buonomku gaxkyarer YHUBEP3UTET ¥ BEOI'PALY
Bbpoj 3axreBa: 33/10-1 BERY HAYUYHUX OBJIACTHU NTPUPOJHUX HAYKA
Harym: 29.01.2016.

3AXTEB

3a JaBam-e CArIaCHOCTH Ha pedepar o ypalheHoj 1OKTOPCKOj JUCEpPTALU)U
3a KAHIMIATa HA JOKTOPCKUM CTyIujama

Monumo na, cxoqHo wiany 47. cr. 5. Tad. 4. Craryra Yuusep3utera y beorpany ("ImacHux
VYuusep3ureta", 6poj 162/11-npeunirhenu tekcr, 167/12, 172/13 u 178/14), nare carnacHocTt Ha
pedepar o ypalheHOj JOKTOPCKOj TUCEPTALIUjU:

KAHJIAWJIAT: Maja M. BynaaJjo

CTYIEHT JIOKTOPCKUX CTY/AM]a Ha CTYIUjCKOM IIporpaMmy MoitekynapHa 6uosoruja, MosnekynapHa
Ouooruja eyKkapuora.
MIPUJaBUO j€ JOKTOPCKY JIUCEPTALH]y MOl HA3UBOM:

»YTHIIAj HcXpaHe Oorare (PpyKTO30M Ha €KCIPECHjy MOJICKYJA PEeHHH-AHTMOTCH3HH
CHCTEeMa, HYKJIEAPHOI TPaHCKPMIUMOHOr (axkTopa-kB, marpukc MerajsonmporenHaze 9 |
CXCL16 xeMoOKkHMHa y TKHBY CpPLa MALOBA: MOJHO crien(puuHe pa3inke®.

N3 HAYYHC obmactu: bromomnike HayKe.

Vuusepsurer je nana 27.11.2014. roaune. cBojum aktom moxa Op. 02 bpoj: 61206-5348/2-14 nao
carjacHOCT Ha MPEJYIOT TeMe TIOKTOPCKE JAUCepTallrje Koja je Tacuia:

»YTHIIA] HCXpaHe Oorare (PYKTO30M HAa eEKCHPeCHjy KOMIIOHEHTH PEHUH-
AHTMOTEH3UH CHCTeMa U MH(IaMaluje y TKHBY CPlA NAL0BA: MOJHO cnenuduyHe pa3auke®.

Komucuja 3a orneHy u ondOpaHy JOKTOpCKe AMcepTaiiije oOpa3oBaHa je Ha CEAHHIIM OJP>KaHO]
13.11.2015. rox, omtykom Pakynrera moa op. 33/258-13.11.2015. rox. y cacrasy:



Wme u npe3ume wiana
KOMUCH] €

1. nap Anekcanzapa
CraukoBuh

3BaKLC

Hay4YHH CaBETHUK

Hay4Ha 00JacT

MOJIeKyJapHa
reHeTHKa

YcraHoBa y K0joj je 3anocieH

YHusep3suret y beorpany-
HNHuctutyT 3a HyKII€apHe
Hayke ,,BuHua“

2.  np l'opmana Maruh pEIOBHU onoxemuja u Yuusepsurer y beorpany-
npodecop MOJIEKYJIapHa Buonomiku ¢akynarer
ouosoruja
3. mp I'opan Kopuhanait Hay4YHU CaBETHUK MOJIEKYJIapHa YHusep3suret y beorpany-
eHJIoKpuHoNorHja  MHCTHTYT 3a HyKIJIeapHe

Hayke ,,BuHua“

Hanomena: ykonuxo je uwian Komucuje y NeH3Hju HaBECTH IaTyM NIEH3HOHHCAbA.

HacraBHo-Hay4Ho Behe paxkyiarera npuxsaruio je pedepar Komucuje 3a oueny u onopany
JOKTOPCKe JucepTanmje HA ceTHUNM oapxanoj 29. janyapa 2016. ronune.

Ipuaor: 1. Pedepar koMucuje ca npeajiorom.

Jexan buonomkor ¢dakynrera

[Tpod. np Kespko Tomanosuh

2. Akt HacraBHo-Hay4yHor Beha ¢axyarera o ycBajamy pedepara

3. [Ipumende nare y TOKy cTaB/bamba pedepara Ha YBH/ Y jABHOCTH, YKOJHKO je
TaKBHUX NpUMendu oumJio.
4. EjaexkTpoHCKA Bep3Hja.
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Tea: +381 11 2186 635

%% BHOJMOMIKH QAKVIITET o 56 %0

E-nowuta: dekanat@bio.bg.ac.rs

33/10-29.01.2016.

Ha ocnoBy wiana 128. 3akona o BHUCOKOM oOpazoBamy M wiaHa 59. craB 1. Tauka 1.
Craryra YuuBepsutera y beorpany-buonomkor ¢gakynrera, Hacragno-nayuno Behe ®dakynrera,
Ha |V penoBHoj cenuum oapxkanoj 29.01.2016. ronune, noneno je

ONJIVKY

[Tpuxsara ce U3Bemraj Komucuje 3a nperien, omneHy U 0a0paHy JOKTOPCKE TUCEpTaIlrje
KaH/IM/1aTa!

Maje BynnaJo, nox Ha3uBOM:

»YTHIA] ucxXpaHe Oorate (PYKTO30M HAa eKCIPeCHjy KOMIOHEHTH PEeHHH-
AHTMOTEH3UH CHCTeMa M HHQJaMaluje y TKHBY CpHa MAal0Ba: MOJHO cnenuduyHe
pasanke®.

Vuuep3ureT je aaHa 27.11.2014. rogune. cBojuM aktoMm mox Op. 02 Bpoj: 61206-5348/2-14 nao
carIacHOCT Ha MPEJUIOT TeMe JOKTOPCKE AMCepTalfje KaHIuaaTa.

PaioBM M KOHIpecHa caoNIITEHa U3 JTOKTOPCKeE AUcepTanHje:

b1. PagoBu y yaconucuma meh)ynapoanor 3Havaja:

1. Bundalo M, Zivkovi¢ M, Tepavcevi¢ S, Culafi¢ T, Kori¢anac G, Stankovié¢ A.
Fructose-rich diet-induced changes in expression of the renin-angiotensin
molecules in the heart of ovariectomised female rats could be reversed by
estradiol. Hormone and Metabolic Research 2015;47:521-7. M23



2. Bundalo M, Zivkovi¢ M, Culafi¢ T, Stojiljkovié M, Kori¢anac G, Stankovié¢ A.
Oestradiol treatment counteracts the effect of fructose-rich diet on matrix
metalloproteinase 9 expression and NFkB activation. Folia Biologica (Praha)

2015;61:233-240. M23

Jexan buonomxkor dakynrera

JlocraButu: ITpod. np Kespko TomanoBuh

- VYHuBepsurery y beorpany,
- JIOKTOpAaHTY,
- Crpyunoj cryx6u dakynrera.



HACTABHO-HAYYHOM BERY BUOJIOHIKOI' ®AKYJTETA YHUBEP3UTETA Y
BEOI'PAAY

Ha Il penoBroj cequnum HacraBHo-HayuHor Beha buonomkor ¢akynrera YHuBep3urera
y beorpany, onpxanoj 13.11.2015. ronune, npuxBaheH je uzBemTaj MeHtopa npod. ap I'opmane
Maruh u np Anexcanape CrankoBuh, HaydHOT CaBETHHKA O ypal)eHOj JOKTOPCKO] AUCEPTALHjH
Maje M. Bynjaano, uctpaxkuBada-capajgnuka y MHCTUTYTY 3a HykJieapHe Hayke ,,BuHua®, mosu
HACJIOBOM ,,YTHIAaj HMcXpaHe Oorate (GpPyKTO30M Ha eKCIpecujy KOMIOHEHTH PeHUH-
AHI'MOTEH3UH cucTeMa M uHIaManMje y TKHBY Cpua NamoBa: MOJHO crenupuyHe
pasiuke’, u oapehena je Komucuja 3a nperien u oueHy JOKTOPCKE JHCEpTaldje y cacTaBy Jp
Anekcannpa CrankoBuh, HAyYHU CaBETHHK, Y HUBep3uTeTa y beorpany-MHCTUTYT 32 HyKIeapHe
Hayke ,,Bunua”, np ['opnana Matuh, penoBau npodecop, Yausepsurera y beorpany-buonomku
¢dakynrer u ap ['opan Kopuhanai, nHayyHu caBeTHUK, YHHBep3uTera y beorpany-MHctutyt 3a
HyKJIeapHe Hayke ,,BuHua®.

Komucuja je mpernenana ypaheHy HOKTOpCKY AMcepTalMjy KaHAWIaTKuibe U Behy
noaHocH cieaehu

N3BEINITAJ

Onry noaany 0 AOKTOPCKOj AUCEPTALHjHU:

Hokropcka nucepranuja Maje M. Bynaano monx HaciaoBoMm ,,YTHIAj HcxXpaHe Oorarte
(pyKTO30M Ha eKCIpecHjy KOMIOHEHTH PeHHMH-aHTHOTEH3MH cHcTeMa M MHpIamanuje y
TKHBY Cplia NMaloBa: MoJjHo cnenuduyne pazauke®, Hanrcana je Ha 139 crpana, u mojespeHa
y 7 nornasspa: YBoa (30 crpana), Xumnore3a u mmsbeBu (1 crpana), Marepujaa u meroae (9
crpana), Pesyararu (16 crpana), Hduckycuja (20 crpana), 3aksbyuak (2 crpaHe) u
Jlureparypa (61 crpana). Pax canpxu 577 nutepatypHux nutata u 2 Web site nurara, 8 tabena
u 15 ciauka. Ocum Tora paj caapku U MOAATKE 0 MEHTOPUMa, PE3UMEe Ha CPIICKOM M €HTJIECKOM
Je3UKy, MoJaTKe O JUcepTaluju, CIUcak cKpaheHulla, cajapxaj, Ouorpadujy kaHauaatra H
MOTIUCAHE U3jaBe.

