtakojo ankstyva apoptozg AGS ir T3M4 lgstelése, Caco-2 — jtakos
neturéjo. A — punktyriné linija rodo kontrolinés grupés (normotermijoje be cisplatinos
kultivuoty lasteliy) ankstyvos apoptozés lygi, pagal kurj rodomi duomenys grafike. Mann-
Whitney testas naudotas rasti statisti§kai reik§mingus poky¢ius tarp grupiy, kur * - p<0,05.
B — Apoptozés duomenys pavaizduoti taskiniame grafike. ,,+cis* — cisplatina veiktos
lastelés; ,,-cis* — neveiktos.

Apoptozés analizé iSrySkino T3M4 lasteles, kaip labiausiai jautrias
hipertermijos sglygotam cisplatinos citotoksiSkumui. SkrandZio véZio
lasteléms hipertermija taip pat didino cisplatinos citotoksiskumg, o Caco-2
poveikio nebuvo.
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3.3.2 Cisplatinos poveikis Iasteliy kvépavimo greiciui

Atlikus jvading temperatiiros ir cisplatinos poveikio lasteliy metaboliniam
aktyvumui analize, tirta kaip cisplatina ir temperatiira veikia vidulgstelinj
kvépavima (deguonies sunaudojimg mitochondrijose). Siam tikslui naudotas
glutamatas/malatas kaip kvépavimo substratai. Vertinant mitochondrijy
kvépavimo greitj 2-0joje metabolinéje busenoje — Vo), nustatyta kad
cisplatina jj patikimai reikSmingai didino AGS ir T3M4, atitinkamai 2,44 ir
2,34 karto (p<0,05). Caco-2 greitis taip pat didéjo 1,42 karto, tik statistiskai
nereik§mingai (Pav. 3.3.2.1.A.). Vertinant mitochondrijy kvépavimo greitj 3-
o0joje kvépavimo biisenoje - Vapp, stebétas jos padidéjimas su T3M4 — 37 %
(p<0,05). AGS ir Caco-2 kvépavimo greitis augo 34 % ir 35 %, taciau $is
pokytis nebuvo statistiSkai patikimas (Pav. 3.3.2.1.B.). Kvépavimo kontrolés
indeksas (Pav. 3.3.2.1.C.) AGS, Caco-2 ir T3M4 Igstelése mazéjo atitinkamai
44 %, 16 % ir 40 % (p<0,05).
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Pav. 3.3.2.1. Cisplatinos poveikis mitochondrijy kvépavimo greiciui.

Glutamatas/malatas naudoti kaip substratai. A — mitochondrijy kvépavimo greitis 2-0je
metabolinéje biisenoje — Vo. B — mitochondrijy kvépavimo greitis 3-oje metabolinéje
biusenoje, pridéjus ImM ADP - Vapp. C —kvépavimo kontrolés indeksas, apskaic¢iuojamas:
Vapp/Vo. * - p<0,05 patikimas pokytis tarp kontrolés ir atitinkamos cisplatina veiktos
lasteliy grupés.
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Apibendrinant cisplatinos poveikio mitochondrijy kvépavimo greiciui, tik
T3M4 lastelése chemopreparatas reikSmingai ji didino II ir III metabolingje
busenoje.

3.3.3 Temperatiiros jtaka lasteliy kvépavimo greiciui

Hipertermija (43 °C) nekeité mitochondrijy kvépavimo grei¢io nei antoje,
nei tre¢ioje metabolinése biisenose Caco-2 ir T3M4 Igstelése (Pav. 3.3.3.1.A;
Pav. 3.3.3.1.B.), atitinkamai nepakito ir kvépavimo kontrolés indeksas (Pav.
3.3.3.1.C.). Tuo tarpu AGS mitochondrijy kvépavimo greitis Vo padidéjo
1,64 karto (p<0,05). Hipertermija didino ir kvépavimo greitj trecioje
metabolinéje biisenoje (Vaop) 30 % (p<0,05). Atitinkamai, 27 % sumazéjo
kvépavimo kontrolés indeksas (p<0,05).
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Pav. 3.3.3.1. Temperatiiros poveikis mitochondrijy kvépavimo greiciui.

Glutamatas/malatas naudoti kaip substratai. A — mitochondrijy kvépavimo greitis 2-0je
metabolinéje biisenoje — Vo. B — mitochondrijy kvépavimo greitis 3-oje metabolinéje
biusenoje, pridéjus ImM ADP - Vapp. C —kvépavimo kontrolés indeksas, apskaiciuojamas:
Vapp/Vo. * - p<0,05 patikimas pokytis tarp kontrolés ir atitinkamos temperatiira veiktos
lasteliy grupés.
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AGS lastelése hipertermija patikimai didino mitochondrijy kvépavimo greitj
tiek 11, tiek ir 11l metabolinése biisenose. Nei Caco-2 nei T3M4 — poveikio
nebuvo.

3.3.4 Kombinuoto temperatiiros ir cisplatinos poveikio jtaka lasteliy
kvépavimo greiciui

Kvépavimo greitis vertintas ne tik atskirai veikiant cisplatina ar
hipertermija, ta¢iau ir kombinuotai — veikiant kartu. Nepastebéta jokio
poky¢io AGS ir T3M4 lagstelése (Pav. 3.3.4.1.A.; Pav. 3.3.4.1.B.; Pav.
3.3.4.1.C.). Cisplatina veikiant Caco-2 lasteles hipertermijoje, kvépavimo
greitis sumazéjo 36 % trecioje metabolinéje biisenoje (p<0,05). Nei antroje
metabolinéje biisenoje, nei kvépavimo kontrolés indekso statistiSkai
reik§mingy pokyciy nebuvo nustatyta.
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Pav. 3.3.4.1. Mitochondrijy kvépavimo greicio analizé veikiant
temperatiira ir cisplatina.

Glutamatas/malatas naudoti kaip substratai. A — mitochondrijy kvépavimo greitis 2-0je
metabolinéje biisenoje — Vo. B — mitochondrijy kvépavimo greitis 3-oje metabolinéje
busenoje, pridéjus ImM ADP - Vapp. C —kvépavimo kontrolés indeksas, apskaic¢iuojamas:
Vapp/Vo. * - p<0,05 patikimas pokytis tarp kontrolés ir atitinkamos temperatiira veiktos
lasteliy grupés. Punktyrine linija atskirtos skirtinga temperattira veiktos lastelés. ,,+cis“ —
cisplatina veiktos lastelés; ,,-cis* — neveiktos.
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Hipertermija didinant cisplatinos citotoksiskuma, nestebéta jokiy
reik§mingy vidulastelinio kvépavimo pokyc€iy, vertinant kartu II ir III
metaboline biisena.

3.4 HO-1 moduliacijos jtaka lasteléms
3.4.1 HO-1 raiska

HO-1 raiska buvo vertinta PGR metodika. Nustatyta, kad storosios Zarnos
veézio lastelése nei temperatiira, nei cisplatinos poveikis neturé¢jo jokios jtakos
HO-1 geno pokyciams. Todél tolimesniuose tyrimuose, susijusiuose su HO-
1 Sios lasteliy linijos buvo atsisakyta (Pav. 3.4.1.1.). Skrandzio vézio (AGS)
lastelése buvo stebima, jog hipertermija padidina HO-1 ekspresija, nors ir
statistiSkai nereikSmingai. Didziausias HO-1 raiskos pokytis buvo stebimas
T3M4. Taciau, $§] pokyt] lémée cisplatinos poveikis, bet ne hipertermija.
Cisplatina HO-1 ekspresija padidino 4,8 karto normotermijos ir 3,8 karto
hipertermijos salygomis (p<0,05).
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Pav. 3.4.1.1. HO-1 RNR ekspresija, veikiant lgsteles cisplatina ir
hipertermija.

Temperatiiros ar cisplatinos poveikis stebimas tik AGS ir T3M4 Igstelése. * - p<0,05
patikimas pokytis tarp toje pacioje temperatiroje veikty/neveikty cisplatina grupiy. ,,+cis“ —
cisplatina veiktos lastelés; ,,-cis* — neveiktos.

HO-1 baltymo raiskos tyrime naudojome tik AGS ir T3M4 Igsteles (Pav.
3.4.1.2.). Nustatyta, kad vien tik hipertermija veikiant skrandzio vézio lasteles
HO-1 baltymo raiska padidéjo 2,75 karto (p<0,05). Vien tik cisplatinos
poveikis normotermijos saglygomis raiska didino 1.2 karto, taciau tai nebuvo
statistiSkai patikima. Hipertermijos salygomis cisplatina paveikty AGS
lasteliy raiska buvo mazesné 8 %, taCiau tai nebuvo statistiSkai reikSmingas
rezultatas. T3M4 lgstelése HO-1 baltymo raiSkos rezultatai buvo kitokie negu
RNR. Cisplatina neveiké nei normotermijoje nei hipertermijoje, o auksta
temperatiira turéjo tendencijg mazinti HO-1 baltymo kiekj.
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Pav. 3.4.1.2. HO-1 baltymo ekspresija, lgsteles veikiant cisplatina ir
hipertermija.

Temperatiira jtakoja HO-1 baltymo raiska tik AGS lastelése. Grafikuose pavaizduotas
Western blot rezultaty kiekybinis vertinimas ImageJ programa. * - p<0,05 patikimas
pokytis tarp grupiy. ,,+cis“ — cisplatina veiktos lastelés; ,,-cis“ — neveiktos. Apacioje

paveikslo grafinis Western blot rezultaty atvaizdavimas. GAPDH — kontrolinis baltymas.

RNR ir baltymy ekspresija tarp ty paciy lasteliy linijy iSsiskyre. HO-1
baltymas - kaip funkciné medziaga, kurios gamybai reikalinga RNR.
Fiksuojant tik HO-1 baltymy kiekio poky¢ius, kuriuos jtakoja hipertermija,
ir nenustatant panasaus HO-1 RNR Kkiekio kitimo, galima daryti prielaida,
kad ne visas HO-1 RNR kiekis nustatomas PGR metodika. Todél remtasi
baltymy ekspresijos duomenimis ir tolimesnei HO-1 funkcijos lastelese
analizei nuspresta naudoti skrandzio vézio lasteliy linijg — AGS.
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Pav. 3.4.1.3. HO-1 geno slopinimas siRNR.

HO-1 tildanti RNR uzslopina baltymo ekspresija. GAPDH — kontrolinis baltymas.
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Tolimesniuose tyrimuose, planuojant slopinti citoprotekcinio geno raiska,
tirta HO-1 gena slopinanti RNR (siRNR). Kadangi ja paveikus AGS lasteles,
buvo stebimas HO-1 baltymo kiekio sumazéjimas, lyginant su kontrole (Pav.
3.4.1.3.), nuspresta, kad §i siRNR yra veiksminga ir ja galima moduliuoti
lasteles.

3.4.2 Slopinant HO-1 mazéja AGS metabolinis aktyvumas

Uzslopinus HO-1 raiska, bei veikiant Igsteles hipertermija ir cisplatina
buvo tirtas AGS metabolinis aktyvumas MTT metodika (Pav. 3.4.2.1.).
Nustatyta, kad normotermijos salygomis aktyvumas sumazéjo 16 %
(p<0,05). Veikiant 43 °C, metabolinis aktyvumas buvo mazesnis nei
kontrolingje grup¢je (veikiant tik cisplatina normotermijoje), taciau
statistiSkai reikSmingo pokycio nebuvo.
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Pav. 3.4.2.1. AGS metabolinis aktyvumas, slopinant HO-1
raiskq.

HO-1 slopinimas normotermijoje sumazino metabolinj aktyvuma. * - p<0,05 patikimas
pokytis tarp normotermijoje veikty grupiy.

HO-1 slopinimas AGS lasteliy metabolinj aktyvumga mazina tik
normotermijos sglygomis.
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3.4.3 HO-1 slopinimas skatina apoptoze, taciau neveikia
vidulastelinio kvépavimo

Tékmés citometrijos pagalba buvo tirta HO-1 jtaka AGS apoptozei (Pav.
3.4.3.1.). Slopinant HO-1 normotermijoje ir veikiant cisplatina, ankstyva
apoptozé padidéjo 2,63 karto (p<0,05). Hipertermijoje $is pokytis buvo dar
rySkesnis — 4,19 karto (p<0,05). Lyginant apoptoze, cisplatina ir HO-1 siRNR
veikty Igsteliy normotermijoje su veikty hipertermijoje, Stebima, kad
pastarojoje ankstyva apoptozé buvo 2,6 karto didesné.
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Pav. 3.4.3.1. Ankstyvos apoptozés pokyciai, slopinant HO-1 raiskg.

HO-1 slopinimas didina AGS apoptoze. Duomenys grafike prilyginti kontrolei (Iasteléms
kultivuotoms normotermijoje be cisplatinos ir siRNR). Vertikali punktyriné linija rodo
kontrolinés grupés apoptoze. * - p<0,05 statistiskai patikimas pokytis tarp grupiy, nurodyty
linijomis. Taskinés grafos vizualiai atspindi lenteléje pateiktus duomenis.

Jeigu vertintume lasteliy zaties pokycius tarp kontrolés (normotermijoje
kultivuoty lasteliy, be cisplatinos ir HO-1 slopinimo) ir lgsteliy veikty
hipertermija, cisplatina ir slopinant HO-1 raiska, gautume 6,5 karto geresnj
rezultata (p<0,05). Vertinant energetinius pokycius, slopinant HO-1
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ekspresijg, mitochondrijy kvépavimo greitis mazéjo 2-oje metabolingje
buisenoje 21 % (p<0,05), o 3-0je - 19 % (p<0,05). Kvépavimo kontrolés
indeksas i$liko panasus abiejose grupése, dél panasaus greicio kitimo abiejose
metabolinése blisenose (Pav. 3.4.3.2.).
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Pav. 3.4.3.2. HO-1 slopinimas ir kvépavimo greitis.

Mitochondrijy kvépavimo greitis 2-0je metabolinéje biisenoje — V. Mitochondrijy
kvépavimo greitis 3-oje metabolinéje busenoje, pridéjus ImM ADP - V app.

Veikiant AGS lasteles cisplatina ir slopinant HO-1 ekspresija didéja
apoptozés lygis, kuri dar padidina hipertermija. HO-1 slopinimas mazina
mitochondriy kvépavimo greit;.

3.4.4 Alavo protoporfirino (SnPP) poveikis AGS lasteléms

Zinant, kad Alavo protoporfirinas (SnPP) slopina HO-1 citoprotekcine
funkcija [174], AGS lastelés veiktos 20 uM Sios medziagos, hiperterminés
intraperitoninés chemoterapijos salygomis (Pav. 3.4.4.1.A.). Jokiy poky¢iy
veikiant cisplatina ir SnPP normotermijoje nenustatyta, taiau hipertermijoje,
AGS metabolinis aktyvumas padidéjo 1,7 karto, bet Sis rezultatas nebuvo
statistiSkai patikimas. SnPP taip pat turéjo tendencijg didinti ir apoptotinj
lasteliy aktyvuma, taciau rezultatuose statistiskai reikSmingy pokyc¢iy nebuvo
nustatyta (Pav. 3.4.4.1.B.).

