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IVADAS

Iki Siol, receptoriaus trumpalaikio atsako j potencialg kanalai (TRP; angl.
transient receptor potential) [1] Sirdyje detaliau buvo istirti tik fibroblastuose
ir sinusinio mazgo lastelése [2]. Taciau, kardiomiocituose Sie kanalai tirti
mazai, nes néra selektyviy farmakologiniy medziagy, kurios padéty juos
atskirti nuo daugybés kity joniniy kanaly.

Melastatino Seimos TRPM?7 kanalai ir jo homologiniai TRPM6 kanalai
yra reguliuojami vidulgsteliniu magniu. Nuo kity joniniy kanaly jie skiriasi
tuo, kad yra bifunkciniai baltymai, turintys jonus transportuojant] kanalo
segmentg ir kovalentiskai susietg fermentiskai aktyvig kinazés sritj [3]. Abu
kanalai yra pralaidiis Ca®" ir Mg?" katijonams ir, §iuo metu, jvardijami, kaip
pagrindiniai Mg?* homeostazés reguliatoriai, tatiau jy raiSka audiniuose yra
skirtinga. Vyrauja nuomon¢, kad TRPM7 kanalai yra gausiai aptinkami
visose zinduoliy lgstelése, bet didziausia jy raiska stebima Sirdyje ir inkstuose
[4, 5], tuo tarpu TRPM6 raiska aptinkama tik inksty, placentos ir Zarnyno
epitelio Igstelése [6, 7]. Literatiiros Saltiniy duomenimis, TRPM6 ir TRPM7
kanalai vaidina svarby vaidmen; jvairiuose fiziologiniuose ir patologiniuose
procesuose, jskaitant vidulgsteline Ca** ir Mg?" homeostaze [8], $irdies ritmo
reguliavima [9], fibroze ir uzdegima [10] bei kt. Siuo metu, $iy kanaly
funkcinis apibiidinimas daugiausia pagrjstas elektrofiziologiniais tyrimais
[11-15]. Taciau, natiiraliose Sirdies raumeninése Igstelése (kardiomiocituose)
dauguma TRPM6 ir TRPM7 kanaly lokalizuojasi vidulasteliniy pisleliy
(vezikuliy) membranose [16, 17], kurie néra pasiekiami naudojant
patch-clamp metoda.

Kardiomiocity TRPM6- ir TRPM7-panasiis (angl. TRPM6- and
TRPM?7-like) kanalai aktyvuojasi sumazéjus vidulgstelinei Mg?" koncentra-
cijai. Per Siuos kanalus j lgstele teka maza dvivalenc¢iy (DV) katijony srové,
o i§ Igstelés — didelé vienvalenéiy katijony srové. Tokie Mg**-jautriis kanalai
buvo nustatyti jvairiy ruSiy organizmy (zmogaus, kiaulés, jury kiaulytés,
ziurkés, pelés) kardiomiocituose. Taciau vis dar nenustatyta baltymy,
dalyvaujanciy TRPM6- ir/ar TRPM7-panasios srovés pernasoje, raiska.

Dauguma iki Siol atlikty TRPM6 ir TRPM7 kanaly raiskos tyrimy,
naudojant sveikus [ 18] ir patologiniy pakitimy paveiktus [19] Zzmogaus Sirdies
audinius, buvo grindziami tik genominiy tyrimy duomenimis. Taciau infor-
macinés ribonukleino riigSties (mMRNR) duomeny apie Trpm6 ar Trpm7 raiSka
jvairiose Sirdies dalyse yra vos keletas ir paskelbti rezultatai yra priestaringi,
ypac¢ dél Trpm6 raiSkos. Daugelio tyrimy, atlikty su eksperimentiniy gyviiny
ir zmogaus Sirdies audiniais, duomenimis 77pm6 mRNR raiSka nebuvo
aptikta [20-22]. Tik vienos studijos duomenimis, naudojant Zmogaus Sirdies



desiniojo priesirdzio (DP) homogenatus, buvo aptikti TRPM6 mRNR ir
baltymas bei nustatyta, kad jy raiska padidéjusi priesirdziy virp¢jimu (PV)
serganciy pacienty Sirdies méginiuose [23]. Taciau dauguma atlikty genetiniy
tyrimy iSvis nepateikia informacijos apie 7rpm6 mRNR raiska [19, 24]. Taigi,
neaiSku ar TRPM6 baltymas yra kardiomiocituose. Taip pat iSlieka atviras
klausimas, ar TRPM6 ir TRPM?7 baltymai gali biiti aptinkami visose keturiose
zmogaus Sirdies dalyse (priesirdziuose ir skilveliuose).

Siame tyrime, taikydami skirtingus molekuliniy tyrimy metodus, sieké-
me nustatyti ir jvertinti zmogaus ir kiaulés Sirdies audiniy ir kardiomiocity
TRPM6 ir TRPM7 kanaly baltymy raiska, taip pat Mg**-jautrios TRPM6-
TRPM7-panasios srovés poveikj Sirdies elektriniams veikimo potencialams
(VP).
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DARBO TIKSLAS, MOKSLINIS NAUJUMAS

Darbo tikslas

Nustatyti zmogaus ir kiaulés kardiomiocity TRPM6 ir TRPM7 kanaly
baltymy raiska, jvertinti galimus $iy kanaly raiskos poky¢ius, kai yra patolo-
giniai Sirdies pakitimai, bei galimg poveik] Sirdies elektriniam aktyvumui.

UZdaviniai:

1. Identifikuoti zmogaus ir kiaulés kardiomiocity TRPM6 kanalo
baltyma. Nustatyti skirtingy Sirdies daliy (priesirdziy ir skilveliy)
kardiomiocity TRPM6 ir TRPM7 kanaly baltymy raiska.

2. [Istirti ir jvertinti TRPM6 ir TRPM7 kanaly baltymy raiskag modu-
liuojanciy veiksniy (terpés joninés sudéties, acidozés ir TRP kanaly
blokatoriy) poveik].

3. Ivertinti galimg TRPM6 ir TRPM7 kanaly baltymy raiskos pokytj,
kai yra diagnozuota iSemin¢ Sirdies liga ir priesirdZiy virp¢jimas.

4. Nustatyti ir jvertinti Mg**-jautrios srovés poveikj Sirdies elektri-
niams veikimo potencialams.

Mokslinis naujumas

Mg?**-jautriy Sirdies TRPM6 ir TRPM7 kanaly vaidmuo dar néra
1SaiSkintas, ypac dél abejotinos kardiomiocity TRPM6 raiskos. Mes iStyréme
Siy kanaly mRNR ir baltymy rais$ka, naudodami kontroliniy ir létinémis
ligomis (iSemine Sirdies liga (ISL) ir PV) serganéiy pacienty desiniojo
priesirdzio ir eksplantuoty Sirdziy meginius. Gautg informacija taip pat
palyginome su duomenimis, gautais tiriant eksperimentinius gyvunus, tokius
kaip kiaulé, kurios Sirdies-kraujagysliy sistema ir genetiné sudétis yra artima
zmogaus genomui. Naudodami imunin¢ fluorescencing reakcijg aptikome
zmogaus ir kiaulés kardiomiocity TRPM6 ir TRPM?7 baltymy raiska. Taciau,
fluorescencijos signalas nebuvo aptiktas inkubuojant kardiomiocitus be
pirminiy antikiiny arba naudojant blokuojancius peptidus. Taigi, misy rezul-
tatai pirmg kartg patvirtina, kad kardiomiocituose tikrai yra TRPM6 kanalo
baltymas. Mes taip pat pirma karta nustatéme zmogaus ir kiaulés Sirdies visy
keturiy daliy kardiomiocity abiejy (TRPM6 ir TRPM?7) baltymy raiska.

Gauti rezultatai taip pat atskleideé, kad jvairiis ekstralgsteliniai veiksniai
(terpés joniné sudétis, acidoze ir TRP kanaly blokatoriai), sukelia nepriklau-
somg ir daznai prieSingg TRPM6 ar TRPM7 baltymo imunofluorescencijos
signalo moduliavimg. Tai mums leidzia teigti, kad Sie kardiomiocity kanalai
tarpusavyje nesusij¢ ir gali funkcionuoti nepriklausomai vienas nuo kito. Be
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to, miisy tyrimy duomenys rodo farmakologiniy poveikiy atitikimg (angl.
concordance) tarp iSmatuotos baltymo imunofluorescencijos ir elektrofi-
ziologiniy poveikiy kanalo srovéms.

Taip pat yra atitikimas tarp létinés Sirdies ligos poveikio kanalo raiskai ir
kanalo srovéms. Galime teigti, kad Sis tyrimas suteikia naujy ziniy apie
TRPMG6 ir TRPM7 baltymuy, susijusiy su $irdies ligomis (bitent létine ISL ir
PV) remodeliavimasi. ISL padidino abiejy tiriamy baltymy raiska ir tai rodo,
kad TRPM6 ir TRPM7 yra susij¢ su Sirdies ir kraujagysliy ligy patogeneze.

Miisy tyrimai taip pat parodé, kad Mg**-jautri srové gali dalyvauti
formuojant elektrinius VP. Vis délto, néra aisSku kokiomis sglygomis
Mg?"jautriis kanalai gali prisidéti prie Sirdies elektrinio aktyvumo. Tikétina,
kad Mg**-jautri srové gali moduliuoti veikimo potencialo trukme (VPT), kai
dél reguliaciniy procesy ar kanaly mutacijy sumaz¢ja jautrumas vidulaste-
liniam Mg?", arba jei vidulaseliné Mg>" koncentracija Zymiai sumazéja dél
ligy, tokiy kaip létiné hipomagnezemija. Taigi, milsy rezultatai patvirtina, kad
Mg?*-jautriis Sirdies kanalai dalyvauja reguliuojant §irdies elektrinj aktyvu-
mg. Mg?*-jautrios srovés poveikis VPT gali biiti svarbus norint suprasti
terapinius procesus, kuriuose Mg?* yra naudojamas aritmijy gydymui, ir taip
pat norint susieti Mg?" homeostazés poky¢ius su kitomis Sirdies ligomis.
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1. LITERATUROS APZVALGA

1.1. TRP kanaly Seima

1.1.1. TRP kanaly atradimo istorija

Receptoriy trumpalaikio atsako j potenciala (TRP; angl. Transient
Receptor Potential) joniniai kanalai pirmg kartg buvo aptikti paprastojoje
vaisinéje museléje (lot. Drosophila melanogaster), kai ivyko spontaniné geny
mutacija ] iStisinés nepertraukiamos Sviesos sukeliamg signalg [25-27]. Dél
mutacijos, vaisiné muselé maté Sviesa tik trumpa laika [28]. Sis procesas
aiSkinamas sukelta membranos depoliarizacija, kurig nulémé padidéjes Ca**
patekimas ] lastelés vidy. Dél Sios priezasties, Drosophila melanogaster
matomas Ca®" elektrinio signalo atsakas pavadintas receptoriaus trumpalaikiu
atsaku | potencialg [29].

1.1.2. TRP kanaly struktiira, klasifikacija ir savybés

TRP joniniai kanalai sudaro didel¢ neselektyviy katijoniniy kanaly
Seima. Sie kanalai yra randami jvairiy riiy lasteliy plazminéje membranoje
ir vidulgsteliniy organeliy membranose, o tarpusavyje pasiZymi tam tikrais
struktiiriniais panasumais. Pagal struktiira TRP kanalai skirstomi j homo- ir
heterotetramerus. Kiekvienas i§ keturiy tetramerus sudaranciy subvienety yra
sudarytas i§ SeSiy transmembraniniy segmenty (S1-S6), kurie tarpusavyje
sujungti kilpomis. Kanalo pora formuojasi keturiy subvienety centre, tarp S5
ir S6 segmenty. Sie kanalai, vidulastelinéje lastelés dalyje, prasideda amino
grupe (-NHy) ir baigiasi karboksilo grupe (-COOH). TRP kanalai tarpusavyje
skiriasi N- ir C- galy ilgiu ir juose esanciais segmentais (tam tikry baltymy
pasikartojimais (pvz., ankirino) ir fermentiniais subvienetais (pvz., kinazes)),
kurie lemia skirtingas kanaly savybes ir funkcijas [30-34]. Specifiska TRP
kanaly struktiira taip pat nulemia iy kanaly biofizikines savybes ir skirtinga
atsakomajj poveik] j egzogeninius ir endogeninius moduliatorius [32, 35].

TRP kanalai yra grupuojami j SeSis kanaly poSeimius: TRPC (,,C* —
canonical), TRPV (,,V*— vanilloid), TRPM (,,M*“— melastatin), TRPA
(,,A“ = ankyrin), TRPP (,,P“— polycystin), TRPML (,,L*“ — mucolipin) ir
papildomi, t. y. TRPN (be mechanoreceptorinio potencialo) bei TRPY (,,Y* —
yeast) [36]. TRPC, TRPV ir TRPM poseimius atitinkamai sudaro 7, 6 ir 8
skirtingi kanalai. TRPA grupe sudaro tik vienas kanalas, o TRPML ir TRPP
poseimius — po tris kanalus. TRPN poSeimis aptiktas tik vaisinése muselése
ir zebrazuvése, o TRPY — tik mielése [4, 30, 36, 37].

Didzioji dalis TRP kanaly yra randami plazminéje membranoje. Taciau,
kai kurie i$ $iy kanaly (TRPV1 [38], TRPV2 [39], TRPM2 [40], TRPM7 [41],
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TRPP2 [42]) yra aptinkami ir plazminé¢je membranoje ir vidulgstelinése orga-
nelése, tokiose kaip endoplazminis tinklas, sinapsinés piislelés ir lizosomos.
TRPML kanalai yra lokalizuoti tik lizosomose [34].

1.1.3. Ca** pralaidumas

Dauguma TRP kanaly yra Ca®" pralaidiis neselektyviis katijoniniai
kanalai (Pca2t/Pnat < 10), i§skyrus TRPM4 ir TRPMS, kurie yra selektyviis
vienvalen¢iams katijonams (Pca2+/Pna+ < 0,05) bei TRPVS ir TRPV6, kurie
labai selektyviis Ca*" (Pca2+/Pnat > 100). TRPM6 ir TRPM7 yra pralaidiis
Mg?', Ca®', Zn®" ir kitiems biologiskai svarbiy metaly jonams, jskaitant
sunkiyjy metaly jonus (pvz., Cu®*) (1.1.3.1 pav.) [36].
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1.1.3.1 pav. TRP kanaly selektyvumas Ca**

TRP kanaly selektyvumas Ca?*, iSreikstas Pc,2+/Pnatocst). Stulpeliai rodo didZiausias ir ma-
Ziausias literatiiroje randamas reik§mes; TRPM4 ir TRPMS5 yra nepralaidis Ca®*. Pritaikyta

pagal [43].

1.1.4. TRP kanaly aktyvacijos mechanizmai

TRP kanalai neturi budingo jtampos jutiklio ties ketvirtu trans-
membraniniu segmentu (S4), todél néra valdomi jtampa. Taciau, Sie kanalai
gali reaguoti ] Siluminius, mechaninius, cheminius, vietinius lgstelinius
dirgiklius ir buti valdomi polimodaliniu biidu [29, 36]. TRPV1-TRPV4 ir
TRPM3 kanalus aktyvina auksta temperatiira, o TRPMS8, TRPAT1 ir TRPCS —
zema temperatiira [44—46]. TRPC kanalai gali buti suaktyvinti tiesiogiai, per
fosfolipazés C signalinj kelia, dalyvaujant diacilgliceroliui (TRPC2, TRPC3,
TRPC6, TRPC7) arba netiesiogiai, per dar neZinoma mechanizmg (TRPC1,
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TRPC4, TRPCS5) [47, 48]. TRPVS5 ir TRPV6 yra pastoviai aktyviis ir Ca*"
pralaidis kanalai, ta¢iau endogeniniy TRPVS ir TRPV6 kanaly aktyvumo
mechanizmai nezinomi [44]. Mg®" jautris TRPM6 ir TRPM7 kanalai
aktyvuojasi sumazéjus vidulastelinio Mg?* koncentracijai (laisvo ar suristo su
adenozino trifosfatu (ATF)) [5, 6, 49]. Padidéjusi vidulastelinio Ca** ([Ca*']v)
koncentracija yra biitina sglyga TRPM4 [50], TRPMS [51], TRPM2 [52] ir
TRPA1 [53] kanaly aktyvacijai. TRPM2 gali biiti aktyvuotas veikiant keliems
dirgikliams, jskaitant adenozino difosfato riboze (ADF-ribozg), oksiduoty
nikotinamido adenino dinukleotidg (NAD") ir oksidacinj stresg [54, 55].
TRPM3 aktyvuoja padidéjusi [Ca®']v, D-eritrosfingozinas ir auksta
temperattra [45, 56, 57]. Polimodalinis TRP kanaly aktyvavimas nulemia
jvairias fiziologines ir patofiziologines Siy kanaly funkcijas [33].

1.2. TRPM kanaly poseimis

1.2.1. TRPM Kkanaly struktiira

Melastatino (TRPM) kanaly poseimij sudaro 8 nariai (TRPM1-TRPMS).
Sis kanaly poseimis buvo pavadintas pagal pirma atrasta narji TRPM1, kurio
genas 1998 metais buvo identifikuotas melanomos audinyje [58]. TRPM
kanaly baltymai taip pat yra sudaryti i§ SeSiy transmembraniniy segmenty,
sujungty citoplazminémis ir necitoplazminémis kilpomis, kuriy terminaliniai
galai baigiasi vidulastelin¢je dalyje amino ir karboksilo grupémis [59]. Cito-
plazminis N-galas turi vieng hidrofobing sritj ir keturis TRPM poSeimiui
budingus homologinius segmentus, kuriy biologin¢ reikSmé kol kas néra
zinoma. C-gale yra TRP dézuté (angl. TRP box), sudaryta i§ 25 amino riigs§ciy
liekany, sgveikaujanciy su fosfatidilinozitolio difosfatu (PIP2; kai kuriy TRP
kanaly reguliatoriumi). Spiralinis segmentas (angl. coiled-coil) galimai
dalyvauja tetramerinés struktiiros susidaryme. C-gale taip pat yra ir
individualus, kiekvienam TRPM nariui biidingas, segmentas [60]. Nustatyta,
kad TRPM4 kanalai C-gale turi CaM sritj, o TRPM2, TRPM6 ir TRPM7
kanalai C-gale turi fermentinj (angl. chanzyme) segmenta [61, 62]. TRPM2
fermentinis segmentas panaSus | ,,Nudix“ hidrolazes, kuris hidrolizuoja
ADF-ribozg¢ ] adenozino monofosfatg (AMF) ir ribozés fosfatg [61]. TRPM6
ir TRPM7 kanalai turi kinazinj segmenta, kuris gali buti priskiriamas
netipinéms alfa baltymy kinazéms (1.2.1.1 pav.) [63].

TRPM kanaly poseim;j galima sugrupuoti j tris grupes: TRPM1 ir TRPM3,
TRPM4 ir TRPMS, TRPM6 ir TRPM7. Aminoriigs¢iy homologija tarp Siy
pory atitinkamai yra 56, 41 ir 49 proc. TRPM2 ir TRPMS nariai kartu gru-
puojami reciau, nes jy aminoriig8ciy sekos atitikimas yra tik 30 proc. [31, 64].
Funkcinius TRPM kanalus sudaro 4 subvienetai (tetramerai), kuriuos gali
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sudaryti vienodi arba skirtingi TRPM poSeimio nariai. Yra Zinoma, kad hete-
romerinius tetramerus gali formuoti TRPM1 ir TRPM3 bei TRPM6 ir
TRPM7 kanalai [65].