AHaJIu3a JOKTOPCKe JUcepTanuje:

Y mormaBby YBOA je CBeOOyXBaTHO JaT TMperje] IoJaTaka peJIeBaHTHUX 3a
caryieJjaBambe TEOPETCKE OCHOBE AMCEpTaIlfje M UCTPaXKHBama Koja ce OJIHOCE Ha pa3MaTpaHy
npobnematuky. Kanauaar naje mpersiesn nojaraka o Be3u MeTabOJIMYKOT CUHIpPOMa U 000Jbema
cpua, MOJIHO CreHU(pHUYHUM pasivKama y CTONH 00oJbeBamba O METabOJIMYKOr CHHIPOMA,
yIIO3U €CTpajuoiia y pa3Bojy MeTaboNMyKor CHHApoMa, MoBehaHoM YyHocy (pykTo3e,
cieun(puIHOM MeTabonu3My (pyKTo3e Kao W Be3M HcXpaHe OoraTe (ppyKTO30M ca HACTAHKOM
METa0OJTMYKHUX W KapJAHOBACKyIapHUX rmopeMehaja Koa JbyIu ¥ eKCIIEPUMEHTATHUX KUBOTHHA.
Kanmmpar 3aruMm omnmcyje TeT KOMIOHEHTHM PEHWH-aHTMOTEH3MH CHCTeMa [aHTMOTEH3MH-
kouBepryjyhu ensum (ACE), anrunorensun-kouseptyjyhu enzum 2 (ACE2), aHTHOTEH3MHCKU
peuentop tuna 1 (AT1R), anrnorensuncku petentop tuna 2 (AT2R) u xonektpun). HaBone ce
MaxaHHM3aM JIeI0Baka €H3UMa U YTUIA] MOJIEKYJIAa Y UMjOj CUHTE3U Y4YECTBY]Y [aHTMOTEH3HHA 2
(ANG Il) u anrmorensuna-(1-7) (Ang-(1-7)] ma BuTaMHO BaxKHE MpoIECce Yy CpIy, Kao U
CHTHAJIHU IYT€BH aHTMOTEH3WHCKUX perenTopa. Takole ce ucruye yinora KOMIIOHCHTH PEHHH-
aHTMOTEH3WH CHUCTeMa Yy HacTaHKy uH(Iamanyje u mnopemehaja Koju Jexe y OCHOBH
MeTaboJIMYKOT cuHApoMa. Jlajbe KaHIuaaT Aaje aeTajbaH IMperiies JIMTepaTypHHX MoJaTaka o



TPU KOMIIOHEHTE WH(IaMalmje U peMojeiIoBama: MeTajonporennasu marpukca-9 (MMP-9),
nykieapaom dakrtopy kappa B (NFkB) u nuranny 16 u3 dpamumiuje xemokuna CXC (CXCL16) u
IbUXOBO] Y03 Y HACTAHKY METa0OJIMYKOT CHHIPOMA.

V nornaepy XHNOTe3a M NW/bEBH J[aTd € XHUIIOTe3a U ONUCAaHH Cy LWbeBH. Ha OCHOBY
JTUTEpaTypHUX MOAATaKa Ce MOXKEe OYEKHMBATHU Jla UCXpaHa Oorara (pykTo30M JAOBOJHU 10 TOJIHO
creun(UYHUX MPOMEHA y HUBOY KOMIIOHEHTH PEHMH-aHT'MOTEH3MH CUcTeMa U UH]Iamanuje
Koje Ou yTHuIaiie Ha pa3Boj CUMIITOMa METaOOJIMYKOT CHHAPOMA U Ca UM MOBE3aHUX IMPOMEHA
Ha HUBOY CpLa.

VY nornasiby MaTepujaj 1 MeTO/le HaBEJCHE Cy XeMUKauje KopuiheHe y eKcriepuMeHTHMA U
OIMCaHE CY EKCIEPUMEHTAJIHE TIpyle, IUJeTEeTCKH M XOPMOHCKM TPETMAaHU >KUBOTHUHA.
Kangunat HaBoau cBe MeTolie KOpHIIheHe y pany, MOo4eB o OMOXEMHjCKHX METOJa Mepema
KOHIIEHTpalLWje TIyKo3e, TPUIIHULEpHIa, MHCYJIMHA Yy LUpKylauuju. JlaT je neTa/bHM OIMC
MOCTYyINIKAa TpHUIpeMe TpoTenHa Hu3 Jm3ara hemuja cpua. Takohe cy H3I0KEHE OCHOBE
aHAIMTHYKE MeTone enekTpodopese Ha monuakpuiaamunHom remy u Western blot-a, xoje cy
kopuinheHe y aHanu3u nporenHa. Kanaunar naje u nerasban onuc msonanuje IRNK monekyna
U3 TKUBa cpia, noctymnka npesohema iIRNK monekymna y cDNK Monekyn mporecom peBep3He
TpaHcKpuniuje, kao u Real-time merone koja je kopumihena 3a onpelhuBame penaTUBHOT HUBOA
iRNK y ucniutuBanuMm y3opiuma TKuBa cplia.

VY mornarspy Pe3yaratu cy no0ujeHu pe3ynTaTv M3JI0XKeHH y 7 Tabena u miayctpoBaHu ca 11
ciuka. JloOujenu pe3yiraTu ce Mory yKpaTKo CyMHUpaTy Ha cie/iehu HauuH:

Ncxpana oborahena 10% pactBopom (GpykTo3e je J0Bea 10 pa3Boja XUMCPTPUTIIULICPUICMHE]EC
Ko manoBa o0a Moja W KOJ OBApUJEKTOMHUCAHUX JKEHKH IITO j€ BEpOBATHO IOCIEANLA
cneuupuyHor MetabonmuszMa ¢pykro3e y jerpu. Koa oBapHjeKTOMHUCAHUX KEHKH j€ YIOpeno
JIOLLIO M JI0 XUIEPUHCYJIMHEMH]E U Pa3BOja HHCYJIHMHCKE pe3ucTeHuuje. Tperman ectpaanoaoM
HUJ€ CIIPEeuno pPa3BOj] XMIEPTPUINIMLEPUIEMHUJE, alM Je YyCIeo je MpeBeHupa nosehame
KOHIIEHTpAallje UHCYJIMHA Y MJa3MHU U pa3Boj MHCYIMHCKe pe3ucTeHuuje. Koa myxkjaka manoa
koju cy i 10% pacBop gpykTo3e u3MepeH je Behu KpBHU NPUTUCAK Yy OAHOCY HA MYXKjaKe
Koju cy muiau Bony. Kon xeHku umcxpana oOoraheHa (pykTo30M HHje yTHLada Ha KPBHH
MIPUTHUCAK.

Hcxpana Gorara ¢pykTo3oM je y cpuy Myxjaka nanosa noehama HuBo ACE, nosenma no
cmametba HuBoa ACE2 u AT2R, Huje yrunana Ha ekcrnpecujy reHa 3a ATIR, ok
TpaHckpunuuja reHa 3a AT2R Huje Oumna nerextaOunna. Mcxpana Gorara ¢pykrozom HHje
nosena o npomene HuBoa IRNK 3a xonektpun, MMP-9 u CXCL16 kon myxjaka maiosa.
Hcxpana ppykrozom je yrunana Ha Behu HEBO IRNK 32 AT1R 1 MMP-9 koju je netektoBaH je
KOJ MYy)Xjaka y oHOCY Ha jkeHke. Koy jkeHKM maroBa XpameHHX (PYKTO30M HHje JOILIO 10
IIPOMEHA Y HUBOY KOMIIOHEHTH PEHHH-aHTMOTEH3UH CUCTEMa, Ka0 HU y TPAHCKPHUIIIUjHU Te€Ha 3a
kosiekTpua, MMP-9 u CXCL16 y TkuBy cpiia.

Kox oBapujekToMHMCaHUX >EHKH je HcxpaHa Oorata ¢pykrosom mnosehasra nHuBo ACE,
excripecrjy reHa 3a ATIR u MMP-9 u auBo iRNK 3a CXCL16, 10k je gomuio A0 cMamema
HuBoa ACE2 u AT2R. HakoH TpeTMaHa ecTpaauooM KOJ OBUX OBAPH]EKTOMHCAHUX >KEHKH je
nonuto 1o cieaehux nmpomena: HuBo ACE2, AT2R u uuBo IRNK 3a CXCL16 cy ce Bparuiau Ha
HUBO U3MepeH koJ koHTpona, Aok je HuBo ACE, ATIR u MMP-9 6uo uak mMamu o HUBOA
M3MEPEHOT KOJ[ KOHTPOJHHX OBapHjEKTOMHCAHMX >XeHKH. Mcxpana Oorata ¢GpykTo30oM je y
TKHUBY CpIIa OBapHjeKTOMHCAHUX KEHKH J0Bena 10 noehama docdopmnanuje p65 cydjenunuie
NFkB Ha cepuHCKOM OCTAaTKy KOjU C€ Hajla3W Ha Mo3ulrju 276, MTO yKazyje Ha aKTHUBAIH]Y
OBOI' TPAHCKPUIIIIMOHOT perynatopa. TpeTMaH ecTpaJuiioM je YTHLA0 Ha CMameme OBe
dhochopmnanmje.