Tiriant SnPP jtakojamus poky¢ius buvo nustatyta, kad slopinant HO-1
funkcija, sumazéjo kvépavimo greitis 2-oje metabolinéje biisenoje 13 % ir 49
% 3-0je metabolinéje busenoje (Vapor) (p<0,05), bei 43 % sumazgjo
kvépavimo kontrolés indeksas. Sie energetiniai rezultatai rodo, kad SnPP
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slopinant HO-1 funkcijg, mitochondrijy funkciné buklé blogéja, to pasekoje
AGS tampa jautresnés cisplatinai (Pav. 3.4.4.1.C.; Pav. 3.4.4.1.D.).
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Pav. 3.4.4.1. HO-1 funkcijos slopinimas alavo protoporfirinu.

Slopinant SnPP bei kartu veikiant cisplatina ir hipertermija buvo tirta: A- metabolinis
aktyvumas; B — ankstyvos apoptozés poky¢iai (duomenys B grafike prilyginti kontrolei -
lasteléms kultivuotoms normotermijoje be cisplatinos ir siRNR). C ir D grafikuose
duomenys rodomi tik hipertermijos (43 °C) sglygomis, kur tirtas mitochondrijy kvépavimo
greitis. Vp- antra metaboliné mitochondrijy kvépavimo biisena. V app - tre¢ia metaboliné
biisena. D — kvépavimo kontrolés indeksas. * - p<0,05 statistiskai patikimas pokytis tarp

grupiy.

Apibendrinant HO-1 funkcijos slopinimo rezultatus SnPP, galima teigti, kad
§i medziaga turéjo tendencijg didinti tiek AGS metabolinj aktyvuma, tiek
skatinti apoptotinius procesus, bei III metabolinés blisenos aktyvuma.
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4. REZULTATU APTARIMAS

4.1 Bendras intraperitonis§kai plintanciy navikuy lasteliy atsakas i
hipertermine¢ chemoterapija

Nors $iais laikais randama daug vézio atvejy ankstyvose stadijose, vis dar
iSlieka gana didelé problema diagnozavus iSplitusj vézj [1]. SkrandZio, kasos
ir storosios zarnos navikai - vieni i§ dazniausiai nustatomy pilvaplévés
ertméje iSplitusiy onkologiniy susirgimy. Tokiu atveju gydymo galimybés
daznai biina labai ribotos. Vienas i§ gydymo metody yra HIPEC. Yra Zinoma,
kad $i procediira didina pacienty iSgyvenamuma sergant skrandzio [175, 176]
ir storosios Zarnos [177, 178] adenokarcinoma, bei sergan¢iy mezotelioma ar
kiauSidziy véziu [179]. Minéto gydymo metu tiek laisvai plaukiojancios
vézinés lastelés, tiek ir pilvaplévés pavirSius yra veikiami aukstos
temperatiiros ir chemopreparato. Cia jau vien hipertermija gali veikti j lasteliy
membranas, citoskeleta, mitochondrijas ir branduolj, bei jame vykstancius
DNR reparacijos mechanizmus [180].

Vézinés Iastelés yra skirtingos tiek savo kilme, tiek genotipu, tiek ir fenotipu,
todél néra logiska taikyti vienoda gydyma, visy tipy navikams ir klinikinéms
situacijoms, kurias jie sukelia. Iki $iol gydymo parametrus ir rezultatus, tiek
hipertermijos rézimus, tiek ir chemopreparato pasirinkimg bei procediiros
laika, bei naviko tipg vertinti nejmanoma. Néra konkreciy gydymo gairiy,
gydymo parametrai varijuoja priklausomai nuo ligoninés, kur jie taikomi.
Siame tyrime buvo pasirinktas 1 val. poveikio laikas, kaip daZniausiai
naudojamas kliniking¢je praktikoje, o poveikio rezultatai buvo vertinami
pragjus 48 val., nes turimais tyrimy duomenimis, tiriant dar vélesniame
laikotarpyje jokiy poky¢iy nebuvo pastebeta.

Siame tyrime buvo pasirinktos 3 skirtingy lokalizacijy virskinimo sistemos
naviky lasteliy linijos. Zinant, kad to pacio véZio tipo lastelés tarpusavyije
skiriasi tiek savo iSskiriamais biozymenimis, funkcija, tiek ir apoptozes
mechanizmais, bei kitais aspektais [181], tyrimo tikslas buvo geriau suprasti
bendra skrandzio, kasos ir storosios Zzarnos veéziniy lgsteliy atsakg |
hiperterming chemoterapija, bandant jj pagerinti. Vertinant literattirg, tyrime
naudojamos skrandzio (AGS) ir storosios zarnos (Caco-2) lgsteliy linijos yra
gana gerai istirtos. Zinoma, kad AGS lastelése i§ 516 tirty geny, 40 i§ jy —
mutave. Cia randamos tokios mutacijos kaip KRAS, WNK1 ir WNK2 [182].
Taip pat Sios lastelés iSskiria padidintus HER-2, VEGF, EGFR bioZzymeny
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kiekius [183]. Caco-2 nustatytos SMAD4 ir TP53 geny mutacijos. Taip pat
iSskiriamas padidéjes ILF3 ir TIMP3 kiekis [184-186]. Labai mazai duomeny
apie pasirinkta kasos vézio Iasteliy linija — T3M4. Zinoma tik tiek, kad Siose
lastelése nenustatyta mutacijy, taciau iSskiriami padidinti kiekiai jvairiy
augimo faktoriy [187]. Vertinant HO-1 raiska skrandzio, kasos ir storosios
zarnos vézinése lastelése, nustatomas panasSus Sio geno kiekis. HO-1 RNR
kiekis sveikos storosios zarnos Igstelése 3 kartus virSija kasos ir skrandzio
sveiky Iasteliy RNR kiekj [188, 189].

Eksperimentiskai nustatyti skirtumai tarp Igsteliy linijy, vien tik hipertermijos
poveikyje. Negana to, hipertermija didino kasos véziniy lgsteliy metabolinj
aktyvumg. Tai galima bity paaisSkinti karS¢io indukuojamy baltymy
aktyvacija. Guo Yang ir kt. tirdamas kasos vézio lgsteles ir veikdamas
gemcitabinu, stebéjo panaSy rezultata. Savo studijoje iStyré, kad karscio
indukuojami baltymai buvo aktyvuoti per lastelés S fazés stabdymag ir
apoptotinius mechanizmus [190]. Veikiant 43 °C hipertermija Caco-2 ir AGS
lasteliy linijas, buvo stebimas zenklus metabolinio aktyvumo sumazéjimas.
Kudo ir kt. tirdamas storosios zarnos vézio - Colon 26 lasteles, taip pat gavo
panasius rezultatus [191]. Tiriant 2 val. 48 °C temperattros poveikj Caco-2
lasteléms, nustatyta, kad metabolinis aktyvumas sumazéja 80 %, taciau
gyvybingy Igsteliy iliecka [192]. Vertinant miisy tyrimo rezultatus, veikiant
Caco-2 lasteles 1 val. 43 °C temperatiira, aktyvumas sumazéjo tik 14 %.

Siame tyrime cisplatina buvo pasirinkta, kaip darbinis chemopreparatas.
Vertinant literatiroje skelbiamus rezultatus, cisplatina ir jos derivatai
naudojami gydyti daugeli naviky. Tai taip pat stabilus ir placiai naudojamas
preparatas in vitro eksperimentuose.

Vertinant bendrg hipertermijos ir cisplatinos poveikj, zinoma, kad auksSta
temperatiira didina cisplatinos citotoksiskuma [193, 194]. Rui Tangas ir kt.
tirdamas cisplatinos ir hipertermijos poveikj SeSioms skrandzio vézio lasteliy
linijoms, nustaté sinergistinj poveikj tarp abiejy veiksniy [195]. Taip pat
kombinuotas gydymas, skrandzio vézio lastelése didino cisplatinos
citotoksiskuma, apoptozés lygj ir MicroRNR-218 vidulgstelinj kiekj [196].
Tuo tarpu misy tyrime, tik 43 °C temperatiira ir didesn¢, kartu veikiant
cisplatina veiké lasteles, mazinant jy metabolinj aktyvuma. Si poveikj
vertinant izobologramy metodika AGS Iastelése, stebéjome antagonizmg. 42
°C poveikis sumazino lgsteliy aktyvuma net 33 %. Poveikio temperatiiros
skirtumas — 1 °C, ta¢iau aktyvumo skirtumas labai ryskus. Sie rezultatai
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parodo, kaip svarbu klinikingje praktikoje parinkti tinkamg temperatiirg, nes
poveikis gali buti atvirk§¢ias negu tikétasi. Temperatiira gali padidinti
vidulgstelinius procesus, taip mazindama cisplatinos citotoksiSkuma.
Vertinant apoptozg, kurig sukelia cisplatina AGS lastelése, nebuvo stebima
jokio reikSmingo pokycio, taciau pridéjus hipertermijos (43 °C) poveik],
apoptozés lygis padidéjo 61 %. Sie rezultatai jrodo, kad nevisais
mechanizmais cisplatina ir temperatiira veikia antagonistiskai, kaip nustatyta
izobologramomis.

Analizuojant kity autoriy atliktus tyrimus ir vertinant storosios zarnos vézio
lasteliy atsaka j chemopreparaty ir hipertermijos poveikj, galima teigti, kad
jis priklauso nuo paciy Iasteliy tipo. Vertinant Colon 26 Igsteliy atsakg vien
tik j cisplating, buvo gautas geras atsakas — metabolinis aktyvumas sumazéjo
[191], o hipertermija padidino citotoksiskumg [197]. Tai buvo patvirtinta ir
kituose tyrimuose. CX-1 Igsteles veikiant 1 val. chemopreparatu ir 42 °C
temperatiira, pastaroji stiprino citotoksiSkuma [198]. Veikiant 41 °C ir 42 °C
HCT116+ch2 (MMR-) Iasteles, nebuvo stebima jokio jos poveikio.
Atvirksciai, Sios lastelés tapo 1,42 karto atsparios cisplatinai [199]. Karscio
indukuojamy baltymy sukeliama citoprotekcija, galéty biiti vienas i§ tokiy
rezultaty paaisSkinimy. Tuo tarpu misy tyrime hipertermija kartu su cisplatina
nezymiai mazino Caco-2 lgsteliy metabolinj aktyvuma, ta¢iau 26 % padidino
apoptozeés lygj. Tiriant aktyvumo rezultatus izobologramomis, stebétas ~50
% tirty kombinacijy sinergistinis poveikis. Tyrimai su Caco-2 lgstelémis,
dalinai atkartoja AGS lasteliy rezultatus. Galima teigti, kad veikiant Iasteles
tam tikromis cisplatinos ir temperatiros kombinacijomis, gydymo efekta
galima pagerinti.

Tiriant kasos véZzio lasteles, autoriai nurodo, kad hipertermija gali padidinti
gemcitabino citotoksiskuma, bei inicijuoti didesnj apoptozés lygj [200, 201].
Muisy tyrimy rezultatai atskleidée, kad tik didesné nei 43 °C temperatiira, kartu
su cisplatina salygojo funkcinius lasteliy pokyc¢ius. Titruojant cisplating,
siekiant nustatyti ICso, buvo konstatuota, kad T3M4 lastelés yra labai jautrios
jos poveikiui. Cisplatina apoptozes lygi padidino net 3.4 karto, o temperatiira
pakele dar 19 %. Vertinant skirtingas cisplatinos ir temperatiiros
kombinacijas izobologramomis, stebéta, panaSius rezultatai, kaip ir AGS
lastelése. Dauguma kombinacijy buvo antagonistings, ir tik keleto poveikis —
adityvus. Vertinant bendrai $iy lasteliy atsaka j kombinuota gydyma, galima
teigti, kad AGS ir Caco-2 lasteliy rezultatai skyrési nuo T3M4. Loggie
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Brainas ir kt. nurodo, kad kombinuotas gydymas efektyvesnis neagresyviems
navikams [202].

4.2 Energetiniai pokyciai veikiant hipertermine chemoterapija

Kitas Sioje disertacijoje analizuojamas aspektas — kaip cisplatinos ir
hipertermijos poveikis veikia lasteliy mitochondrijas ir jy kvépavimo greit;.
Yra zinoma, kad vézinése Iastelése energijos gamyba mitochondrijose ir jy
funkcija uzima gana svarbig vieta, jas aprupindamos energija ir saglygojancios
metabolinj aktyvumg ir proliferacija. Cisplatina ir hipertermija jtakoja
mitochondrijy veikla, kuri keicia lastelés gyvavimo procesus. Vertinant
literatiiroje pateiktus rezultatus, néra susijusios informacijos su analizuojamy
lasteliy energetiniais pokyciais, jas veikiant cisplatinos ir hipertermijos
kombinacija. Apibendrinant Sio tyrimo energetiniy eksperimenty rezultatus,
galima teigti, kad vien tik cisplatina didina mitochondrijy vidinés membranos
laidumg ir mazina energijos gamybg jose (mazéja kvépavimo koeficientas).
Tuo tarpu hipertermija didina tik AGS kvépavima. Caco-2 ir T3M4 Igstelése
poky¢iy nestebima. Vertinant kombinacinj poveiki, nepastebéta, kad
hipertermija didinty cisplatinos poveikj energetiniame lygmenyje. Sie
rezultatai tik dar kartg jrodo, kad vienas svarbiausiy aspekty — tinkamas
lasteliy/naviko pasirinkimas Siam gydymui.

Panastis rezultatai yra aptariami ir kity mokslininky, tirian¢iy cisplatinos
poveikj mitochondrijy funkcijai. Chosé Kustodio ir kt. tyringjo ziurkiy
kepeny mitochondrijas. Veikiant cisplatina, kurios koncentracija 20
mmol/mg, buvo stebimas kalcio koncentracijos pokyc¢iy salygotas
mitochondrijy brinkimas, bei mitochondrijy membranos depoliarizacija. 40
mmol/mg koncentracija stimuliavo mitochondrijy kvépavimo antrg ir ketvirtg
biiseng, t.y. didino vidinés mitochondrijy membranos laiduma, maZzindama
treciaja, substratu naudojant sukcinata. Cisplatinos poveikis taip pat mazino
kvépavimo kontrolés koeficienta (Vapp/Vo) ir ADP fosforilinima. Kustodio
apibendrindamas savo tyrimo rezultatus teigia, kad cisplatina, didindama
mitochondrijy vidinés membranos pralaidumg protonams, keifia jy
bioenergetikg [203]. Bibiana Ortega-Dominges ir kt. tirdama ziurkiy inksty
energetinius procesus vykstan€ius mitochondrijose, veikdama S5mg/kg
cisplatina, pastebéjo 50 % sumazZejusj deguonies suvartojimg trecioje
metabolinéje blisenoje (Substratas glutamatas/malatas), taciau jokiy pokyciy
nebuvo ketvirtoje. Taip pat 40 % sumazejo kvépavimo kontrolés koeficientas.
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Autoriai nurodo, kad cisplatina slopino | kompleksg ir ATP sintaze, taciau
neveiké sukcinato oksidacijos treCioje metabolinéje biisenoje. Ketvirta
metaboliné biisena cisplatinos poveikyje sumazéjo 28 %, o kvépavimo
kontrolés koeficientas — 20 % [204]. Kaip minéta anksCiau, energetiniy
tyrimy, vertinan¢iy skrandzio kasos ar storosios zarnos vézio lasteles néra
daug. Taciau tiriant stemplés vézio lasteles OE19, bei veikiant jas cisplatina
ir 5-fluoruracilu, buvo pastebéta, jog Sie medikamentai didina mitochondrijy
membranos vientisuma [205]. Kirkas Tacka ir kt. tyrin¢jo Jurkat Igsteles,
kurias veiké 0 UM - 25 pM cisplatinos. Jis nepastebéjo jokiy pokyciy
vidulgstelinio kvépavimo procesuose pra¢jus 3 val. nuo poveikio pradzios.
Taciau praéjus 24 val. tiek Iasteliy metabolinis aktyvumas, tiek ir deguonies
suvartojimas maze¢jo proporcingai didéjant cisplatinos koncentracijai. Jdomu
tai, kad tokiomis pat sglygomis veikiant jaucio Sirdies mitochondrijas, jokiy
poky¢iy nebuvo [206].