Ca2+\ Mn2+
TRPM homologiné sritis TRP sritis

Na*/K*/Cs'\ Ca*

TRPM homologiné sritis TRP sritis

COOH TRPM2
ADF ribozé

NH:

TRPM homologiné sritis TRP sritis

{0 cooH  TRPM45

Ca*~ ~Mg*/Zn*, Ni**, Ba*, Co*, Mn*, Sr**, Cd*

NH:

TRPM homologiné sritis TRP sritis
NH, COOH TRPM6,7
Ca
TRPM homologiné sritis TRP sritis
NH: COOH TRPMS8

1.2.1.1 pav. TRPM poseimio kanaly schema

TRPM poseimio nariai yra suskirstyti j keturias grupes: TRPM1 ir TRPM3, TRPM2 ir
TRPMS, TRPM4 ir TRPMS, TRPM6 ir TRPM?7. Visi TRPM poseimio kanalai turi TRPM
homologing sritj -NH, gale, po kurios iSsidésto $esi transmembraniniai segmentai (S1-S6).
Sie segmentai formuoja tetramerus, kurie sudaro katijonams pralaidzig kanalo pora. Varty
mechanizma ir selektyvuma jonams nulemia du transmembraniniai segmentai S5 ir S6.
TRPM1 yra kanalas, pastoviai pralaidus Ca**. TRPM2 kanalas C-gale turi fermentinj
segmentg ir yra pralaidus Na*, Ca?*, K* ir Cs*". TRPM3 yra pralaidus DV katijonams, ypa¢
Ca?" ir Mn?". TRPM4 ir TRPM5 yra pralaidiis vienvalendiams katijonams, bet nepralaidiis
Ca?". TRPM4 turi CaM sritj C-gale. TRPM6 pasizymi dideliu pralaidumu Mg?" ir Ca*".
TRPM?7 kanalas yra pralaidus visiems DV katijonams. TRPMS yra pralaidus Ca®". Pritaikyta
pagal [66].
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1.2.2. TRPM kanaly savybés ir funkcijos

TRPM poseimio kanalai pasizymi jvairiomis funkcijomis. Sie kanalai yra
pralaidiis vienvalen¢iams jonams ir taip pat pasizymi kintamu selektyvumu
Ca?", Mg?" ir kitiems DV katijonams. Atskirus TRPM kanalus aktyvuoja
jvairiis dirgikliai, jskaitant tempimg, Ca', temperatiirg, lipidinius junginius ir
kitus endogeninius bei egzogeninius veiksnius [67]. Tac¢iau kai kuriy TRPM
kanaly savybes ir fiziologiné funkcija yra mazai zinomi.

TRPM1 kanalas nustatytas melanocituose ir yra maziausiai istirtas TRPM
poseimio narys [68].

TRPM2 yra Ca*" pralaidus katijoninis kanalas, kurj aktyvuoja vidu-
lasteliné ADF-riboz¢, pirimidino nukleotidai ir NAD" [55]. Sis kanalas yra
lastelinis redokso jutiklis, kurj aktyvuoja peroksidas, ar kitos medZziagos,
kurios dalyvauja reaktyviyjy deguonies (ROS) ir azoto formy susidaryme [54].
Cikliné ADF-ribozé (cADF-ribozé), arachidono riigstis ir vidulastelinis Ca**
teigiamai moduliuoja TRPM2 funkcija [54, 69, 70]. Tac¢iau TRPM?2 kanaly,
N-gale neturinCiy dalies transmembraniniy segmenty, moduliacija néra pilnai
iSaiskinta [71].

TRPM3 yra Ca?" ir Mn?" pralaidus kanalas. Spontanines sroves per $iuos
kanalus gali sukelti hipotoniniai ekstralasteliniai tirpalai ir lasteliy pabrin-
kimas. Taip pat TRPM3 gali biti aktyvuojamas sfingolipidais [56].

TRPM4 ir TRPMS yra nejprasti TRP Seimos kanalai, nes jie yra jtampa
reguliuojami, Ca®* aktyvuojami, vienvalen¢iams katijonams selektyviis joni-
niai kanalai [72, 73]. Vienvalenciy jony pralaidumg lemia trumpa rigstiniy
aminortugsciy seka poros kilpoje [62]. Nustatyta, kad vienvalenc¢iams jonams
selektyviy kanaly aktyvinimas gali sumazinti membranos potencialg ir Ca*"
patekima per kitus kanalus [50]. TRPM4 ir TRPMS, panasiai kaip ir daugelio
kity TRP kanaly, aktyvumas yra moduliuojamas PIP2 [51]. TRPMS taip pat
jautrus temperattiros pokyciams ir aktyvuojasi 15-35 °C temperatiiroje [74].

TRPM6 ir TRPM7 kanalai pasiZymi ypatinga struktiira, nes C-gale turi
fermentinj baltymy kinazés segmenta [5, 75]. Sie baltymai yra DV katijonams
selektyvils kanalai, kurie pralaidiis fiziologiniams DV jonams (pvz.: Mg?",
Ca?*, Zn®") ir sunkiyjy metaly jonams (pvz., Ni*) [76, 77]. TRPM7
aktyvumas yra reguliuojamas pH ir ATF. SumaZinus ekstralastelinj pH nuo
7,0 iki 4,0, TRPM7 kanalo aktyvumas padidéja deSimt karty [78]. Taigi, dalis
TRPM7 kanaly galéty biti rugscioje aplinkoje, pavyzdziui, rigStinése
puslelése. ATF zymiai padidina per TRPM7 kanalus tekancias sroves [5],
taciau Sis poveikis mokslingje literatiiroje yra vertinamas prieStaringai.
TRPM7 aktyvuma gali sustiprinti ATF, susidarant magnio ir ATF komplek-
sams (Mg-ATF), dél to sumazéja laisvo vidulastelinio Mg?" koncentracija
[75]. Taip pat toks ATF poveikis gali biiti dél ATF suvartojimo PIP2 gamybai,
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nes dél PIP; iSeikvojimo sumazéja TRPM7 kanaly aktyvumas [79]. TRPM7
kinazés segmento reikSmé taip pat vertinama prieStaringai. Remiantis
Runnels su kolegomis atlikty tyrimy duomenimis, kinazés segmento
mutacijos ATF suriSimo srityje sumazina kanalo aktyvuma [5]. Véliau buvo
nustatyta, kad mutacijos kinazés segmente netrukdo aktyvuoti kanalo, nors
jos keicia kanalo jautruma Mg?* slopinimui [80]. TRPM?7 kanaly slopinimas
nukleotidais priklauso nuo nukleotidy suriSimo sriciy tiek kinazés segmente
tiek kanalo iSor¢je [81]. Kinazés segmentas taip pat svarbus TRPM?7 kanalo
pralaidumui (angl. trafficking) [82].

TRPMS yra nuo temperatiiros priklausomas kanalas, kurj aktyvina 23—
28 °C temperatiira arba junginiai, sukeliantys vésumo pojiitj (pvz.: mentolis,
eukaliptas, icilinas) [83, 84]. Aktyvacijg SalCiu ir mentoliu galima atskirti, nes
kelios mutacijos tur¢jo didel;i poveikj aktyvacijai mentoliu ir tik minimaly
poveikj aktyvacijai $al¢iu [85]. Sie duomenys atskleidé, kad aktyvacijos sritys
kanale, susijusios su mentoliu ir temperatiira, yra skirtingose vietose. Tai
patvirtino ir TRPMS8 kanalo aktyvumo moduliacija keiciant terpés pH, kuri
sukélé prieSingus poveikius aktyvuojant mentoliu ar inicilinu ir Sal¢iu [86].
Manoma, kad TRPV1 ir TRPMS kanaly aktyvacijos mechanizmai, susij¢ su
temperatira, yra panasis [77, 87]. TRPMS aktyvumg taip pat reguliuoja PIP2
[88], nes S$io junginio iSeikvojimas sumazina mentolio ar veésesnés
temperatiros sukelta aktyvuma.

TRPM kanalai atlieka svarby vaidmen; jvairiose srityse fiziologinémis ir
patologinémis salygomis, kurios susijusios su jutimo funkcija, véZiniais su-
sirgimais [89, 90], inksty ir Sirdies veikla, neurologinémis ligomis [91, 92] ir
endotelio disfunkcija [93]. Pagrindinés TRPM Seimos savybés (raiska, selek-
tyvumas jonams, reguliacija) ir funkcijos apibendrintai pateiktos 1.2.2.1 len-
tel¢je.
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1.2.2.1 lentelé. TRPM kanaly savybés ir funkcijos (pritaikyta pagal [29, 68])

Kanalas | RaisSka Selektyvumas | Aktyvumo reguliavimas Funkcija

TRPM1 |Smegenys, |Neselektyviis |Aktyvuoja: La?*, Bipoliniy lasteliy
odos pregnenolono sulfatas depoliarizavimas,
melanocitai Blokuoja: Zn*" melanomos meta-

staziy slopinimas

TRPM2 |Smegenys, |Neselektyviis |Aktyvuoja: ADF-ribozé, |Oksidacinio streso
kauly (prie +20 °C), |cADF-ribozé, 2-deoksi- | pojitis, insulino
Ciulpai, Na'ir Ca?" ADF-ribozé, vandenilio sekrecija, imuninis
bluznis (prie +37 °C)  |peroksidas, Ca*" atsakas

Blokuoja: ekonazolas,
klotrimazolas, (ADF-ribo-
z¢s) polimerazés inhibito-
riai ir kt.

TRPM3 |Kepenys, Neselektyviis: | Aktyvuoja: hipo Inksty osmosinio
smegenys, |Na', K*, Ca’* |osmoliariskumas, slégio homeostazeé,
hipofizé D-eritrosfingozinas gliukozés

Blokuoja: La%*, Gd* homeostazé

TRPM4 | Prostata, Selektyviis Aktyvuoja: Ca®" Kalcio reguliavi-
gaubtiné vienvalenciams |Blokuoja: ATF, ADF, mas, Sirdies laidu-
zarna, §irdis, | katijonams: AMF, poliaminai mo sutrikimy pre-
inkstai, Na'*, K*, Cs* vencija, raumeny
seklidés susitraukimo regu-

liacija

TRPMS |Zarnynas, |Selektyviis Aktyvuoja: Ca**, PIP, Insulino sekrecija,
kepenys, vienvalenciams | Blokuoja: trifenilfosforo |sensoriné transduk-
plauciai, katijonams: oksidas cija skonio Igste-
skonio Na*, K¥, Cs* lése
svogunéliai

TRPM6 | Inkstai, Selektyviis DV | Aktyvuoja: Mg?" sumazé- | Magnio pasisavi-
zarnynas katijonams: jimas nimas ir homeosta-

Ca*", Mg?", Blokuoja: rutenio raudo- | zé inkstuose ir
Zn*" ir kt. nasis Zarnyne

TRPM7 |Inkstai, §ir- |Selektyviis DV | Aktyvuoja: Mg?" sumazé- | Lasteliné magnio ir
dis, hipofi- |katijonams: jimas, PIP; skilimas, kalcio homeostazé,
z¢é, kaulai, |Ca?", Mg, cAMF koncentracijos Iasteliy gyvybingu-
riebalinis Zn?* ir kt. padidéjimas mas
audinys Blokuoja: Mg?', La’*,

Gd**, sperminas, 2-APB,
CAR

TRPMS |Sensoriniai |Neselektyviis: | Aktyvuoja: saltis, Temperatiiros
neuronai, Na*, K¥, Cs*, mentolis, icilinas, (3al¢io) jutimas
prostata, Ca* linalolas, geraniolis (<28°C)
kepenys Blokuoja: kapsazepinas

Trumpinius Zr. skyriuje — Santrumpos.
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1.3. Magniui jautriis TRPM6 ir TRPM?7 poseimio kanalai

1.3.1. TRPM6 ir TRPM?7 kanaly atradimo istorija

Pirma karta TRPM?7 kanalai buvo identifikuoti ir aprasyti tik 2001 metais
trijy skirtingy moksliniy grupiy (Clapham, Penner ir Ryazanov). Beveik
vienu metu, §ios trys mokslinés grupés nepriklausomai klonavo TRPM7
kanalo baltyma, kuris buvo pavadintas skirtingais pavadinimais, atitinkamai
PLIK, LTRPC7 ir ChaKl [5, 75, 94]. Po to buvo identifikuotas ir TRPM6
(TRP-PLIK2, LTRPC6, CHAK?2, inksty kinazé) — antrasis joninis kanalas,
turintis kinazinj domeng [94]. IS pradziy Sie kanalai buvo vadinti MagNuM —
magnio nukleotidais reguliuojami metalo jony kanalai (angl. magnesium
nucleotide regulated metal ion channels), nes naudojant Mg-ATP buvo
galima blokuoti jy funkcinj aktyvuma [75]. Tolimesni Siy kanaly tyrimai
parodé, kad laisvas vidulastelinis magnis taip pat pasizymi efektyviu
blokuojamuoju poveikiu Siems kanalams, tod¢l jie pervadinti | MIC — magniu
blokuojami kanalai (angl. magnesium inhibited channels) [95]. Naujausios
mokslinés literatiros duomenimis, magnio jonams pralaidis TRPM6 ir
TRPM7 kanalai yra aktyvuojami sumazéjus vidulgstelinio Mg?* koncentra-
cijai (tiek laisvo, tiek suriSto su ATF). Todél, literatiiroje Siuo metu jie
dazniausiai vadinami TRPM6 ir TRPM7 — pagal §iuos baltymus koduojancio
geno pavadinima.

1.3.2. TRPM6 ir TRPM7 kanaly struktira

Zmogaus TRPM6 kanalo baltyma (~231 kDa) koduoja 2022 aminorgs-
tys, o TRPM7 baltymg (~212 kDa) — 1865 aminoriigitys. Sie baltymai turi
50 proc. giminingg seka [96, 97]. TRPM6 ir TRPM7, kaip ir kiti TRPM kana-
lai, yra sudaryti i§ keturiy monomery, turin€iy po $esis transmembraninius
segmentus (S1-S6), kuriy centre yra pora (tarp S5-S6). Suformuota aktyvi
TRPM6 ir TRPM7 kanaly pora valdoma jtampos pakitimu. [tampa-valdomy
kanaly ketvirtas transmembraninis segmentas yra jtampos sensorius, t.y.
ikrautas teigiamu kraviu, nuo kurio priklauso kanalo biisena (atidarytas,
uzdarytas ar inaktyvuotas) [6, 98, 99].

Serino-treonino (Ser/Thr) aminortig§timis turtingos sritys (homologiSkos
a-kinazés Seimai) turi kelias autofosforilinimo vietas, kurios atpazjsta sub-
stratg. TRPM melastatinui homologinés srities funkcija néra zinoma, taciau
nustatyta, kad Sio segmento aminortugs¢iy liekanos (87-326) saveikauja su
sinapsiniais baltymais [5]. Sie kanalai turi i§skirtinj struktiirinj elementa —
kinazinj segmentg C-gale [100]. Atlikti TRPM6 ir TRPM?7 kanaly kinazés
segmento tyrimai atskleid¢, kad Sis susideda i§ dviejy skil¢iy, kurios ribojasi
su nukleotidy jungimosi vietomis. Taip pat nustatytas struktiirinis panasumas
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tarp kinazés segmento ir nuo ciklinio AMF (cAMF) priklausomos baltymy
kinazés A [101, 102]. Kinaz¢é néra bitina kanalo veiklai tiesiogiai, bet gali
lemti kanaly aktyvumo reguliavimag [75, 81, 100]. Kanaly struktira
pavaizduota 1.3.2.1 pav. A dalyje.

D¢l savo strukttriniy panaSumy TRPM6 ir TRPM7 yra glaudZiai susij¢
ir, priklausomai nuo audinio, gali formuoti heterotetramerinius kompleksus
(TRPM6/TRPM7), kai TRPM6 transfosforilina TRPM7 [6, 97].
Tetramerinius kanalus sudaro keturi homomeriniai (to paties baltymo) sub-
vienetai arba po du skirtingus kiekvieno baltymo subvienetus (1.3.2.1 pav.
B). Nuo Siy tetramery struktiros priklauso TRPM6 ir TRPM7 kanaly
patofiziologinis vaidmuo [11, 103]. Remiantis literattiros duomenimis, kai
kurios TRPM6/TRPM7 kompleksy savybeés skiriasi nuo TRPM6 ir TRPM7
homomeriniy kanaly savybiy, jskaitant skirtingg pralaidumg Ni**, pory
struktiirinius skirtumus, kurie sukelia skirtingg jautrumag rtgstiniam pH, ir,
galiausiai, kanalo laidumo skirtumus (TRPM6: nuo 82 iki 84 pS; TRPM7:
nuo 40 iki 105 pS; TRPM6/TRPM7: 56,6 pS) [5, 11, 56, 99, 104].
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A Kanalas (837-1069 a. r.) B TRPM6 homomeriné forma
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1.3.2.1 pav. TRPMG6 ir TRPM7 kanaly struktiira
bei TRPM6/TRPM?7 tetramery susidarymas

(A) N-gala sudaro keturi melastatinui homologiski segmentai (MHR) ir pre-S1 (TRPM6)
arba HR (TRPM?7). Kanalo srityje yra Sesi transmembraniniai segmentai (S1-S6) ir pora
formuojanti kilpa tarp S5 ir S6 segmenty. C-gala sudaro TRP, spiralinis (CC), serino-treonino
(S/T) ir kinazés (KD) segmentai. (B) TRPM6 ir TRPM7 kanalai formuoja tetramerus, su
keturiais homomerinés arba heteromerinés formos subvienetais, sudaranciais DV katijonams
laidzig pora membranoje. S1-S6 — transmembraniniai segmentai; a.r. — amino rugstis.
Pritaikyta pagal [64].
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1.3.3. TRPM6 ir TRPM?7 kanaly savybés

TRPM6 ir TRPM?7 yra bifunkciniai baltymai, kurie formuoja joninius
kanalus, pralaidzius DV katijonams, ir savo struktiiroje turi kinazing sritj [94].
TRPM6 raiska yra specifin¢ tam tikriems audiniams ir organams (inkstai,
zarnynas ir kt.), o TRPM7 yra placiai aptinkamas jvairaus tipo lgstelése,
nepriklausomai nuo vietos organizme [21, 22]. TRPM6 ir TRPM6/TRPM7
heterotetramerai néra taip iSsamiai iStirti, kaip TRPM7, dél to, kad nebuvo
aiSku ar TRPM6 sudaro atskirus homotetramerinius funkcinius kanalus.
Panasiai, kaip TRPM7, TRPM6 kanalai pasizymi stipriu iSoriniu laidumu,
esant teigiamiems membranos potencialams, ir mazu vidiniu laidumu esant
neigiamiems membranos potencialams [105].

Yra jrodyta, kad TRPMG6 turi didesnj gimininguma Mg?* nei Ca>" [106].
TRPMG6 kanalo pora yra pralaidi daugeliui DV katijony, jskaitant Ba**, Mn**,
Sr?*, Cd**, Ni*" ir Zn>" [11, 106]. Kanalo aktyvumas yra reguliuojamas
vidulgsteliniu Mg?" ([Mg**]y) ir slopinamas ruthenium raudonuoju [106].
TRPM6, kaip ir TRPM7, yra jautrus vidulasteliniam Mg?**, ATF, PIPa,
vandenilio peroksidui, 17B-estradioliui ir sfingozinui [6, 11, 107-109]. Li su
kolegomis atliktais moksliniais tyrimais parodé, kad TRPM6 gali formuoti
atskirus, nepriklausomus nuo TRPM?7, funkcinius kanalus, kurie pasizymi
skirtingais pralaidumo profiliais, skirtingais pokyciais nuo pH ir skirtinga
reakcija | TRP kanaly moduliatoriy 2-aminoetildifenilborata (2-APB). Si
farmakologiné¢ medziaga aktyvavo TRPM6 ir blokavo TRPM?7 (kai 2-APB
koncentracija < 1 mM), tac¢iau aktyvavo TRPM?7 (kai 2-APB koncentracija
>1,5mM) [11].

Nustatyta, kad TRPM7 kanalai taip pat yra pralaidis ne tik Ca** ir Mg?",
bet ir kitiems DV katijonams [76]. Be to, Mg?* dalyvauja $iy kanaly regulia-
vime, t. y. sumazéjus vidulgstelinei Mg?" koncentracijai, kanalo aktyvumas
sustipréja, o didelé Mg?" koncentracija slopina §iy kanaly aktyvuma [75].
Esant fiziologiniams, neigiamiems membranos potencialams, TRPM7
pasizymi labai maZza vidine srove ir pernesa tik DV katijonus, tokius kaip Ca**
ir Mg?", i§ ekstralgstelinés erdvés j citozolj pagal koncentracijos gradienta.
Taciau, esant teigiamiems membranos potencialams, kai DV jonai neturi
pakankamai varomosios jégos patekti | lastele, padidéja vidulasteliniy
katijony, tokiy kaip K" arba Cs', transportavimo greitis i§ lastelés, o
membranos potencialui esant didesniam nei +50 mV, taip pat kaip ir TRPM6,
iSeinanciy 1§ lastelés vienvalenciy katijony srautai sukelia rektifikacijg. Tik
visiskai paSalinus ekstralastelinius DV katijonus, Sie kanalai gali transportuoti
vienvalencius katijonus j lastelés vidy. Sis procesas i§lygina (angl. linearise)
sroveés-jitampos santyk], atskleisdamas i$skirtin TRPM7 kanaly specifiSkumag
DV katijony transportavimui [75]. Nejprasta TRPM7 pralaidumo profilj
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patvirtina ir eksperimentiniai tyrimai, kuriuose buvo tiriamas kity DV
katijony pralaidumas, lyginant su Ca*" (Zn*" = Ni*" > Ba?" > Co** > Mg?" >
Mn?* > Sr** > Cd*" > Ca*") [76]. TRPM7 selektyvumg gali reguliuoti ir
ekstralgstelinis pH [78] bei kitos medziagos (pvz.: 2-APB ar karvakrolis
(CAR)) [11, 110].