Moxe ce cyMupaTH J1a pe3yiTaTH MoKasyjy Aa W HOJ U ucxpaHa O6orara ppyKTo30M YTHUYy Ha
CMamEHY EKCIIPECH]y KOMIIOHEHTH PEHHMH-aHTHOTEH3MH CHCTEMa 3a KOje ce cMaTpa Jia UMajy
3amTUTHO N1ejcTBO Ha TKUBO cpua — ACE2 u AT2R. Hcxpana Oorata GppyKTO30M HUje yTUIANIA



Ha ekcnpecujy reHa 3a ATIR u Ha HuBo IRNK 3a xonextpun, MMP-9 u CXCL16 uu kox
My)Xjaka HU KOJ XKEHKH maroBa. Mnak, y cpiuy myxkjaka je yrBpheHn Behu HHBO Molekyna ca
MOTEHIMjaJTHO MITETHUM JejcTBOM Ha TKuBO cpua, ATIR m MMP-9 y onnHocy Ha jxeHke
xpameHe ppykrozoMm. OBapujekToMHja y3 ucxXpany oboraheny Gppykro3oM A0BOIHM 0 pPOMEHA
y €KCIIPEeCHju KOMIIOHEHTH peHUH-aHrnoten3uH cucrema akrusaimjom ACE/AT1IR/ANG Il oce
u neaktuBanujom ACE2/AT2R/ANG II, mosehama HUBO €KCIIPECHje KOMIIOHEHTH YKJbYYEHHX
y uH(pnamanmjy u pemojaenoBame cpua (NFkB, CXCL16, MMP-9). Tperman ectpaanoiom
HMMao je MO3UTUBAH e(eKaT Ha Cplie OBApUjEKTOMUCAHUX XKeHKH Bpahajyhu mopemehenu GanaHc
CBUX HUCIMTAaHUX MOJIEKYJIa y PAaBHOTEXKY YMMeE OKa3yje 3alITUTHH e(eKaT Ha CpIIe.

Y mnornapipy JlMCKycHja KaHAMIAT Jaje JIeTaJbHYy aHaU3y JIOOWjEHUX CKCIEPUMEHTAIHUX
pesynraTta ¥ MHTEPIpPETHpPA MX y OJHOCY Ha ojaroBapajyhy imreparypy. OBO TOrIaBibe je
MOJIEJHEHO y HEKOJIMKO OJieJhbaKa IITO JONMPUHOCH 0OJbEM pa3yMeBamy M TyMauewmhy pe3yiTara
COIICTBEHUX WCTPaXKHMBama Yy OJHOCY Ha pe3yiarare o0jaBjbeHe Yy mocTojehoj HaydHO]
auTeparypu. Y MpBOM OZCJbKY KaHAWJAT JUCKYTyje O YTHIAjy ucXpaHe Oorare ()pyKTO30M Ha
MopdoromKke 1 OMOXEeMHjCKe KapaKTepUCTHKE MYy’Kjaka M JKeHKH maroBa. Jlasjbe KaHaumaT
IUCKYTyje O yTULaJy UcXpaHe Oorate (pyKTO30M Ha KpPBHHM MPUTUCAK MYXKjaka U KEHKHU
naroBa. Y HapeAHOM OJIeJbKY KaHAWIAT aHAIM3Mpa NPOMEHE Y HUBOY KOMIIOHEHTH PEHHH-
AQHTMOTEH3WH CUCTEMa Y CpIly MY)Kjaka W JKCHKH IaloBa HAcTaJie Kao TOCJEIHIIa MCXPaHe
6orare ¢ppykro3oM. OBO je mpBa CTyAHja Y KOjOj je Ha cBeoOyXBaTaH HAYMH MUCIIUTUBAHO MOJTHO
cnenupuYHO JIeJCTBO HCXpaHe Oorare (PYKTO30M Ha EKCIpEecHjy KOMIIOHEHTH PEHUH-
aHrnoTeH3uH cucreMa. Crnenehu neo ce 6aBM aHAM30M yTHUIAja HCXpaHe Oorate GPyKTO30M U
ecTpainoiia Ha eKCIPECHjy KOMIIOHEHTH PEHUH-aHIMOTEH3MH CHCTEMA KOJI OBAPUjEKTOMHCAHUX
KEHKH W JUCKYTyje C€ O 3allTUTHOM JeJIOBalky eCTpajuoiia Ha Koje ymyhyjy noOujenu
pesyararu. [ToTom ciene oesbIM y KOjUMa Ce AUCKYTYje O MOJIHO CHeNU(DUIHUM pas3irKama y
ebexty (Ppykroze Ha excmpecnjy MMP-9 u o yrumajy ucxpane oOorate (pyKTO30M U
ectpanuona Ha aktuBauujy NFxB u Tpanckpunuujy rena 3a CXCL16. Ha ocHoBy yBuaa y
JTUTEpaTypy, KaHIUIAT MU3HOCH HJIEje O CHUTHAIHOM ITyTy NPEKO Kora OM aKTUBAlMja PEHUH-
aHTUOTEH3WH CHCTeMa MorJjia OUTH MmoBe3aH ca aktuBanujomM NFkB u MMP-9.

VY nornaspy 3ak/bydlu, KaHauIaTKumba Maja ByHaano cymupa HajBaXkKHHje 3aKJbydKe KOJU
MpOU3HJIa3e M3 EKCIIEPUMEHTATHUX pe3yiraTta JOOWJeHUX Yy JTOKTOPCKOj IUCepTauuju Hu
nperyiefiane Jutepatype. I TaBHM 3aKkJbydliu TOKTOPCKe JucepTanuje cy ciaeaehu:

1. Hcxpana oborahena 10% pactBopoM (pykTo3e je noBena 10 nmoBehaHOr KaaopHjcKor
yHOCa KOJ MY’Kjaka M >KeHKH mnanoBa. OBo je pe3ynroBano nosehameMm TenecHe mace
caMo KOJ ’KeHKHM TalloBa BEpOBaTHO yciiea nosehama Mace BUCLEPATHOI MAaCHOT TKHBA.
Hcxpana Gorata ¢ppyKkTo30M HHje [10Bela 0 MPOMEHE arcoJyTHE M peJaTHBHE Mace
Cpla HU KOJ JeHOT MoJa.

2. Hcxpana Gorata GppyKTO30M ITOBOIM 10 XUTIEPTPUTIIUIIEPUAEMHjE KO/ Marosa oda moia,
JIOK HEMa yTHLaja Ha HHCYJIMHCKY OCETJbUBOCT.

3. Myxjanu mamnoBa Cy TMOJJIOXKHHUJU 3a HACTaHAK KapJWOBACKYJIApHUX OOJECTH HAaKOH
ucxpane odorahene 10% pactBopom ppykTO3e y onHOCY Ha keHKe. OBO MITETHO JI€jCTBO
ucxpane 6orare PpyKkTo30M ce orjiena y:

» mnoBehamky KPBHOT IPUTHCKA KO MYXjaKa

» HapyllaBawky pPAaBHOTEKE Yy HUBOY IMPOTEHMHCKUX KOMIIOHEHTH DPEHUH-
aHTMOTEH3UH CHCTeMa Koje OM MOIJIO pe3yiATOBAaTH MaTO(U3UOIOUIKUM
MIpoMeHaMa y CTPYKTYpHU U QYHKIUjU cplia KO My>KjaKka

» mnoehanoj Tpanckpunuuju reHa 33 MMP-9 u CXCL16 xon myxjaka y
OJIHOCY Ha KEHKE, IIITO yKa3yje Ha MOKpeTame WH(]IaManuje U MTETHO
peMoieTIOBame TKUBA CpIla MyKjaKa



4. Ecrtpaanon moHumTaBa eexte ucxpane o6orare Gpykro3oMm Ha moBehame KalOpHjCKOT
YHOCQ KOJI OBapHjEKTOMHCAHUX YKCHKH.

5. Ecrpanuon moHMITaBa MTETHO AejcTBO UcxpaHe oborahene 10% pactBopom (pykTo3e
Ha pPa3BOj XUIIEPUHCYJIHMHEMHUjE M HHCYJIMHCKE PE3UCTEHIU]je KOJI OBAapPHjEKTOMHCAHUX
’KCHKH I1aI[0Ba, aJli HE CIpeuaBa HACTAaHAK XUIIEPTPUTIUIICPUIEMU]eE.

6. Ectpaamon moHumTaBa cBe mTETHE epekTe UcXpaHe OoraTe PpyKTO30M Ha MPOMEHE Y
HUBOY POTEUHCKUX KOMIIOHEHTH PEHHUH-aHTUOTEH3UH cucrema KOJI
OBapHjEeKTOMHUCAHUX JKCHKH, IITO BOAM CMamewky UWHQIAManMje W IITETHOT
peMoienioBama y TKUBY CpLa.

7. Hcxpana obGorahena ¢pykroszom, mocpeacrBom curnannor myra ANGII/AT1R/p65
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Abstract

v

The renin-angiotensin system has been impli-
cated in the development of metabolic syndrome
and appears to be a key in the local tissue control
of normal cardiac functions. Physiological con-
centrations of estrogens have been shown to be
cardioprotective, especially against the damaging
effects of fructose-rich diet. The aim of the study
was to investigate the expression of the renin-
angiotensin system molecules with potentially
deleterious effect on the heart (angiotensin-con-
verting enzyme and angiotensin II type 1 recep-
tor) and those with potentially protective effects,
(angiotensin-converting enzyme 2 and angioten-
sin Il type 2 receptor), in ovariectomized fructose
fed female rats with 17B-estradiol replacement.
Real-time PCR and Western blot analysis were
used for quantification of gene and protein
expression in the heart. Fructose diet increased

the expression of angiotensin-converting enzyme
and angiotensin I type 1 receptor and decreased
the expression of angiotensin-converting enzyme
2 and angiotensin II type 2 receptor. On the other
hand, estradiol replacement seems to undo fruc-
tose diet effects on cardiac renin-angiotensin sys-
tem. Downregulation of angiotensin-converting
enzyme and angiotensin II type 1 receptor, and
reversion of expression of both potentially protec-
tive molecules, angiotensin-converting enzyme 2
and angiotensin II type 2 receptor, to the control
level in cardiac tissue took place. Obtained results
suggest that estradiol may reverse the harmful
effect of fructose-rich diet on the expression of
renin-angiotensin system molecules. These find-
ings may also be important in further research of
phenotypes like insulin resistance, metabolic syn-
drome, and following cardiovascular pathology in
females.