Taip pat buvo vertinta hipertermijos, bei hipertermijos ir cisplatinos
poveikyje jtaka energetiniams procesams. Apibendrinus duomenis, galima
teigti, jog hipertermija jokios jtakos nedaré¢ nei Caco-2, nei T3M4 lasteliy
energetikai. AGS lasteliy deguonies suvartojimas antroje metabolinéje
biisenoje padidéjo, o kvépavimo kontrolés koeficientas sumazéjo. Sie
rezultatai sutampa su vien cisplatinos poveikio rezultatais, tik hipertermijos
poveikis buvo 30 % mazesnis. Vertinant vidulgstelinio kvépavimo atsakg j
kombinuoto gydymo (cisplatina + hipertermija) poveiki, jokiy akivaizdziy
skirtumy nestebéta nei AGS, nei Caco-2 nei T3M4 lastelése.

4.3 HO-1 ekspresijos ir funkcijos moduliacija kartu su hipertermija ir
cisplatina

Veikiant cisplatina ir/ar hipertermija AGS, Caco-2 ir T3M4 Iasteles, bei
tiriant HO-1 tiek geno tiek baltymo ekspresija, galimg teigti, kad jos visos
elgiasi skirtingai. AGS lastelése HO-1 kiekis zenkliau nekito RNR
lygmenyje, nors hipertermija jj kiek padidino. Baltymo koncentracija didéjo
43 °C temperatiiroje. Jokiy RNR pokyciy nestebéta Caco-2 Igstelése, todél
Sios lasteliy linijos atsisakéme vykdydami HO-1 moduliacijos tyrimus. T3M4
lasteliy HO-1 RNR kiekis buvo pats didziausias 18 tirty Igsteliy. Jis didéjo tik
cisplatinos déka, o baltymo lygmenyje cisplatina nejtakojo jokiy ekspresijos
poky¢€iy, o hipertermija ja Zenkliai sumazino. Analizuojant Siuos rezultatus,
nuspresta HO-1 moduliacijg atlikti tik su skrandZio vézio lastelémis.
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IS visy eksperimentuose naudoty lgsteliy, T3M4 HO-1 kiekis buvo
didZiausias. Kasos adenokarcinoma — agresyvesné nei skrandzio ar storosios
zarnos vezys. Zao su bendraautoriais tirdamas kiausidziy karcinomos lasteles
ir naviky audinius nustaté, kad kuo agresyvesnis navikas, tuo nustatoma
didesné HO-1 ekspresija. Taip pat buvo atrasta, kad HO-1 kiekis koreliuoja
su ligos prognoze. Kuo daugiau $io baltymo, tuo prognozé blogesné [207].
Ekspresijos nesutapimus tarp lasteliy linijy poveikio salygomis vertinti
sunku. Taciau zZinant, kad vien to paties naviko lastelés skiriasi tiek funkcija,
tiek fenotipu, o Siame tyrime vertintos skirtingy naviky lgstelés, toks
nesutapimas tikrai jmanomas [181]. AGS lasteliy metabolinio aktyvumo ir
apoptozés rezultatai iSsiskyré. HO-1 slopinimas, nedavé jokio efekto
hipertermijoje, nors normotermijoje aktyvumas sumazéjo. HO-1 slopinimas
SiRNR apoptoze veiké tiek normotermijoje tiek ir hipertermijoje. Poveikis
atitinkamai buvo 2,6 ir 6,5 karto geresnis nei kontroléje. Panasu, kad nors
lastelés metabolinis aktyvumas pradinése fazése ir nesikeicia, taciau stipriai
inicijuojami apoptotiniai mechanizmai. Lv Ksinas ir kt. tirdamas gerkly vézio
lasteles, stebéjo cisplating nezymiai didinant HO-1 kiekj. Papildomai Sios
lastelés veiktos heminu — HO-1 aktyvatoriumi. Nustatyta, jog HO-1 kiekis
stipriai padidéjo, kas sglygojo apoptoze. Veikiant cinko protoporfirinu
(ZnPPIX), HO-1 ekspresija mazéjo, kartu mazéjo ir apoptozés lygis [208].
Veikiant dirgikliui — cisplatinai, jjungiami lgsteles prie$ oksidacinj stresa
saugantys mechanizmai, jskaitant gelezies jonus, anglies dvideginj ir
biliverding [209]. HO-1 slopinimas mazino mitochondrijy kvépavimo greitj
skrandzio vézio lastelése. PanaSiis rezultatai gauti ir slopinant HO-1
ekspresija HEK293 lastelése [210]. Tiriant peliy hepatocitus issiaiskinta, kad
mitochondrijos i$skiria hemo oksigenaze 2 (HO-2), o ne HO-1. Padidéjes
deguonies ir aktyviyjy deguonies formy (ROS) suvartojimas buvo susijes su
pakitusiu HO-2 kiekiu. Sio geno ekspresija susijusi su HIF-la ir JNK
signaliniais keliais. Slopinant HO-1 ekspresija jokiy poky¢iy nebuvo
pastebéta. Uzslopinus HO-2 ekspresijg pelése, buvo skatinamas sisteminis
uzdegiminis organizmo atsakas, audiniy hipoksija ir Sokas [211].

Alavo protoporfirinas, veikiant cisplatinai normotermijoje AGS metabolinio
aktyvumo nekeité, taciau kartu veikiant hipertermijai — lastelés buvo
gyvybingesnés. Veikiant SnPP treCioje metabolinéje biisenoje kvépavimo
greitis mazéjo, taip pat sumazéjo ir kvépavimo kontrolés koeficientas.
Waltzas su bendraautoriais tirdami oksigenaziy jtaka hepatocitams,
hemoraginio Soko metu, nustaté, kad tiek HO-1 siRNR tiek ir SnPP, vienodai
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slopino HO-1 [211]. Hooda ir kt. vertindami plauciy vézio lgsteliy
energetinius procesus, nustaté, kad slopinant hemo biosinteze, mazéjo
deguonies suvartojimas, lasteliy proliferacija bei kolonijy formavimas [212].
Pibiri ir kt. slopindami HO-1 funkcija SnPP, nustaté, kad sumazéjusi HO-1
raiska, skatino hepatocity regeneracija, didino uzdegiminiy mediatoriy raiska
[213]. Converso ir kt. veikdami SnPP ziurkiy mitochondrijas, nenustaté jokiy
poky¢iy trecioje ir ketvirtoje metabolinése busenose [214]. Tiriant HO-1
raiskg ir funkcija Mycobacterium abscessus bakterijose, nustatyta, kad
padidéjes biliverdino ir bilirubino kiekis naikino SnPP funkcijos slopinima
per intralgstelinj ROS kiekj [215]. Siy autoriy rezultatai dalinai sutampa su
disertacijos, taciau pastarojoje, energetiniy procesy pokyc¢iai nebuvo tokie
akivaizdds.
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ISVADOS

Cisplatina veikiamos skirtingos vézinés lastelés j hipertermija reagavo
nevienodai, ta¢iau 42 °C - 43 °C intervale stebétas metabolinio aktyvumo
padidéjimas skrandzio ir kasos vézio lasteliy linijose. Matematiniame
modelyje, daugelyje cisplatinos ir hipertermijos poveikio kombinacijy
nustatytas antagonizmas.

Hipertermija didino cisplatinos koncentracijg tirtose lasteliy linijose.
Didziausias  hipertermijos  sukeltas  vidulgstelinés cisplatinos
koncentracijos padidéjimas stebétas skrandzio vézio Iastelése.
Hipertermija turéjo didziausig jtakg cisplatina paveikty kasos vézio
lasteliy apoptozei. Hipertermija didino kasos vézio, o cisplatina —
skrandZio vézio lgsteliy mitochondrijy kvépavimo greitj. Kombinuotas
cisplatinos ir hipertermijos poveikis kvépavimo greiiui jtakos neturéjo
nei vienoje lasteliy linijoje.

Tik skrandzio vézio Igstelése stebimas hipertermijos sukeltas HO-1
baltymo ekspresijos padidéjimas. Slopinant HO-1 ekspresija, aktyvéjo
apoptozé ir mazéjo kvépavimo greitis. Slopinant HO-1 funkcija, stebéta
tendencija didinti metabolinj aktyvuma, skatinti apoptotinius procesus,
bei vidulgstelinio kvépavimo III metabolinés busenos aktyvuma.
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PRAKTINES REKOMENDACIJOS

Hipertermine chemoterapija gydant skirtingus intraperitoniSkai i$plitusius
navikus, turéty biiti pasirinktas atitinkamas hipertermijos lygis, taciau jis
neturéty biiti zemesnis nei 43 °C. PrieSingu atveju gali biiti skatinamas
metabolinis aktyvumas ir aktyvuojama HO-1 baltymo sintezé, siekiant
apsaugoti vézines lasteles. Slopinant HO-1 funkcijg ar raiskg galima gerinti
atsakg j hipertermijg ir chemoterapija.
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SUMMARY
INTRODUCTION

Cancer is one of the leading causes of death, worldwide. The most
commonly diagnosed malignant diseases are gastric, pancreatic and
colorectal cancer [1]. Rarely they are diagnosed in early cases. Usually the
diagnosis is set, when the tumor is already disseminated into the peritoneal
cavity [2]. Median survival time for patients with colorectal carcinomatosis
is from 3 to 6 months [2], pancreatic — 7 months [3]. Untreated patients with
carcinomatosis of gastric cancer origin approximately survive for 2 months
[4]. Chemotherapy prolongs survival time and is the main treatment option
for intraperitoneally disseminated gastrointestinal cancer [5, 6]. Hiperthermic
intraperitoneal chemotherapy (HIPEC) is used for treatment of peritoneal
carcinomatosis [7-9]. During the procedure, heated chemotherapy drug is
introduced into abdominal cavity. It is thought that high temperature should
improve penetration of the drug into the tissue [10]. Treatment of peritoneal
carcinomatosis can be applied using only HIPEC, or HIPEC with
cytoreductive surgery, when macroscopically seen tumors are removed in a
surgical manner [11, 12].

The usage of high chemotherapy concentration is advantage of HIPEC
against intravenous chemotherapy, where treatment concentrations are low.
In HIPEC, plasma-peritoneal barrier does not let the drug to enter a
bloodstream and protects against its toxicity. High temperature itself plays a
cytotoxic role and initiates apoptotic mechanisms [13-16].

The choice of HIPEC chemotherapy drug depends on primary tumor type,
hospital where the treatment is given and other aspects. Cisplatin, oxaliplatin
and mitomycin C are the most common drugs, used in the treatment [17].
Temperature regimen and time of the procedure varies, depending on the
hospital where treatment is been given [18]. It is very hard to evaluate the
results of the treatment, when settings of the procedure differ. Trials show
benefit of HIPEC, which prolongs survival time [6]. While comparing
cytoreduction with cytoreduction accompanied by HIPEC, there are studies,
where no benefits of hyperthermic chemotherapy are found [19]. Having
controversial results, scientists are seeking for new treatment approaches, that
could improve HIPEC [20].
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Heat-induced proteins protect cells by many triggers. Increase of these
substances are induced by heat, chemotherapy drugs, UV light and others [21-
24]. For past two decades Heme oxygenase — 1 (HO-1) is known as a
cytoprotective heat-induced protein. Increased levels of HO-1 are found in
cancer cells. It reacts to chemotherapy induced oxidative stress, induces
proliferation and suppresses apoptosis and autophagy [28-30]. Due to HO-1
cellular role, scientists try to gain better cellular response to chemotherapy,
by suppressing its function. This suppression enhances response to
chemotherapy by cellular microenvironment and immune system [31]. Tin
protoporphyrin (SnPP) is known as a HO-1 suppressing substance, which
increases cytotoxicity of chemotherapy [32].

Number of studies, evaluating cellular response to combined hyperthermia
and chemotherapy has been performed [33, 34]. There is no data about
different gastrointestinal tract tumor cell response to combined treatment. It
is still unclear if suppression of heat-induced protein function, can enhance
the effect of hyperthermia and chemotherapy.

Aim of the study

To evaluate the response of gastrointestinal system (gastric, pancreatic and
colorectal) tumor cells to hyperthermia and cisplatin treatment and to analyze
the influence of HO-1 modulation to these processes in vitro.

Objectives of the study

1. To evaluate the changes in metabolic activity of gastric, pancreatic
and colorectal cancer cells, after hyperthermia and cisplatin
treatment.

2. To evaluate if hyperthermia influences intracellular cisplatin
concentration of gastric, pancreatic and colorectal cancer cells.

3. To evaluate the changes in apoptosis and intracellular oxygen
consumption of gastric, pancreatic and colorectal cancer cells, after
hyperthermia and/or cisplatin treatment.

4. To evaluate the changes in metabolic activity, apoptosis and
intracellular oxygen consumption after HO-1 modulation in
hyperthermia and cisplatin treated cancer cells.
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Novelty of the study

Nowadays, gastrointestinal cancer can be detected at early stages, due to
innovative diagnostics. Still there are a lot of cases when cancer has already
spread to peritoneal surface. In such case, surgical treatment is not affective
and systemic treatment — chemotherapy is administered for the patient [35-
37]. Another option is — hyperthermal intraoperative chemotherapy (HIPEC).
It is known to prolong patient survival [6]. Controversary data is also present,
where HIPEC shows no benefit in peritoneally disseminating gastrointestinal
cancer treatment [19]. It is nearly impossible to evaluate results of the
treatment, due to various treatment options as different timing of the
procedure, various temperature regimens and chemotherapy drugs, as well
different criteria of patient recruitment [38].

Not many studies that evaluate impact of HIPEC to the cells are performed.
Mostly they are backed up by apoptosis or metabolic activity data only. Until
now, the mechanisms influencing cellular response to hyperthermia and
chemotherapy treatment are not clear. It is known that hyperthermia enhances
cisplatin cytotoxic effects not equally for all cancer cells. There are no studies,
evaluating different gastrointestinal cancer cell response to HIPEC in a
manner of metabolic activity, apoptosis, intracellular cisplatin concentration
and mitochondria respiration rate change.