1.3.4. TRPM6 ir TRPM7 kanaly funkcijos

TRPM6 raiska yra buidinga tik keliems lasteliy tipams, o TRPM7 yra
placiai paplites baltymas. Endogeninés TRPM7-panas$ios srovés registruo-
jamos jvairiy tipy lastelése. Taciau, yra tik keli sistemingi bandymai
apibiidinti TRPM6 vaidmenj magniui jautrioms srovéms. Li su kolegomis,
naudodami linijines lasteles (CHOK1, HEK-293, DMCT) pademonstravo,
kad TRPM6 ir TRPM7 kanalai pasizymi skirtingu atsaku j 2-APB [11].
Kitame tyrime, Ryazanova su kolegomis naudodami peliy embrionines
kamienines lgsteles nustate, kad pasalinus 7rpm?7 gena, iSnyko ir endogeninés
sroves per MIC/MagNuM kanalus. Tai rodo, kad TRPM6 negali kompensuoti
TRPM?7 nebuvimo [111]. Ryazanov su kolegomis pasiiilé hipoteze, kad
a-kinazés labiau fosforilina Ser/Thr liekanas, esancias a-spiralése, prieSingai
nei jprastos baltymy kinazés, kurios fosforilina jy fiziologinius substratus
B-klostése ir kitose strukturose [112—114]. Tyrimai in vitro parodé, kad
TRPM6 ir TRPM7 baltymy kinazés gali fosforilinti IIA, IIB ir IIC tipo
miozing [115]. Todél jmanoma, kad TRPM6 baltymo kinazé taip pat
fosforilina ir kitus TRPM7 baltymo kinazés substratus (aneksinas Al,
fosfolipaze Cy2) [116, 117]. Taip pat, TRPM6 baltymo kinaz¢ gali autofosfo-
rilinti savo Ser/Thr liekanas [118], taCiau $is procesas néra pilnai istirtas. Vis
délto, nepaisant ypatingos S$iy kanaly svarbos, didzioji dauguma
elektrofiziologiniy tyrimy buvo atlikta tik ekspresavus TRPM7 baltymg |
Xenopus laevis oocitus, jvairias linijines lasteles (HEK293, CHOKI1, HeLa,
Jurkat T, RBL-2K3) [75, 119, 120] arba su transgeniniy peliy Sirdies
lastelémis [9]. Siy kanaly tyrimai natiiraliuose §irdies miocituose elektro-
fiziologiniais tyrimy metodais yra sudétingi dé¢l jvairiy joniniy kanaly gausos
ir buvo atlikti tik keliy moksliniy grupiy [12, 121].
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1.3.5. TRPM6 ir TRPM7 kanaly fiziologiné/patofiziologiné reik§Smé

Nustatyta, kad tieck TRPM6, tick TRPM7 kanalai yra glaudZziai susij¢ su
Mg?" ir Ca®" homeostazés palaikymu organizme, o tai sicjama su fiziologi-
niais procesais ir ligy vystymusi [122, 123].

TRPM6 kanaly jtaka Mg>* homeostazei yra itin svarbi inkstuose ir plo-
nojoje zarnoje [6]. Taip pat nustatyta, kad Sie kanalai dél magnio homeostazés
svarbiis ir pieno liauky epitelio [124] bei storosios Zarnos [125] lasteléms.
Veéliau atlikti tyrimai su HEK923 Igstelémis ir Xenopus laevis oocitais parode,
kad TRPM6 mutacijos nulemia TRPM6/TRPM7 kompleksy susidaryma,
slopinant TRPM6 raiska. Manoma, kad Sis procesas gali stipriai nulemti
7arnyno veiklg ir Mg?* reabsorbcijg inkstuose [65, 126].

TRPM6 kanalai dalyvauja ir kituose svarbiuose fiziologiniuose proce-
suose, jskaitant ankstyva embriono vystymasi, kuriame TRPM®6 yra biitinas
1Sgyvenimui. Tyrimai atlikti su pelémis rodo, kad §io baltymo triikumas yra
letalus [127, 128]. Vélesni tyrimai su Xenopus laevis parodé, kad TRPM6
kanalo funkcijos sutrikimai embriogenezeje sukélé gastruliacijos ir nervinio
vamzdelio uzdarymo defektus, o vertinant organy dydj kai kurie embrionai
turéjo galvos, akiy ir smegeny pakitimy [129].

TRPM?7 kanaly pasalinimas i§ DT-40 B limfocity sukélé Sio tipo Iasteliy
zit] [75]. Be to, naudojant Sio tipo Igsteles buvo nustatyta, kad kinaziné dalis
taip pat dalyvauja Ca?* homeostazés palaikyme [130]. TRPM7 kanalai
atsakingi uz Ca®>" patekima | adipocitus, kurj nulemia lastelés Mg>*
koncentracija ir inhibitoriai (2-APB, vandenilio peroksidas ir kt.), slopinantys
per TRPM7 kanalus tekancias sroves [131]. Parodyta, kad endotelio 1gstelése
TRPM7 yra susij¢ su augimo ir proliferacijos procesu [132]. TRPM7 kanalo
aktyvumas taip pat svarbus acetilcholing iSskirian¢iy sinapsiniy pusleliy
susiliejimui [17].

Neseniai atliktame tyrime, taikant genetinius ir elektrofiziologinius
tyrimy metodus, buvo nustatyta, kad TRPM?7 svarbus ne tik Ca?", bet ir kity
DV Kkatijony, tokiy kaip Zn**, Mg?', balansui organizme palaikyti. Tyrimo
autoriai nustaté, kad TRPM7 kanalas dalyvauja organizmo mineraly
homeostazés palaikyme Zarnyne ir inkstuose ir Sio kanalo svarba augimui ir
vystymuisi po gimimo [133].

Mg?* taip pat dalyvauja ir fermentinése reakcijose. Dél $ios priezasties,
medziagy apykaitos sutrikimai, lemiantys S$iy jony transportavima per
TRPM6 kanalus, sukelia sisteminius poky¢ius ir patologinius pakitimus [134,
135]. Hipomagnezemija su antrine hipokalcemija (HSH) yra autosominiu
recesyviniu budu paveldima liga, kuriai budingi neurologiniai sutrikimai,
jskaitant traukulius ir raumeny spazmus, dél Mg?" triikumo [136]. Buvo nu-
statyta, kad Seiminiai hipomagnezemijos atvejai yra susije su 9q chromosoma
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[106]. Atliekant genetinius tyrimus buvo nustatyta keletas TRPM6 mutacijy,
sukelianciy $ig ligg [7, 137, 138]. Sergant HSH, dél Trpm6 mutacijos, negali
susidaryti TRPM6 ir TRPM7 heterotetrameriniai kompleksai [65]. Kito
mokslinio tyrimo metu buvo nustatyta, kad jgimtg ir jgyta hipomagnezemijg
nulemia skirtingos priezastys, taciau, molekuliniai ligos vystymosi mechaniz-
mai yra tokie patys [139]. TRPM6 gali dalyvauti ir autosominiu dominantiniu
budu paveldimos hipomagnezemijos patogenezeje [140].

TRPMB6 sutrikimai taip pat susije su komplikacijomis, atsirandan¢iomis
del letiniy ligy, tokiy kaip diabetas [141, 142]. Naudojant peliy hipertenzijos
modelj nustatyta, kad aldosterono infuzija paveiké TRPM6 kanalo baltymo
raiSka plazminéje membranoje, sukeldama hipomagnezemija ir pablogin-
dama hipertenzijos sukelta inksty paZeidima. Atstatant Mg>" koncentracija,
sumaz¢jo aldosterono sukeltas kraujosptidzio padidéjimas, inksty fibrozés
laipsnis ir oksidacinis stresas, nulemtas padidéjusios TRPM6 kanalo baltymo
raiSkos. Tai rodo glaudy TRPM6 kanaly rysi su aldosterono sukeltu poveikiu
Sirdies ir kraujagysliy bei inksty funkcijai [143].

TRPM7 kanalai dalyvauja ne tik kalcio ir magnio jony homeostazéje
[144, 145], bet ir imuninés sistemos homeostazeje [146], embriono vystymosi
procese [144], vidulgsteliniy ligandy Ca®" ir Mg?* sukeliamos hipo- ir
hiperkalcemijos bei hipo- ir hipermagnezemijos procesy atsiradime ir/ar jy
palaikyme.

TRPM?7 kanaly aktyvumas registruojamas jvairiomis patologinémis
salygomis: sergant Alzheimerio liga, aneurizmomis [44, 147, 148], sergant
arterine hipertenzija [149—152], diabetu [153, 154], esant smegeny iSemijai ir
hipoksijai [155]. TRPM7 dalyvauja Sirdies ir kraujagysliy ligy patogenezéje.
Padidéjes kanalo laidumas kalcio jonams gali nulemti prieSirdZiy fibroblasty
fibrogeneze (1.3.5.1 pav.) [156, 157]. Siy kanaly aktyvumas registruojamas
kai yra padidéjes kraujospiidis ir yra jvairdis Sirdies ritmo sutrikimamai (PV)
ir kt. [14, 44, 147, 148]. TRPM7 kanaly aktyvumas taip pat susijes su
metaboliniu sindromu, pankreatitu ir Sirdies raumeninio audinio pazeidimu
[158]. Be to, buvo parodyta, kad TRPM7 kanalo baltymo raiska ir aktyvumas
yra susij¢ su inksty kraujagysliy hiperpralaidumu ir inksty funkcijos sutri-
kimu [93, 159].
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ﬂ Priesirdzio fibroblastas ]

Uzdegimas Mechaninis stresas
| TGF-g¢ | : > TRPM6+ |
19
7 /-TRPMT
A 4 v
TRPM7t | | TRPM7/TRPMst |
Cat Mg+
Y A
Rho ERK Sutrikusi Mg2*
signalinis kelias signalinis kelias homeostaze

1.3.5.1 pav. Hipotetinis signaliniy keliy modelis, susijes su prieSirdziy
fibrogeneze ir TRPM6, TRPM?7 kanalais

ERK - ekstralastelinio signalo reguliuojama kinazé; Rho — guanozino trifosfato hidrolazg;
TGF-p — transformuojantis beta augimo faktorius. Pritaikyta pagal [157].

TRPM7 kanalo funkcijos ir sutrikimai, stebimi jvairiy piktybiniy procesy
patogenezéje [160, 161], iskaitant kasos adenokarcinoma [162, 163], retino-
blastomg [164] ir melanomag [165]. Tyrimai atlikti su prostatos navikinémis
lastelémis parodé svarby Ca*/Mg?" santykio vaidmenj navikinio proceso
patogenezeje [166, 167]. Navikiniai susirgimai gali iSsivystyti dél pokyciy
procesuose (Mg?>* homeostazé, lgsteliy proliferacija, diferencijacija ir
migracija), kuriuose dalyvauja TRPM6 ir TRPM7 kanalai [168]. Be to, yra
manoma, kad didelé TRPM7 kanalo baltymo raiska galéty biiti naudojama
kaip iSankstinis Zymuo, skirtas nustatyti ankstyvy stadijy vézinius susirgimus
[169]. Pagrindiniai TRPM6 ir TRPM7 kanaly moduliatoriai, jy fiziologinés
funkcijos ir dalyvavimas ligy patogenezéje pateikti 1.3.5.1 lenteléje [64].
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1.3.6. TRPM6 ir TRPM7 kanaly reguliaciniai mechanizmai

Magnio homeostazés palaikymui itin svarbus veiksnys yra magnio
reabsorbcija inkstuose. Sj procesa kontroliuoja TRPM6 kanalai. Nuo jy
pralaidumo priklauso Mg?* balansas sveikame ir ligy paveiktame organizme
[170]. TRPM6 kanaly reguliacija molekuliniame lygmenyje lemia daugelis
veiksniy, tokiy kaip: adenohipofizés gaminami tropiniai hormonai, jvairts
vidulgsteliniai faktoriai ir taip pat kinazinis domenas [171-173] (1.3.6.1
lentel¢). Eksperimentiniais tyrimais nustatyta, kad TRPM6 yra EGF ir
17-B-estradiolio reguliacinis taikinys [172, 173]. Taciau, i§sami informacija
apie TRPM6 kanaly pernaSos funkcijg iSlieka neaiSki. Tode¢l, tikimasi, kad
tolimesni TRPM6 kanaly tyrimai suteiks daugiau informacijos apie Mg*"
homeostaze ir bus naudingi su Siuo veiksniu susijusiy ligy diagnozavimui ir
valdymui [172].

1.3.6.1 lentelé. TRPM6 kanaly reguliacijq lemiantys veiksniai [pritaikyta
pagal [172]

Reguliacinis veiksnys Poveikis Paveiktas procesas
Magnis, gaunamas su maistu 1 Transkripcija*
Estrogenas 1 Transkripcija (inkstuose)
Takrolimas ! Transkripcija (inkstuose)
Ciklosporinas A l Transkripcija (NRK-52E lastelése)
Chroniné metaboliné acidozé l Transkripcija (inkstuose)
Chroniné metaboliné alkalozé 1 Transkripcija (inkstuose)
NCC inhibicija l Transkripcija (inkstuose)
Vidulastelinis magnis ir magnio ! Kanalo aktyvumas
nukleotidai
EGF 1 Kanalo aktyvumas
RACK1 l Kanalo aktyvumas
Prijungtas a-kinazinis domenas Netiesioginis | Kanalo aktyvumas
Riigstinis pH 1 Vienvalenciy jony srové

*Sumazéjes magnio suvartojimas, didina inksty TRPM6 kanaly mRNR raiska, o magniu
praturtintas maistas padidina TRPM6 kanaly mRNR raiska Zzarnyne. 1 ir | reikSmingai
padidina arba sumazina atitinkamai nurodyta procesa, jskaitant geny transkripcija, dvivalen-
¢iy jony pralaiduma ir TRPM6 kanaly aktyvuma. NRK-52E — ziurkés inksty epitelio lasteliy
linija, endogeniskai ekspresuojanti TRPM6; NCC — tiazidui jautrus NaCl katalizatorius;
EGF — epidermio augimo faktorius; RACK1 — aktyvuotos C-kinazés receptorius.

TRPM?7 kanalai gali buti pastoviai aktyvis (iki 10 proc. net ir lastelése,

esanciose ramybés biisenoje) ir/arba biiti reguliuojami jvairiy veiksniy. Vienas
svarbiausiy TRPM?7 kanaly aktyvumo reguliatoriy yra Mg>" (tiek laisvas, tiek
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ir komplekse su nukleotidais). Tyrimais parodyta, kad esant fiziologinei (3—
4 mM) Mg-ATF koncentracijai, sroveé per TRPM7 kanalus nepadidéjo, o
didesnés koncentracijos turé¢jo slopinanti poveiki [75, 174]. TRPM7
slopinimas neapsiriboja tik adenino nukleotidais. Nustatyta, kad kiti purino ir
pirimidino trifosfatai taip pat slopina sroves, tekancias per TRPM7 kanalus.
Dinukleotidai taip pat gali slopinti Sias sroves, taciau silpniau. Tuo tarpu,
nukleotidy monofosfatai negali sudaryti kompleksy su Mg**, todél neturi
jokio poveikio sroviy per TRPM7 kanalus, reguliavimui [81, 174].

Literattiros duomenimis, §iuo metu yra nustatyti keli TRPM7 kanaly
reguliaciniai mechanizmai. Vieningai sutariama, kad TRPM?7 kanalas slopi-
namas kai yra padidéjusi tiek vidulgsteliné laisvo Mg®" koncentracija, tiek
komplekse su ATF. Demeuse su kolegomis nustaté, kad TRPM7 kanalas gali
biiti reguliuojamas per TRPM7 kanale esancig laisvo Mg?" ri§imosi vietg ir
kinazinéje dalyje esancig Mg-NTP (magnio ir vieno i§ nukleotidy
kompleksas) riimosi vietg. Uzblokavus kinazing dalj, Mg®" ri$imosi vieta
kanale iSlieka aktyvi ir gali nepriklausomai reguliuoti kanalo vartinj
mechanizma [81]. Be to, manoma, kad Sis kanalas gali buti reguliuojamas ir
fosfolipazes C (PLC), kuri katalizuoja PIP2 hidrolize, ir cAMF [79, 175].
Taciau dél iy reguliaciniy mechanizmy vieningos nuomon¢s neéra.

TRPM?7 kanalo funkcija taip pat gali biti siejama ir su fosforilinimu.
Nustatyta, kad TRPM7 mutacijos (T14821 (zuvy, amfibijy, pauksciy bei
primaty) bei Ser-1482 (ziurkiy ir peliy)) yra susije¢ su TRPM7 C-gale esancio
Ser/Thr a-kinazinio domeno autofosforilinimu. Kito tyrimo metu,
rekombinantinis TRPM7 kanalas su T14821 mutacija buvo aptiktas HEK-293
lastelése, kuriose TRPM7 kanalai isliko funkcionalis, ta¢iau buvo padidéjes
jautrumas Mg?* slopinanc¢iam poveikiui [75, 148, 176]. Kiti kanalo aktyvuma
lemiantys veiksniai pateikti 1.2.2.1 lenteléje (zr. 1.2.2 skyriy).

1.4. Magnis

1.4.1. Mg?** homeostazé

Mg?* yra antras gausiausias vidulastelinis katijonas gyvose lastelése, kuris
atlieka daug gyvybiskai svarbiy funkcijy organizme [177]. Sis elementas,
kaip kofaktorius, aktyvina daugiau nei 300 fermenty. Mg?* reguliuoja
fermenty aktyvumg keliais budais: prisijungdamas prie fermento aktyviojo
centro; sgveikaudamas su substratais (pvz., ATF); sukeldamas fermento kon-
formacinius poky¢ius, lemiancius katalizuojamos reakcijos moduliavima ir
skatindamas fermentiniy kompleksy susidaryma [177—179]. Mg?" dalyvauja
daugelyje gyvybiskai svarbiy procesy, tokiy kaip baltymy, riebaly ir riebaly
rugsciy sinteze bei nukleoriig§ciy metabolizmas [179, 180]. Magnis reguliuo-
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damas kitus joninius kanalus, padeda palaikyti transmembraninj kalio, kalcio
ir natrio jony gradienta. Magnio jonai veikia kaip Ca>" antagonistas, todél gali
nulemti procesus, kuriuos reguliuoja Igstelinis Ca®". Sis procesas itin svarbus
palaikant normalig raumeny ir nervy sistemos funkcijg [178, 179].
Organizme magnio homeostazé palaikoma dél pusiausvyros tarp magnio,
gaunamo su maistu ir i$skiriamo su $lapimu. Sia pusiausvyra reguliuoja
inkstai. 3-5 proc. 1 glomeruly filtrata patekusiy magnio jony iSskiriama |
Slapima, tuo tarpu didZioji jonizuoto magnio dalis reabsorbuojama per Henlés
kilpg ir distalinius vingiuotuosius kanalélius (DVK) (1.4.1.1 pav.) [106].

Suvartojimas Grynasis
su maistu - suvartojimas
370 mg/d. Kraujas 100 mg/d.

§ ,ﬁg

Kaulai

) Raumenys =

Kiti ‘

=4

Zarnynas O Inkstai

Pafalinamg Magnio atsargos Pas? Iin_ama
su iSmatomis 24000 mg su Slapimu
270 mg/d. 100 mg/d.

1.4.1.1 pav. Magnio homeostazés schema

Schemoje pavaizduotas per parg suvartojamas ir i§skiriamas Mg?" kiekis. Kasdien Zarnyne
yra absorbuojama apie 120 mg, o iSskiriama apie 20 mg magnio. Todél grynasis magnio
suvartojimas per dieng yra apie 100 mg. Inksty glomerulai per parg perfiltruoja apie 2400 mg
Mg?, i§ kuriy 2300 mg yra reabsorbuojama inksty kanaléliuose. Sis skirtumas atitinka
magnio pasisavinimg zarnyne. Pritaikyta pagal [181].

Bendra Igstelinio Mg®" koncentracija dazniausiai yra nuo 5 iki 10 mM
daugelyje tirty zinduoliy lasteliy tipy, taciau kai kuriose lastelése ji gali biiti
iki 20 mM. Labiausiai jonizuotas Mg?* yra komplekse su ATF ir kitais
nukleotidais, taip pat esantis mitochondrijose ir sarkoplazminiame tinkle.
Mg?* kaupimasis i§vardintose organelése atsiranda dél §iy jony gebéjimo
prisijungti prie baltymy, fosfolipidy, nukleoriigs¢iy, nukleotidy ar chromatino
[180, 182]. Daugumos tirty lasteliy laisvo Mg?* koncentracija citozolyje
vyrauja nuo 0,5 iki 1 mM (~10 proc. viso Iastelinio Mg?*) [180].
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Magnis atlieka daug gyvybiskai svarbiy funkcijy organizme, todé¢l
sutrikusi Sio elemento reguliacija gali nulemti patologiniy bukliy atsiradima.
Yra zinoma, kad magnis svarbus Sirdies darbui, palaiko ritminga Sirdies
veikla, atpalaiduoja raumenis, plecia kraujagysles, tokiu budu mazinant padi-
dejusj kraujo spaudimg. Nepakankamas magnio kiekis gali prisidéti prie Sirdies
ir kraujagysliy ligy patogeneziniy mechanizmy iSsivystymo (pvz., hiperten-
zijos) (1.4.1.2 pav.) [143].