Introduction

v

Enhanced intake of fructose leads to the develop-
ment of metabolic syndrome in humans and
experimental animals [1,2]. Metabolic syndrome
is characterized by glucose intolerance, insulin
resistance, central obesity, dyslipidemia, and
hypertension. All these factors increase risk of
cardiovascular disease [3]. Physiological concen-
trations of estrogens have been shown to be car-
dio protective [4] and they also have been
assigned as protective against the damaging
effects of fructose-rich diet (FRD) [5].

The changes in the expression of components of
renin angiotensin system (RAS) have been impli-
cated in the development of metabolic syndrome.
It is known that all components of the RAS are
generated in the heart [6]. The cardiac RAS main-
tains cell growth and proliferation in the heart,
and mediates its adaptive response to myocardial

stress in an appropriate cellular milieu [7]. In car-
diomyocytes, similar to vascular smooth muscle
cells and endothelium, pharmacological block-
ade of angiotensin II (Angll) action improves
insulin sensitivity [8]. Previously, it was demon-
strated that FRD affects the expression of ACE in
aorta and angiotensin II type 1 (AT;) receptor in
heart and aorta of male rats [9]. Estrogens,
including estradiol (E2), regulate several compo-
nents of the RAS. Ovariectomy alone promotes
changes in RAS that could be prevented by E2
replacement at physiological levels [10,11] and
even reversed by supraphysiological E2 treat-
ment [12]. Still, this was not investigated in FRD.
Based on these findings, we hypothesize that
estradiol could have a beneficial effect on the
expression of the heart tissue RAS after applica-
tion of fructose-rich diet. The aim of the study
was to investigate both protein and gene expres-
sion of molecules that are supposed to have
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deleterious effect on cardiovascular tissue [(ACE and AT, recep-
tor), and those with potentially protective effect (angiotensin-
converting enzyme 2 (ACE2) and angiotensin II type 2 (AT,)
receptor] in ovariectomized females on FRD with E2 replace-
ment.

Materials and Methods

v

Chemicals

The fructose was purchased from API-PEK (Becej, Serbia). The
anti-ACE, anti-ACE2, anti-AT; receptors, and anti-actin antibod-
ies were obtained from Santa Cruz Biotechnology, Inc. Addi-
tional anti-AT; receptor antibody was purchased from Pierce,
Thermo Fisher Scientific. The anti-AT, receptor antibody was
purchased from Abcam. Secondary anti-goat and anti-rabbit
antibodies were purchased from Santa Cruz Biotechnology. The
17B-estradiol was a product of Sigma-Aldrich Corporation.

Animals

All animal experiments conformed to the Directive 2010/63/EU
of the European Parliament. The official Vinca institute’s Ethical
Committee for Experimental Animals approved the research.
Female Wistar rats (21-days-old) were separated from their
mothers and divided in the control group on a normal diet (ND)
and fructose fed rats (FRD). The animals held on normal diet had
free access to the tap water and normal rat chow. Animals held
on FRD were fed standard food, but water was replaced with a
10% (w/v) fructose solution in tap water. Duration of diet regime
was 9 weeks. All animals were kept under standard temperature
and dark-light conditions. Ovariectomy (OVX) was performed 2
weeks prior to the sacrifice, under ketamine (40 mg/kg, intra-
peritoneally)/xylazine (5mg/kg, intraperitoneally) anesthesia.
Half of the FRD were subjected to E2 replacement treatment
(40pg/kg in volume of 100ul/250¢) subcutaneously, every 2
days starting from the day after the ovariectomy, which contin-
ued until the day before sacrifice, in order to achieve the concen-
tration near the physiological level [13]. The evidence collected
in the past years indicates that the heart is regulated by a com-
plex interplay of genomic and nongenomic signaling mecha-
nisms of E2, and the integrated action of these machineries has
important functional roles in a regulation of physiological pro-
cesses. In view of these facts, we selected the experimental
timeline that allows the E2 to realize both kinds of effects, par-
ticularly long-term genomic effects [14]. Non-estrogen treated
animals were injected with vehicle (linseed oil, as estradiol was
resolved in it) to avoid the effects of injection stress. Each exper-
imental group contained 9 animals [OVX rats on ND (control
group), OVX rats on FRD, OVX rats on FRD treated with E2; total
of 27 animals] in accordance with the standards of statistics and
ethics.

In order to assess the effect of FRD, we compared ovariectomized
fructose fed rats with ovariectomized rats subjected to the nor-
mal diet. In order to estimate the effect of E2 in the context of
FRD, we compared ovariectomized fructose fed rats with ova-
riectomized fructose fed animals treated with E2.

Biochemistry

After overnight fasting of animals, the blood samples were col-
lected at decapitation in EDTA-pretreated tubes and centrifuged
at 3000rpm for 10 min in order to obtain the plasma samples.
RIA method was used to determine plasma insulin levels. Home-
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ostasis model assessment index (HOMA), an indicator of insulin
resistance, was calculated from the fasted plasma insulin and
the glucose concentration using previously described formula
[15]. The triglycerides level was measured using a Multicare
analyzer (Biochemical Systems International, Arezzo, Italy).

Preparation of cardiac cell lysate

After sacrifice, each heart was removed and washed with cold
saline, quickly blotted with filter paper in order to remove sur-
face liquid and weighed. The tissue was homogenized in cold
with an Ultra-Turrax homogenizer in a buffer (pH 7.4) contain-
ing 10mM Tris, 150 mM NaCl, 1 mM EGTA, 1% Triton X-100, pro-
tease inhibitors (2mM PMSF, 10ug/ml leupeptin, and 10ug/ml
aprotinin). The homogenates were centrifuged at 600xg for
20min at 4°C, and the obtained supernatants were centrifuged
at 100000xg for 60 min. BCA method was used to determine
protein concentration. Supernatants were boiled in Laemmli
sample buffer and used for Western blot analysis.

SDS-PAGE and western blotting

Cardiac lysate proteins (100 ug/lane) were loaded onto 10% SDS
polyacrylamide gels and separated by electrophoresis. Then,
proteins were transferred to PVDF membranes. PVDF mem-
branes were blocked with 5% bovine serum albumin and incu-
bated with primary antibodies against ACE (sc-12187, dilution
1:250), ACE2 (sc-17720, dilution 1:250), AT, receptor (sc-1173,
dilution 1:200 and PA5-20812, dilution 1:500), AT, receptor
(ab19134, dilution 1:2500), and stayed overnight at 4°C. Mem-
branes were washed and incubated with secondary anti-rabbit
or anti-goat horseradish peroxidase-conjugated antibody (dilu-
tion 1:10000) for 2h at room temperature and signals were
detected with ECL reagents. To avoid ECL signal saturation we
empirically optimized the protein quantity per well in SDS PAGE,
as well as primary and secondary antibody concentration and
the conditions of signal development. Since we did not observe
cardiac hypertrophy [16,17], the actin antibody was used as
internal standard to ensure that protein loading was equal in all
lysate samples. Films were scanned and analyzed using the
Image] software (NIH, USA).

RNA isolation and quantitative real-time reverse
transcriptase-PCR (qRT-PCR)

Total RNA was extracted from the frozen (-70°C) hearts using
TRIzol Reagent (Ambion, Inc.). The quantity of RNA was meas-
ured spectrophotometrically (NanoDrop® ND-1000, Thermo
Scientific). Contaminant genomic DNA in RNA samples were
avoided by treatment with DNase I (1U/2 ug RNA) for 1h at 37 °C.
Reverse transcription was performed using 2ug of total pure
RNA and First Strand cDNA Synthesis kit, with oligodT18 prim-
ers, according to manufacturer’s instructions (Fermentas, Lithu-
ania). Mock reaction lacking reverse transcriptase was performed
during the cDNA synthesis step.

Real-time PCR was performed in duplicate in an ABI Real-time
7500 system (ABI, Foster City, CA). Detection of AT; receptor and
AT, receptor gene expression was done by amplification in the
total volume of 25ul using the pre-developed TagMan® Gene
Expression Assays Rn02758772_s1 (AT; receptor) and
Rn00560677_s1 (AT, receptor) (ABI, Foster City, CA). Detection
of internal reference 18s rRNA was done by the predeveloped
TagMan® Gene Expression Assays ID Hs99999901_s1 (ABI, Fos-
ter City, CA, USA). Cycling parameters were as follows: an initial
denaturation at 95 °C for 10 min, followed by 40 cycles of a dena-



turation step at 95 °C for 15, and annealing step at 60 °C for 60s.
The 18s rRNA served as an internal reference to standardize the
amount of sample RNA added to a reaction.

Statistical analysis

Data are presented as meantstandard deviations for 9 animals
per each experimental group (total of 27 animals). Each Western
blot experiment was performed at least 3 times independently.
Data were analyzed by Mann-Whitney U-test. The GraphPad
Prism 5 statistical package was used. Values of p<0.05 were con-
sidered statistically significant. Differences in mRNA expression
between groups were analyzed using 222t method [18].