While the basic results of cellular response to HIPEC vary, new
approaches, which could enhance this treatment are needed [20]. Heat-
induced proteins are known to have cytoprotective function. Cells
overexpress these substances due to environmental triggers as chemotherapy
and hyperthermia. Heat-induced proteins are found overexpressed in cancer
cells too. Heme oxygenase 1 (HO-1) is known as heat-induced protein, which
is responsible for resistance to chemotherapy and cellular protection against
the hyperthermia. In this study, HO-1 is selected as a potential target, because
its cellular expression increases due to hyperthermia and cisplatin treatment.
Until now it is not clear if downregulation of HO-1 can benefit in
hyperthermia and chemotherapy treatment.
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METHODS
Cancer cells and the experiment

AGS (gastric adenocarcinoma), T3M4 (pancreatic adenocarcinoma) and
Caco-2 (colorectal adenocarcinoma) cells were selected. They were
cultivated in RPMI media, containing FBS and 1 % penicillin/streptomycin.
Cells were kept in humid incubator at 37 °C and 5 % CO2. The experiment
can be separated into 2 parts. In the first part (HO-1 is not modulated) cells
were incubated for 24 hours, then they were treated with 1Cso of cisplatin and
temperature. Temperature range was: 37 °C (control), 38 °C, 39 °C, 40 °C,
41 °C, 42 °C, 43 °C, 44 °C ir 45 °C. Cisplatin and temperature treatment was
performed separately or in combination. To mimic HIPEC timing, cells were
treated for one hour. Then the media was washed away, and new growing
media was administered. Immediately after experiment intracellular
concentration of cisplatin was measured. 48 hours after experiment MTT,
apoptosis, respiration rate and HO-1 expression evaluations were conducted.
In the second part of experiment (modulation of HO-1) HO-1 silencing RNA
(SIRNA) was incorporated or cells were treated with tin protoporphyrin
(SnPP). After 72 hours cells were treated with cisplatin ICso in normothermia
(37 °C) and hyperthermia (43 °C) for one hour. Media was changed and cells
were kept for 48 hours. Then the results of the treatment were evaluated by
the means of apoptosis, metabolic activity, expression and respiration rate.

MTT

Cells were incubated for 4 hours at 37 °C with 5mg/ml MTT reagent. Then
the media was changed and DMSO was added. The absorbance read was
performed at 570 nm and 650 nm using Sunrise spectrophotometer.

Isobolograms

Isobologram analysis was performed using MTT data, to identify the limits
of the additivity action of hyperthermia and cisplatin treatment. Selected
temperature data points were: 38 °C, 39 °C, 40 °C, 41 °C, 42 °C, 43 °C, 44
°C, ir 45 °C. Cisplatin data points were: 25 umol/L, 50 pumol/L, 100 umol/L,
200 pmol/L, ir 400 umol/L. Points for combined treatment analysis were: 39
°C + 50 pumol/L; 39 °C + 100 pmol/L; 39 °C + 200 pumol/L; 40 °C + 50
umol/L; 40 °C + 100 pmol/L; 40 °C + 200 umol/L; 41 °C + 50 pmol/L; 41 °C
+ 100 pmol/L; 41 °C + 200 pmol/L; 42 °C + 50 umol/L; 42 °C + 100 umol/L;
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42 °C + 200 umol/L; 43 °C + 50 umol/L; 43 °C + 100 umol/L; 43 °C + 200
umol/L; 44 °C + 50 umol/L; 44 °C + 100 umol/L and 44 °C + 200 umol/L.
Chou median equation was used to analyze the data [172].

Flow cytometry

48 hours after experiment, changes in apoptosis rate were determined by
flow cytometer Guava Nexin Annexin V assay. Procedures were performed
according manufacturer’s requirements. Measurements were performed using
Guava PCA Flow cytometer and CytoSoft software.

Western blot

Lysates were prepared using lysis buffer which contains protease
inhibitors. 50 ug of protein samples were set into 4-12% SDS-PAGE and
transferred on PVDF membranes using 30 V for 50 min. Later membranes
were blocked using a blocking buffer at room temperature and incubated with
primary antibodies: rabbit anti-HO-1 (dilution 1:2,000) and mouse anti-
GAPDH (dilution 1:1,000) at 4°C overnight. Next day membranes were
incubated with anti-rabbit/mouse secondary antibodies for 1 hour at room
temperature. Using a chemiluminescence substrate and ChemiDoc imaging
system results were visualized. ImageJ software was used for quantification.

PCR

Sample RNA was extracted using PureLink RNA Mini kit and verified for
purity using ultraviolet spectrophotometry. Super Script Vilo Master Mix
with 2 pg of RNA was used to generate cDNA. Thermocycling conditions
were selected as following: initial step at 95°C for 10 min, denaturation -
95°C for 15 sec, annealing/extending - 60°C for 1 min (40 cycles), and final
extension step at 72°C for 2 min. HO-1 primers were: forward, 5'-
TGCTCAACATCCAGCTCTTTGAGGA-3'; and reverse, 5'-
CAGGCAGAGAATGCTGAGTTC-3". All products were loaded to agarose
gel. Ethidium bromide and UV light were used for visualization.

Intracellular cisplatin concentration

Cell lysate samples were diluted ten times immediately after experiment.
Concentration of intracellular cisplatin was analyzed by mass spectrometer
(ICP-MS) NexION™ 300D. The calibration graphs of Platinum were
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prepared in the range of 0-50 ng/mL using Pure Plus 10 mg/L Multi-Element
calibration standard 4.

siRNA HO-1 silencing

HO-1 small interfering RNA were sense 5'-
UGAACACUCUGGAGAUGAC-3, and antisense 5'-
GUCAUCUCCAGAGUGUCCA-3" and AllStars Negative Control siRNA;
sense 5'-UUCUCCGAACGUGUCACGU-3’ and antisense 5'-
ACGUGACACGUUCGGAGAA-3"). Lipofectamine® and Opti-MEM™
media were used as described by manufacturer. The efficiency of transfection
was verified using BLOCK-IiT Alexa Fluor. Western blot was used to
determine the efficiency of the knockdown.

HO-1 inhibition by tin protoporphyrin (SnPP)

72 hours before cisplatin ant hyperthermia treatment, cells were affected
by 20 nM of SnPP. Cell media was changed after 1 hour and cells were kept
in normal conditions.

Measurement of mitochondrial respiration rate

Oxygraph-2 k was used to measure mitochondrial oxygen consumption.
Measurements were performed at 37 °C medium containing 0.5 mmol/l
EGTA, 3 mmol/l MgCI2, 60 mmol/l K-lactobionate, 20 mmol/I taurine, 10
mmol/l KH2PO4, 20 mmol/l HEPES, 110 mmol/l sucrose. Digitonin (8
mg/ml) was used to permeabilize cellular membrane. State 2 respiration rate
(Vo), was measured with addition of substrate 5 mmol/l glutamate and 2
mmol/l malate. State 3 respiration rate (Vapp) was measured with addition of
1 mmol/l ADP. Respiratory control index was calculated as a ratio: Vapp/ Vo.
Datlab 5 software was used for data analysis.

Statistical analysis

SPSS statistics (version 21.0) and GraphPad was used for data analysis and
visualization. Mann-Whitney and One-Way ANOVA tests were used to
determine the difference between the groups. Data in figures is shown as
average = standard deviation of three independent experiments. P<0,05 is set
as a statistically significant value.
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RESULTS

The influence of temperature and cisplatin treatment to metabolic
activity

Increasing temperature adequately reduced metabolic activity in AGS cells
which were the most sensitive to hyperthermia. In Caco-2 cells activity was
reduced at 43 °C and 44 °C. T3M4 metabolic activity was reduced at 42 °C.
Higher temperatures in T3M4 and Caco-2 cells did not influence cellular
activity and it was like control (37 °C). Cisplatin induced metabolic activity
in all cancer cell lines. Pancreatic cancer cells were the most sensitive to the
treatment. 1Cso dose was determined for all cell lines according metabolic
activity data. I1Cso of gastric cancer cells was 182 pumol/l, colorectal cancer —
194 pumol/l and pancreatic cancer — 48 pmol/l.

Particular 1Csg doses together with temperature were used to determine the
effect of combined treatment. All cell lines reacted in different manner.
Temperature range from 37 °C to 41 °C had no effect to cisplatin cytotoxicity.
Interestingly, metabolic activity peaks were observed in gastric and
pancreatic cancer cell lines. In AGS cells metabolic activity was increased by
33 % (as compared to 37 °C) at 42 °C, in T3M4 by 32 % at 42 °C.

Isobolograms were constructed to evaluate if the combined hyperthermia and
cisplatin treatment is synergistic, antagonistic or additive. All analyzed data
points were antagonistic for AGS cells. For Caco-2 cells it was: synergistic
(at 40 °C with 50 pumol/L and 100 umol/L of cisplatin, at 43 °C with 50
umol/L, 100 umol/L, and 200 pmol/L cisplatin, at 44 °C with 50 umol/L , 100
umol/L, and 200 umol/L of cisplatin), additive (at 39 °C with 100 umol/L of
cisplatin, at 41 °C with 100 umol/L cisplatin, and at 42 °C with 50 pmol/L
and 100 umol/L of cisplatin), and antagonistic (at 39 °C with 200 pmol/L of
cisplatin, at 40 °C with 200 pmol/L cisplatin, at 41 °C with 50 umol/L and
200 pmol/L cisplatin, and at 42 °C with 200 pmol/L of cisplatin). For T3M4
cells it was additive (at 41 °C with 200 pmol/L cisplatin, at 42 °C with 50
umol/L cisplatin, and at 44 °C with 100 umol/L and 200 pmol/L of cisplatin)
and all other evaluated data points were antagonistic.

Intracellular cisplatin concentration

Immediately after cisplatin and hyperthermia exposure, cells were
analyzed for changes in intracellular cisplatin concentration. We selected two
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temperature regimens: normothermia (37 °C) and hyperthermia (43 °C).
Hyperthermia increased intracellular cisplatin concentration in gastric,
pancreatic and colorectal cancer cell lines by 30 %, 20 % and 18 %
respectively.

The influence of temperature and cisplatin treatment to apoptosis
and mitochondrial respiration rate

Flow cytometry was performed to evaluate the rates of early apoptosis.
Cisplatin induced apoptosis in Caco-2 and T3M4 cells by 1,5 and 3,4-fold
respectively. Hyperthermia boosted this affect by 20 % and 19 %
respectively. In AGS cells cisplatin did not increase the apoptosis rate
significantly, but hyperthermia increased this rate by 61 %.

Mitochondrial respiration rate was measured using glutamate/malate as
substrates. Mitochondrial state 2 (Vo — substrate glutamate/malate) and state
3 (Vapor — 1ImM ADP) were evaluated. Cisplatin increased Vo and Vapp in
T3M4 cells by 2,34-fold and 37 % significantly. Temperature increased Vo
and Vape respiratory rates by 1,64-fold and 30 %. We observed no significant
changes while evaluating combined temperature and cisplatin treatment
influence to mitochondrial respiration rate, except hyperthermia significantly
increased cisplatin effect for Caco-2 cells in Vape.

HO-1 modulation and its influence on the cells

Results of HO-1 RNA and protein expression differed. Hyperthermia
slightly increased RNA levels in AGS cells. In T3M4 cells we observed
cisplatin determined increase of HO-1 RNA level. There were no
hyperthermia/cisplatin induced RNA changes in Caco-2 cells. Due to RNA
expression results, only AGS and T3M4 cells were selected for HO-1 protein
expression evaluation. Hyperthermia significantly increased HO-1 expression
in AGS cells only. For further HO-1 experiments gastric cancer cell line was
selected.

Treating with cisplatin and hyperthermia, we induced HO-1 expression by
siRNA. Metabolic activity decreased by 16 % and apoptosis increased by
2,63-fold in cisplatin treated, HO-1 silenced cells in normothermia.
Hyperthermal conditions increased this result by 6,5-fold. HO-1 knockdown
decreased mitochondrial state 2 and 3 respiration rates by 21 % and 19 %
significantly. Suppressing HO-1 function by SnPP in hyperthermia, tended to
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increase metabolic activity of cisplatin treated cells by 1,7-fold. No
significant SnPP induced changes were observed in apoptosis. Suppression
of HO-1 function, reduced mitochondrial state 2 and 3 respiration rates by 13
% and 49 % significantly.

CONCLUSIONS

1. Response of different cells to hyperthermia was uneven, but at the
interval of 42 °C - 43 °C, gastric and pancreatic cancer cells had a peak
in metabolic activity. Mathematic antagonism is determined in most of
hyperthermia and cisplatin treatment combinations.

2. Cisplatin concentration was elevated by hyperthermia in all cancer
cells. The highest hyperthermia induced cisplatin concentration was
observed in gastric cancer cells.

3. Hyperthermia mostly influenced apoptosis for cisplatin treated
pancreatic cancer cells. Mitochondrial respiration rate was increased
by hyperthermia in pancreatic cancer cells and by cisplatin, in gastric
cancer cells. Combined treatment of hyperthermia and cisplatin had no
significant influence on mitochondrial oxygen consumption.

4. Hyperthermia induced HO-1 protein overexpression was observed in
gastric cancer cells only. HO-1 RNA silencing increased apoptosis rate
and decreased mitochondrial oxygen consumption. By suppressing the
HO-1 function, metabolic activity and apoptosis rates tended to
increase, also mitochondrial state 3 respiration rate increased.

PRACTICAL RECOMMENDATIONS

Right temperature regimens need to be chosen, while using hyperthermia
and chemotherapy for intraperitoneally disseminating cancer treatment. The
temperature should not be lower than 43 °C. Otherwise metabolic activity and
HO-1 protein expression can increase due to cellular self-protection. The
cellular response to hyperthermia and chemotherapy can be improved by
HO-1 suppression.
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Abstract

AIM

To investigate the response to hyperthermia and
chemeotherapy, analyzing apoptosis, cytotoxicity, and
cisplatin cencentration in different digestive system
cancer cells.

METHODS

AGS (gastric cancer cell line), Caco-2 (colon cancer
cell line) and T3M4 (pancreatic cancer cell line) were
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treated by cisplatin and different temperature setting
(37 C to 45 ) either in isclation, or in combination.
Treatment lasted for one hour. 48 h after the treatment
viability was evaluated by MTT, cell apoptosis by
Annexin V-PE and 7ADD flow cytometry. Intracellular
cisplatin comcentration was measurad immediately after
the treatment, using mass spectrometry. Isobologram
analysis was performed to evaluate the mathematical
combined effect of temperature and cisplatin,

RESULTS

AGS cells were the most sensitive to isolated application
of hyperthermia. Hyperthermia, in addition to cisplatin
treatment, did not provoke a synergistic effect at
intervals from 37 T to 41 T in neither cancer cel line,
However, a temperature of 43 'C enhanced dsplatin
cytotoxicity for Caco-2 cells, Moreover, isobologram
analysis revealed mathematical antagonistic effects
of cisplatin and temperature combined treatment in
AGS cells; variations bebween synergistic, additive, and
antagonistic effects in Caco-2 cells; and additive and
antagonistic effects in T3M4 cells, Combined treatment
enhancad initiation of cell apoptosis in AGS, Caco-Z,
and T3M4 cells by 61%, 20%, and 19% respectively,
The increase of intraceliular cisplatin concentration was
observed at 43 T by 30%, 20%, and 18% in AGS,
Caco-2, and T3M4 cells, respectivaly,

CONCLUSION
In addition to cisplatin, hyperthermia up to 43 T does
not affect the viability of cancer cells in a synergistic
manner.