Smegenys Sirdis

Migrena I ¢ Miokardo infarktas
Depresija ) o Aritmijos
Epilepsija ~<R e Preeklampsija
Insultas i e Hipertenzija

Plaugiai Kaulai \ Raumenys

e Astma e Osteoporoze e Raumeny
e LOPL spazmai
e Cistiné

fibroze

1.4.1.2 pav. Magnio jony poveikio ligy patogenezei schema

Pagrindinés ligos, kuriomis sergant buvo nustatyti Mg?* homeostazés sutrikimai ir/arba
paskirtas gydymas magnio preparatais. LOPL — 1étiné obstrukciné plauciy liga. Pritaikyta
pagal [181].
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1.4.2. Mg?* kanalai ir neSikliai

Baltymy ir deoksiribonukleino rugsties (DNR) sintez¢ priklauso nuo
vidulgstelinio Mg?* koncentracijos, todél $io katijono koncentracija Iasteléje
yra grieztai reguliuojama [181]. Pastovi vidulastelinio Mg?* koncentracija yra
palaikoma reguliuojant pusiausvyrg tarp Mg>* jsisavinimo, vidulgstelinio
Mg?* atsargy ir Mg?" pasalinimo. Magnio jonai per lastelés plazmine ir
organeliy membranas yra transportuojami per TRPM6, TRPM7 ir/ar kitus
kanalus (Mg?* patekimas) ir baltymus nesiklius (Mg?" imetimas). Magnio
jonus transportuojantys kanalai gali biiti specifiSkesni Mg>*, arba biti
pralaidiis jvairiems DV katijonams. Mg?" pralaidiis kanalai yra randami
plazminéje membranoje, mitochondrijose, endoplazminiame tinkle ir
Goldzio aparate [180, 183]. Daugéjant atlikty genetiniy tyrimy, tiriant jvairias
7moniy ligas, buvo identifikuoti ir Mg*" pernaSoje dalyvaujantys baltymai
(TRPM6, TRPM7, MagT1 (angl. Magnesium transporter protein 1), SLC41A1
(angl. Solute carrier family 41 member 1), ciklinas M2 (CNNM2), ciklinas
M4 (CNNM4) ir kt.). Placiai organizme aptinkami baltymai — TRPM?7,
MagT1 ir SLC41A1, bei audiniams specifiniai— TRPM6 (inkstai; storoji
zarna), CNNM2 (inkstai) ir CNNM4; storoji Zarna). Nors tikslios iy baltymy
funkcijos dar tiriamos, buvo nustatyta, kad tik TRPM6 ir TRPM?7 yra atsa-
kingi uz Mg?" homeostaze organizme [181].

1.4.3. TRPM6 ir TRPM7 kanaly reikSmé organizmo
Mg?* homeostazés palaikyme

Zmogaus organizme Mg?" homeostazé palaikoma dél pusiausvyros tarp
Mg?* absorbcijos Zarnyne ir Mg?" i§skyrimo per inkstus [178, 184, 185].
Magnio absorbcija vyksta plonajame ir storajame Zarnyne, dviem skirtingais
budais: aktyviuoju vidulasteliniu (angl. transcellular) ir pasyviuoju tarplaste-
liniu (angl. paracellular). Esant mazai vidulastelinei (angl. intraluminal)
magnio koncentracij ai, Mg?" absorbuojamas vidulasteliniu keliu, kurj lemia
aktyvus Mg?* pasisavinimas epiteliniy Igsteliy pavirsiuje. Tarplastelinis kelias
svarbus, kai padidéja iSoriné (angl. luminal) Mg?* koncentracija. Sis procesas
parodo pasyviaja Mg®" perna$a per glaudzias jungtis tarp epitelio Igsteliy
[181, 184, 185]. Mg*" absorbcija plonajame Zarnyne skatina pasyvioji
tarplasteliné pernaSa pagal elektrocheminj gradientg. Tuo tarpu, storajame
7arnyne Mg®" pernasa vyksta tik vidulgsteliniu keliu (1.4.3.1 pav.) [181].
TRPM6 kanalo baltymas yra dazniau aptinkamas storosios zarnos epitelio
lastelése [7, 128]. Remiantis atliktais moksliniais tyrimais su pelémis, buvo
parodyta, kad Mg?* jsisavinimas, per TRPM6 kanalus, yra svarbus Zarnyno
veiklai. D¢l to, kad zarnynui specifiné Trpm6 abliacija pelése sukélé

37



hipomagnezemija. Tai rodo, kad Wild Type peliy inkstai negali kompensuoti
Trpmo6 nebuvimo Zarnyne [128].

Plongji Zarna

| Storoji Zarna

1

4%‘@ Na*

1.4.3.1 pav. Magnio jony pernasos zarnyne schema

Plonajame Zarnyne Mg?" absorbuojamas pasyviuoju tarplasteliniu biidu. Storajame Zarnyne
Mg?" perneSamas aktyviuoju vidulgsteliniu biidu, dalyvaujant baltymams (TRPM6, TRPM?7,
CNNM4). EnaC — epitelinis natrio jony kanalas; CNNM4 — ciklinas M4. Pritaikyta pagal
[181].

Inkstuose, mazdaug apie 80 proc. viso kraujo serume esancéio Mg>* yra
filtruojami glomeruluose, i$ kuriy daugiau nei 95 proc. reabsorbuojami isilgai
nefrono atgal j krauja. Tik apie 3—5 proc. glomeruly filtrate esan¢io Mg>" yra
i§skiriami su Slapimu fiziologinémis sglygomis, 10—15 proc. vél absorbuo-
jami inksty proksimaliniuose vingiuotuosiuose kanaléliuose, o 60—70 proc.
pasyviai reabsorbuojami kylanc¢iojoje Henlés kilpos dalyje. Tik apie 5—
10 proc. glomeruly filtrate esan¢io Mg?* reabsorbuojami vidulasteliniu biidu
DVK. Sis magnio kiekis apibiidina galutinj su §lapimu i§skiriamo Mg?* kiekj.
TRPM6 kanalo baltymas aptinkamas DVK, todél manoma, kad biitent jis yra
atsakingas uz reguliacija, susijusig su galutiniu Mg?" i$siskyrimu su $lapimu
[179, 181, 184]. Taciau, eksperimentiniai tyrimai su pelémis, turin¢iomis spe-
cifing Trpm6 inaktyvacijg inkstuose parodé, kad Mg?* kiekis $iy peliy kraujo
plazmoje buvo normos ribose. Taip pat nustatyta, kad Trpm6 svarbus Mg**
transportui zinduoliy placentoje ir trynio maiSelyje [128]. Ivairiy moksliniy
grupiy atlikti tyrimai rodo, kad TRPM6 yra pagrindinis Mg** homeostazés
reguliatorius prenatalinio vystymosi metu ir suaugusiyjy organizme, del
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kanalo aktyvumo placentos trofoblastuose ir zarnyno epitelio lastelése. Taciau,
specifiné TRPM6 lasteliné funkcija vis dar kelia daug klausimy ir yra pries-
taringai vertinama mokslin¢je literatiroje. TRPM7 taip pat atsakingas uz
didzigja j lasteles patenkan¢iy magnio jony dalj. TRPM?7 kanalo aktyvumas
dazniausiai laikomas bitina salyga lasteliy gyvybingumui [75, 80]. Taciau,
yra tyrimy rodanciy, kad TRPM?7 trikumas peliy T Igstelése neturi poveikio
Iasteliy gyvybingumui ir Mg?" koncentracijai [186]. Mokslinéje literatiiroje
yra nemazai priestaringy duomeny apie TRPM6 ir TRPM?7 kanalus. Taciau
yra teigiama, kad tick TRPM6, tick TRPM?7 yra itin svarbiis Mg?* homeosta-
zei organizme palaikyti.

1.4.4. Mg?* poveikis Sirdies ir kraujagysliy ligoms

Nustatyta, kad didesnis magnio suvartojimas gali turéti teigiamg poveikj
sirdies ir kraujagysliy ligy (SKL) rizikos veiksniams, nes gerina gliukozés ir
insulino metabolizma bei lipidy profilj, stiprina nuo endotelio priklausomag
kraujagysliy vazodilatacija, taip pat pasiZymi antihipertenziniu ir prieSuzde-
giminiu poveikiu [187].

Atliekant duomeny analize buvo ieSkoma sgsajy tarp magnio cirkuliuo-
jan&io kraujyje ir magnio i§skiriamo su §lapimu, bei SKL, jskaitant Sirdies
aritmijas, stazinj $irdies nepakankamuma (SN), insulta ir staigia mirtj [188].
Taip pat, litertiiroje yra duomeny, kad néra sasajy tarp Mg?*, gaunamo su
maistu, ir Mg?*, esan¢io kraujo plazmoje [189, 190]. Taciau kitais tyrimais
nustatyta, kad mazas Mg?* suvartojimas su maistu yra siejamas su maza Mg>"
koncentracija kraujyje. Neseniai atlikta duomeny meta-analizé parodé reiks-
mingas sgsajas tarp magnio papildy vartojimo, tarp kraujyje cirkuliuojancio
Mg?" ir per 24 valandas su §lapimu i§skiriamo magnio kiekio [191].

Analizuojant duomenis apie magnio kiekj kraujyje ir SKL, nustatytos
reik§mingos sgsajos tarp $iy tiriamyjy veiksniy [192]. Cirkuliuojan¢io Mg*"
padidéjimas kraujyje 0,2 mM, buvo susijes su 30 proc. mazesne SKL ir ISL
rizika. Sios meta-analizés metu buvo i3analizuota per 300 tiikst. pacienty
klinikiniy duomeny (4106 SKL ir 3215 ISL). Iki §iol tai yra vienas patiki-
miausiy jrodymy apie rysj tarp magnio koncentracijos kraujyje ir SKL [188].
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Mazas magnio kiekis kraujo serume siejamas su padidéjusia PV atsiradi-
mo rizika po Sirdies operacijy. Taciau néra zinoma, ar hipomagnezemija nu-
lemia PV atsiradimg jprastomis salygomis. Dviejuose atliktuose moksli-
niuose tyrimuose buvo tirtas rySys tarp magnio koncentracijos kraujo serume
ir PV rizikos. Tiriamaja grupe sudaré sveiki asmenys, taciau turintys polinkj
sirgti SKL. Remiantis Framinghamo sveikatos tyrimo (angl. Framingham
Health Study) rezultatais, mazas Mg?" kiekis kraujo serume buvo vidutiniskai
susijes su rizika i$sivystyti PV asmenims, anks¢iau nesirgusiems SKL [193].
ARIC (angl. African Americans Atherosclerosis Risk in Communities) gru-
péje taip pat buvo nustatytas rySys tarp magnio koncentracijos kraujo serume
ir PV i8sivystymo. DidZiausia rizika sirgti PV buvo nustatyta tiems asmenims,
kuriy magnio kiekis kraujo serume buvo sumazéjgs, o mazesné rizika — kai
yra normalus ir padidéjes magnio kiekis [194]. Si tendencija vyrauja abie-
juose atliktuose tyrimuose, tiriant dvi skirtingas populiacijas.

Atvirk$ciai proporcingas rySys tarp magnio suvartojimo ir atsparumo
insulinui, hiperglikemijos, dislipidemijos, hipertenzijos ir uzdegimo Zymeny
gali pateisinti apsauginj su maistu gaunamo magnio poveikj SKL. Epidemio-
loginiai tyrimai parodé¢, kad didesnis magnio suvartojimas su maistu ir/arba
didesné Mg?" koncentracija kraujyje yra susije su mazesne SKL rizika, pvz.,
ISL ir staigia mirtimi dél Sirdies ir kraujagysliy ligy. Atsizvelgiant ] Mg>"
dalyvavimg jvairiuose biologiniuose procesuose, nenuostabu, kad magnio
homeostazés pokyciai gali nulemti jvairias ligas ir jy eiga (1.4.4.1 pav.).
Daugybé moksliniy tyrimy jrodé¢, kad dél magnio stokos padidéja oksidacinis
stresas, jskaitant padidéjusig eritrocity ir lipoproteiny peroksidacija, susijusia
su ankstyvomis SKL stadijomis ir jy progresavimu [195-199].
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Nepakankamas magnio
suvartojimas

Nepakankamas magnio
jsisavinimas

Sutrikusi Mg®* homeostazée

Uzdegimas » Endotelio

+ Oksidacinis stresas disfunkcija
= Trombocity = Dislipidemija
agregacija + Atsparumas

insulinui

Kraujo Igsteliy 2 tipo cukrinis )
o diabetas 4 - Hiperglikemija

reaktyvumas \
{ Lipidy ‘
\nuokrypiai/

laavsliu ligos

= —
Insultas Sirdies Koronariné Priesirdziy Sirdies Mirtis del
nepakankamumas Sirdies liga virpéjimas sustojimas SKL

1.4.4.1 pav. Veiksniai lemiantys magnio homeostaze ir SKL atsiradimg
Mechanizmy, nulemty kiekybiniy magnio poky¢iy organizme, sgsajos su pasekmemis
molekuliniame lygmenyje, kurios didina rizika susirgti SKL. SKL — Sirdies ir kraujagysliy
ligos. Pritaikyta pagal [188].

Taigi, remiantis atliktais moksliniais tyrimais, nustatyta, kad gaunant
pakankama magnio kiekj su maistu ir/ar papildais, mazéja rizika susirgti SKL.
Be to, Sios iSvados taip pat patvirtina, kad siekiant mazinti 1étiniy ligy
vystymasi, svarbu didinti magnio turin¢iy maisto produkty vartojima [188].

Iki Siol, TRPM6 ir TRPM7 baltymy raiskos vertinimai atlikti sveikoje
[18] arba pakenktoje [19] Zmogaus Sirdyje daugiausia buvo grindZiami tik
genominiais tyrimais. Taciau, duomeny apie TRPM6 ir TRPM7 mRNR ir
kanaly baltymy raiSka skirtingose Sirdies dalyse yra itin mazai, jie prieStarin-
gai vertinami, ypac, kurie susij¢ su TRPM6 raiska. Daugelio tyrimy, atlikty
su eksperimentiniy gyviny ir Zmogaus Sirdies audiniais, duomenimis 7rpm6
mRNR raiska nebuvo aptikta [20-22]. Tik vienos studijos duomenimis,
naudojant zmogaus Sirdies deSiniojo prieSirdZio (DP) homogenatus, buvo
aptikti TRPM6 mRNR ir baltymas bei nustatyta, kad jy raiska padidéjusi
priesirdZiy virpéjimu (PV) serganciy pacienty Sirdies méginiuose [23]. Taiau
dauguma atlikty molekuliniy tyrimy iSvis nepateikia informacijos apie
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TRPM6 raiska Sirdyje [19, 24]. Taigi, neaiSku ar TRPM6 baltymas yra
kardiomiocituose. Be to, néra jokiy duomeny apie galimg TRPM6 baltymo, o
taip pat ir TRPM7 baltymo, raiska visose keturiose Zzmogaus Sirdies dalyse
(priesirdziuose ir skilveliuose).

Todél, $io tyrimo metu, naudojant molekulinés biologijos metodus, mes
sickéme nustatyti ar TRPM6 ir TRPM?7 baltymai yra aptinkami Zzmogaus ir
kiaulés Sirdyje. Kadangi, vidulgstelinio Mg?* sumazéjimas gali nulemti
Sirdies patologiniy pakitimy patogeneze, taip pat siekéme jvertini galimus
kiekybinius Siy kanaly baltymy poky¢ius ir sgsajas su iSeminés ir neiSeminés
kilmeés SN.
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2. METODIKA

2.1. Etinis patvirtinimas

Disertacinio darbo metu atlikti eksperimentiniai tyrimai su zmogaus bio-
logine medziaga buvo vykdomi remiantis Europos bendrijos principais, kurie
18déstyti Helsinkio deklaracijoje. Tyrimams atlikti buvo gautas Lietuvos svei-
katos moksly universiteto (LSMU) Biomedicininiy tyrimy etikos komiteto
leidimas (2017-12-22, Nr. BE-2-71).

Eksperimentiniai tyrimai su gyviny biologine medziaga buvo atlikti
remiantis Laboratoriniy gyviiny prieziiiros ir naudojimo vadovu (angl. Guide
for the Care and Use of Laboratory Animals). Siems tyrimams atlikti buvo
gautas Lietuvos Respublikos valstybinés maisto ir veterinarijos tarnybos lei-
dimas (2017-06-21, Nr. G2-68).

Gauti duomenys buvo apjungti j grupes, apdoroti matematiniais ir statis-
tiniais metodais, todél neteko individualumo. Pateiktos iSvados yra tik apie
bendras poky¢iy tendencijas.

2.2. Tyrimo objektai

Tyrimuose buvo naudoti Sirdies (priesirdzio ir skilvelio) audiniai, kurie
buvo pasalinti kardiochirurginiy operacijy (aortos ar mitralinio voztuvy
protezavimo, vainikiniy arterijy Suntavimo bei transplantacijy) metu, Kauno
kliniky Sirdies kriitinés ir kraujagysliy chirurgijos klinikoje, ir tyrimy tikslais
suteikti LSMU. Pacienty klinikiniai duomenys pateikti 2.2.1 ir 2.2.2 lente-
lése. Kontroling grupe sudaré pacientai su sinusiniu ritmu (SR) ir be iSeminio
pakenkimo.

Taip pat tyrimai atlikti su kiauliy (Lietuvos vietinés kiaulés veisle)
(n=15; abiejy ly¢iy; 35-40 kg svorio; 1-3 mén. amziaus) Sirdies audiniais.
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duomenys

Pacienty duomenys Kontroliné grupé | ISL grupé PV grupé
Amzius (metais) 37-82 50-87 45-85
Vidutinis amzius (metais) + SEM 60,7 +2,4 67,4+ 1,4 64,2 +3,5
Moterys, n (proc.) 10 (40,0) 17 (36,2) 22 (48,9)
Vyrai, n (proc.) 15 (60,0) 30 (63,8) 23 (51,1)
Visi, n (proc.) 25 (100) 47 (100) 45 (100)
Chirurginé intervencija
Voztuvy operacija, n (proc.) 25 (100) 0(0) 23 (51,1)
CABG operacija, n (proc.) 0(0) 32 (68,1) 14 (31,1)
CABG ir voztuvy operacija, n (proc.) 0(0) 15 (31,9) 8 (17,8)

ISL — iSeminé Sirdies liga; PV — priesirdziy virpéjimas; CABG — vainikiniy arterijy Sunta-

vimas; n — pacienty skaicius.

2.2.2 lentelé. Pacienty, kuriems buvo atlikta Sirdies transplantacija, ir kont-

‘. Pagalbinio prietaiso
. ye ISmetimo | . el e e Lo
Eil. . | AmzZius . R . implantacija | kairjji skilvelj
Lytis . Diagnozé frakcija  wove e .
Nr. (metais) pries Sirdies transplantacija
(proc.) ...,
(trukmé ménesiais)
1. | Vyr. 65 ISL 15 Implantuotas 3 ménésiams
2. | Vyr. 59 ISL 16 Implantuotas 13 ménesiy
3. | Vyr. 65 ISL 19 Implantuotas 3 ménésiams
4. |Vyr. 57 ISL 19 Implantuotas, bet trukmé
nezinoma
5. | Vyr. 65 ISL 15 Neimplantuotas
6. | Vyr. 65 ISL 19 Implantuotas, bet trukmé
nezinoma
7. | Vyr. 38 IDKM 25 Implantuotas, bet trukme
Sirdies transplantacija nezinoma
atlikta pries 15 mety.
Chroninis Sirdies
atmetimas.
Vyr. 56 IDKM 18 Implantuotas 15 ménesiy
. | Vyr. 57 IDKM 24 Implantuotas 10 ménesiy
10. | Vyr. 38 IDKM 30 Implantuotas, bet trukmé
nezinoma
11. | Vyr. 57 IDKM 17 Implantuotas, bet trukmé
nezinoma

44



2.2.2 lentelés tesinys

o Pagalbinio prietaiso
. v ISmetimo | . ce e d e eee 1o
Eil. . | AmZius . . . implantacija j kairjjj skilvelj
Lytis . Diagnozé frakcija RV .
Nr. (metais) pries Sirdies transplantacija
(proc.) ...
(trukmé ménesiais)
12. | Vyr. 53 IDKM 22 Implantuotas, bet trukmé
nezinoma
13. | Vyr. 48 PPH 55 Neimplantuotas (desiniojo
skilvelio perkrova)
14. | Vyr. 29 TA - -
15. | Vyr. 50 TA - -
16. | Vyr. 41 TA - -
17. | Vyr. 48 TA - -
18. | Vyr. 75 TA - -

Vyr. — vyras; ISL — iSeminé irdies liga; IDKM — idiopatin¢ dilataciné kardiomiopatija;
PPH — pirminé plautiné hipertenzija; TA — motoriniy transporto priemoniy avarija.