Results

v

Biochemical characteristics of animals

Fructose-rich diet elevated plasma insulin and triglycerides lev-
els, as well as HOMA index (p<0.05, ND-OVX vs. FRD-OVX).
Estradiol treatment decreased insulin level and HOMA index in
fructose fed animals (p<0.05, FRD-OVX vs. FRD-OVX+E2) and
reverted these parameters on the level detected in ND-OVX ani-
mals (p>0.05, ND-OVX vs. FRD-OVX+E2). Triglycerides level in
fructose fed animals remained on the higher level compared to
ND-OVX animals even after E2 treatment (p<0.05, ND-OVX vs.
FRD-OVX+E2) (© Fig. 1).

Effects of the fructose-rich diet and estradiol status on
the expression of ACE and ACE2 in the rat heart

The present study showed that in ovariectomized females FRD
had increased ACE protein levels in the heart (p<0.01, ND-OVX
vs. FRD-OVX), while E2 treatment had significantly decreased it
(p<0.01, FRD-OVX vs. FRD-OVX+E2) even lower than in rats
that were fed a normal diet (p<0.01 ND-OVX vs. FRD-OVX+E2)
(© Fig. 2a).

As presented in © Fig. 2b, the FRD significantly decreased ACE2
protein expression in the heart (p<0.05, ND-OVX vs. FRD-OVX),
while E2 replacement significantly increased ACE2 protein
expression, compared to FRD-OVX (p<0.05, FRD-OVX vs. FRD-
OVX+E2), reversing it to the level detected in rats that were fed
a normal diet (p>0.05, ND-OVX vs. FRD-OVX +E2).

Effects of the fructose-rich diet and estradiol status

on the expression of angiotensin Il receptors in the rat
heart

The FRD increased AT; receptor protein expression in the
heart of ovariectomized females (p<0.001, ND-OVX vs. FRD-OVX,
© Fig. 3a), but there was no change in the AT; receptor mRNA
expression (© Fig. 3b). E2 treatment in fructose fed ovariecto-
mized females significantly decreased AT, receptor protein and
mRNA expression in the heart compared to the FRD-OVX group
(p<0.001 for protein, and p<0.05 for mRNA expression, FRD-
OVX vs. FRD-OVX +E2) as well as AT; receptor protein compared
to ND-OVX females (p<0.001, ND-OVX vs. FRD-OVX +E2). As the
specificity of commercial antibodies against the AT1 receptor
has been recently called into question [19], we performed West-
ern blotting in parallel, with additional primary antibody against
the AT1 receptor (PA5-20812, Pierce). The quantification with
both antibodies gave the same results.

The FRD decreased AT, receptor protein expression (p<0.05,
ND-OVX vs. FRD-OVX, © Fig. 4), while E2 treatment increased it
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Fig. 1 Effects of fructose-rich diet and estradiol on the biochemical
characteristics of ovariectomized female rats. Values are means, with
their standard deviations represented by vertical bars. OVX: ovariectomy;
ND: Rats on normal diet; FRD: Rats on fructose-rich diet; E2: Estradiol
treatment. * p<0.05.

in the heart of FRD-OVX (p<0.05, FRD-OVX vs. FRD-OVX+E2)
and reversed it to the level detected in animals on normal diet
(p>0.05 ND-OVX vs. FRD-OVX+E2). We did not detect AT,
receptor mRNA expression in any of the comparison groups. To
ensure that PCR reaction was successful, the positive control
sample with known AT, receptor mRNA expression was used
(cDNA from adipose tissue and heart of intact female rats,
unpublished data).
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Fig. 2 ACE and ACE2 protein expression in the ovariectomized fructose
fed rats in the presence or absence of estradiol. Protein samples of cardiac
cell lysate were analyzed by the Western blot method using the antibody
against ACE a and ACE2 b. We performed the experiments 3 times
independently. Each experimental group contained 9 animals. Results

are expressed as a fold of appropriate control value (ovariectomized rats
on the normal diet, ND-OVX). Values are means, with their standard
deviations represented by vertical bars. Representative Western blots are
also shown. OVX: Ovariectomy; ND: Rats on normal diet; FRD: Rats on
fructose-rich diet; E2: Estradiol treatment. * p<0.05; * *p<0.01.

Discussion and Conclusion

v

The present study showed that FRD affects RAS components in
the cardiac tissue of ovariectomized females, demonstrated by
the increase of the expression of potentially deleterious mole-
cules ACE and AT, receptor and decreased expression of ACE2
and AT, receptor. These findings coincide with the elevated
plasma triglycerides, insulin and HOMA in fructose fed rats. On
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Fig. 3 AT receptor protein and gene expression in ovariectomized fruc-
tose fed rats with or without the estradiol replacement. a Protein samples
of cardiac cell lysate were analyzed by the Western blot method using the
antibodies against AT, receptor. The results of 3 independent experi-
ments with a total of 9 animals per each group were quantified. Results
are expressed as a fold of appropriate control value (ovariectomized rats
on the normal diet, ND). Values are means, with their standard devia-
tions represented by vertical bars. Representative Western blots are also
shown. b AT, receptor mRNA level in the heart of ovariectomized fructose
fed rats with or without E2 replacement. Results are expressed as 272
values. Values are means for 9 animals per each experimental group, with
a standard deviation represented by vertical bars. OVX: Ovariectomy; ND:
Rats on normal diet; FRD: Rats on fructose-rich diet; E2: Estradiol treat-
ment. *p<0.05; * * *p<0.001.

the other hand, the E2 replacement therapy seems to undo FRD
effects on cardiac tissue RAS and metabolic parameters. It was
demonstrated by the downregulation of ACE and AT, receptor
and the reversion of expression of both potentially protective
molecules in cardiac tissue, AT, receptor to the control level, and
ACE2 significantly above the levels detected in normal-diet
animals.

The local tissue RAS appears to be a key in the control of normal
cardiac functions. It was previously demonstrated that FRD
affects the expression of ACE in aortas and AT, receptor in hearts
and aortas of male rats [9]. Other study also showed upregula-
tion of AT, receptor mRNA and unchanged AT, receptor mRNA in
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of cardiac cell lysate were analyzed by the Western blot method using
antibody against an AT, receptor. We performed the experiments 3 times
independently. Each experimental group contained 9 animals. Results
are expressed as a fold of appropriate control value (ovariectomized

rats on the normal diet, ND). Values are means, with their standard
deviations represented by vertical bars. Representative Western blots are
also shown. OVX: Ovariectomy; ND: Rats on normal diet; FRD: Rats on
fructose-rich diet; E2: Estradiol treatment. * p<0.05.

aorta under the 60% FRD [20]. Prolonged AT, receptor activation
leads to myocyte hypertrophy, which becomes a major risk fac-
tor for congestive heart failure, sudden cardiac death, and overall
mortality [21]. In current experimental model of FRD regime,
we did not observe cardiac hypertrophy [17] but, significant
increase in AT, receptor and ACE expression, which we found in
this study, could imply that hypertrophy would occur if the FRD
regime was prolonged. An increased heart-to-body weight ratio,
myocyte diameter, as well as left ventricular fibrosis and perivas-
cular collagen type Il deposition were detected previously in
hearts of fructose fed male rats [22]. In addition, angiotensin
(1-7) [Ang-(1-7)] treatment ameliorated cardiac hypertrophy,
fibrosis, and mild hypertension and attenuated the growth-pro-
moting pathways in the hearts of these animals. But, the main
RAS molecules have not been investigated, as well as the E2
effects in fructose fed females.

In the current study, we detected early changes of the RAS mol-
ecules expression in heart of female animals, which are of the
great importance since they reflect tissue changes on the sub-
clinical level. Many experimental and clinical data showed ben-
eficial cardiovascular effects of treatment with antagonists of
the RAS. Thus, the RAS is a reasonable target for prevention of
fructose-induced cardiovascular pathologies.

It was shown previously that FRD induces a cluster of abnor-
malities, including hypertension, hypertriglyceridemia, and glu-
cose intolerance in addition to hyperinsulinemia [20], which is
in agreement with our results. The ACE and AT, receptor upreg-
ulated by FRD in this study have been involved in the insulin
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resistance, also an early phenotype of metabolic syndrome.
Namely, we reported recently that the same animals on the fruc-
tose diet developed cardiac insulin resistance [23]. ACE generates
the Ang II [24,25], that through AT; receptor activation, leads to
increased generation of reactive oxygen species (ROS). This fur-
ther induces inflammation and fosters insulin resistance [26].
Moreover, RAS could influence cardiac insulin signaling and
endothelial dysfunction. Namely, activation of AT, receptor trig-
gers JNK and MAP-kinase pathways that may lead to increased
serine phosphorylation of IRS-1 (Ser3'? and Ser%'%), impaired
insulin-induced PI3K/Akt/eNOS signaling pathway, and finally
endothelial dysfunction [27]. Importantly, AT, receptor-medi-
ated MAPK activation has been shown to inhibit insulin signal-
ing in immortalized cardiomyocytes (HL-1 cells) [28]. These
mechanisms could be the focus of the future studies. Based on
the reported facts we suggest that previously observed insulin
resistance and impaired cardiac insulin signaling in ovariecto-
mized fructose fed rats [17,23,29] are, at least partly, caused by
activated local RAS in a heart.