Key words: Hyperthermal intraperitoneal chemotherapy;
Cisplatin; Hyperthermia; Isobolograms; Gastric cancer;
Pancreatic cancer; Colon cancer

@ The Author{s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Hyperthermal intraperitoneal chemotherapy
is widely used as a standard treatment option for
peritoneum invading gastrointestinal cancer. Our i
vitre results suggest that optimal temperature has
to be taken into consideration for achieving optimal
therapeutic effect. In addition to cisplatin, hyperthermia
up to 43 T does not affect the viabllity of AGS, Caco-2,
and T3M4 cells in a synergistic manner. However, some
regimens of hyperthermia and cisplatin treatment
are beneficial regarding an increase in intracellular
cisplatin concentration and enhancement apoptosis of
gastrointestinal cancer calls.
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INTRODUCTION

Fer the past two decades, hyperthermal inbraperitoneal
chemotherapy (HIPEC) has been considered
as a treatment option for periteneum invading
gastrointestinal cancers'’l. Various studies have
demonstrated improved survival rates for gastric’™
and colorectal cancers™ . The clinical application
of hyperthermia is based on the assumption that
it may enhance the effect af the chematherapy,
especially cisplatin-based treatments'™, There are
seme experimental studies providing evidence that
hyperthermia can affect cell membranes, cytoskeletons,
synthesis of macromoelecules, Increase drug-induced
DNA damage, and inhibit the repair of drug-induced
DNA damage', Hyperthermia may provide higher
local cisplatin concentrations in tissues, indicating the
pharmacokinetic advantage of its use and reduction
of systemic taxicity™. Hyperthermia-induced PARP
bleckade can increase chematherapy-induced damage
ir BRCA-competent cells of avanan and colon cancert'",

However, the results of available studies on the
synergy of hyperthermia and clsplatin chemetoxicity,
initiation of apoptosis, and intracellular acocumulation
of cisplatin in different gastrointestinal cancer cells
are controversial. The opposite effect of hyperthermia
on cisplatin sensitivity was observed in mismatch
repair deficlency and mismatch repair proficiency
in colan cancer cell lines'™, Isolated hyperthermia
only temporarily inhibited cell proliferation without
cytotoxic effects on gastric cancer cell lines. However, a
synergistic effect of hyperthermia and chemotherapy on
inhibiting proliferation and induction of cell death via the
apoptotic pathway was reported”™, Interestingly, the
hyperthermia-mediated increase of cellular accurnulation
of csplatin and persistent DNA damage in gastric cancer
cells was observed only with the addition of tumor
necrosis factor'™, The expression of heat shock genes
and proteins provides an adaptive mechanism for stress
tolerance, allowing cells to survive non-physiclogic
conditiens. However, the same adaptive medhanism can
ultimately favor malignant transformation by interfering
with pathways that regulate cell growth and apoptosis.
Cytoprotection and thermotolerance raised the eoncermn
that heat-treated tumor cells might alsa be resistant to
attack by immune effector mechanisms'"", Data on the
additive affect of hypertharmia in terms of enhanced
chemo-cytotoxicity in cancer cells of pancreatic origin
are scarca.

Therefore, the aim of this study was to analyze the
additivity of hyperthermia to dsplatin effects in gastric,
pancreatic, and colorectal cancer cell lines evaluating
cell eytotoxicity, apoptosis, and intracellular clsplatin
concentration.

MATERIALS AND METHODS

Human cancer cell lines
The AGS and Caco-2 cell lines were purchased from

March 14, 2018 | Wolume 24 | lssue 10 |
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Figura 1 Design of axparimant.

American Type Cell Culture {ATCC Manassas, VA,
United States). AGS cell line is derived from a gastric
adenocarcinoma of the stomach of a 54 year-old
Caucasian fermale with ne prior anti-cancer treatment.
Caco-2 cells were isolated from a primary colonic
tumor In a 72-year-old Caucaslan male using the
explant culture technique. Forms maoderataly well
differentiated adenocarcinomas consistent with colonic
primary grade 11, in nude mica. T3M4 cell line was
obtained as a gift from the European Panoreas Center
(Heidelberg, Germary). This cell line was detived fram
a lymph node metastasis of the Japanese male patient,
diagnased with pancreatic ductal adenocardnoma. It is
charadierized as pancreatic adenocartinoma producing
CEA, K-ras activated, and with slow cell growth. Cells
wera grawn in RPMI medium {Gibco/Invitrogen,
Carlsbad, CA, United States) with the addition of 10%
fetal bovire serum (Giboo/Invitragen) and 1% penidllin/
streptomycin solution {Gibco/Invitrogen). Flasks with
cells were cultured in a humid incubator with a CO: level
of 5% and temperature of 37 T,

Dasign of experiment

Cancer cells were cultivated for 24 h in the conditions
described above, Afterwards, cells were treated by ane
of two separate factors: temperature (37 T, 38°C,
39T, 40T, 41°C, 42°C, 43°C, 44 T, 45 T) or ICw dose
of cisplatin, which was specifically determined for each
cell line. Moreover, the combination of hyperthermia and
cisplatin treatment was applied (Figure 1), The duration
of treatment was 1 h as it reflected the treatment time
under the clinical conditions of HIPEC. Cells were heated
In humid Incubaterss at particular temperature regimens.
Whan temperature of the media reached desired laval,
we started the countdown of one hour exposure.
Medium tempearature was controlled by the alactranic
thermometer. Following the treatment, the medium was
changed, and calls were cultivated for 48 h under the
conditions as previously described. Afterwards, MTT and
flow cytomatry were performed (see "MTT assay” and
"Cell apeptesis”). All experiments were repeated at least

webianmge WG | wwrwwigneteom

three times.

MTT assay

Cytotaxicity of cisplatin arfand hyperthermia was
determined by MTT [3-(4, S-dimethylthiazol-2-¥1)-2,
S-diphenyltetrazolium bromide] {Gibco/Invitrogen)
assay. The plate was incubated for 4 h at 37 T after 5
ma/mL of the MTT reagent was added to the wells, Then
the supernatant was removed, and DMSO (dimethyl
sulfoxide) (Carl Roth GmbH, Karlsruhe, Germany) was
added to solubilize the resulting formazan crystals.
Absorbance measurements were made at 570 nm on
the Sunrise spectrophotometer (Tecan GmbH, Grodia,
Austria).

Cell apoptosis

The changes in apoptosis were evaluated after
treatment of the calls by hyparthermia (43 T} and
the previously determined 1Cso of cisplatin (specific
for particular cell line). Untreated clsplatin cells and
normothermia (37 T) cultivated cells were defined
as controls. Forty-elght hours after the experiment
(Figure 1), the rate of apoptosis was determined by
flow cytometer Guava Mexin Annexin \ Assay (Merck,
Millipore United States and Canada). All the procedures
were performed according te the manufacturer’s
instructions. Samples were measured using a Guava
Personal Call Analysis (PCA) Flow Cytometer (Merck,
Millipore) and CytoSoft software,

Intracelular concentration of cisplatin

Immediately after the experiment, the cell lysate
samples were diluted ten times with high purity
deionized water. Concentration of total intracellular
clsplatin was analyzed by Inductively coupled plasma
mass spectrometer (ICP-MS) NexION™ 300D
(PerkinElmer, United States) equipped with nickel
cones and a quartz cyclonic spray chamber as a sample
introduction system and using collision mode kinetic
energy discrimination (KED) with helium gas (purity
= 99.999%) to remove polyatomic interferences.
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reprasen the Gl of selecied combinations.

The calibration graphs for determination of Platinum
by ICP-MS were prepared in the range of 0-50 ng/mL
using Pure Plus 10 ma/L Multi-Element calibration
standard 4 {PerkinElmer, United States). The working
conditions of the spectrometer were optimized daily in
order to obtain the maximal sensitivity and stability.

Isabologram analysis

To identify the confidence limits for the additive action
of hyperthermia and cisplatin, isebelogram analysis
was applied. Data for analysls was obtained from the
MTT test (Figure 4). Temperature data points of 38°C,
307, 40°C, 41°C, 42°C, 43°C, 44°C, and 45T, and

meminnge WG | www. wignet com
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cisplatin concentration data paints of 25 pmol/L, 50
umol/L, 100 pmel/L, 200 umal/L, and 400 pmel/L were
used ta define the dose effect curve for temperature
and cisplatin, respectively. For combined treatment
analysis, the following combinations of factors were
used: 38°C + 50 pmolfL; 39T + 100 pmolfL; 39T +
200 pmelfL; 40°C + 50 ymel/L; 40°C + 100 pmol/L;
A40°C + 200 pmol/L; 41T + 50 pmol/L; 41T + 100
umal/L; 41°C + 200 pmal/L; 42 T + 50 pmol/L; 42 T
4+ 100 ymol/L; 42°C + 200 pmol/L; 43 °C + 50 pmolfL;
43°C + 100 pmol/L; 43°C + 200 umal/L; 44'C + 50
pmalfl; 44 T + 100 pmol/L; 44 T + 200 pmol/L. The
Chou median effect equation was used"™, Tt provides

March 14, 2018 | Voleme 24 | lssue 10 |
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the theoretical basis for the combination index (CI),
which enabled quantification of drug interaction
affects defining synergism (CI < 1), additivity (CI =
1), or antagonism {Cl > 1}. The CompuSyn software
(CompuSyn, Inc., Paramus, NJ, United States) was
used for calculations.

RESULTS

Different cell lines have specific responses to
hyperthermia

To evaluate the effect of hyperthermia per se on
different cancer cells in wvitre, we examined the
response of the AGS, Caco-2, and T3M4 cell lines
to temperature using a stepwise Increase of one
degrae ranging from 37 °C to 45 T, Cell viability was
determined by MTT assay. Every cell line demcnstrated
a different pattern of response to hyperthermia
(Figure 2}, AGS cells were the most sensitive one to
hypartharmia, where a temperabure rise from 41 T to
45°C gradually deoreased its viability by 30%, In the
37T to 41 C interval, the viability stayed constant.
Cells affected by 43 T, 44°C, and 45 T dropped thair
viabllity rate by 16%, 22, and 30%, respectively,
as compared to the control {37 T), A temperature
increase from 37 T to 42°C had no significant
effect on Caco-2 cells, but at 43 C and 447, its
viability dropped by 14% and 20%, respectively,
but stayed constant at higher temperatures, The
respanse of T3IM4 cells to the changes of temperature
was different. Temperatures from 37 C to 427
decreased its viability by 30%. AL 43 T, the viability
of T3M4 cells sharply increased by 20% and stayed
at this level in higher temperatures. Overall, anly
the AGS cell line responded to hyperthermia as
implied, with gradual inhibition of cell viability.

Different cell ines respond to cisplatin in a comparable
linear pattern but with specific sensitivity
Cisplatin induced a dose-dependent suppressor effect

i WIS | www.wignet.com
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on cancer cell viability, with a similar linear respanse in
the AGS, Caco-2, and T3M4 cell lines, Panoreatic cancer
cells (T3M4) were the most sensitive, revealing dsplatin
ICs at 48 ymal/L, The ICw for Caco-2 was 194 pmal/L,
and for AGS, it was 182 umol/L (Figure 3).

Insufficient temperature regimens can be detrimental in
combined hyperthermic chemotherapy

Previously determined 1Cw doses of cisplatin were
used for particular cell lines during this experiment.
Simultaneaus expoasure of cells to hyperthermic
conditions and cisplatin triggered different response
In AGS, Caco-2, and T3M4 cells (Figure 4). Owerall,
temperatures ranging from 37 T to 41°C had no
detectable additive effect to cisplatin cytetexicity.
Interestingly, we ohserved peaks of viability in AGS
(42, increase by 33%) and T3M4 (430, increase
by 329%) cells, Higher temperatures, in addition to
cisplatin exposure, inhibited cell growth dramatically;
AGS viability dropped by 70% and T3M4 dropped by
76% at 45T, Application of hyperthermia in addition
to cisplatin in the Caco-2 cell line gradually improved
tha cytotoxic effect and decreased the viability of
cells by one-fourth from 43 T to 45 T, In summary,
application of hyperthermia (43T and higher) in
addition to cisplatin might enhance its cytotoxic
effect in the Caco-2 cell line. However, lower {e.g.,
< 4317} temperature regimens may even promote
cell proliferation and worsen expected hyperthermal
chemetherapy effects in AGS and T3M4 cell linss.

Temhal Aimdah

am analysis: Unp
cells to hyperthermia and cisplatin

We constructed isebolograms to reveal If the
combined application of hyparthaermia and displatin
had synergistic, antagonistic, or additive effects.
Combination of temperature and cisplatin was strongly
antagonistic for AGS cells in all studied data peoints.
Combined application of hyperthermia and cisplatin
was tripled in Caco-2 cells: synergistic (at 40°C with
50 wmoel/L and 100 ymol/L of cisplatin, at 43 T with
50 pmel/L, 100 pmol/L, and 200 pmel/L cisplatin, at
44 T with 50 pmel/L , 100 pmolfL, and 200 umol/L
of cisplatin), additive (at 39 T with 100 pmol/L of
cisplatim, at 41 'C with 100 wmel/L cisplatin, and at
42 °C with 50 pmol/L and 100 ymal/L of cisplatin),
and antagonistic (at 39 T with 200 pmal/L of cisplatin,
at 40 T with 200 pmol/L cisplatin, at 41 T with 50
pmalfL and 200 pmal/L cisplatin, and at 42 'C with
200 umel/L of cisplatin). Combined treatment of T3M4
at 41 T with 200 pmol/L cisplatin, at 42 T with 50
pmolfL cisplatin,d and at 44 T with 100 umol/L and
200 pmol/L of dsplatin had an additive effect. The
remaining combinations were antagonistic (Figure 5).

response of the

Hyperthermia addition to cisplatin enhances rates of

early apoptosis
Annexin V-PE flaw cytometry analysis was performed to

evaluate rates of early apoptosis. Cisplatin induced earty

March 14, 2018 | Volume 24 | Tssue 10 |



Cesna V ef a. Hyperthermia and dsplatin in GI cancer cells

Table 1 Owverview of results

Cell line Effect of temperagure ICse dese of cisplatin Comibined effect of Effect of temperature in - Effect of temperasre
at 43 T an cancer calls temperature, 3t 43 T and  addition to ICse dase of  on intracelular cisplatin
viablliy ICse dose of clsplacn on  chplarin en cancer cell cangentration
canger gells viabiity apoptails
AGS 1 182 l 1 T
Caco-2 1 1™ Ll = i
T3 - i - 1 1

The nurmnber of the arroews represents strength of effect.

apoptosis in Caco-2 and T3M4 calls 1.5-fold and 3.4-fald,
respectively, The number of dead/late apoptotic cells
was Insignificant In the following groups: 0.5% of
Caco-2 cells and 2.9%: of T3M4 calls, Hyperthermia of
43T In addition to clsplatin induced early apoptosls as
compared to cells treatad in normothermia by 20% in
Caco-2 (1% of dead cells) and 19% (3.9% dead cells)
in T3M4, respectively. Interestingly, early apopbasis was
nof significantly induced by isclated cisplatin treatment
In AGS cells. Rates of AGS early apoptosis were not
significantly induced by an isolated cisplatin treatment.
However, application of combined treatment with
hyperthermia and cisplatin increased early apoptosis by
61% (0.4% dead cells) (Figure 6).