2.3. Reagentai ir medZziagos

Atliekant tiriamajj darba, naudoti reagentai jsigyti i§ Thermo Fisher

Scientific (JAV), jei tekste nenurodyta kitaip. Darbe buvo tirti TRPM6 ir
TRPM7 kanaly blokatoriai: 2-APB (2-aminoetildifenilboratas; ab120124,
Abcam, JK; tirpintas dimetilsulfokside (DMSQ)) ir karvakrolis (5-izopropil-
2-metil-fenolis; grynumas > 97 proc., Carl Roth GmbH+Co, Vokietija;
tirpintas DMSO)). Nustatéme, kad tirpiklis (DMSO) neturéjo poveikio tirtoms
medziagoms. Baltymy raiskos tyrimuose naudoti antikiinai pateikti 2.3.1 len-
teléje. Geny raiSkos tyrimuose naudoti reagentai ir jy rinkiniai pateikti
2.3.2 lentelgje.

2.3.1 lentelé. Tyrimuose naudoti antikiinai

Antikiinas . S s
Nr. (produkto kodas) Tipas Kilmeé Gamintojas Metodas
1. | TRPM6 (ACC-046) Polikloninis Triusis | Alomone Labs IF, WB
2. | TRPMBS6 (sc-365536) | Monokloninis |Pelé Santa Cruz IHC
Biotechnology
3. | TRPM6 su AF-546 Monokloninis |Pelé Santa Cruz IF
(sc-65536-AF546) Biotechnology
4. |TRPM6 su AF-488 Monokloninis | Pelé Santa Cruz IHC
(sc-365536-AF488) Biotechnology
5. | TRPM7 (ACC-047) Polikloninis Triusis | Alomone Labs IF, WB
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2.3.1 lentelés tesinys

Antikuinas . S s
Nr. (produkto kodas) Tipas Kilmé Gamintojas Metodas

6. |TRPM7 su AF-488 Polikloninis Triusis |Bioss Antibodies IF, IHC
(bs-9044R-A488)

TRPM7 (NBP1-20224) | Polikloninis Triusis |Novus Biologicals |[IHC

TRPM7 (MA5-27620) |Monokloninis |Pelé Thermo Fisher WB
Scientific

9. |TRPM7 (ab85016) Monokloninis |Pelé Abcam WB

10. |B-aktinas Monokloninis | Pelé Thermo Fisher WB
(MA5-15739) Scientific

AF — Alexa Fluor; IF — imunofluorescencija; WB — Western Blot; IHC — imunohistochemija.

2.3.2 lentelé. Geny raiskos tyrimuose naudoti reagentai ir jy rinkiniai

Nr. Reagentas ar jy rinkinys Gamintojas
1. |mirVana™ miRNA Isolation Kit Thermo Fisher Scientific, Lietuva
2. |TURBO DNA-free™ Kit Thermo Fisher Scientific, Lietuva
3. |High Capacity RNA-to cDNA Kit Thermo Fisher Scientific, Lietuva
4. | TagMan® rinkinys (ID: Hs01019356_m1) Thermo Fisher Scientific, JAV
5. | TagMan® rinkinys (ID: Hs00559080 m1) Thermo Fisher Scientific, JAV
6. | TagMan® rinkinys (ID: Hs99999903 ml) Thermo Fisher Scientific, JAV
7. | TagMan® Universal MasterMix II, with UNG | Thermo Fisher Scientific, JAV
8. |GeneRuler Ultra Low Range DNA Ladder Thermo Fisher Scientific, JAV

2.4. Geny raiska

Tyrimams naudotas priesirdziy ir skilveliy audinys buvo uzpiltas skystu
azotu ir griistuvéléje, rankiniu biidu, sutrintas. Visuminé ribonukleino riigstis
(RNR) isskirta naudojant reagenty rinkinj (zr. 2.3.2 lentele, Nr. 1) ir Acid
Phenol:CHCl3 premix (Ambion, JAV) pagal gamintojo nurodyta darbo proto-
kolg. Papildomai j lizés buferj buvo dedama RNA’ziy inhibitoriy (Applied
Biosystems, JAV). ISskirtos visuminés RNR koncentracija ir kokybé buvo
jvertinta naudojant analizatoriy 2100 Agilent Bioanalyzer System (Agilent
Technologies Inc., JAV).

Norint atlikti polimerazing grandining reakcija (PGR), RNR privalo biiti
transkribuota | komplementarig dvigrande DNR. IS RNR méginiy, pries
pradedant kopijinés DNR sinteze¢, buvo paSalintas DNR uZterStumas (angl.
contamination), naudojant reagenty rinkinj (zr. 2.3.2 lentelg, Nr. 2), pagal
gamintojo nurodytas instrukcijas. Atvirkstiné transkripcija atlikta naudojant

46



reagenty rinkinj (Zr. 2.3.2 lentelg, Nr. 3) pagal gamintojo nurodyta darbo
protokolg. Gauta kopijiné DNR buvo praskiesta tris kartus ir naudota tikro
laiko PGR (RT-PGR) reakcijai atlikti.

RT-PGR reakcijoms atlikti buvo naudojami TagMan® rinkiniai (Zr.
2.3.2 lentelg, Nr. 4-6), TagMan® reagentai (zr. 2.3.2 lentele, Nr. 7) ir vanduo
be nukleaziy (Ambion, JAV). RT-PGR buvo atlikta naudojant termociklerj
ABI 7900HT Fast Real Time PCR System (Applied Biosystems, JAV), pagal
gamintojo nurodytas instrukcijas, kai reakcijos kiekis 20 pl. Neigiama
kontrolé¢ buvo naudojama patikrinti reakcijos miSinio uzterStuma, o DNR
kontaminacijai tikrinti buvo naudojamos atvirkstinés transkripcijos kontrolés.
B-aktinas naudotas kaip vidiné kontrolé. Méginiai genotipuoti triplikatais.
Norint nustatyti tiriamojo geno raiska, kiekvieno geno kiekybin¢ raiska
palyginta su referentinio geno raiSka. Geny raiSka apskaiciuota naudojant ACt
metoda, iSvedant dviejy Ct reiksSmiy vidurkj.

Kadangi RT-PGR yra atvirk$¢iai proporcinga nustatytai mRNR raiskai,
tai kuo mazesnis RT-PGR jvertis, tuo yra didesnés baltyma koduojancios
mRNR reik§més. Todél, siekiant aiSkiau vizualizuoti gautus tyrimo rezultatus
jie buvo pateikti dvejetainéje logaritmo skal¢je. Tai reisSkia, kad y aSyje
ribinés reikSmes jgavo neigiamg jvert].

PGR produkty specifiskumui patikrinti buvo atlikta gelio elektroforezé.
PGR metodu gauty produkty gelio elektroforezei paruostas 1 proc. agarozés
gelis (1X TAE elektrofozerés buferinis tirpalas, 0,5 pg/ml etidzio bromido
tirpalas, agarozé (Cleaver Scientific, JK)). Elektroforezés kolonélé buvo
uzpildyta 1X TAE buferiniu tirpalu. Elektroforezei naudoti méginiai paruosti
i§ 10 pl PGR produkto ir 1 pl meéginj neSancio dazo TriTrack Loading Dye,
atitinkamai kiekvienam méginiui. Elektroforezé vyko 45 min., taikant 100 V
elektring itampa. Tyrimuose buvo naudotas markeris (zr. 2.3.2 lentele, Nr. 8).
Gelis analizuotas apsvietus UV spinduliais naudojant BDA Digital UV System
(Biometra, Vokietija).

2.5. Imunofermentiné analizé (ELISA)

ELISA (angl. Enzyme-Linked ImmunoSorbent Assay) tyrimo atlikimui
buvo naudoti zmogaus Sirdies audiniai. Ruo$iant méginj, audinys nuplautas
Saltu fosfatinio drusky tirpalu (PBS), pasvertas ir sukarpytas. Susmulkintos
audinio dalys jdétos j mégintuvéeli, uzpiltos 4 ml Salto PBS tirpalo ir
homogenizuotos elektriniu homogenizatoriumi LabGEN 125 (Cole-Parmer,
JAV). Mégintuvélis su gauta suspensija 2 min. sonikuotas ultragarsinéje
vonel¢je (Bioblock Scientific, Vokietija) leduose. Gautas homogenatas
centrifuguotas Saldomaja centrifuga (Heraeus Biofuge Stratos Centrifuge,
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Thermo Fisher Scientific, JAV) 5000xg (5 min.). Nusiurbtas supernatantas
buvo iSpilstytas mazais kiekiais ir saugotas —80 °C temperatiroje.

Baltymy koncentracija méginiuose buvo nustatyta taikant Biureto meto-
da. | mégintuvélj su tiriamuoju tirpalu jpilta 50 pl paruosto méginio, 950 pl
natrio deoksicholato (DOX; Sigma-Aldrich, JAV) tirpalo ir 4 ml Biureto
reagento (Sigma-Aldrich, JAV). Kontrolinis tirpalas buvo sudarytas i§ 1 ml
DOX ir 4 ml Biureto reagento. Tirpaly optinis tankis matuotas Multiskan™
FC Microplate spektrofotometru (Thermo Fisher Scientific, JAV), kai nu-
statytas bangos ilgis — 536 nm. Remiantis gautomis tirpaly Sviesos sugerties
reikSmémis, naudojant kalibracing kreive, buvo apkaiciuotas baltymo kiekis
meéginiuose.

Imunofermentinés analizés ELISA tyrimams atlikti buvo naudoti komer-
ciniai standartizuoti rinkiniai (MBS457216; MBS457214; MyBioSource, Inc.,
JAV). ELISA metodas atliktas laikantis pateikty rinkinio gamintojo instruk-
cijy. I atskirus mikroplokstelés Suliné¢lius, padengtus specifiniais TRPM6
arba TRPM7 antikiinais, buvo jpilta po 100 pl méginio, teigiamos kontrolés
arba kiekybinio standarto tirpalo ir inkubuota 2 val., +37 °C temperatiiroje.
Po inkubacijos, skystis 1§ mikroplokstelés buvo pasalinatas, o j kiekvieng
Sulinélj jpilta po 100 pl reagento A ir inkubuota 1 val. tamsoje, +37 °C
temperatiiroje. Po to, mikroplokstelé plauta 3 kartus, 1-2 min., naudojant po
300 ul plovimo buferio, o po plovimo jpilta 100 ul reagento B ir inkubuota
1 val. tamsoje, +37 °C temperatiiroje. Po inkubacijos, Sulin¢liai 5 kartus, 1—
2 min. plauti naudojant po 300 pl plovimo buferio. Po to, i mikroplokstelés
Sulinélius jpilta po 90 ul substrato ir inkubuota 20 min. tamsoje, +37 °C
temperatiroje. Po inkubacijos, j Sulinélius jpilta po 50 ul blokuojancio
tirpalo, kuris sustabdo reakcija vykstan¢ig mikroploksteléje. Tirpalo spalva
Sulinélivose pasikeité i§ mélynos j geltong. Reakcijos metu atsiradusios
spalvos intensyvumas yra proporcingas baltymy koncentracijai tiriamajame
méginyje. Tirpaly optinis tankis buvo matuotas spektrofotometru
(Multiskan™ FC, Thermo Fisher Scientific, Finland), nustatytas bangos
ilgis — 450 nm. Matavimai atlikti po 3 kartus. Pagal rezultatus, gautus iSma-
tavus standartiniy tirpaly optinius tankius, buvo nubraizyta standartiné kreivé.
Remiantis Sia kreive, apskai¢iuotos tiriamyjy baltymy koncentracijos (pg/ml)
méginiuose. Statistiné duomeny analizé atlikta naudojant Excel 2010
(Microsoft Corporation, JAV) ir Curve expert 1.3 (Daniel G. Hyams, Hyams
Development, JAV) programas.
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2.6. Imunoblotas (Western blot)

Taikant Western Blot (WB) metoda, tyrimai atlikti naudojant Zmogaus
Sirdies audinio bioptatus, kurie, po jy paruoSimo, laikyti —80 °C tempera-
tiroje. RuoSiant méginj, 1 mégintuveli su pasvertu audiniu jpilta 4 ml $alto
RIPA lizés buferio ir homogenizuota automatiniu homogenizatoriumi
LabGEN 125 (Cole-Parmer, JAV). | paruosta homogenata déta 10 pl protea-
ziy inhibitoriaus (Invitrogen, JAV) ir mégintuvéliai 2 val. inkubuoti leduose
ant vartykleés (Biometra GmbH, Vokietija). Po to, méginiai buvo centrifuguoti
Saldomaja centrifuga Heraeus Biofuge Stratos (Thermo Fisher Scientific, JAV)
10 000xg, 20 min., 4 °C temperatiiroje, o supernatantas perkeltas i sterily
meégintuvelj. Baltymy koncentracija tiriamuosiuose méginiuose nustatyta
naudojant Biureto metoda, kaip aprasyta 2.5 poskyryje.

Elektroforezei atlikti buvo pagaminti 5 proc. koncentruojantis ir 8 proc.
frakcionuojantis poliakrilamidiniai geliai. | gelyje suformuotus Sulinélius
pilta pakaitinto 15 pl méginio ir 5 pl uzneSimo buferio misinio. Elektrofozerei
buvo naudota Bio-Rad (Bio-Rad Laboratories, JAV) elektroforezés sistema.
Elektrofozerés metu naudotas dazytas molekulinés masés Zymuo — Novex®
Sharp Pre-stained Protein Standard (Invitrogen, JAV). Elektroforezé vyko
dviem etapais, skirtingomis saglygoms: 30 min., 50 V, 3 A, 300 W ir 90 min.,
200V, 3 A, 300 W. Baltymy pernasSai ant membranos atlikti buvo naudojama
,» The Novex® Semi-Dry Blotter sistema (Invitrogen, JAV). Naudota 45 pm
pory dydzio polivinilideno difluorido membrana (PVDF; Roche Diagnostics
GmbH, Vokietija). Baltymy pernasa vyko 60 min., Siomis saglygomis: 20 V,
800 mA, 200 W. Po baltymy pernasos membrana su pirminiais antikiinais
pries TRPM7 (pelés monokloninis antikiinas (zr. 2.3.1 lentelg, Nr. 8)),
(1:200-1:500) arba triusio polikloninis antiktinas (zr. 2.3.1 lentele, Nr. 5),
(1:200) arba pelés monokloninis antikiinas (zr. 2.3.1 lentele, Nr. 9), (1:200)),
prie§s TRPMG6 (triusio polikloninis antiktinas (zr. 2.3.1 lentele, Nr. 1), (1:200))
ir prie§ B-akting (pelés monokloninis antiktinas (zr. 2.3.1 lentele, Nr. 10),
(1:1000)), buvo inkubuota 4 °C temperatiiroje per naktj. f-aktinas naudotas
kaip citozolio vidinés kontrolés baltymas. Kita dieng, membrana 1 val.
inkubuota su antriniais polikloniniais antikiinais (ozkos prie§s pelés IgG
(H+L), Horseradish Peroxidase Conjugate (Novus Biologicals, JAV) arba
ozkos pries triusio IgG (H+L), Horseradish Peroxidase Conjugate (Novus
Biologicals, JAV)). Nupylus antrinius antikiinus, ant atplautos membranos
pilti 1,5 ml Amplex Red. Inkubuota 2 min. ir matuota chemiliuminescencija.
Membranos fotografavimui naudota BioSpectrum Imaging System vaizdi-
nimo sistema (UVP, JK) ir VisionWorks®LS software programa. Vertintos
tik tos membrany nuotraukos, kuriose naudoti antiktinai (TRPM6, TRPM7 ir
B-aktinas) atpazino tiriamuosius baltymus. Atliktuose tyrimuose naudoti
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skirtingy gamintojy antikiinai, kad galétume tiksliau jvertinti gautus
rezultatus. Duomeny analiz¢ atlikta su ImageJ (NIH, JAV) programa.

2.7. Histologija

Atliekant histologing analiz¢, i§ formaline fiksuoty ir parafine jliety
zmogaus Sirdies raumens audiniy paruosti 3 um storio pjiiviai, naudojant
Leica RM2235 Manual Rotary mikrotomg (Leica Biosystems, Vokietija),
kurie buvo uzdéti ant Super Frost plus objektiniy stikleliy (Menzel, Vokie-
tija). Paruosti audiniy pjuviai dziovinti 60 °C temperatiiroje 10 min., depara-
finizuoti ir dazyti hematoksilinu-eozinu (HE) arba Pikro riigSties-Sirijaus
raudono (Pikrosirius) dazais. Dazymo procedira buvo atlikta naudojant
Shandon Varistain™ Gemini stikleliy dazymo automatg (Thermo Fisher
Scientific, JAV). Po dazymo, audiniy pjiviai buvo dengiami stikleliais,
naudojant laselj Shandon Consul-Mount histologinés terpés. Stikleliai su
audiniy pjuviais buvo analizuojami naudojant Olympus BX61 mikroskopa
(Olympus Corporation, Japonija).

2.8. Imunohistochemija

Imunohistocheming analizé buvo atlikta naudojant Sirdies preparatus. I$
formaline fiksuoty ir parafine jliety Sirdies raumens audiniy paruosti 3 um
storio pjuviai, naudojant Leica RM2235 Manual Rotary mikrotoma (Leica
Biosystems, Vokietija), kurie buvo uzdéti ant Super Frost plus objektiniy
stikleliy (Menzel, Vokietija). Atliekant imunohistocheming analize, audiniy
deparafinavimas atliktas automatu Shandon Varistain Gemini (Thermo Fisher
Scientific, JAV) naudojant standarting plovimo procediira: ksilenu (1 karta,
Smin. ir 2 kartus po 4 min.; JT Baker, Olandija), 2-propanoliu (1 karta,
2 min.; Sigma-Aldrich, Vokietija), 96 proc. etanoliu (2 kartus, po 2 min.;
Stumbras, Lietuva) ir distiliuotu vandeniu (2 kartus, po 1 min.). Epitopas
buvo iSskirtas mikrobangy jrenginiu RHS-1 (Milestone Medical, Italija),
inkubuojant preparatus TRIS/etilendiamintetraacto riigsties (EDTA) (pH 9,0)
buferyje, 110 °C temperatiiroje (8 min.). Po to, imunohistocheminis Zyméji-
mas buvo atliktas naudojant Shandon Coverplate ploksteles.

Po endogeninés peroksidazés blokavimo, audiniy pjiviai buvo 1 val.
inkubuoti su pirminiais triusio polikloniniais antikiinais prieSs TRPM7 (skie-
dimas 1:250; zr. 2.3.1 lentele, Nr. 7) arba pirminiais pelés monokloniniais
antik@inais prie§ TRPM6 (skiedimas 1:50; zr. 2.3.1 lentelg, Nr. 2). Po inku-
bacijos, audiniy pjiiviai Zyméti naudojant chromogening imuning reakcija.
Pirminiais antiktinais prieS TRPM7 Zyméti preparatai apdoroti DAKO
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EnVision™ Flex, o pirminiais antikiinais prie§ TRPM6 Zyméti preparatai —
DAKO EnVision™ Flex+ vizualizavimo sistema (Agilent Technologies Inc.,
JAV). Papildomai audiniy pjiiviai dazyti Majerio hematoksilinu. Po dazymo,
audiniy pjuviai dengti stikleliais, naudojant laSelj Shandon Consul-Mount
histologinés terpés. Storosios Zarnos naviko audinio pjuviai naudoti kaip
teigiama kontrolé. Neigiamai imunohistocheminio tyrimo kontrolei buvo
naudoti tos pacios klasés imunoglobulinai kaip ir pirminis antiktinas: pjiviuo-
se su TRPM7 — triusio 1gG izotipo kontrolée (MA5-16384, Invitrogen, JAV),
o pjuviuose su TRPM6 — pelés IgG1 kappa monokloniné izotipo kontrolé
(ab91353, Abcam, JK).