Interestingly, our study showed that FRD upregulated AT, recep-
tor protein level in the hearts of ovariectomized females, while
there was no statistically significant change in AT; receptor gene
expression. This may indicate the possibility of post-transla-
tional control of AT, receptor expression. We can speculate that
FRD affects the stability of AT, receptor protein by protecting the
receptor from post-translational degradation. On the other
hand, we have demonstrated that E2 replacement therapy
decreased both AT; receptor protein and gene expression in
fructose fed ovariectomized rats. Previous studies showed that
E2 can directly modulate AT; receptor transcription through the
estrogen response elements (ERE) in the 5'-flanking region of
the receptor gene [30] or it can inhibit AT receptor translation
[31]. We can conclude that in our experimental model E2, at
least partly, downregulated AT; receptor protein expression by
decreasing the AT; receptor mRNA expression.

Upregulation of ACE and AT, receptor protein expression in the
hearts of fructose fed ovariectomized rats was diminished by E2
replacement therapy. This goes in line with the results showing
that this E2 treatment restitutes control plasma insulin level
[29] and suppresses negative effect of FRD on cardiac insulin
resistance [17]. Thus, we can propose that E2 may achieve the
protective effect on the development of insulin resistance
induced by FRD and cardiac impairment, at least partly through
reduced expression of ACE and AT, receptor.

It was previously shown that AT; and AT, receptors have the
opposite role in the control of blood pressure and glucose home-
ostasis in fructose-induced insulin-resistant hypertensive rats
[32].1t has also been shown that angiotensin [I-mediated NADPH
oxidase activation occurs via the action of the AT; receptor,
whereas the AT, receptor appears to inhibit oxidase activation
[33]. Our study demonstrated that FRD significantly down regu-
lated the AT, receptor protein expression in ovariectomized
females, while the E2 treatment reverted it to the level detected
in rats fed a normal diet. Because AT, receptor shows antiprolif-
erative, antifibrotic and blood pressure-lowering properties
[34,35] we can assume that E2, by increasing AT, receptor expres-
sion, helps to protect the heart from the harmful effects of FRD.
Furthermore, our study showed that FRD decreased the ACE2
expression while the E2 replacement induced the ACE2 expres-
sion and reversed it to physiological level. The ACE2 cleaves the
Angll into the inactive Ang-(1-7). It is highly expressed in a
heart. It was shown that the mice carrying ACE, but not ACE2
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gene, developed cardiovascular disease and impaired heart
function. Targeted disruption of ACE2 in mice lead to severe
impairment in myocardial contractility and increased AngllI level
[36]. Also, a new molecule of the RAS with vasodilating, antifi-
brotic, antihypertensive, and central effects alamandine is gen-
erated by catalytic action of ACE2 [37]. Increased expression of
ACE2 seems to be an additional mechanism by which E2 exerts
its protective effect against FRD.

It is known that, when overactivated, the Angll/AT; receptor axis
is essentially involved in the cardiovascular pathology, such as
hypertension and related cardiac hypertrophy, as well as the
vascular remodeling in hypertension and diabetes [38]. But,
complexity has been added to the RAS through the discovery of
several axes, which counteract the Angll/AT, receptor axis and
act tissue protective. The main axis so far is Angll/AT, receptor.
The others are Ang-(1-7)/Mas receptor, and alamandine/Mas
related, G-protein-coupled receptor. Current study was focused
on the main Angll receptors, the AT; and AT, receptors, and 2
enzymes, one of which produces Angll and the one that removes
it, ACE and ACE2. Further studies should include the other mol-
ecules from complex RAS cascade.

In conclusion, FRD induced the increase in the expression of ACE
and AT, receptor and the decrease in the expression of ACE2 and
AT, receptor in heart tissue. The E2 replacement abolishes the
effect of FRD on upregulation of RAS components that have
profibrotic, proliferative and proinflammatory actions in states
of prolonged activation, and enhances the expression of poten-
tially protective RAS molecules in the heart. Obtained results
could be of utmost importance in further research of pheno-
types like insulin resistance, metabolic syndrome development,
and following cardiovascular pathology in females.
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Oestradiol Treatment Counteracts the Effect of Fructose-Rich
Diet on Matrix Metalloproteinase 9 Expression and NFkB
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Abstract. Fructose-rich diet induces metabolic chan-
ges similar to those observed in metabolic syndrome.
Among other matrix metalloproteinases, MMP-9 has
an important role in adverse cardiac remodelling
and might have a role in the development of cardio-
vascular disorders associated with metabolic syn-
drome. The changes of MMP-9 expression could be
mediated via the NFkB pathway. In this study we
investigated the effect of fructose-rich diet on MMP-9
expression in the heart of male and female rats, along
with the effect of fructose-rich diet and oestradiol on
MMP-9 expression in ovariectomized females. We
further assessed the effect of fructose-rich diet and
oestradiol on NFkB activation, measured as the level
of p65 phosphorylation at Ser 276. The results showed
that the diet regime did not affect the heart mass.
Higher MMP-9 gene expression was found in cardiac
tissue of male rats fed the fructose-rich diet than in
females on the same diet regime. In ovariectomized
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females, fructose-rich diet upregulated MMP-9 pro-
tein and mRNA expression in the heart, as well as
phosphorylation of the p65 subunit of NFkB at Ser
276. Oestradiol replacement therapy reverted these
changes in the heart of ovariectomized females. This
study has shown that oestradiol could revert the ear-
ly molecular changes in MMP-9 expression induced
by fructose-rich diet that occurred before cardiac
hypertrophy development by decreasing phospho-
rylation of the NFkB p65 subunit at Ser 276.

Introduction

Metabolic syndrome is described as a pro-inflamma-
tory condition associated with increased risk for diabe-
tes, accelerated atherosclerosis and increased incidence
of cardiovascular diseases (Isomaa et al., 2001; Grundy
et al., 2004; Paoletti et al., 2006). It combines several
risk factors for cardiovascular disease occurrence: hy-
pertension, insulin resistance, hyperinsulinaemia, dys-
lipidaemia and abdominal obesity (Eckel et al., 2005;
Grundy, 2007). Numerous experiments on animals and
human demonstrated that fructose-rich diet (FRD) might
induce metabolic changes similar to those observed in
metabolic syndrome (Dai and McNeil, 1995; Sharabi et
al., 2007; Orron-Herman et al., 2008; Axelsen et al.,
2010; Dekker et al., 2010; Tappy and Le, 2010).

Recently, it was suggested that matrix metalloprotein-
ases (MMPs) might have a role in the development of
cardiovascular disorders associated with metabolic syn-
drome (Cicero et al., 2007; Miksztowich et al., 2008).
MMPs are calcium dependent, zinc-containing endo-
peptidases, which are involved in extracellular matrix
(ECM) remodelling (Bode and Maskos, 2003; Visse and
Nagase, 2003). Knowing that adverse ECM remodelling
of the myocardium and vasculature leads to the develop-
ment of cardiovascular disorders, it is not surprising that
MMPs represent an important biological components in
the myocardium (Spinale, 2002; Lopes et al., 2004;
Newby, 2005).
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MMP-9 or gelatinase B, which is an inducible en-
zyme tearing down type IV collagen (Gioia et al., 2009),
has been shown to play an important role in the patho-
genesis of a wide spectrum of cardiovascular disorders
(Dollery et al., 1995; Lindsay et al., 2002). An elevated
level of MMP-9 represents one of the risk factors for
development of cardiovascular diseases and myocardial
infarction (Ferroni et al., 2003). An increasing circulat-
ing MMP-9 level and activity was found in patients with
metabolic syndrome (Cicero et al., 2007; Goncalves et
al, 2009), hyperglycaemia (Lee et al., 2005), and type 2
diabetes mellitus (Uemura et al., 2001). Previous studies
have shown that FRD enhanced MMP-9 activity in rat
smooth muscle cells (Lu et al., 2013), as well as the
MMP-9 protein level in aortic tissue of ApoE-KO mice
(Cannizzo et al., 2012). As far as we know, there are no
experimental studies investigating the effects of FRD on
MMP-9 expression in the heart. Because MMP-9 ex-
pression shows gender differences with higher levels
detected in male rats (Woodrum et al., 2005), we consid-
ered interesting to examine whether FRD affects MMP-
9 expression in a gender-specific manner and to evaluate
the influence of female sex hormones on MMP-9 ex-
pression in the context of fructose-rich diet.

The changes of MMP-9 expression could be mediated
via the nuclear factor k-light-chain-enhancer of activat-
ed B cells (NFkB) pathway (Guo et al., 2008). NF«kB is
activated through phosphorylation of the p65 subunit at
Ser 276 (Kim et al., 2012). Therefore, we hypothesized
that phosphorylation of the p65 subunit at Ser 276 could
be implicated in the induction of MMP-9 expression.

The purpose of this study was to investigate the effect
of FRD on MMP-9 expression in the heart of male and
female rats and to evaluate the effect of oestrogen on
MMP-9 expression in fructose-fed rats. We further as-
sessed the effect of FRD and 17f-oestradiol (E2) on
NF«B activation, measured as the level of p65 phospho-
rylation at Ser 276.

Material and Methods

Chemicals

We purchased fructose from API-PEK (Becej, Serbia).
Anti-NF«B p65 (phospho S276) and anti-MMP-9 anti-
bodies were obtained from Abcam (Cambridge, UK).
Secondary anti-rabbit antibody was the product of Santa
Cruz Biotechnology (Santa Cruz, CA). 17p-oestradiol
(E2) was purchased from Sigma-Aldrich Corporation
(St.Louis, MO).