Hyperthermia increases intracellular cisplatin
concentration

Hypathesizing that hyperthermia promotes delivery
of cisplatin to cancer cells, we aimed to measure
intracellular cisplatin concentrations. Analysis was
performed immediatzly following a one-hour expasurs
to the IC: of cisplatin at 37 T and 43 T. Overall,
43°C promoted an increase of intracellular csplatin
cancentration. The concentration was significantly
increased in AGS, Caco-2, and T3M4 cells by 30%,
20%, and 18%, respectively {Figure 77,

DISCUSSION

Hyperthermal intraperitoneal chemotherapy has
been applied to treat pertoneal carcinomatosis for
gastric"™"", colorectal’™, ovarian™, and peritoneal
mesothelloma™ and has alded In prolonged long-
term survival in selected patients™ " In HIPEC,
intraperitoneal free cancer cells and the serous surface
of the bowel and peritoneum are exposed to high
concentrations of chemaotherapy agents. Hyperthermia
itself may affect cell cytoskeletons, cell membranes,
synthesis of macromolecules, and DNA repair
mechanisms™,

As the aorigin, genctypes, and phenotypes of
free cancer cells may be quite different, It seems
unreasonable to treat all peritoneal metastases the
same way. Until now, basic information regarding
the contribution of hyperthermia to intraperitoneal
chemotherapeutic agents in different gastrointestinal
cancers Is poor and controversial. In this in vitro study,
we have applied hyperthermia and chemaotherapy
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for 1 b in order to mimic cinical conditions. We have
performed our aimed readouts at 48 h following the
experiment as the earlier readouts have not proven any
changes.

We have chosen three mest common peritaneum
invading GI cancers in our study, selecting one cancer
cell line per cancer type. It is known that various cancer
cells of same cancer type are different in the manner
of apoptosis, biomarker expression etc 7, This study
is an overview, which leads to a better knowledge of
gastric, pancreatic and colorectal cancer czll response to
simultanecus hyperthermia and dsplatin treatment.

Until now, cur analyzed cells are well examinad
In various aspects. AGS cells In 516 analyzed genes,
have 40 mutations, like KRAS, WNK1 and WNK2'™,
Overexpression of HER-2, EGFR, VEGF, Bd-2 biomarkers
was investigated in gastric cancer cells™, Mutations of
SMAD4 and TP53 genes and overexpression of ILF3,
TIMPZ genes are present in Caco-2 cells™ ™ | Tam4
are the least examined cells, No known gene mutations
were found™' and they are known to overexpress
growth factors as FGRR4™,

Our experiments revealed the differences of call
viability in response to isolated hyperthermia, We even
observed positive effects of isolated hyperthermia on
the wviability of pancreatic cancer cells. We hypothesize
that this effect could be related to the activation of
the cytoprotective heat shock proteins {HSP), an
effect described in other studies'™., Tt is known that
higher temperatures can enhance thermotolerance
by activating HSPs™'. However, gastric cancer cells
(AGS) and colon cancer cells (Caco-2) responded to
hyperthermia with a significant drop of viability at
43T, One study demonstrated that hyperthermia
alone can significanthy reduce viability of the Caolon 26
cancer cells™!, The investigation of the effect of lacal
heat used for ablation of tumor nodules showed that
exposing cultured Caco-2 cells to 48 T for 2 h resulted
in an approximately 80% reduction of cell viability™,
However, in our study, the viabllity of Caco-2 cells
decreased only by 14% after exposurs to 43 °C for 1 h.

Hyperthermla may enhance the effect of
chematherapy, especially dsplatin-based traatmants™",
Ferraro et af™® studied the effects of hyperthermia and
cisplatin on model protein hen eggs and revealed that
increased temperature enhanced cisplatin cytotoxicity.

Tang et ai?! have shown a synergistic effect
of hyperthermia and chemotherapy inhibiting
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proliferation in six gastric cancer cell lines, incduding
AGS, in a certain range of chemoagent (cisplatin)
concentration. Moreaver, hyperthermia, in addition to
chematherapy, induced cell apaptosis as the major type
of death, MicroRNA-218 upregulatien and increased
chemuosansitivity wera obsarved in gastric cancer cells

after exposing them to hyperthermal conditions™,

However, in our study, only ternperatures higher than
43°C in addition to cisplatin exposure inhibited cell
growth. In the isobologram analysis, the combination
of temperature and cisplatin was antagonistic for
AGS cells. On the contrary, AGS cells showed an
increased viability of 33% at 42 'T. Thig is an impartant
observation as it may highlight the possibility that
technically incorrect temperature regimens may
activate metabolism of cancer cells and increase their
resistance to chernatherapy. Interestingly, we observed
that application of dsplatin to gastric cancer (AGS) cells
for one h had no significant Impact on cell apoptosls.
However, the combination of dsplatin and hypertherrnia
(43 'C) increased the affect by 61%. Our results suggest
that temperature and cisplatin are not always acting in
synergy as was shown by isobolograms.

Previous in vitro investigations have revealed that

the respense of the colan cancer cells b hyperthermia
and chemotherapeutic drug differ by cell type.
Some authors have shown that hyperthermia alone
significantly decreased the wviability of the Colon 26

cancer cells™, and the cytotoxic effect of cisplatin®™'!

was enhanced at hyperthermal conditions, After
exposurs to 43 °C, the adivity of oxaliplatin markedly
and rapidly increased, indicating its inhibiting potential

In Colon 26 cells™™, Significant synergy of hyperthermia
and chemotherapy was detected in CX-1 calls™ in

similar experimental conditions {42 ' for 1 h). Some
authors described similar results in HCT116+ch2
(MMR-) cells that were resistant to heat treatment at

termnperabures of 41 T and 42 T, The exposition of

the colon carcinoma cell lines CX-1 and HTC 116 to
42°C for 1 h revealed no change in cell viability!"*".
Moreover, HCT1164ch2 (MMR-) cells exposed to a mild

heat were 1,42-fold more resistant to cisplatin™, We

cbserved that the addition of hyperthermia ta cisplatin
treatment had a slight pesitive influence on Caco-2 cell
viability, At 43°C, cisplatin had an insignificant effect
regarding apoptosis, whereas intracellular cisplatin
concentration was elevated by 26% as compared to the
control. Isobelogram analysis showed approximately
S0%: of selected dsplatin and temperature treatment
combinations acted in a synergistic manner, indicating
that some of hyperthermic chemaotherapy regimens
might be useful.

Recent studies reported that hyperthermia increased
sensitivity to gemcitabing™! and enhanced gemcitabine-
related apoptotic cell death in pancraatic cancer celist™™,

Moreower, the improved drug delivery and antitumor
effects in combination with mild hyperthermia were
reported (461

The combined cytotoxic effect of cisplatin and
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hyperthermia in T3M4 cells was evident only when the
temperatura was higher than 43 T, Thess cells were the
maost sensitive to csplatin with the lowest [Cs. Cisplatin
amplified apoptosis by 3.4-fold and hyperthermia
Increased the effect by 19%; however, it was 3-fold less
in the gastric cancer cell ine. Similar to AGS cells, TIM4
isobologram analysis revealed that the combination of
treatments acted in an antagonistic manner in most of
the selected combinations; however, in few of them,
the additive effect of the two agents was revealed.
An extremely limited increase of intracsllular cisplatin
concentration in hyperthermia could be cbserved in
pancreatic cancar calls. Dur exparimeants eluddatad that
the response of TIM4 cells differs from other studied
gastrointestinal cancer cells (AGS and Caco-2). A
review by Loggie et af'™ postulated that hyperthermia
combined with chemotherapy is probably beneficial for
less aggressive tumars and should be the standard of
care for appendiceal and colorectal cancers.

Caco-2 cell results varied from the other calls in
our study, In some cases, they acted In unpredictable
manner. Onz of the possible explanations for this
discrepancy, would be that Caco-2 cells can differentiate
thair phenctype prior to post-confluence stage, and lead
ta the change of morphology, degree of differentiation
e,

In summary, we have proven that the rele of
hyperthermia in addition to cisplatin is different in
gastric, colenic, and pancreatic cancer cells. The
overview of the baslc results Is shown in Table 1.
Different cancer cells respond to combined treatments
in different manners, and temperature-induced
apaptasis is initiated by various pathways™".

In conclusion, hyperthermia up to 43 T in addition
to cisplatin does not Influence AGS, Caco-2, and T3M4
cell viability in @ synergistic manner. However, some
regimens of hyperthermia and cisplatin treatment are
beneficial regarding the apoptetic response and an
increase of intracellular cisplatin concentration.

ARTICLE HIGHLIGHTS

Research background

Hyperthermal intraperitoncal shematherapy is an aplion b roat periteneum
invading gaatraintestinal cancer. Until now the results of hypertharmal
miraperiloneal chemotherapy (HIPEC) Ireatmend are canbroversy, nesding
unification in salected parametars of the treaimant. In diffarant cancar
cenlers, the procedure vares in ime selling, hypertharmia kel and differset
chesmatharapy drugs ane usad,

Research motivation

Az HIPEC la widely used in clinkal practice, atill there = & lack of sludies,
analyzing the impact of hypesthermia and dsptssn to cancer eslls, The celular
respanse: ba the: treatmend is stll not clear, Thers is na dear data defining
aptimal iming and temperaturs of the procedure.

Research objectives

‘Our ohjective was Io analyze gasiric, pancreatic and colorectsl cancer cells
response o hyperhemmia and clsplatin reatment reganding wiability, change of
indracellilar ciplatin conceniation and apogiasis rabe.
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Research methods

‘We used AGS [gastic cancer], T3 (pancrealic cancer) and Caco-2 (colorectsl
eancer) cells, Misicking HIPED. proscedure, cels wers treated with specific 1
sach call I 10m dase of caplalin 21 the tempersiure regirens ranging from
370 %0 4570, Treatment lagled for ane hour. Later cells were hardesbed in
namatheiia, changing cisplatin containing media 1o fesh one. Immedistely
alter experiment, inracellular cigplalin concentration was measdred, using
mass speclrameler analyss. For alher readeuls cells were harvested for
48 heurs in narmal conditions. MTT teaf was performed for celiutar viabikby
evalualion and mabalogram anatyais. We used Now cytomelry to determine
apoploss change of Fyperthenyia and osplain realment.

Research results

Cells respanded Lo hyperihermia (ranging from 35 T 1o 45 T in a different
mannaer. Viability of AGS cells was the mast hyperthermia-dependant,
decreasing by 10% (fom 41 T to 45 T, Cace-2 cel wiabiily had na change
inv Lhe interval fom 38 °C 1o 42 T Higher lemperature regimens drapped its
wiabilly rate by 14%-20%, TM4 cells reacled dilferenily. Wbty dopped until
42 T, bud af higher lemperalyre recimens, we obserad increage o viabilily,
While in simulaneous Fyperhermia and cisplatin Irealmend, we obserned no
charsge of viability unll 41 7T in all cancer calls. Higher lemperalures inhibiled
cull growth, |nlerestingly, we obserced peaks of viabilily in AGS (42T,
increass by 33%) and TIMM (43 'C, increase by 32%] cels, Puliing all MTT
diila b isabologram analysis, we chaened smergistic, antageniste, or addithe
affesls of combired treatment. Hyperihemia and cisplalin treatment was
afrongly antagonislic in AGS celle. In Cace-2 cels we cbesmyed synergissic,
additive and antaganistic effecls of smullansaus irealment. Few combined
ealmen! regimens wers addiltve far TAM4 celle, and remaining  antagenialie.
Cleplatin induced early apaptosis n Caco-2 and Tk cells 1.5-cld and
a0k, respectvely. Hyperthermia of 43 T In adisition to elsplatin nduced

early Bp0floss s comparsd 1 oHls ealad in normothermia by 20%
and 18% In TIMA, respectively. Hyparth

in Gaca-2

ol

la atrongly

claplatin concentration in AGS, Caco-2, and T3MA cells by 30%, 20%, and
18%, respecively.

Research conclusions

Dur data suggest that HIPEC condilions hanve 1o be cancer lype dependenl and
wel revised. Paficular lemperature regimens <an do mare harm, than benefl,
oy activaiing call division and growth

Research perspectives

To get better knowledge of Fyperthermia and cisplatin reatmeni efizots, future
studies should include more cancer csll Imes per cancer type. Also, in wvo
wihiche showld be sstablished.
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Abstract

Gastroiniestinal cancers (gastric, panereatic and colorectaly are life-threatening diseases, which easily spread 1o
peritoneal cavity (Jubl et al. in Int J Cancer 5T:330-335, 1994: Schneider et al. in Gastroenterology 128: 1606
1625, 2005; Geer and Brennan in Am J Surg 165:68 72 1993). Application of hyperthermal intraperitoneal chemo-
therapy (HIPEC) 15 one of the choices treating these malignancies and prolonging patient survival time. Despite
numhbers of clinical trials showing positive effects of HIPEC against various types of cancer, the question whether
hyperthermia significantly potentiate the cytotoxieity of eisplatin remains unanswered, Little information is available
on the HIPEC effect at the level of mitochondria, To define the effect of hyperthermia (40 °C and 43 °C) to
cisplatin treated human gastric AGS, pancreatic TIM4 and colorectal Cace-2 cancer cells, we established an in vitro
experiment, which mimiecs clinical HIPEC conditions. Giving the importance of mitochondrial energy metabelism in
cancer, we investigated the effect of cisplatin and hyperthermia on mitochondrial Complex-I (glutamare/malate) and
complex-11 (succinate) dependent respiratory rates, the coupling of oxidative phosphorylation, the proton permeability
of mitochondrial inner membrane and on the integrity of mitochondrial outer membrane in Caco-2, AGS and TiM4
cancer cell lines. Our main findings are: 1) treatment of cells with cisplatin causes the impairment of mitochondrial
functions — the increase in the proton permeability of mitochondmal inner membrane and decrease in the oxidative
phosphorylation efficiency in Caco-2, AGS and T3M4 cancer cells; 2) hyperthermia (40 “C and 43 °C) increased
state I respiration rate only in AGS cells without any effects on Caco-2 and T3M4 cells: 3) hyperthermia in
combination with cisplatin doesn™t enhance cisplatin effect neither in Caco-2 and T3M4 nor in AGS cells, Thus,
our resulis show the different mitechondrial response of gastric AGS. pancreatic TAIM4 and colorectal Caco-2 cancer
cells o cisplatin er/and hyperthermia  ireatment. Further studies are needed 1o find the mechanisms of cell line -
specific mitochondrial response io cisplatin and hyperthermia.