Paruosti audiniy pjuviai, uzdéti ant objektiniy stikleliy, taip pat buvo zy-
mimi antikiinais, konjuguotais su fluorescencine zyme (fluorescenciné imu-
nin¢ reakcija). Audiniy pjuviai 3 val. inkubuoti triusio polikloniniais antiki-
nais prie§ TRPM7 konjuguotais su Alexa Fluor 488 (skiedimas 1:200; zr.
2.3.1 lentelg, Nr. 6) arba pelés monokloniniais antikiinais prie§ TRPM6
konjuguotais su Alexa Fluor 488 (skiedimas 1:50; zr. 2.3.1 lentelg, Nr. 4). Po
inkubacijos, lasteliy konttirai dazyti su kvieciy gemaly agliutininu (WGA;
angl. Wheat Germ Agglutinin) konjuguotu su Alexa Fluor 555 fluorescencine
zyme (W32464, Invitrogen, JAV; 5 pg/ml; 15 min.), o branduoliai — su
Hoechst 33342 (B2261, Sigma-Aldrich, JAV; 1 ug/ml; 15 min.) dazais. Po
zyméjimo objektiniai stikleliai buvo padengti apsauginiu ProLong Gold
reagentu (P36934; Molecular Probes, JAV) ir uzdengti dengiamaisiais
stikleliais, o jy krastai uzlakuoti skaidriu laku.

Histopatologiné paruos$ty meéginiy analizé buvo atlikta naudojant konfo-
kalinj Olympus FV1000 (Olympus Corporation, Japonija) mikroskopa.

2.9. Fermentinis kardiomiocity izoliavimas

Tyrimuose naudoti Sirdies miokardo audiniai buvo patalpinti | mégintu-
velj su Sv. Tomo kardiopleginiu tirpalu ir transportuoti j laboratorijg (2.9.1 len-
tele, I tirpalas).
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2.9.1 lentelé. Sirdies lgsteliy izoliavimui naudoty tirpaly sudétys

Nr. Tirpalas Sudétis (mM)
I |Sv. Tomo kardiopleginis NaCl 110 MgCl, 16
(audiniy transportavimas) KCl 16 D-gliukozé 5
CaClx 1,2 HEPES 10
11 | Modifikuotas Tyrode NaC1135 D-gliukozé 10
(audiniy karpymas) KCl15.,4 HEPES 10
MgCl,0,9 BDM 30
NaH,P040,33 EGTA 1
I | Modifikuotas Tyrode NaCl 135 NaH,P040,33
(sukarpyto audinio praplovimas) |KCI 5,4 D-gliukozé 10
MgCl,0,9 HEPES 10
IV | Modifikuotas Tyrode NaCl 135 HEPES 10
(I 1asteliy i8skyrimo etapas) KCI 5,4 Proteazé 0,5 mg/ml
MgCl, 0,9 Kolagenaze 1 mg/ml
NaH,P040,33 BSA 5 mg/ml
D-gliukoze 10
V | Modifikuotas Tyrode NaCl 135 D-gliukozés 10
(I Iasteliy i8skyrimo etapas) KCI 5,4 HEPES 10
MgCl,0,9 Kolagenazé 1 mg/ml
NaH,P040,33 BSA 5 mg/ml
VI | Modifikuotas Tyrode NaCl 135 NaH,P040,33
(1asteliy laikymas) KCl5.,4 D-gliukozés 10
CaCl 0,18 HEPES 10
MgCl,0,9

Po transportavimo Sirdies audinys perkeltas | deguonimi prisotintg
kambario temperattiros (+20 + 2 °C) Tyrode tirpala be kalcio (2.9.1 lentelé,
II tirpalas), i kurj papildomai buvo jdéta 30 mM 2,3-butandiono monoksimo
(BDM; suzadinimo-susitraukimo proceso atskyréjo; Sigma-Aldrich, JAV) ir
100 uM etilenglikoltetraacto riigsties (EGTA; Ca**-suri$¢jo; Sigma-Aldrich,
JAV). Po to, §irdies audinys smulkiai sukarpytas (~1 mm?), pasalinant rieba-
linio ir jungiamojo audinio dalis, jeigu tokiy buvo. Smulkis audiniy gabaléliai
kelis kartus praplauti su deguonies prisotintu bekalciniu Tyrode tirpalu
(2.9.1 lentele, III tirpalas) ir 5 min. Svelniai purtyti termostate-purtytuve
(WNB14, Memmert, Vokietija), (+37+0,2 °C), nuolat sotinant 100 proc.
deguonimi. | gauta suspensija papildomai jdéta 1 mg/ml kolagenazés
(215 U/mg, 2 tipo; Worthington Biochemical Corporation, JAV), 0,5 mg/ml
proteazés (7-14 U/mg; Sigma-Aldrich, JAV) bei 5 mg/ml 98 proc. BSA
(jaucio kraujo serumo albuminas; Sigma-Aldrich, JAV) (2.9.1 lentelé,
IV tirpalas). Kolba su Sirdies audinio suspensija, sotinta 100 proc. deguonimi,
jstatyta j +37 = 0,2 °C vandeninj termostatg-purtytuvag (25-30 min., purtyta
~200 karty per minut¢ intensyvumu). Po to, nuo sukarpyto audinio buvo
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nupiltas tirpalas su fermentais ir uzpilta Svieziai paruosto bekalcinio Tyrode
tirpalo su 1 mg/ml kolagenazés ir 5 mg/ml BSA (2.9.1 lentelé, V tirpalas).
Kolba su audinio suspensija vél jstatyta j termostatg-purtytuva (15-20 min.,
sotinant 100 proc. deguonimi). Sis veiksmas buvo kartojamas 2-3 kartus, kas
5-10 min., Sviesiniu mikroskopu tikrinant lgsteliy kokybe ir kieki. Pasiekus
didziausig manoma Igsteliy iSeigg, audinio suspensija supilta ] mégintuvélj, o
kardiomiocitai, centrifuguojant (1 min., 500-900 apsisukimy per minutg)
nusodinti ;] mégintuvélio dugng. Po to, tirpalas atsargiai nupiltas, paliktos
nuosédos su lgstelémis, kurios uzpiltos 3—4 ml Tyrode tirpalo su 0,18 mM
Ca?"(2.9.1 lentelé, VI tirpalas). Toliau, gauta kardiomiocity suspensija buvo
laikoma fiziologiniame tirpale (mM: NaCliss, KCI 5,4, CaCl: 1,8, MgCl2 0,9,
NaH2PO4 0,33, HEPES 10, gliukozé 10, pH7,4) su DV katijonais ir be jy.

2.10. Imunofluorescencija

Kardiomiocity suspensija buvo iSpilstyta j 8 kamery Sulinéliy sistemas
(2.10.1 pav.) po 100 pl. Po 15 min. Sulinéliuose nusédusios Iastelés uzdeng-
tos perforuotos agarozes lapeliais. Nusiurbus Normal Tyrode tirpala, Suliné-
liai su lastelémis uzpilti kambario temperatiiros (+20 £+ 2 °C) PBS tirpalu ir
plauti po 5 min., 3 kartus. Po to, Igstelés 15 min. fiksuotos 4 proc. parafor-
maldehido (PFA; angl. Paraformaldehyde; Sigma-Aldrich, JAV) tirpalu.
Nusiurbus PFA, kardiomiocitai, 3 kartus po 10 min., plauti PBS tirpalu. Po
plovimo, lastelés 4 min. permeabilizuotos 0,1 proc. Triton X-100 (Sigma-
Aldrich, JAV). Nusiurbus 0,1 proc. Triton X-100 buvo plauta 3 kartus po
10 min. su PBS tirpalu. Nespecifinis antiktiny ri§imasis buvo blokuotas 1 val.
naudojant 10 proc. jauCio kraujo serumo tirpalg. Nusiurbus tirpala,
kardiomiocitai buvo inkubuoti su pirminiu triusio polikloniniu antikiinu pries
TRPM6 (zr. 2.3.1 lentele, Nr. 1) arba pirminiu triuSio polikloniniu antikiinu
prie§ TRPM7 (Zr. 2.3.1 lentele, Nr. 5) 4 °C temperatiroje per naktj. Neigia-
mos kontrolinés grupés vaizdai gauti inkubuojant lasteles be pirminio
antik@ino. Po inkubacijos, lastelés plautos PBS tirpalu 3 kartus, po 10 min., ir
90 min. inkubuotos su antriniais antikiinais, turin€iais fluorescencing zyme
(asilo prie§ triusio IgG (H+L) antikiinas (A21206; Alexa Fluor 488;
Invitrogen, JAV; skiedimas 1:200) arba ozkos prie$ triusio IgG (H+L)
antikinas (A11035; Alexa Fluor 546; Invitrogen, JAV; skiedimas 1:200)).
F-aktino zyméjimui buvo naudojami (Phalloidin-Alexa Fluor® 546; A22283;
Invitrogen, JAV; skiedimas 1:100; 30 min; arba Phalloidin-CF™ 405; 00034,
Biotium, JAV; skiedimas 1:100; 30 min.) reagentai, o branduolio zyméji-
mui — Hoechst 33342 (B2261, Sigma-Aldrich, JAV; 25 pg/ml; 10 min.)
dazai. Po inkubacijos, Igstelés buvo plautos 3 kartus, po 10 min., PBS tirpalu.
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Atliktuose tyrimuose, buvo naudoti ir antikiinai, konjuguoti su fluorescencine
zyme: pelés monokloninis antikinas prieS TRPM6 konjuguotas su Alexa
Fluor 546 (zr. 2.3.1 lentelg, Nr. 3) ir triuSio polikloninis antikiinas pries
TRPM?7 konjuguotas su Alexa Fluor 488 (zr. 2.3.1 lentelg, Nr. 6). Atlikus
dazyma, perforuotos agarozes lapeliai ir 8 kamery Sulinéliy sistemos buvo
nuimti. Stikleliai su lgstelémis padengti apsauginiu ProLong Gold reagentu
(P36934; Molecular Probes, JAV), reikalingu apsaugoti lasteles nuo
1Sblukimo ir taip prailginti preparaty vizualizacijos laikg. Po to, preparatai uz-
dengti dengiamaisiais stikleliais, o stikleliy krastai uzlakuoti skaidriu laku.

Paruosti preparatai buvo fotografuoti ir analizuoti naudojant lazerinj kon-
fokalinj Olympus FV1000 mikroskopa (Olympus Corporation, Japonija).
Gauty lagsteliy vaizdy analizé atlikta naudojant kompiutering programag
Image J.

D) = e

2.10.1 pav. Schema, vaizduojanti veiksmy sekq
nuo lgsteliy izoliavimo iki vaizdinimo

1 — Iasteliy izoliavimas; 2 — izoliuoti kardiomiocitai; 3 — kardiomiocity suspensijos iSpilsty-
mas ] 8 kamery Sulinéliy sistemas; 4 — uzdengimas perforuotos agarozes lapeliais; 5 — 2 val.
arba 12 val. inkubacija su DV / be DV katijony; 6 — 15 min. inkubacija su blokatoriais (tik
tiriant jy poveikj); 7 — fiksavimas; 8 — kiti stiklelio paruosimo etapai (permeabilizacija ir kt.);
9 — inkubacija su antikiinais; 10 — stiklelio paruoSimas vaizdinimui ir vaizdinimas.

2.11. Patch-clamp

Srovés registravimui per joninius kanalus naudotas visos lastelés
fiksuotos-jtampos ,,patch-clamp® (angl. whole-cell patch-clamp) metodas
[200], o VP registravimui — ,,current-clamp* metodas, naudojant Axopatch
200B stiprintuvg ir pClamp 8.1 programing jranga (Axon instruments, JAV).
Joninés srovés registruotos kambario temperatiiroje, o VP registruoti esant
36 °C temperatiirai, naudojant stiklinius elektrodus (Drummond Scientific
Company, JAV), uzpildytus vidulasteliniais tirpalais. Perfuzijai naudoty
tirpaly sudétys pateiktos 2.11.1 lentel¢je. TRPM7-panasiy joniniy sroviy
registravimui naudoti 2 sek. trukmes ,,pjiikliniai protokolai (angl. ,, ramps ),
pateikiant kas 10 sek. 1 mV trukmés fiksuotos jtampos Suoliukus nuo —
120 mV iki +80 mV (kylancioji pjuklo Saka) ir atgal nuo +80 mV iki —
120 mV (nusileidziancioji pjuklo Saka), esant —-80 mV palaikanc¢iam poten-
cialui. Pjuklinio protokolo kylancioji Saka skirta inaktyvuoti nuo jtampos
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priklausan¢ias Na* ir L-tipo Ca*" sroves, o nusileidZian¢ioji pjiiklo $aka skirta
TRPM7-panasios srovés registracijai. VP registruoti pateikiant 2 msek. truk-
mes staciakampius impulsus, 1 Hz dazniu. VPT buvo matuota esant 30 proc.
(VPT30), 50 proc. (VPTs0) ir 90 proc. (VPT9o) repoliarizacijai. Eksperimenti-
niai tyrimai buvo atlikti su Svieziai izoliuotomis, ruozuotomis, nepazeistomis
miokardo lgstelémis, kurios buvo tikrinamos ir stebimos naudojant invertuotg
Olympus IX71 mikroskopg (Olympus Corporation, Japonija).

2.11.1 lentelé. Elektrofiziologiniuose tyrimuose naudoty tirpaly joninés
sudetys

Nr. Tirpalas Sudétis (mM)
1. | Vidulgstelinés perfuzijos tirpalas su Mg?" |KCI 155 EGTA 1
MgCl, 5,5 Na,GTF 0,1
Na,ATF 5 HEPES 5
2. | Vidulastelinés perfuzijos tirpalas be Mg?* |KCI 155 EGTA 1
Mng 0 NazGTF 0,1
Na,ATF 5 HEPES 5
3. |Ekstralgstelinés perfuzijos tirpalas su NaCl 135 NaH,PO4 0,33
fiziologine Mg?" kocentracija KCI 5,4 HEPES 10
MgCl, 0,9 D-gliukozé 10
CaCl, 1,8
4. |Ekstralgstelinés perfuzijos tirpalas su NaCl 135 NaH,PO4 0,33
padidinta Mg?* kocentracija KCl5,4 HEPES 10
MgCl, 7,2 D-gliukoze 10
CaCl» 1,8

2.12. Statistiné analizé

Duomenys pateikti kaip vidurkis + standartiné paklaida (SEM). Pateiktas
n nurodo Igsteliy skai¢iy. Vidurkiai lyginti taikant porinj t-testa arba ANOVA,
siekiant atskleisti skirtumus, atitinkamai, tarp dviejy ar daugiau grupiy. Sta-
tistiSkai patikimi duomenys laikomi, kai p < 0,05.
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3. REZULTATAI

3.1. Molekuliniai Sirdies TRPM6 ir TRPM7 kanaly
baltymy identifikavimo tyrimai

TRPM6 ir TRPM7 Sirdies kanaly baltymus (SKB) koduojanciy geny
raiSka zmogaus Sirdyje yra menkai iStirta. Be to, manoma, kad Sirdyje Trpm6
geno i8 viso néra. Dél §ios priezasties, taikant RT-PGR, pirmiausia noré¢jome
nustatyti 7rpm6, o taip pat ir Trpm7, mRNR raiSkg Zzmogaus Sirdies mégi-
niuose.

Tuo tikslu, buvo atlikti Siems genams specifinés mRNR matavimai
keturiose skirtingose Sirdies dalyse (kairiajame priesirdyje (KP), deSiniajame
priesirdyje (DP), kairiajame skilvelyje (KS) ir deSiniajame skilvelyje (DS)),
disektuotose i§ trijy eksplantuoty Sirdziy, SN serganéiy pacienty. Trpm6 ir
Trpm7 mRNR raiskos lygiui Sirdies audiniuose nustatyti buvo naudotas RT-
PGR metodas ir Siems genams specifiniai pradmenys, sukurti atpaZinti
zmogaus genus (zr. Metodika, 2.4. poskyris). f-aktinas buvo naudotas atlikti
vidinei kontrolei. Pateiktame 3.1.1 pav. matyti, kad 7Trpm6, kaip ir Trpm7
mRNR raiskg galima nustatyti zmogaus Sirdies audiniuose. Kiekybinés RT-PGR
reakcijos produkty kiekis ir specifiSkumas vertintas taikant elektroforezés
agarozeés gelyje metoda (3.1.1 pav. A). Nustatéme, kad tiek 7rpmé6, tiek
Trpm?7 geny raiSka yra aptinkama visose keturiose Sirdies dalyse. Taip pat
RT-PGR reakcija parod¢, kad santykiné 7rpm6 geno raiska (3.1.1 pav. B,
raudona spalva) buvo Zzymiai mazesné lyginant su Trpm7 geno raiSka
(3.1.1 pav. B, Zalia spalva). Taip pat nustatyta, kad skilveliniy audiniy 7rpm7
mRNR raiska 2—4 kartus didesné lyginant su prieSirdiniy audiniy raiska.
Tiriant 7rpm6 mRNR raiSka nebuvo nustatytas statistiSkai reikSmingas
skirtumas tarp deSiniosios ir kairiosios Sirdies pusiy.
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3.1.1 pav. Zmogaus Sirdies audiniy Trpm6 ir Trom7 mRNR raiska

(A) Trpmé6, Trpm7 ir f-aktino RT-PGR produkty elektroforegrama: 1 ir 14 takeliai —
molekulinés masés zymuo (zr. Metodika, 2.3.2 lentelé, Nr. 8); 2—13 takeliai — 82 baziy pory
Trpm6, 69 baziy pory Trpm7 ir 171 baziy pory f-aktino RT-PGR produktai. Trpmé6 ir Trpm7
mRNR raiSka buvo nustatyta keturiose zmogaus Sirdies dalyse i$ trijy eksplantuoty Sirdziy
méginiy (zr. i§ kairés | deSing): kairiajame prieSirdyje (KP; 2—4 takeliai), deSiniajame
priesirdyje (DP; 5-7 takeliai), kairiajame skilvelyje (KS; 810 takeliai) ir deSiniajame
skilvelyje (DS; 11-13 takeliai). (B) Kiekybiniai 7rpm6 ir Trpm7 mRNR raiskos lygiai,
iSreiksti santykiniais vienetais (vidurkis = SEM). Stulpelinése diagramose raudona spalva
pazymétas Trpm6, zalia — Trpm?7, (n = 3, kiekvienam). * p < 0,05 Trpm?7 lyginant su Trpm6;
# p < 0,05 desinioji Sirdies pusé lyginant su kairigja Sirdies puse.

Gauti rezultatai leidzia teigti, kad Zzmogaus Sirdyje yra tick TRPM6, tiek
TRPM?7 $KB koduojantys genai. Be to, pirma karta nustatéme, kad Trpmo6,
kaip ir Trpm7 geny raiSka yra aptinkama visose keturiose Zzmogaus Sirdies
dalyse.

Nustacius zmogaus Sirdies TRPM6 ir TRPM7 kanalus koduojanc¢iy geny
raiSka, tolimesniame tyrimy etape siekéme patikrinti gautos informacijos
patikimuma, t.y. ar rezultatus biity galima patvirtinti kitais molekuliniais
metodais. Siam tikslui jgyvendinti buvo pasirinktas ELISA metodas.
Naudojant Zzmogaus Sirdies audiniy homogenatus, buvo atlikta kokybiné ir
kiekybiné TRPM6 ir TRPM7 SKB analizé. 1§ 3.1.2 pav. pateikty duomeny
matyti, kad TRPM6 ir TRPM7 SKB raiska Zmogaus Sirdies audiniy
homogenatuose, nustatyta ELISA metodu, buvo aptikta keturiose Zmogaus
Sirdies dalyse. Velgi, TRPM7 SKB buvo nustatyta daugiau, negu TRPM6
SKB (3.1.2 pav., A lyginant su B). Taip pat didesni TRPM6 ir TRPM7 SKB
kiekiai buvo aptikti deSiniosiose Sirdies dalyse (309,8 + 18,51 pg/ml ir 1269,86 +
74,03 pg/ml (DP); 322,85 + 21,23 pg/ml ir 1070,05 £ 99,66 pg/ml (DS),
atitinkamai), lyginant su kairiosiomis Sirdies dalimis (201,53 £+ 20,18 pg/ml
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ir 754,22 + 63,72 pg/ml (KP); 274,69 + 12,05 pg/ml ir 947,90 + 59,50 pg/ml
(KS), atitinkamai).

A TRPM6 B TRPM7
1600+ 1600+ %
E 1400 E 1400
2 1200- 8 1200
@ 1000- @ 10004
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s 600 5 600
z ]
E 4001 # # € 4001
2 2
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KP  DP KS DS KP DP KS DS

3.1.2 pav. Kiekybinis Zmogaus Sirdies audiniy
TRPMG6 ir TRPM7 SKB raiskos jvertinimas
Stulpelinése diagramose pateikti kiekybiniai keturiy zmogaus Sirdies daliy TRPM6 (A) ir
TRPM7 (B) sKB analizés rezultatai (n = 6-47), gauti taikant ELISA metoda (zr. Metodika,
2.5 poskyris). KP — kairysis priesirdis; DP — desinysis priesirdis; KS — kairysis skilvelis; DS —
desinysis skilvelis. Kiekybinés reik§Smés (vidurkis = SEM) isreikStos pg/ml. #p < 0,05
desinioji Sirdies pusé lyginant su kairigja Sirdies puse.