Animals

This research was approved by the official Vinca
Institute’s Ethical Committee for Experimental Animals
and conformed to the Directive 2010/63/EU of the
European Parliament. Twenty-one-day-old male and fe-
male Wistar rats were separated from their mothers.
Rats were bred at Animal facility of Vinca institute of
Nuclear Sciences. Male rats were divided into a normal

diet (ND-male) and a fructose-fed group (FRD-male).
Females were divided into an intact and an ovariecto-
mized group. Intact females were further divided into a
normal diet (ND-female) and a fructose-rich diet (FRD-
female) group. Ovariectomized females were divided
into a normal diet group (ND-OVX), a fructose/rich diet
group (FRD-OVX) and animals fed the fructose-rich
diet and subjected to oestradiol replacement therapy
(FRD-OVX+E2). Animals held on normal diet had free
access to the tap water and normal laboratory chow.
Animals fed the fructose-rich diet also had standard
laboratory chow, while 10 % (w/v) fructose solution re-
placed the tap water. This diet regime lasted for nine
weeks. In the ovariectomized group, ovariectomy was
performed two weeks before sacrifice under ketamine
(40 mg/kg, intraperitoneally) — xylazine (5 mg/kg, in-
traperitonelly) anaesthesia. E2 replacement therapy
(40 pg/kg, subcutaneously, every second day to achieve
concentration near the physiological level) started a day
after ovariectomy and continued until the day before
sacrifice (Sales et al., 2010). This duration of E2 re-
placement therapy was shown to allow E2 to achieve
long-term genomic effects, but is also sufficient for E2
to influence non-genomic signalling mechanisms (Ko-
ricanac et al., 2009). In order to avoid the effects of in-
jection stress, ND-OVX and FRD-OVX animals were
injected with vehicle (linseed oil). Each experimental
group contained nine animals (N =9), which means that
a total of 63 animals participated in the experiment.

Measurement of body mass and mass of heart

Body mass was measured at the end of the experi-
ment. Heart mass was determined immediately after
killing the animals. The hearts were excised, washed in
saline and dried before the measurement.

Tissue homogenization and Western blot

Heart tissue was homogenized with an Ultra-turrax
homogenizer in homogenization buffer (pH = 7.4; con-
taining: 10 mM Tris, 150 mM NaCl, | mM EGTA,
1% Triton X-100, protease inhibitors — 2 mM PMSF,
10 pg/ml leupeptin, and 10 pg/ml aprotinin and phos-
phatase inhibitors — 1 mM Na, VO, and 10 mM NaF)
and homogenates were centrifuged at 600 g for 20 min.
The supernatants were further ultracentrifuged at
100,000 g for 60 min. To determine the protein concen-
tration we used the BCA method. After boiling in
Laemmli sample buffer, supernatants were used for Wes-
tern blot analysis. Equal amounts of proteins (100 ug/
lane) were fractioned by 10% SDS polyacrylamide gels
and transferred on PVDF membranes. Membranes were
blocked with 5% bovine serum albumin for 2 h at
room temperature, after which they were incubated
with primary antibodies MMP-9 (ab7299, dilution
1 :500) and NF«B p65 (Phospho S276) (ab30632, dilu-
tion 1 : 1000) overnight at 4 °C. Membranes were subse-
quently washed and incubated with peroxidase-labelled
secondary anti-rabbit antibody for two hours at room
temperature. Signals were detected with ECL reagents.
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All Western blot experiments were performed in tripli-
cates. To assess the equal protein loading, we used
B-actin as a loading control. We optimized the protein
quantity, primary and secondary antibody concentra-
tions, and conditions of signal development in order to
avoid ECL signal saturation. Films were scanned and
intensities were determined using ImageJ software (NIH,
Bethesda, MD).

RNA isolation and expression by real-time
polymerase chain reaction

Total RNA was extracted from the heart tissue using
Trizol reagent (Ambion Inc., Austin, TX) according to
the protocol recommended by the manufacturer. The
quantity of RNA was assessed spectrophotometrically
(NanoDrop® ND-1000, Thermo Scientific, Rockford,
IL). In order to eliminate the possible contamination
with genomic DNA, purified RNA was treated with
DNAse I. First strand cDNAs were generated from 2 pg
of total pure RNA and First Strand cDNA Synthesis Kkit,
with oligodT18 primers, according to manufacturer’s
instructions (Fermentas, Vilnius, Lithuania). Quantita-
tive real-time PCR (Q-PCR) amplification was per-
formed in duplicate using the ABI Real-time 7500 sys-
tem (ABI, Foster City, CA). The relative levels of
specific MMP-9 mRNA in heart were assessed by am-
plification in a total volume of 25 ul by pre-developed
TagMan® Gene Expression Assays Rn00579162 ml.
18s TRNA was used as an internal reference (Gene
Expression Assays ID Hs99999901 sl1). Cycling pa-
rameters were as follows: initial denaturation at 95 °C
for 10 min, followed by 40 cycles of a denaturation step
at 95 °C for 15 s, and an annealing step at 60 °C for 60 s.
In order to process the data and compare the differences
in relative gene expression between groups we used the
2% method. The calculated C, values for MMP-9 in re-
sponse to various treatments were normalized to the re-
spective C, values for 18S rRNA.

Statistical analysis

Data were analysed using the GraphPad Prism 5 sta-
tistical package (San Diego, CA). All data are expressed
as mean * standard deviation, for nine animals per each
experimental group. Values of continuous variables with
skewed distribution were compared by the nonparamet-
ric Mann-Whitney U test, which was used to examine
the statistical significance among experimental groups.

The differences in relative gene expression between
groups were calculated using 22 methods (Livak and
Schmittgen, 2001). Values of P < 0.05 were considered
statistically significant.

Results

Body mass between female and male rats was signifi-
cantly different in both, ND and FRD group (P < 0.001,
ND Female vs. ND Male; P < 0.05, FRD Female vs.
FRD Male) (Table 1). In males, FRD did not alter the
body mass, while in females FRD increased the body
mass (P <0.05, ND Female vs. FRD Female). The mass
of the heart was not affected by the diet regime regard-
less of sex. Males that were fed normal diet had signifi-
cantly higher mass of the heart than females on the same
diet regime (P < 0.01, ND Female vs. ND Male). The
heart-to-body ratio did not differ among the groups.

To examine the effect of FRD on MMP9 gene expres-
sion we performed quantitative RT-PCR analysis. The re-
sults showed higher MMP9 gene expression in FRD-male
compared to the FRD-female group (P < 0.01, FRD
Female vs. FRD Male) (Fig. 1a). FRD did not change
MMP9 gene expression in females. In males, FRD up-
regulated MMPY expression, but this showed not to be
statistically significant. The fact that the MMP9 gene
showed higher expression in FRD-males compared to
FRD-females made us to focus on the role of oestradiol
in the regulation of MMP9 expression in the heart of
fructose-fed rats.

We therefore compared the effects of FRD and subse-
quent oestradiol treatment on ovariectomized female rats.
In ovariectomized females, FRD upregulated MMP9
gene expression (P <0.01, ND-OVX vs. FRD-OVX). In
contrast, E2 replacement therapy significantly down-re-
gulated MMP9 gene expression in fructose-fed ovariec-
tomized animals (P <0.01, FRD-OVX vs. FRD-OVX+E2)
and decreased it even below the level detected in ND ova-
riectomized females (P < 0.01, ND-OVX vs. FRD-OVX)
(Fig. 1b).

As presented in Table 2, neither FRD nor E2 replace-
ment therapy affected body mass or the mass of the heart.
This showed that heart hypertrophy had not yet occurred.

To (semi)quantitatively assay the MMP-9 protein
level in the context of FRD and subsequent E2 replace-
ment therapy, we performed Western blot analysis.
These results are presented in Fig. 2. Similarly as for the
mRNA level, FRD significantly increased the MMP-9

Table 1. Body mass and the mass of the heart of intact females and males

ND Female FRD Female ND Male FRD Male
Body mass (g) 263.20 +30.26 279.50 £20.52" 338.90 + 40.45* 311.30+37.58%
Mass of the heart (g) 0.83+0.13 0.83 £0.08 1.05+0.14™ 0.94+0.16
Heart to body ratio (x107) 3.17+0.16 3.04 +£0.21 3.11+£0.19 3.00 +0.26

Values are expressed as means + standard deviations for a total of 9 rats in each experimental group. Mann-Whitney U test was used to
compare the values of skewed continuous variables between groups; in all tests, P values < 0.05 were considered statistically signifi-
cant. ND — normal diet, FRD — fructose-rich diet. P < 0.05 ND Female vs. FRD Female, *P < 0.001 ND Female vs. ND Male, SP < 0.05

FRD Female vs. FRD Male, P < 0.01 ND Male vs. ND Female.
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The cDNAs from heart tissue specimens were used as templates in RT-qPCR for relative quantification of MMP-9 mRNA
expression. For each specimen, the expression level of MMP-9 mRNA was normalized to the housekeeping gene 18S
rRNA. Relative expression of MMP-9, normalized against the housekeeping gene, was calculated using the comparative
C, method. (a) Relative MMP9Y gene expression in male and female rats fed a standard laboratory food and fructose-rich
diet. Males on fructose-rich diet showed higher MMP9 gene expression than females on the same diet. ND — normal diet,
FRD - fructose-rich diet, ** P < 0.001. (b) Relative MMP9 gene expression in ovariectomized fructose-fed rats with or
without oestradiol replacement. OVX — ovariectomy, E2 — oestradiol treatment, ** P < 0.001.

protein level in the heart of ovariectomized rats (P <
0.001, ND-OVX vs. FRD-OVX). In contrast, oestradiol
treatment significantly decreased MMP-9 protein expres-
sion compared to both, FRD-OVX (P<0.01, FRD-OVX
vs. FRD-OVX+E2) and ND-OVX animals (P < 0.001,
ND-OVX vs. FRD-OVX+E2).