Keywords Cancer - AGS - T3 M4 - Caco-2 - Cisplatin - Hyperthermia - Mitochondna - Oxidative phosphorylaten

Introduction
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st iutabckaits 6 a1 Advanced gastrointestinal cancer has a high probability 1o mvade
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is leaded by a poor patient prognosis (Koppe et al. 2006).
Peritoneal carcinomatosis (PC) oceurs synehronous with the pri-
mary umour in aboui 14-43% of paiienis with gasiric cancer
(Boemer et al. 2016; Bartos et al. 2015). In pancreatic cancer.
periieneal carcinomaiosis undetectable by preoperative compuier
tomography examination can be found up to 30% dur-
ing surgical exploration (Sottle et al. 2005) and 4-7%
of patients with colon cancer have PC at the time of
diagnosis (Segelman ct al. 20125 Lemmens et al. 2011).
One of PC treatment options — hyperthermal intraperito-
neal chemotherapy (HIPEC) is being performed in nu-
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mierous centers (Verwaal et al. 2008: Elias et al. 2009;
Glehen et al. 2006).

Hyperthermia is thought can augment the cyiotoxicity of
chemotherapeutic agent and increase its penetration depth
(Elias et al. 2000). Mumbers of clinical trials are published,
defining HIPEC as a treatment modality, which prolongs pa-
fient survival time (Boerner et al. 2016; Barios et al. 2015;
Mulier et al. 2012; Viotanopoulos et al. 2003). HIPEC has been
applied o weat peritoneal carcinomatosis for gastric cancer. It is
known e reduce frequent paracentesis need (Seshadri and
Gilehen 20016: Yonemura et al. 2006, Yuan et al. 2016).
HIPEC can prolong pancreatic cancer patients survival rtes,
accompanicd with pancreatic surgery in high-volume centres.
(Schware ct al. 2016). Colon as well as rectal cancer with
peritoneal metastases present, can be equally weated by
cytoreductive surgery, aceompanied by HIFEC (Simkens et
al. 2016), Despite numerous clinical studies and even basic
research analyzing benefit of hyperthermia as an additive to
chemotherapy, there is a lack of basic studies on mitochondrial
response o cisplatintreatment in combination with hyperther-
mi in varous cancer cell lines. There is an increasing evidence
now on importance of mitochondrial allerations in cancer de-
velopment, Mitochondria are responsible for ATP preduction
through oxidative phospharylation and are implicated in cell
death pathways, generale reactive exygen species that deans as
second messengers, regulaie Ca™* hemeostasis, modulate cel-
lular redox stams (Wallace 20012) etc. Investigation of mito-
chondrial functions in caneer cells are an important step, be-
cause it provides an additional information on treatment effi-
crency as mitochondria play a crucial role in cellular processes
and might he a therapentical target for cancer therapy. Cancer
cells are very heterogeneous and some of them have high levels
of mxidative phosphorylation while others are relatively glveo-
Tytic (Wallace 200 2), therefore the mitochondrial response and
resistance of various cancer cell lines (o hyperthermia and che-
motherapy could be different and require detailed investiga
tions. To understand the role of mitochondria in cancer treat-
ment, we analyzed m viteo the cancer cell lines specific re-
sponse of mitochondra to HIPEC. The aim of this work was
to investigate and compare: 1) the effects of cisplatin and hy-
perthermia (40 °C and 43 “C) alone en mitochondrial oxidative
phospharylation in AGS (human gastric), Caco-2 (colarectal)
and T3M4 {pancreatic ductal ) adenocarcinoma cell lines and 2)
ihe eifect of hyperthermia in combination with cisplatin on
mitochondrial functions in Caco-2, TIM4 and AGS cells.

Materials and methods
Chemicals

Suceinic acid, glutamic acid, evtochrome ¢ from bovine hea,
adenosine-3'-diphosphate sedium salt (ADP), malic acid,

2 spinge

KHaPOy, ethylene glvcol-bis-(b-aminoethylether)-
NN N -ietraacetic acid (EGTA), MgCly, lactobionic acid,
taurine, Tris, carboxytractyloside potassium salt were oblain-
ed from “Sigma”. Sucrose, HEPES, MgCly, were obained
from “Carl Roth.

Gastrointestinal cancer cell lines

Gastric adenocarcinoma cancer (AGS) and colorecial adeno-
carcinoma cancer (Caco-2) cell lines were obtained from
American Type Cell Culure (ATCC Manassas, VA, United
States). Metastatic pancreatic ductal adenocarcinoma (T3 M4)
cell line was a kind gift of Ewropean Pancreas Centre
{Heudelberg, Germany), Cells were maintained in RPMI me-
dium (Gibeo/Invitrogen, Carlshad, CA, United States),
supplementing 105 of fetal bovine serum (Gibeo/Invitrogen
Carlsbad, CA. United States), and 1% penicillin/smepomycin
{Gibco/Tnvitrogen Carlsbad, CA, United States). All cells
were cultivated at 37 °C in 5% CO, humidity.

Design of experiment

Cells were incubated for 24 h maintaining conditions de-
seribed ahove. After incubation cancer cells were treated by
two agents separately or in combination: temperature (37 °C,
40 °C and 43 *C) and particular for each cell line 1C5;, of
cisplatin (AGS — 182 pM, Caco-2 - 194 uM and TIM4
48 uM). ICsq for cach cell line was detected experimenial
manner by the means of MTT. To mimic clinical HIPEC con-
ditions cells were incubated for | hat 37 °C, 40 °C and 42 °C.
After that, incubation media was changed and cells were har-
vested in normal conditions for next 48 h until the evaluation
of cell energetics. Time point of 48 h was chosen taking into
account, that cisplatin atfects cell proliferation and DMNA rep-
licanion. Various eells need particular period of time to ger
affected. Our results of early and late apoptosis (data not
shown) suggested, that time period of 48 b is required to
evaluate cellular changes due to cisplatin treatment.

Measurement of mitochondrial function in cancer
cells

Mitochendrial respiration (pxygen consumption) rate was mei-
sured using an Oxygraph-2 k (OROBOROS Instruments,
Tnnsbruck, Austria) at 37 °C in the medium containing
0.3 mM EGTA, 3 mM MaCl,, &0 mM K-lactobionate,
20 mM taurne, 10 mM KH,PO,. 20 mM HEPES, 110 mM
sucrose (pH 7.1 at 37 °C). Temperature was keptat 37 °C under
stirnng at 750 pm. Respirometric investigation of mitochondri-
al function was performed by sequential multiple substrate-
intubitor tiration (Fig. 1), Digitonin (8 pgml) was added in
order 10 permeabilize cell membrane, The mitchondnal state
2 respiration (Vy) rate was recorded in the mediwm
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supplemented with cells and 3 mM ghotamate 42 mM malate as
substrates, The state 3 respiration rate (Y,ne) was determined
following the addition of 1 mM ADF, Then the Complex | was
inhibited by the adding of 2 mM amytal and Complex 11 depen-
dent respiration was registered in the presence of 15 mM succi-
mate, The effect of cytochrome ¢ on respiration rate (indicating
mitochondrial outer membrane integriny) was determined by
adding 32 uM cviochrome © (Vapp o o) to mitochondria re-
spiring in State 3. Then the respiration was inhibited with
0.75 uM carboxyatractyloside, an inhibitor of ADP/ATP
translocator (V). Changes i carboxyatractiloside - inhibited
and state 2 respiraiion rates indicates the changes in the proton
permeability of mitochendnial inner membrane, The respiratory
comtrol index (RCT) for glutamate malate was calculated as the
Fario between VyppVy respiration rate and for suceinate as the
ratie Vi Vear Cyiochrome ¢ effect was calculated as the ratio
between Vipp - o o Vape Datlab 3 software (Oroboros
Instruments) was used for real-time data acquisition and data
analysis. For each measurement of oxygen consumphion we
used | min cells’2 ml and respiration rate was expressed as
pmel/s10.5 min cells,

Statistical analysis

Data are presented as mean + SEM of at least 3-4 separate
experiments. Statistical analysis was performed using the sofi-
ware package SPSS version 160 for Windows, P <005 was
taken as the level for significance.

Results

Effect of cisplatin on mitochondrial function in gastric
(AGS), colorectal (Caco-2) and pancreatic ductal
(T3M4) adenocarcinoma cells

The effect of cisplatin on mitochondrial bicenergetics in can-
cer cells 137 °C) was evaluated by measuring mitechondrial
respiration rate with glutamate/malate and succinate as

L)
Range [} &2

substrates. tin caused the uncoupling of exidative phos-
phorylation, i.e. induced the increase in state 2 (V) respiration
rate (Fig, 2a) by 1,42, 244 and 2.34 folds (substrate gluta-
miate/malate) in Caco-2, AGS and T3M4 cells, respectively (p
< 0,03), Furthermore, mitochondrial state 3 (Vape) respiration
rate was also increased by 35%, 34 and 37%, respectively
{Fig. Zb). The respiratory control index (RCI) after treatment
with cisplatin tended to decrease by 16% in Caco-2 cells and
by 44% (AGS) and 40% (T3M4), p<0.05 (Fig. 2c).

The data with succinate as substrate are shown in Fig. 3.
Thus, cisplatin caused the increase in the state 4 respiration
(Vi) by 163, 1,94 and 2,64 folds (Fig, 3a)in Caco-2, AGS
and TAMA cell lines as compared to untreated eells (p < 0.03),
showing the mitochondrial uncoupling of oxidative “phos-
phorylation. Mitochondrial state 3 (Vapp) respiration rate
waz also increased by 46%, 37 and 72%, respectively (Fig.
3b). The respiratory control index (RCTy afler pre-treatment
with cisplatin decreased by 14% in Caco-2, by 21% in AGS
and by 25% in T3 M4 cells (Fig. 3c).

It ts important to note, that cisplatin at 37 “C had no effect on
the integrity of mitochondnal outer membrane in Caco-2 cells as
the eytachrome ¢ effect (Vg - oy #Vape ratio after addition of
extermal cyiochome ¢ in State 3) remained wnchanged (Fig. 43
as compared to untreated group. An increase in ovtochrome o
effect after reatment with cisplatin was observed in AGS cells
(LT 0000 vs control 1.03 +0.04) and in T3IM4 cells (1,124
010 ws control LOO£0.003), p <005, respectively (Fig. 4).

Effect of hyperthermia on mitochondrial function
iin gastric (AGS), colorectal (Caco-2) and pancreatic
ductal (T3M4) adenocarcinoma cells

Hyperthermia (40 “C and 43 “C) had no effect neither on the
state 2 (Vo) nor on state 3 (Vyne) respiration rates in Caco-2
and TAM4 cell lines neither with ghaamate'malate (Fig, 3a and
b nor with suecinate (Fig. 6) as substraes, The respiratory
cofittol index (RCL) remained also unchanged (Figs. 5 and ).

However, in AGS cells, the increase in temperature led to
the uncoupling of oxidative phosphorylation, thus the state 2
(Vo) respiration rate with glutamate/malate increased by 1.32

&) Springer
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Fig. 2 Efect of cplatin on mitechondrial Tunction in AGS. Caco=2
and TIM4 cells (substrate ghatamate/malate) at 37 5C. Mitochondrial
respiration raie was measured o8 described in Methods using 5 mM
slutamate +2 mM malaie ad substrates. a Sate 2 espiration e, b
ki respiratien rate, ¢ Respiratory control imdex {RCT). Digitonin
0% pg'ml) was added in order to permeabilize cell membrane, The
pitochondiial state 2 respiration rate (Vo) was recorded in the medism

(at 40 “C) and by 1.64-fold (ai 43 °C), p< 005 (Fig. 5a), As
consequence, RCL (Fig, 5¢) tended to decrease by 16% (at
A °C) and by 27% (a1 43 °C), despite in the slight increase
of mitochondrial State 3 (Vypp) respiration rate by 14% (at
40 “C) and by 30%. p<0.05 (at 43 "C) (Fig. 5bh
Hyperthermia also increased the State 4 respiration (Veap)
with s ate as substrate by 111 and by 1.32 folds (p<
0.05) (Fig. 6a) in AGS cells, showing the increase i proton
permeability of mitechondnal inner membrane. However, hy-
perthermia had no effect on the integrity of mitachondrial
outer membrane as the cytochrome ¢ effect (Vapp o of
Vapp ratio} by increasing the temperature remained un-
changed as compared fo respective control group in both,
cisplatin-untreated and treated groups, Fig. 7a amd b).

Effect of hyperthermia combined with cisplatin
(HIPEC) on mitochondrial function in gastric (AGS),
colorectal (Caco-2) and pancreatic ductal (T3M4)
adenocarcinoma cell lines

Combination of hyperthermia (410 “C and 43 “C) and cisplatin
(HIPEC) had ne additional effect (Figs. & and %) on

AGS

Tame Gase-d S Tk

supplemented with cells and 5 mM glotamate +2 mM malate as
substrates. The state 3 respimation mate (Vype) was determined following
the addition of 1 mM ADF. Mitochondrial respiratory control index
(RO, f.eo the stio between oy gen uptake rales i stale 3 and state 2
(RCT=Va/'¥y), Each column represents the mean £ 5EM of 4
independent experiments; *p - 0,05 vs, control {i.e, unmeated) group

miiochondnal respiration raies m AGS and T3M4 cclls as
compared to cisplatin alone fior both substrates, i.e, mitochon-
drial state 2 (V) (Figs, 8a, g and 9a, g), state 3 (Vape) respi-
ration rates (Figs, 8b, hand %, I and RCT (Figs. Ee, i and %,
iy remained unchanged as compared to respective control
group (at 37 *C).
In Caco-2 cells ¢

ddition of hyperthermia had a tendency to
suppress V5 with both, ghitamate/malate and succinate as
substrates (by 24 and 26%, respectively at 40 “C and by 36
and 40%, respectively at 43 *C, p < (.03, Figs. 8a, b and 9a. b)
whereas RCT remained unchanged (Figs. 8¢ and 9¢).
Cytochrome ¢ effect in AGS, Caco-2 and T3M4 cells after
HIPEC remained unchanged (Fig. by, Thus, addition of hy
perthermia to cisplatin treatment had no effect on the integrity
of mitochondrial outer mermbrane.