Gauti tyrimy duomenys patvirtina, kad tieck TRPM6, tieck TRPM7 SKB
raiSka yra aptinkama visose Zmogaus Sirdies dalyse. TPRM7 SKB raiska buvo
didesné lyginant su TRPM6.

Papildomai, kokybin¢ TRPM6 ir TRPM7 SKB raiska buvo patvirtinta ir
taikant Western Blot tyrimo metoda. Nustatéme, kad Siy abiejy SKB raiSka
yra aptinkama zmogaus Sirdies audiniuose. Naudojant pirminius antikiinus,
atlikti tyrimai parodé, kad TRPM6 SKB yra apie 231 kDa dydzio, o TRPM7
$KB — apie 212 kDa dydzio (n = 3, neiliustruota). Siy tyrimy metu B-aktinas
buvo naudojamas kaip vidinés kontrolés baltymas (apie 42 kDa dydzio).

Be to, ankstesniuose tyrimuose, taikant imunohistocheminj metoda, Sirdies
audiniy TRPM6 ir TRPM7 SKB nebuvo nustatyti [23, 201, 202]. Vietoj to,
apie galimg TRPM6 ar TRPM7 SKB raiska buvo sprendZiama i$ histologiniy
vaizdy, rodanciy fibrozés sukeltus pokycius uzlgsteliniame matrikse, aptiktus
taikant skirtingas daZzymo technikas. Literatiiros $altiniy duomenimis, Sirdies
fibroblastuose yra itin didelé TRPM?7 raiska ir iy kanaly aktyvavimas yra
siejamas su uzdegimu, fibroze ir PV [156]. Todé¢l, tolimesniuose tyrimuose,
norint parodyti zmogaus kardiomiocity TRPM6 ir TRPM7 $KB raiska, buvo
atliktas imunohistocheminis skilveliy ir prieSirdziy meéginiy tyrimas,
paveikus pirminiais antikiiniais prie§ TRPM6 ir pries TRPM7, bei nudazius
su Mayer’s hematoksilinu (zr. Metodika, 2.8 poskyris). Analizuojant
histologiniy pjiiviy vaizdus buvo matomas rudos spalvos pigmentas, rodantis
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TRPM6 ir TRPM7 raiskg kardiomiocity viduje (vidulasteliniy organeliy
membranose). Literatiiros Saltiniy duomenimis dauguma $iy kanaly yra
aptinkami smulkiy (<0,25 pm diametro) vidulasteliniy vezikuliy, kuriose
gausu glutationo [16] (iSskyrus endosomas ir/ar lizosomas), membranose
[17]. I8 3.1.3 pav. matyti, kad TRPM6 ir TRPM7 SKB buvo aptikti visy
audiniy pjuviy, keturiy skirtingy Sirdies daliy, disektuoty 1§ eksplantuoty
Sirdziy kontroliniy pacienty (autojvykiy aukos) kardiomiocity vidulgsteliniy
organeliy membranose. Kokybiskai panasiis duomenys buvo gauti ir kitose
Siai tyrimy grupei priskirty pacienty (zr. Metodika, 2.2.2 lentel¢) Sirdies
histologiniy pjtiviy histotopogramose. Gauti rezultatai pirma kartg patvirtino
kardiomiocity TRPM6 ir TRPM7 $KB raiska, kurie vaizdinti zmogaus Sirdies
histologiniuose pjuviuose, taikant chromogening imuning reakcijg [203].
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3.1.3 pav. Kontroliniy pacienty kardiomiocity
TRPMG6 ir TRPM?7 SKB raiska

Histologiniai vaizdai, iliustruojantys kontroliniy pacienty (santykinai sveiki asmenys, auto-
ivykiy aukos; zr. Metodika, 2.2.2 lentelé) Sirdies audiniy TRPM6 (A, B) ir TRPM7 (C, D)
SKB raiska histologiniuose pjtiviuose, taikant chromogening imuning reakcija (zr. Metodika,
2.8 poskyris). Baltu kvadratu pazyméta sritis (A) ir (C) stulpeliuose atitinka didesniu
masteliu pateiktus vaizdus (B) ir (D) stulpeliuose, atitinkamai. Rusvos spalvos pigmentai
zymi zmogaus §irdies audiniy lasteliy SKB (x40 padidinimas). Dviejose apatinése eilutése
pateikta neigiama kontrolé (KS audinys) bei teigiama TRPM6 ir TRPM7 kontrolé (navikinis
gaubtinés zarnos audinys). Neigiamai imunohistocheminio tyrimo kontrolei atlikti buvo
naudojami tos pacios klasés imunoglobulinai, kaip ir pirminiai antik@inai. KP — kairysis
priesirdis; DP — deSinysis priesirdis; KS — kairysis skilvelis; DS — deSinysis skilvelis.
Mastelio briiksnys atitinka 100 um.
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Vis délto svarbu paminéti, kad geny aptikimas naudojant RT-PGR ir
baltymy nustatymas audiniy homogenatuose ELISA metodu, yra Siek tiek
maziau specifiSki metodai, lyginant su imuniniu kardiomiocity zyméjimu, nes
tiriant audiniy homogenatus, geny ar SKB raiSka nustatoma ne tik
kardiomiocituose, bet ir kitose Sirdies audinio lastelése (pvz.: fibroblastuose,
kraujagysliy endotelio 1gstelése ir kt.). Tod¢él norédami pademonstruoti izo-
livoty kardiomiocity TRPM6 ir TRPM7 SKB raiska, tolimesniuose tyrimuose
naudojome imunofluorescencinj tyrimo metoda.

Tyrime buvo naudojami priesirdziy ir skilveliy kardiomiocitai, kurie
zyméti pirminiais antikiinais prie§ TRPM6 ir prieS TRPM7 $KB, praéjus
2 val. arba 12 val. po lasteliy izoliavimo (zr. Metodika, 2.10 poskyris).
Neigiama kontrolé buvo atlikta inkubuojant 1gsteles be pirminio antikiino ir
naudojant TRPM6 ir TRPM7 blokuojancius peptidus. Abiem atvejais,
uzdéjus antrinius TRPM6 ir TRPM?7 antikiinus, nebuvo nustatytas
imunofluorescencinis §vyté¢jimas.

3.1.4 pav. pateikti pavyzdiniai priesirdzio ir skilvelio izoliuoty kardio-
miocity TRPM6 ir TRPM7 SKB imunofluorescenciniai vaizdai. I$ 3.1.4 pav.
matyti, kad TRPM6 imunofluorescencinio $vyt¢jimo intensyvumas yra ma-
zesnis lyginant su TRPM?7. Taip pat buvo pastebéta, kad Zzmogaus kardio-
miocity zyméto TRPM6 SKB imunofluorescencija, prieSingai nei TRPM7
SKB, pasizyméjo didesniu fluorescenciniu intensyvumu perinuklearinéje
srityje. Misy tyrimy duomenimis tokia TRPM6 SKB lokalizacija buvo
nustatyta beveik pus¢je iStirty atvejy (44,7 proc., i§ ~400 lasteliy; Zr.
3.1.4 pav. A ir B, baltos rodyklés).
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3.1.4 pav. Zmogaus kardiomiocity TRPM6 ir TRPM7 $KB raiskos
imunofluorescencinis pasiskirstymas

Pavyzdiniai Zzmogaus priesirdzio (A) ir skilvelio (B) kardiomiocity vaizdai gauti naudojant
pirminius nekonjuguotus antikiinus ir konfokalinj lazerinj mikroskopg Olympus FV1000.
TRPM6 ir TRPM7 $KB buvo nustatyti taikant imunofluorescencijos metoda (zr. Metodika,
2.10 poskyris). Galutinis lastelés vaizdas buvo gautas sujungus 10—12 isilginiy lastelés pjaviy
vaizdy. TRPM7 §KB pazymétas su Alexa Fluor 488 (Zalia spalva), TRPM6 §KB pazymétas
su Alexa Fluor 546 (raudona spalva). F-aktinas pazymétas su Alexa Fluor 405 (mélyna
spalva), kuri buvo dirbtinai pakeista j pilka, lasteliy branduoliai nudazyti su Hoechst 3334
(mélyna spalva). Mastelio briksnys atitinka 20 pm.

Kadangi auksSciau aprasyti tyrimai buvo atlikti naudojant nekonjuguotus
antiklinus, mes taip pat patikrinome ar panasi tiriamy TRPM6 ir TRPM7 §KB
raiSka buty aptikta naudojant konjuguotus antiktinus, kurie padéty iSvengti
galimg Zyméjimo nespecifiSkumg (3.1.5 pav.). Be to, Sie antikiinai leido
pademonstruoti abiejy SKB, TRPM6 ir TRPM7, raiska toje pacioje Sirdies
lastel¢je. Rezultatai patvirtina, kad TRPM6 ir TRPM7 SKB yra aptinkami
visy keturiy Sirdies daliy kardiomiocituose (3.1.5 pav. A). Lyginant rezulta-
tus, TRPM7 $KB imunofluorescencijos §vyt¢jimo intensyvumas buvo dides-
nis negu TRPM6 SKB. Taciau, kaip parodyta 3.1.5 pav. B ir 3.1.1 lentel¢je,
kardiomiocity abiejy SKB imunofluorescencijos intensyvumas buvo Siek tiek
mazesnis Zymint pirminiais antikiinais konjuguotais su fluorescencine zZyme,
lyginant su Zymé¢jimu pirminiais antiktinais be fluorescencinés zZymés. Taip
pat nustatyta, kad deSiniosios Sirdies pusés Zzyméty TRPM6 ir TRPM7 SKB
imunofluorescencijos intensyvumas buvo statistiSkai patikimai didesnis
lyginant su kairigja Sirdies puse (3.1.5 pav. B; skaitinés reikSmés pateiktos
3.1.1 lenteléje).
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3.1.5 pav. To pacio zmogaus kardiomiocito
abiejy TRPM6 ir TRPM7 KB raiska

(A) Pavyzdiniai zmogaus kardiomiocity vaizdai, iliustruojantys TRPM6 (raudona spalva) ir
TRPM7 (Zalia spalva) imunofluorescencija i§ KP, DP, KS ir DS S$irdies daliy, gauta naudo-
jant pirminius antik@inus konjuguotus su fluorescencine Zyme. Baltu kvadratu pazyméta sritis
atitinka didesniu masteliu pateiktus vaizdus (desinéje puséje). Lasteliy vaizdinimui naudojo-
me lazerinj konfokalinj mikroskopg Olympus FV1000. TRPM7 SKB paZymétas su Alexa
Fluor 488 (zalia spalva), TRPM6 SKB pazymeétas su Alexa fluor 546 (raudona spalva),
lasteliy branduoliai nudazyti su Hoechst 3334 (mélyna spalva). (B) Stulpelinése diagramose
pateikti kiekybiniai TRPM6 ir TRPM7 SKB imunofluorescencinio §vytéjimo intensyvumo
rezultatai su konjuguotais (margi stulpeliai) ir nekonjuguotais (vienspalviai stulpeliai)
pirminiais antikiinais. Gautos reikSmeés (vidurkis + SEM) iSreikStos sutartiniais vienetais
(s.v.). KP— kairysis priesirdis; DP — deSinysis prieSirdis; KS — kairysis skilvelis; DS —
desinysis skilvelis. * p <0,001 konjuguoti pirminiai antikiinai lyginant su nekonjuguotais
pirminiais antikfinais, # p < 0,001 desinioji Sirdies pusé lyginant su kairigja Sirdies puse.
Mastelio bruksnys atitinka 20 pm.
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3.1.1 lentelé. Izoliuoty Zmogaus kardiomiocity TRPM6 ir TRPM7 baltymy
raiskos imunofluorescencinio Svytéjimo intensyvumo skaitinés reiksmes
nustatytos su konjuguotais ir nekonjuguotais antikiinais

TRPM7 KP DP KS DS

Konj. 0,0706 + 0,0004 | 0,0840 £ 0,0004# | 0,0866 +0,0008 | 0,0972 + 0,0017#
Ak n=7 n=21 n=4 n=7
Nekonj. |0,0796 + 0,0005* | 0,0978 + 0,0005*# | 0,093 + 0,0005* | 0,1137 £ 0,0007*#
Ak n=100 n=100 n=>51 n=27
TRPM6

Konj. 0,0371 £ 0,0005 | 0,0424 +0,0001# | 0,0451 +0,0004 | 0,0479 = 0,0003#
Ak n=17 n=21 n=4 n=7
Nekonj. |0,0504 =0,0003* | 0,0519 £ 0,0003*# | 0,0541 = 0,0006* | 0,0553 £ 0,0005*
Ak n=92 n=105 n=65 n=43

Kardiomiocitai 2 val. buvo inkubuojami fiziologiniame tirpale su DV katijonais. Konj. Ak —
pirminiai antik@inai konjuguoti su fluorescencine zyme; Nekonj. Ak — nekonjuguoti antikiinai
(pirminiai antikiinai be fluorescencinés zymés); KP — kairysis priesirdis, DP — deSinysis
priesirdis, KS — kairysis skilvelis, DS — desinysis priesirdis; DV — dvivalenciai katijonai; n —
lasteliy skaicius; * p < 0,001 konjuguoti antikiinai lyginant su nekonjuguotais antiklinais;
#p < 0,05 desinioji Sirdies pusé lyginant su kairigja Sirdies puse. Skaitinés reikSmes
(vidurkis + SEM) pateiktos sutartiniais vienetais (s.v.).

Taigi, misy gauti rezultatai pirma kartg patvirtino, kad Zmogaus Sirdyje
tikrai yra TRPM6 SKB. Tyrimo metu buvo aptikta tiek izoliuoty kardiomio-
city, tiek audiniy TRPM6 raiSka. Mes taip pat pirma karta nustatéme visy
keturiy zmogaus Sirdies daliy kardiomiocity TRPM6 ir TRPM7 SKB raiska
[203].

Tolimesnéje eksperimenty serijoje siekéme nustatyti, ar eksperimentiniy
gyviny, kurie yra salyginai jauni ir sveiki, Sirdies kardiomiocituose/
audiniuose taip pat yra TRPM6 $KB. Siems tyrimams buvo pasirinkti kiaulés
Sirdies méginiai, t. y. gyviino, kurio Sirdies ir kraujagysliy sistema [204] bei
genetiné sudétis [205] yra artima Zmogaus genomui. Siuo metu, néra jokiy
publikuoty duomeny apie kiaulés kardiomiocity TRPM?7 ir, ypac, apie TRPM6
SKB raiska (zZr. Rezultaty aptarimas, 4.1 poskyris). Todél sieckéme nustatyti ir
jvertinti ar kiaulés Sirdyje yra TRPM6 SKB ir/ar tiriamy SKB raiSka yra pana-
81, kaip patologinémis sglygomis.

Analogiskai, kaip ir tyrimuose su zmogaus kardiomiocitais, naudojome
abiejy priesirdziy ir skilveliy kardiomiocitus. Be to, SKB zZym¢jimui naudo-
jome tuos pacius antikiinus (Zr. Metodika, 2.3.1 lentel¢), kadangi rinkoje néra
jokiy TRPM6 $KB specifisky antikiiny, skirty minéto baltymo identifikacijai
kiaulés Sirdies lastelése ir/ar audiniuose (zr. Tyrimo trukumai). 3.1.6 pav.
(A, D) pateikti kiaulés Sirdies prieSirdziy ir skilveliy kardiomiocity imuno-
fluorescenciniai TRPM6 ir TRPM?7 vaizdai.
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.1.6 pav. Kiaulés kardiomiocity TRPM6 ir TRPM7 SKB raiskos
imunofluorescencinis pasiskirstymas

Pavyzdiniai kiaulés kardiomiocity vaizdai iliustruojantys kairiojo priesirdzio, desiniojo prie-
Sirdzio, kairiojo skilvelio ir deSiniojo skilvelio kardiomiocity TRPM6 (kairéje) ir TRPM7
(desinéje) SKB raiska, taikant imunofluorescencijos tyrimo metodg (zr. Metodika, 2.10
poskyris). TRPM6 ir TRPM7 SKB zyméti su Alexa Fluor 488 (Zalia spalva). F-aktino ir
branduoly vaizdinimui atitinkamai naudoti Alexa Fluor 546 (raudona spalva) ir Hoechst
33342 (mélyna spalva) dazai. Lastelés vaizdintos naudojant konfokalinj lazerinj mikroskopa
Olympus FV1000. E dalyje pateiktas neigiamos kontrolés pavyzdys (inkubacija be pirminiy
antikiny). Mastelio bruks$nys atitinka 20 pm.

IS pateikty pavyzdziy matyti, kad abu tiriami baltymai yra kiaulés Sirdies
visy keturiy daliy kardiomiocituose, taciau aptikta TRPM6 SKB raiska buvo
zymiai mazesné lyginant su jy raiSka Zzmogaus kardiomiocituose. Jdomu tai,
kad skirtingai nei Zzmogaus kardiomiocituose, buvo stebimos daugiabran-
duolés Sirdies lgsteles, kaip anksc¢iau apraSyta kity autoriy darbuose [206]. Vis
delto, prieSingai nei tiriant Zmogaus kardiomiocity TRPM6 SKB, mes nepa-
stebéjome Sio baltymo fluorescencinio Svyté¢jimo intensyvumo padidéjimo
kiaulés kardiomiocity perinuklearingje srityje, galbiit todél, kad Sio kiaulés
Sirdies baltymo raiska yra itin maza.
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Siekiant jsitikinti, kad naudojami antiktinai tikrai pazyméjo tik TRPM6
ar tik TRPM7 SKB, buvo atliekami dvigubos neigiamos kontrolés tyrimai.
Siy tyrimy metu kardiomiocitai buvo inkubuojami arba be pirminio antikiino
(3.1.6 pav. E), tai leido jvertinti antrinio antikiino specifiSkumg, arba i
kardiomiocity suspensija buvo jdedami specifiniai blokuojantys peptidai,
kurie inhibuoja pirminiy antikiiny prie§ TRPM6 ir prieS§ TRPM7 jungimasi
(2zr.3.2.4 pav. G, H). Sie tyrimai patvirtino, kad abiem atvejais nebuvo nusta-
tytas kardiomiocity TRPM6 ir TRPM7 SKB imunofluorescencinis Svyteji-
mas, kai baltymai nebuvo Zyméti pirminiais antikiinais, ar kai jie buvo blo-
kuojami su specifiniais peptidais.

3.1.7 pav. pateikti kiaulés prieSirdziy ir skilveliy Iasteliy TRPM6 ir
TRPM?7 SKB imunofluorescencijos Svytéjimo intensyvumo analizés rezulta-
tai. Akivaizdu, kad kiaulés kardiomiocity TRPM6 §KB imunofluorescencijos
Svytéjimo intensyvumas, kaip ir Zzmogaus kardiomiocity, yra apie tris kartus
mazesnis lyginant su TRPM7 §KB (3.1.7 pav; 3.2.2 lentel¢). Taciau tarp skir-
tingy Sirdies daliy, nebuvo nustatytas statistiSkai patikimas imunofluorescen-
cinio §vytéjimo intensyvumo skirtumas.
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3.1.7 pav. Kiekybinis kiaulés kardiomiocity TRPM6 ir TRPM7 SKB
imunofluorescencijos intensyvumo jvertinimas
Kiekybinis KP, DP, KS ir DS kardiomiocity TRPM6 (A) ir TRPM7 (B) SKB jvertinimas
naudojant imunofluorescencijos tyrimo metoda (zr. Metodika, 2.10 poskyris); TRPM6
(raudona spalva) ir TRPM7 (Zalia spalva). KP — kairysis priesirdis; DP — deSinysis
priesirdis; KS — kairysis skilvelis; DS — desinysis skilvelis. Kiekybinés reik§més (vidurkis +
SEM) pateiktos sutartiniais vienetais (s.v.).