Having in mind that NFxB regulates MMP-9 expres-
sion, we investigated the effect of FRD and E2 (in the
context of FRD) on activation of this transcription
factor. As it was presented in Fig. 3, FRD increased
phosphorylation of the p65 subunit at Ser 276 (P <0.01,
ND-OVX vs. FRD-OVX), thereby activating NF«B,
while E2 replacement therapy reduced p65 phosphoryl-
ation (P < 0.05, FRD-OVX vs. FRD-OVX+E2) and de-
creased it to the level below that detected in ND-OVX
females (P < 0.01, ND-OVX vs. FRD-OVX+E2).

Discussion

The major finding of this study is that FRD increases
MMP-9 expression in ovariectomized female rats even

before cardiac structural changes have been detected.
This change in MMP-9 expression is oestrogen depend-
ent and is in line with increased phosphorylation of the
p65 subunit of NFkB transcription factor, which occurs
during the FRD regime.

The results showed that 9-week treatment with 10%
fructose solution did not cause any changes in the mass
of the heart. This indicated that heart hypertrophy had
not yet developed. Other studies demonstrated that ei-
ther increased concentration of the consumed fructose
or prolonged period of the diet regime leads to develop-
ment of cardiac hypertrophy, excessive collagen deposi-
tion and increased stiffness of the left ventricle (Koba-
yashi et al., 1993; Kamide et al., 2002; Patel et al., 2009).

Previously, we have reported that 10% fructose-rich
diet regime in the duration of 9 weeks leads to develop-
ment of cardiac insulin resistance (Zakula et al., 2011;
Romic et al., 2013). We also reported that FRD signifi-
cantly elevated blood pressure in male rats, while in fe-
males we did not observe any differences in blood pres-
sure as a consequence of FRD (Koricanac et al., 2013).

Table 2. Body mass and the mass of the heart of ovariectomized rats

ND-OVX FRD-OVX FRD-OVX+E2
Body mass (g) 293.20 +23.09 286.70 +23.87 280.60 + 18.15
Mass of the heart (g) 0.85+0.08 0.84 +0.10 0.84 +£0.07
Heart to body ratio (x107%) 2.92+0.13 3.00 +0.14 2.98+0.15

Data presented are means =+ standard deviations for 9 rats per each experimental group. Mann-Whitney U test was used to compare the
values of skewed continuous variables between groups; in all tests, P values < 0.05 were considered statistically significant. None of
the comparisons showed statistical significance. FRD and E2 replacement therapy did not affect body mass and the mass of the heart.

ND — normal diet, FRD — fructose-rich diet, OVX — ovariectomized, E2 — oestradiol treatment.
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Fig. 2. MMP-9 protein expression in ovariectomized fruc-
tose-fed rats, rats with or without oestradiol treatment.
Fructose-rich diet increased MMP-9 protein expression,
while oestradiol replacement therapy reverted this change
and decreased MMP-9 expression even below the level de-
tected in animals on normal diet. ND — normal diet, FRD
— fructose-rich diet, OVX — ovariectomy, E2 — oestradiol
treatment, **P < 0.001, ***P < (0.0001.

Adverse ECM remodelling in the myocardium finally
results in mortality and morbidity associated with vari-
ous cardiovascular diseases including hypertension,
myocardial infarction, cardiomyopathy, and finally heart
failure (Cohn et al., 2000). MMPs are proposed to lead
toward LV dilatation and heart failure. The MMP-9 pro-
tein level and activity were significantly elevated in the
spontaneously hypertensive heart failure (SHHF) rat
model (Li et al., 2000). The results of other studies also
indicate that MMP-9 has an important role in the cardiac
remodelling associated with hypertension (Tayebjee et
al., 2004; Chiao et al., 2012). MMP-9 directly promotes
myofibrilar transformation (Jiang et al., 2013), which is
important in the development of cardiac fibrosis and
scar formation (Porter and Turner, 2009).

In presented study we detected elevated MMP9 gene
expression in FRD-male rats compared to FRD-females.
Further, we found that FRD upregulated MMP9 gene
expression in ovariectomized females. A previous study
showed increased MMP-9 activity in intimal smooth
muscle cells of fructose-fed rats (Lu et al., 2013). Be-
cause E2 could reduce MMP-9 expression (Vegeto et
al., 2001), we have further investigated whether E2
could revert changes in MMP9 gene expression induced
by FRD. Indeed, we showed that E2 replacement was
able to revert these changes. This confirms that E2 is
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Fig. 3. Effects of fructose-rich diet and oestradiol on phos-
phorylation of NFxB p65 subunit at Ser 276. Fructose-rich
diet increased phosphorylation of p65 subunit at Ser 276,
thereby activating NFkB, while E2 replacement therapy
reduced p65 phosphorylation. ND — normal diet, FRD —
fructose-rich diet, OVX — ovariectomy, E2 — oestradiol
treatment, *P < 0.05, **P < 0.001.

able to protect rats from changes in the MMP9 gene ex-
pression that are consequences of FRD. As a further
confirmation of this protective effect of E2 in the con-
text of FRD, beside results obtained at the gene level,
we have also studied the MMP-9 changes at protein
level. Changes in the MMP-9 protein level were in the
same direction as those observed for gene expression,
except that E2 decreased the MMP-9 protein level even
below the level detected in ND-OVX animals. MMP-9
is a key contributor to adverse myocardial remodelling.
Because the cellular source of MMP-9 appears to be
predominantly infiltrating inflammatory cells (Mukhe-
riee et al., 2006), it is not surprising that inhibition of
MMP-9 expression or activity reduced myocardial in-
flammation and remodelling (Spinale, 2007). Based on
the aforementioned findings, we can conclude that FRD
causes changes in MMP-9 expression in the rat heart
even before structural changes have occurred, and that
this early molecular changes are reversible with E2.
This suggests that E2 could protect the heart from pos-
sible harmful effects of FRD.

Angiotensin II was shown to promote cardiovascular
remodelling through the increase of MMP-9 expression
via ATIR, while telmisartan (AT 1R blocker) and capto-
pril (angiotensin-converting enzyme inhibitor) suppress
MMP-9 expression and activities (Okada et al., 2008,
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2009, 2010). Several studies have confirmed that NF«B
is absolutely required and the most important transcrip-
tion factor for MMP-9 production (Bond et al., 1998,
2001; Moon et al., 2004). In various cell types, angio-
tensin 11 activates NFxkB (Marui et al., 1993; Kranzhofer
etal., 1999), and MMP-9 expression is mediated via this
signalling pathway (Guo et al., 2008). NFkB activation
could occur through phosphorylation and subsequent
proteolytic degradation of inhibitory protein IkB (Ruiz-
Ortega et al., 20006), but it was shown that there is weak
degradation of IkB in response to angiotensin II, partic-
ularly in induction of MMP expression (Browatzaki et
al., 2005). Alternatively, angiotensin II could activate
NF«B through phosphorylation of the p65 subunit at Ser
276 via AT1R (Kim et al., 2012).

Our previous study (Bundalo et al., 2015) demon-
strated that FRD increased AT 1R and ACE expression in
ovariectomized rats and that oestradiol was able to re-
vert these changes. Interestingly, in this study we dem-
onstrated that the pattern of changes in MMP-9 expres-
sion due to FRD and oestradiol treatment is similar to
those previously reported for AT1R and ACE expression
(Bundalo et al., 2015). Considering previously men-
tioned facts (Marui et al., 1993; Kranzhofer et al., 1999;
Bond et al., 2001; Moon et al., 2004; Okada et al., 2008,
2009, 2010; Guo et al., 2008), we found interesting to
investigate changes in p65 phosphorylation at Ser 276
under the influence of FRD, and subsequent oestradiol
treatment in the context of FRD. The results showed that
FRD increased p65 phosphorylation, thereby activating
NF«B, while E2 replacement therapy restored the initial
level of phosphorylation in p65. A previous study im-
plied that E2 inhibits NFxB activation by enhancing the
inhibitor kBa (IkBa) kinase level and/or by stabilization
of IxBa (by decreasing its phosphorylation) (Wen et al.,
2004; Xing et al., 2012). This is the first study demon-
strating that E2 decreases phosphorylation of the p65
subunit of NFxB at Ser 276. NF«kB plays a fundamental
role in pathogenesis of insulin resistance and type 2 dia-
betes mellitus. Taking into account that NFxB, beside
MMP-9, also controls many pro-inflammatory genes in-
cluding cytokines (such as TNF-a, IL-6 and IL-8), adhe-
sion molecules and chemokines (Cai et al., 2005;
Shoelson et al., 2006; Wei et al., 2008), it is obvious that
E2, by decreasing NF«kB activation, displays its protec-
tive effect on the development of FRD-induced heart
disorders. This effect of E2 on NF«kB activation is in
accordance with our previous study that demonstrates
that E2 shows a protective effect on the development of
cardiac insulin resistance in fructose-fed rats (Romic et
al., 2013).

The pattern of changes in p65 phosphorylation is sim-
ilar to that obtained for MMP-9 under the same treat-
ment. Our experiment demonstrated that early molecu-
lar changes in FRD-treated rats include elevated p65
phosphorylation at Ser 276, possibly as a result of in-
creased AT1R expression. This phosphorylation acti-
vates NFxB, which consequently induces enhanced
MMP-9 expression. Further studies are required to un-

equivocally confirm this signalling pathway. Should this
diet regime be prolonged, the changes at the molecular
level might promote adverse cardiovascular remodel-
ling, which could result in development of various car-
diovascular disorders. Obviously, this is the key point
where changes at the molecular level have occurred but
cardiac impairment has not yet emerged. An interesting
finding was that the increase in MMP-9 expression and
NF«B activation that occurred as a result of FRD was
reversible with E2. This implicates that E2 shows a pro-
tective effect on the rat cardiac tissue by reducing the
possibility of adverse ECM remodelling in the myocar-
dium, which may be a result of the harmful effect of
FRD.
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