Discussion

Gastrointestinal cancers (gastrie, pancreatic and coloreetal)
are life-threatening diseases, which ea pread to peritoneal
cavity LTuhl et al, 1994; Schneider et al, 2005; Geer and

Respiration rate, pmolisi.§ min cails

Ruspiration ruti, pmalist.s min

Caes2

Caco-d AGS

T4
Fig. 3 Effect of cisplatin om mitochondrial function in AGS, Caco-2
and TAMA cells (substrate suceinate} at 37 *°C. Miwchondrial
respiration rale was measured as deseribed in Methods, a Vg
respiration rate. b State 3 respiration rate. ¢ Respiratory control index
(RCT). The state 3 respiration rte (Ve with 15 mM succinate mbd {+
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2 mM amyial) was determined following the addition of | mM ADF. The
respiratory control index (RCL) for sucemate was caleulased a5 the rtio
Wone'Viar Each cohamn represents the mean £ SEM of 4 independent
experiments; *p < 0.05 v control {i.e. unireated) group
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Fig. 4 Effect of cisplatin an the per ility o mi inl uter

membrane (cytochrome ¢ test) in AGS, Caco-2 and TN cells at
37 *C. Digitenin {8 pg'ml) was added in ceder 1o permeabilize cell
membrane. The state 3 respiration mie (Vaped with 5 mM succinate
mM (2 mM amvtaly was determined following the addition of 1 mM
ADE The effect of cytochrome ¢ on respiration raie was detenmined by
adding 32 b cyiochmnme ¢ (Vinee g o 10 milochondia resgining in
Stale 3, *p< 0.05 vs control {Le. untreated) group

Brennan 1993). Cisplatin is the most widely used chemother-
apeutic drug for the treatment of PC. Despite the fact that
cisplatin is successfully used in chemotherapy for more than
25 years, the tissue specific mechanisms of its action, partic-
ularly on the mitochondrial bieenergetics in cancer cclls is
poorly deseribed, On the other hand, combination of hyper-
thermia and chemotherapy, i.e. HIPEC is ome of the choices
treating these malignancies and prolonging patient survival
time (Glehen et al. 2004; Yang et al. 2011; Kuijpers et al.
2013 Sugarbaker 2017) Despite numbers of clinical trials
showing positive effects of HIPEC against various types of
caneer, the question whether hyperthermia significantly po-
tentiate the cytotoxicity of cisplatin remains controversial.
There is a growing evidence suggesting that in cancer mito-
chondria play an important role for supplying cancer cells
with energy and survival, Therefore, the modulation of

mitochondrial function by various therapeutic agents (includ-
ing hyperthermia and chemotherapy) may affect wmor cells.
As little information iz available on the HIPEC effect at the
subcellular level in tumar cells, in order to define the influence
of hyperthermia (40 °C and 43 “C) to cisplatin treated Caco-2,
TiM4 and AGS cells, we established an in vitro experiment,
which mimics ¢linical HIPEC conditions, We investigated the
effect of cisplatin and hyperthermia on mitochondrial
Complex-T {glhiamate’'malaie) and complex-11 {suceinaie) de-
pendent respiratory rates, the coupling of oxidative phosphor-
ylation, the proton permeability of mitechondrdal inner mem-
brame and on the imtegrity of mitechondrial outer membrane in
Caco-2, AGS and T3M4 cancer cell lines.

We revealed. that mitochondria in Caco-2, AGS and T3M4
caneer cell lines have been functionally affected by using cis-
platin or hyperthermia treatment, Cur main findings are that:
1y cisplatin alons leads to inerease in proton permeability of
mitochondrial inner membrane and decrease in oxidative
phosphorylation in Caco-2, AGS and T304 cancer cell lines;
2y hyperthermia (40 *C and 43 *C) increased state 2 respira-
tion rates only in AGS cells without any effects on Caco-2 and
TiM4 cells: 3) hyperthermia in combination with cisplatin
doesn’t enhance cisplatin effect neither in Caco-2 and T3M4
nor in AGS cells, Thus, our results show the cancer cell lines-
specific mitoehondnial respense to cisplatin and hypenthermia,

It is interesting to remark that similar effects of cisplatin
were ohserved in studies with mitochondria isolated from var
ious tissues. Thus, Custodio et al, in experiments with rat liver
mitochondria showed that pre-treatment of mitochondiia with
cisplatin at concentration 20 nmel/'mg protein induced calci-
um dependent swelling of mitochondria, depolarization of mi-
tochondral membrane. At higher concentration {up to
A0 nmel'mg protein), cisplatin stimulated state 2 and stae 4
respiration rates and slightly reduced state 3 respiration rate
with succinale as subsiraie. The respiratory conirol index,
ADPO raties, mitechondrial membrane potential, and the
ADP phosphorylation rate were also depressed. Thus, authors

Panpiration rate, pmolinill.g min calls

Fanpiration rabe, prciisilL§ min calls

Cao-2

BGE Tame

Caca-2

Fig. 5 Effeer of hyperthermia on mitochondrial function in AGS,
Caco-2 and TIM4 cells (substrate glotamate'malate). Miochondrial
respirabion rale was measuresd as desenbed in Methods using 5 mM
glumate + 2 mM malate as substrates. a State 2 respimtion rate, b
Suate 3 respiration rate. ¢ Respiratory cotitrol index. Digitonin (8 pgiml)
was added in onder e permeabilize cell membrane. The mitochondrial
smte 2 respiration rate (V) was recorded in the medium supplemented

Cacoe-2

Y1 Time AGS Timg

with cells and 5 mM ghitamate +2 mb malate as substrates. The stare 3
respiration sate (V,pp) was determined following the addivon of 1 mbd
ADP Miuschendnal respiratory contrel index (RCIL e the ratio
between oxygen uplake mtes in state 3 and state 2 (RC]= VW) Fach
coluimn represents the mean £ SEM of 4 independent experiments: *p <
0,05 vs. control (Le, untrested) group
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Fig. & Effect of hyperthermia on mitechondrial function in AGE,
Caco-2 and TIMA cells (substrate suecinate). Mitochondrial
respiration rate was measured as described in Methods, 8 Viar
respiration rate. b State 3 respirtion rate. ¢ Respiratory contral index
(RCI)L The state 3 respiration rate (¥, pne) with 15 mM succinate mM (+

conclude that cisplatin interferes with mitochondnal bioener-
getics by increasig permeability of mitochondnal inner mem-
brane to protons (Custodio et al. 20009,

In study with rat kidney mitochendria was shown that cis-
platin {5 mg/kg) inhibited mitochondrnial oxygen consumption
in state 3 {substrate glutamate/malaie) by 50% whereas state 4
respiration rate remained unchanged (Onega-Dominguer et
al. 20171 The RCI was alse decreased by 405, Authors
showed that cisplatin induced a decrease in complex T and
the ATP synthase activities and promoted opening of mito-
chondrial permeability transition pore (with glutamate - ma-
late as substrate). Interestingly, they revealed that cisplatin did
not affected succinate oxidation in state 3, whereas state 4
respiration was inereased by about 285 causing the decrease
in RCT by 200 {Ortega-Dominguez et al. 2007)

There is a little of data on the effects of cisplatin on mito-
chomdria in cancer cells, in particular from colorecial, gastric

untreated
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Fig. 7 Effect of hyperthermia on the integrity of mitechondrial owter
miembrane (eytochreime ¢ test) in AGS, Caeo-2 and TIMJ eells.
Digitonin (8 py/iml) was added in order o permenbilize cell membrane,
The state 3 respirtion rate (Vagel with § mM succinge mb (+ 2 mM

Caco-2

&) Springer

AGS T

Caco-2 AGS T4

2 mM amytall was determined following the additien of | mM ADE The
respicatosy coitrol mdex (RCT) for soccinate was calculated & the eatio
Vne/Vear, Each column represents the mean + SEM of 4 independent
experiments; *pec 0.0F vs. control {i.e. untreated) group

and pancreatic duetal adenocarcinoma cells. Aichler etal. inin
vitro experiments with others - oesophageal adenocarcinoma
cell line OE19 showed that cisplatin/5-FL) treatment altered
the integrity of mitochondria of cells (Aichler et al. 2013).
Tacka et al, revealed that pretreatment of hwman T-cell lympho-
ma ling, Jurkat cells with 0 — 25 uM of cisplatin for 3 h had no
immediate effect on mitechondrial oxygen consumption, how-
ever, 24 hoafter exposure o cisplatin, the cell viability and
cellular mitochondrial oxygen consumption decreased propor-
tionally to cisplatin concentration and DNA fragments showed
signs of apoptosis. Interestingly, they revealed that the same
concentration of cisplatin had no effect on mitochondria from
beel heart O — 24 h afier exposure of dug, Thos, authors as-
sume, that in Jurkat cells changes in mitechondrial function is
secomdary effect of cisplatin eytotoxicity (Tacka et al. 200)
Another study of Santandren et al, (Santandren et al, 2000).
indicated that in human colon carcinoma HT-29 and SW-

cisplatin

e o 2~
= ) a

cytachrome ¢ eifsct, folds

4

Caco-2 AGS

T3M4

anmyal) was determined following the addition of 1 mi ADP. The effec
of eytochrome ¢ of respiration rate was determined by adding 32 uM
eytochimme ¢ (Vapg . o o) 10 mitechondsa respinng in Sate 3
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Fig. B Effect of hyperthermia and cisplatin on mitochondrial fune-
tion in AGS, Caco-2 and TIM4 cells (substrate glutamate/malite),
Mitechondrial respiration rate was measured as described in Methods
using 5 mM glutamate #2 M malate a5 substrates. 4. d. @ Stane 2
respiration rate, B, E, H. State 3 respiration rate; ¢, T, | Respimtory
control index {RC1. Digitonin (8 pg/ml) was added in order to
permeabilize cell membrane. The mitochondrial staie 2 respiration raie

620cells cisplatin (10 pg/ml for 48 h) suppressed respiration
in state 4, increased in ROS generation and decreased activi-
ties of mitochondrial respiratory chain complexes: complex 1
(NADH dehydrogenase) by 20%, complex I+ I - by 50%,
Complex IV (eywchrome oxidased - by 70% and complex ¥V
(ATP synthase) — by 30%. However, it 1s difficult to compare
results since vanous cancer cells lines, dose of cisplatin, ex-
position time ete, were used. In our experiments cells were
treated using specific for each cell line 1C50 of cisplatin. For
AGS cells it was 182 uhd and for Caco-2 cells - 194 ph, 1050
for T3 M4 was much lower (48 uM) as compared 1o other
cells but mitochondria in T3M4 cells were the most sensitive
to cisplatin treatment. Thus, our data showed that mitochon-
dria, despite cell line differences, are one of the targets for
cisplatin treatment. By using cytochrome ¢ test we also re-
vealed that cisplatin diminished the integrity of mitochondrial
outer membrane in AGS (caused shght cytochrome ¢ effect)
and T3M4 cells (moderate effect) while mitochondnal outer

(Wb was recorded in the medium supplementesd with cells and 3 mM
ghtamate +2 mM malate as substrates. The state 3 respiration mee
(Wanp) was determined following the addition of I mM ADP
Mitochondral sespiratory control index (RCT), ie. the ratio between
oxygen uptake rates in State 3 and state 2 (RCT=% V) Each column
represents the mean = SEM of 4 independent experiments

membrane in Cace-2 cells remained intact. The increase in
permeability of mitochondrial outer membrane may induce
release of cytochrome ¢ as sign for apoptosis. Our unpub
lished data showed that cisplatin induced apoptosis in T3M4
cells. however had no effect in AGS and Caco-2 cells,
Additienally, we investigated the effect of normothermia
(37 °C) and hyperthermia (40 “C and 43 °C. commonly used
in clinical practice) in untreated and cisplatin - reated cells,
Our data revealed the cancer cells specific sensitivity to
heating: hyperthermia (40 °C and 43 °C) had no effect on
mitechondrial respiration rates in Caco-2 and T3M4 cells
whereas in AGS cells induced increase in state 2 respiration
rate and decrease in RCIwith glutamate - malate, thus, affect-
ed the same mitochondrial parameters as cisplatin, however in
about 30% lesser extent. Nowadays thermotherapy has
attracted increasing attention as a method for treating of vari-
ous cancers showing positive effects and success as a thera-
peutic approach, However, the cffecis of hyperthermia at

&) Springer
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Fig. & Effect of hyperthermia and cisplatin on mitochondrial Tume-
tinm im AGH, Cace-2 and TIM4 cells (substrale succinale),
Mitochondrial respiration rate was measured as described m Meshods,
&, d. g Vear respiration rate. b, ¢ h State 3 respirstion rate. ¢, £ i
Respiratory control mdex (RCIL The siate 3 respisation rate (YVapp)

subeellular level are mainly investigated in the mitochondna
from healthy organs. Zukiene et al, revealed, that 40 °C tem-
perature only slightly activates rat heart mitochondrial fune-
tion whereas higher temperature (42 °C and 45 °C) canses the
decrease in mitochondrial membrane potential and decrease in
ATP synthesis (Zukiene et al. 20000, Hyperthermia (above
41 °C) progresswvely increased permeability of mner mito-
chondrial membrane and caused complete uncoupling at
43 *C in heart mitechondria whereas in liver mitochondna
they observed moderate increase (Zukiene et al. 2010, In
addition, state 3 respiration rate was inhibited at 43 — 45 °C
in rat liver mitechondria (Nauciene et al. 2012).
Jarmuszkiewicz et al. showed that hyperthermia (42 °C)
caused the decrease in mitochondnal membrane potential, ox-
idative phosphorylation efficiency and H.0, production in
skeletal mitochondna from rats (Jarmuszkiewicz et al.
2015), Mitow et al. using colorectal cancer cell lines showed
that hyperthermia (42 °C) affected mitochondrial functions
and ghyeolysis (Mitov et al. 200 7). There is lack of smdies

&) Springer

with 15 mbd suceinate mbM (+ 2 mb amyvial) was determined follewing
the addition of 1 mb ADP, The resprratory control index (RCD for suc
cinate wus cabeulated as the ratio VeV Each column represents the
mean + SEM of 4 independent experiments; *p < 0L05 vs, control {i.e
urtreated) group

an the effect of hyperthermia at mitochondrial level in other
cancer cells, Therefore, any study providing new results are
important for better understanding of mechanism of their action.

It is well known that cisplatin is often used in combination
with hyperthenmia since it enhances the anti-cancer effects
(Muenyi et al. 200 1 ). The promising clinical results of HIPEC
in the reatment of carcinomatosis as well as different response
of mitochondria from various cancer cell ines encouraged us to
test whether addition of hyperthermia (40 °C and 43 “C) 10
cigplatin treatment can canse additional (synergistic) effects to
mitochondrial functions and if are there any differences be-
tween mitochondrial response to combined hyperthermia and
cisplatin treatment in various cancer cells. Interestingly, the
combination of hyperthermia with cisplatin was not more effi-
cient than cisplatin alone in suppression of mitochondrial func-
tion. Our data revealed that hyperthermia (40 “C and 43 “C for
&0 min} didn’t potentizte the cytotoxic effects of asplatin on
mitochondria and didn’t lead w0 additive effects in AGS, Caco-
2 and T3M4 cell lines. Sukowvas et al. investigating the viability
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and apoptosis in Owvear-3 cells showed that hyperthermia up to
42 °C did not increase the effect of cisplatin (Sukowvas et al.
201 7). therefore they eritically dispute the benefit of hyperther-
mid in OVATAn Cancer Wreatment.

In conclusion, our results showed the difference n mito-
chondrial response to cisplatin or‘and hyperthermia in AGS,
TiM4 and Caco-2 cancer cells and the importance of mito-
chondria as a possible target for cancer treatment, As there are
mo data from others o compare our results obtained at mito-
chomdrial level. further more detailed stadies are needed to test
the response of mitochondria 1o HIPEC in other cell lines for
better understanding of mechanism of their action.
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