Taip pat siekéme nustatyti, kur tiriami §KB yra lokalizuoti. Jau anksc¢iau
parodéme [203], kad tiek zmogaus, tiek kiaulés kardiomiocity TRPM®6 ir
TRPM7 $KB pasiskirstymas yra nehomogeniskas. Vis délto, nebuvo nustatyta
ar jie yra ir plazming¢je kardiomiocity membranoje, ar tik vidulgsteliniy orga-
neliy membranose. Kity autoriy publikuoti darbai yra priestaringi. Tiriant PC12
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linijiniy ir HEK293 lasteliy TRPM7-HA buvo pademonstruota, kad tik maza
dalis TRPM?7 kanaly yra plazminéje membranoje. Dauguma $iy kanaly yra
aptinkami smulkiy (<0,25 pm diametro) vidulasteliniy vezikuliy, kuriose
gausu glutationo [16] (iSskyrus endosomas ir/ar lizosomas), membranose
[17]. Taip pat teigiama, kad Siose vezikulése TRPM7 , koordinuoja“ (angl.
coordinate) Zn>" ir ROS tiek vystymosi, tiek pazeidimy metu [16]. Tadiau,
tiriant jvairiy gyviuny skilvelines Iasteles (nepublikuoti K. Mubagwa’
mokslinés grupés duomenys, Leuveno universitetas, Belgija), buvo nustatyta,
kad eksperimentiniy gyviny kardiomiocity TRPM?7 kanalai didzigja dalimi
yra netolygiai pasiskirste¢ plazminéje mebranoje, bet intensyvesnés imuno-
fluorescencijos smailés atsiranda tuose paciuose taskuose, kaip F-aktino
signalo smailés Z-disky vietoje. Visgi misy tyrimais nebuvo nustatyta
didesné¢ TRPM7 baltymo sankaupa lgsteliy galuose, kaip buvo pastebéta
minétoje laboratorijoje. Pastarasis reiSkinys galbiit gali biiti paaiSkintas tuo,
kad minétoje laboratorijoje ir miisy tyrimuose citoskeletono zyméjimui buvo
naudojami F-aktino zymenys sujungti su skirtingu fluoroforu. Minétoje
laboratorijoje, tick TRPM7 baltymo, tiek F-aktino Zyméjimui buvo naudotas
tos pacios (zalios) spalvos fluoroforas. Tuo tarpu miisy tyrimuose naudojome
F-akting su raudona fluorescencine zyme (Alexa Fluor 546), o TRPM7
baltymui naudojome antikiinus sujungtus su zalia fluorescencine zyme
(Alexa Fluor 488). Tai padéjo nustatyti, kad kai kuriy Igsteliy galuose buvo
padidéjes F-aktino fluorescencijos intensyvumas (zr. auksciau, 3.1.6 pav.),
bet tose vietose neaptikome TRPM?7 baltymo imunofluorescencijos Svytéjimo
intensyvumo padidéjimo. Tuo tarpu, literatiros Saltiniuose visai néra
duomeny apie TRPM6 SKB raiska ir jo lokalizacija Sirdies miocity lastelése.
3.1.8 pav. pateiktas zmogaus DP izoliuoto kardiomiocito 3D vaizdas (A
ir B) naudojant konjuguotus antikiinus prie§ TRPM6 (raudona spalva) ir pries
TRPM7 (zZalia spalva) toje pacioje lastelé¢je ir zmogaus DP audinio
histologiniai skerspjiiviy vaizdai (C ir D), naudojant nekonjuguotus antikiinus
prie§ TRPM6 ir pries TRPM7 (Zalia spalva). Fluorescencinés mikroskopijos
nuotraukose matyti netolygus TRPM6 ir TRPM7 §KB imunofluorescencinio
Svytéjimo pasiskirstymas tiek Sirdies miocity viduje (zali/rausvi taskai
vidulasteliniy organeliy membranose), tiek plazmin¢je membranoje
(parodyta rodyklémis). Taip pat matyti, kad didzioji jy dalis yra kardiomiocity
viduje. Sie tyrimai patvirtina, kad $irdies miocity abiejy, TRPM6 ir TRPM7,
baltymy raiska yra aptinkama iSoringje ir vidulgstelinése membranose.
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3.1.8 pav. Kardiomiocity TRPMG6 ir TRPM7 SKB lokalizacijos vaizdinimas

Pavyzdinis zmogaus DP kardiomiocito 3D vaizdas matomas i$ virSaus (A) ir Iastelés pjivio
vaizdas i§ Sono (B). TRPM6 ir TRPM7 SKB vaizdinimui toje pacioje lasteléje buvo
naudojami antikiinai konjuguoti su skirtinga fluorescencine zZyme (Zr. Metodika, 2.8 po-
skyris). Alexa Fluor 546 (raudona spalva) naudotas TRPM6 $KB Zyméjimui, Alexa Fluor 488
(Zalia spalva) naudotas TRPM7 §KB zym¢jimui, Alexa Fluor 405 (mélyna spalva) naudotas
F-aktino vaizdinimui. TRPM6 ir TRPM7 imunofluorescencinis §vytéjimas buvo nustatytas
plazminéje membranoje (parodyta rodyklémis) ir vidulasteliniy organeliy membranose (Zalia
ir rausva spalva). (C, D) Histologiniai vaizdai iliustruojantys Zzmogaus desiniojo priesirdZio
kardiomiocity TRPM6 ir TRPM7 SKB raiska, naudojant imunohistocheminj dazymo btida su
fluorescencinémis Zymémis (zr. Metodika, 2.8 poskyris). Alexa Fluor 488 (zalia spalva)
naudotas TRPM6 ir TRPM7 §KB zym¢jimui, Alexa Fluor 555 (raudona spalva) naudotas
lasteliy membrany zyméjimui su WGA ir Hoechst 33342 naudotas branduoliy dazymui
(mélyna spalva). Zalios spalvos pigmentai rodo TRPM6 ir TRPM7 $KB raiska plazmingje
membranoje (baltos spalvos rodyklés) ir vidulasteliniy organeliy membranose. Kardio-
miocity vaizdinimas buvo atliekamas konfokaliniu Olympus FV1000 mikroskopu. Izoliuoty
kardiomiocity ir histologiniy pjuviy vaizdai atitinkamai gauti su x60 ir x20 mikroskopo
objektyvu. Mastelio briikSnys atitinka 20 um.
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Apibendrinant pirmosios tyrimy dalies rezultatus galime teigti, kad miisy
gauti rezultatai pirmg kartg patvirtino zmogaus ir kiaulés kardiomiocity
TRPM6 SKB raiska, kuri yra kelis kartus mazesné nei TRPM?7 raiska. Mes
taip pat pirmg kartg nustatéme tiek zmogaus, tiek kiaulés visy keturiy Sirdies
daliy kardiomiocity TRPM6 ir TRPM?7 kanaly baltymy raiska. DeSiniosios
Sirdies dalies SKB raiska buvo didesné lyginant su kairiosiomis Sirdies
dalimis. Tai, kad daugiau Siy SKB yra ne iSorin¢je kardiomiocito
membranoje, bet vidulasteliniy organeliy membranose, galimai rodo, kad abu
kanalai veikia kaip vidulgsteliniai kanalai.

3.2. TRPM6 ir TRPM?7 kanaly baltymy raiskos
moduliacijos tyrimai

Literatiiros Saltiniy duomenimis, TRPM6 ir TRPM?7 kanalai dalyvauja
Mg?" ir kity DV katijony homeostazéje, o jy aktyvumas yra valdomas Ca?" ir
Mg?* [75-77]. Todél tolimesnéje eksperimenty serijoje sickéme jvertinti ar
Siy DV katijony paSalinimas i§ 7yrode fiziologinio tirpalo galéty keisti
TRPM6 ir TRPM7 $KB imunofluorescencijos Svytéjimo intensyvumg. Tuo
tikslu, kardiomiocity suspensija buvo inkubuojama 2 val. ir 12 val. Tyrode
tirpale (toliau, su DV) ir modifikuotame 7yrode tirpale i$ kurio buvo pasalinti
DV katijonai (toliau, be DV). Kaip pademonstruota 3.2.1 pav., kardiomiocity
SKB imunofluorescencijos Svytéjimo intensyvumas buvo didesnis
inkubuojant su DV katijonais (tiek po 2 val., tieck po 12 val.), lyginant su
inkubacija be DV katijony (tiek po 2 val., tiek po 12 val.). Kiekybiniai §iy
tyrimy rezultatai pateikti 3.2.1 lentel¢je.
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3.2.1 pav. Dvivalenciy katijony poveikis zmogaus kardiomiocity TRPM6 ir
TRPM?7 KB imunofluorescencijos svytéjimo intensyvumui

Stulpelinése diagramose pateikti kiekybiniai kardiomiocity TRPM6 (raudona spalva) ir
TRPMT7 (Zalia spalva) SKB fluorescencijos rezultatai, kai buvo inkubuojama 2 val. (uzpildyti
stulpeliai) arba 12 val. (neuzpildyti stulpeliai) terpéje su DV katijonais (A, B) ir be DV
katijony (C, D). KP — kairysis priesirdis; DP — deSinysis priesirdis; KS — kairysis skilvelis;
DS — deSinysis skilvelis. Pastaba: fluorescencijos intensyvumas buvo nustatytas taikant
,»akla® tyrimo vertinimg (matuojant fluorescencija nebuvo zinomos kardiomiocity inkubavi-
mo salygos). * p < 0,05 2 val. lyginant su 12 val. ir # p < 0,05 deSinioji Sirdies pusé lyginant
su kairigja Sirdies puse. Kiekybinés reikSmeés (vidurkis + SEM) pateiktos sutartiniais
vienetais (s.v.).
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3.2.1 lentelé. Dvivalenciy katijony poveikio zmogaus izoliuoty kardiomiocity
TRPMG6 ir TRPM?7 $KB imunofluorescencijos Svytéjimo intensyvumo skaitinés
reiksmés

TRPM6 KP DP KS DS
suDV, 0,0541 +£0,0012 | 0,0590 +0,0015# | 0,0610 +0,0019 | 0,0666 + 0,0029
2 val. n=101 n=124 n=77 n=>55
suDV, 0,0771 £ 0,0054* | 0,0787 £ 0,0018* | 0,0859 + 0,0038* | 0,0917 + 0,0063*
12 val. n=26 n=65 n=235 n=19
TRPM7
suDV, 0,0900 + 0,0019 | 0,1046 +0,0015# | 0,0997 + 0,0023 | 0,1244 + 0,0027#
2 val. n=125 n=120 n=>58 n=239
suDV, 0,1275 £ 0,0020* 10,1365 +0,0012*#| 0,1481 + 0,0032* | 0,1577 £ 0,0058*
12 val. n=236 n=65 n=24 n=13
TRPM6
be DV, 0,0387 +£0,0024 | 0,0421 +0,0014 | 0,0442 +0,0019 | 0,0430 £ 0,0033
2 val. n=237 n=119 n=76 n=24
be DV, 0,0454 +0,0016 F {0,0683 + 0,0033*#| 0,0631 £ 0,0021* | 0,075 £+ 0,0036*#
12 val. n=:69 n="70 n==61 n=237
TRPM7
be DV, 0,0727 £0,0013 |0,0879 +£0,0011 #| 0,0772 +0,0017 |0,0975 +0,0024 #
2 val. n=68 n=125 n=>57 n=25
be DV, 0,1170 £ 0,0014* 10,1237 £ 0,0023*#| 0,1215 + 0,0019* | 0,140 + 0,0026*#
12 val. n=60 n=236 n=235 n=234

KP — kairysis priesirdis, DP — deSinysis priesirdis, KS — kairysis skilvelis, DS — deSinysis
skilvelis; DV — dvivalenciai katijonai; n — lasteliy skaicius; * p <0,001 ir T p <0,05 2 val.
lyginant su 12 val.; # p < 0,05 deSinioji Sirdies pusé lyginant su kairigja Sirdies puse.
Skaitinés reikSmes (vidurkis + SEM) pateiktos sutartiniais vienetais (s.v.).

Gauta informacijg apie DV katijony poveiki zmogaus kardiomiocity
TRPM6 ir TRPM7 imunofluorescencijos signalui taip pat palyginome su
patologiniy salygy nepaveikty kardiomiocity fluorescencijos duomenimis.
Tuo tikslu buvo atlikta tokia pati eksperimenty serija su kiaulés kardio-
miocitais. Kokybiné¢ ir kiekybiné TRPM6 ir TRPM7 SKB analiz¢ analogiSkai
buvo atlikta po 2 val. ir po 12 val. po Iasteliy izoliavimo.

Kaip parodyta 3.2.2 pav., po 12 val. inkubacijos fiziologiniame tirpale su
DV katijonais ar be jy, kiaulés KS kardiomiocity zyméty TRPM6 ir TRPM7
SKB imunofluorescencinio signalo intensyvumas statistiSkai patikimai padi-
déjo. TRPM6 fluorescencija padidéjo nuo 0,029 +0,0015 s.v. iki 0,050 +
0,0012 s.v. (n=3-24, p <0,001) ir nuo 0,020 + 0,0006 s.v. iki 0,040 + 0,0009
s.v. (n=7-21, p<0,001) terpéje su/be DV katijony, atitinkamai. Zyméto
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TRPM7 imunofluorescencija padidéjo nuo 0,087 = 0,0013 s.v. iki 0,133 £
0,0011 s.v. (n = 3-23, p<0,001) ir nuo 0,065+ 0,0009 s.v. iki
0,112 £0,0006 s.v. (n = 4-25, p <0,001) terpéje su/be DV katijony, atitin-
kamai. KokybiSkai panasiis tyrimy rezultatai buvo gauti kiaulés Sirdies visy
keturiy daliy kardiomiocituose ir po 2 val. inkubacijos su/be DV katijony
(3.2.2 lentele).

2 val. 12 val. TRPM7 TRPM6
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3.2.2 pav. Dvivalenciy katijony poveikis kiaulés kairiojo skilvelio
kardiomiocity TRPMG6 ir TRPM7 $KB imunofluorescencijos
Svytéjimo intensyvumui
Pavyzdiniai kiaulés KS kardiomiocity TRPM6 ir TRPM SKB raiskos vaizdai (A, C) ir
imunofluorescencinio signalo kiekybinés reik§més (B, D), nustatytos po 2 val. (uzpildyti
stulpeliai) ir po 12 val. (neuzpildyti stulpeliai) inkubuojant su DV katijonais (A, B) ir be DV
katijony (C, D). TRPM6 ir TRPM7 SKB pazyméti su Alexa Fluor 488 (zalia spalva),
F-aktinas pazymeétas su Alexa Fluor 546 (raudona spalva) ir branduoliai nudazyti su Hoechst
33342 (mélyna spalva). Lastelés vaizdintos naudojant konfokalinj lazerinj mikroskopa
Olympus FV1000. * p <0,001 TRPM6 lyginant su TRPM7; # p < 0,001 12 val. lyginant su
2 val. SKB fluorescencijos intensyvumas (vidurkis + SEM) iSreikstas sutartiniais vienetais

(s.v.). Mastelio bruksnys atitinka 20 pm.
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3.2.2 lentelé. Dvivalenciy katijony poveikio (po 2 val. inkubacijos) kiaulés
izoliuoty kardiomiocity TRPM6 ir TRPM7 SKB imunofluorescencijos
Svytéjimo intensyvumo skaitinés reiksmeés

Sirdies TRPM6 TRPM7

dalis suDV be DV suDV be DV

KP | 0,023+0,0013* | 0,016+0,0014*%# | 0,067 +0,0006 | 0,053 =+ 0,0009#
n=18 n=20 n=37 n=13

DP | 0,029 +0,0008* | 0,018 +0,0011*%# | 0,079 +0,0009 | 0,059 + 0,0010#
n=232 n=4 n=21 n=>5

KS | 0,029+ 0,0015*% | 0,020 = 0,0006*# | 0,087 +0,0013 0,065 + 0,0009#
n=24 n=21 n=23 n=25

DS | 0,032+0,0012*% | 0,025+ 0,0020%# | 0,098 +0,0013 0,076 + 0,0016#
n=14 n=3 n=12 n=>5

KP — kairysis priesirdis, DP — desinysis priesirdis, KS — kairysis skilvelis, DS — deSinysis
skilvelis; su/be DV — fiziologinis tirpalas su dvivalenciais katijonais ir be $iy katijony,
atitinkamai; n — lasteliy skaicius; * p <0,001 — TRPM6 lyginant su TRPM7; # p < 0,001 —
su DV lyginant su be DV. Skaitinés reik§Smés (vidurkis + SEM) pateiktos sutartiniais
vienetais (s.v.).

Apibendrinant galime teigti, kad tick TRPM®6, tieck TRPM7 SKB imuno-
fluorescencinio signalo intensyvumag nulemia terpés joniné sudétis lgsteliy
inkubacijos metu. Be to, uZregistruotos fluorescencinio signalo reikSmeés
buvo statistiSkai patikimai didesnés po 12 val. lyginant su inkubacijos saly-
gomis po 2 val.

Kitame tyrimy etape siekéme patikrinti ar farmakologinés medziagos,
tokios kaip TRP kanaly blokatoriai, moduliuojantys TRPM6 ir TRPM7
kanaly elektrofiziologines savybes [11], gali turéti panasy poveikj ir TRPM6
bei TRPM7 SKB imunofluorescencijos signalo intensyvumui. Tuo tikslu,
zmogaus kardiomiocitai po 2 val. ir po 12 val. inkubacijos skirtingose terpése
(su DV ir be DV katijony) toliau buvo 15 min. laikomi inkubacinéje terpeje
papildytoje su 2-APB (500 uM) ar CAR (100 uM) (zr. Metodika,
2.10.1 pav.). 3.2.3 pav. pateikti pavyzdiniai kardiomiocity TRPM7 (Zalia
spalva) ir TRPM6 (raudona spalva) SKB imunofluorescenciniai vaizdai
kontrolinémis salygomis (A, B), po inkubacijos su 2-APB (C, D) ir po
inkubacijos su CAR (E, F). IS gauty konfokaliniy nuotrauky (3.2.3 pav.)
matyti, kad kontrolinémis salygomis Zyméto TRPM7 SKB imunofluo-
rescencinis signalas, kaip ir tikétasi, buvo Zymiai didesnis, lyginant su Zyméto
TRPM6 SKB imunofluorescencinio signalo intensyvumu. Tacdiau po
inkubacijos su 2-APB ar su CAR buvo stebimas prieSingas zyméty TRPM6
ir TRPM7 SKB imunofluorescencinio signalo Svytéjimo intensyvumo pokytis.
TRPM7 SKB imunofluorescencinio Svytéjimo intensyvumas abiejy
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farmakologiniy medziagy poveikyje sumazéjo. Taciau tomis paciomis ekspe-
rimentinémis salygomis TRPM6 SKB imunofluorescencinis Svytéjimas
zymiai padidéjo.

sujungta _

sujungta

sujungta .
sujungta

&Y

3.2.3 pav. 2-APB ir CAR poveikis zmogaus kardiomiocity

TRPMG6 ir TRPM7 SKB imunofluorescencijos svytéjimo intensyvumui
Pavyzdiniai zmogaus KS kardiomiocity vaizdai, demonstruojantys zyméty TRPM6 (B, D, F)
ir TRPM7 (A, C, E) SKB imunofluorescencijos $vytéjimo intensyvumo pokycius kontroli-
némis salygomis (A, B), po 15 min. inkubacijos su 500 uM 2-APB (C, D) ir po 15 min.
inkubacijos su 100 uM CAR (E, F) (zr. Metodika, 2.10 poskyris). TRPM7 $KB pazymétas
su Alexa Fluor 488 (Zalia spalva), TRPM6 SKB pazymétas su Alexa Fluor 546 (raudona
spalva), F-aktinas pazymétas su Alexa Fluor 405 (mélyna spalva), kuri buvo dirbtinai
pakeista j pilkg. Branduoliai nudazyti su Hoechst 33342 (mélyna spalva). Lastelés vaizdintos
naudojant konfokalinj lazerinj mikroskopa Olympus FV1000. Mastelio briik$nys atitinka
20 pm.

Be to, analogiski 2-APB (500 uM) ir CAR (100 uM) poveikio tyrimai
buvo atlikti su kiaulés kardiomiocitais, siekiant jsitikinti, jog Siose lastelése
taip pat gali buti sukeltas toks pat zymeéty TRPM6 ir TRPM7 §KB imuno-
fluorescencinio Svytéjimo intensyvumo pokytis. IS 3.2.4 pav. matyti, kad
kiaulés, kaip ir zmogaus, kardiomiocity TRPM6 KB imunofluorescencijos
Svytéjimo intensyvumas 2-APB ir CAR poveikyje padid¢jo, o TRPM7 —
sumazgjo.
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3.2.4 pav. 2-APB ir CAR poveikis kiaulés kardiomiocity
TRPMG6 ir TRPM7 sKB imunofluorescencinio Svytéjimo intensyvumui

20 ym

Pavyzdiniai kiaulés DP kardiomiocity vaizdai, demonstruojantys Zyméty TRPM6 (B, D, F)
ir TRPM7 (A, C, E) SKB imunofluorescencijos $vytéjimo intensyvumo poky¢ius kontroli-
némis sglygomis (A, B), po 15 min. inkubacijos su 100 uM CAR (C, D), po 15 min. inkuba-
cijos su 500 uM 2-APB (E, F) ir po 15 min. inkubacijos su 500 uM 2-APB + blokuojantis
peptidas (G, H), (zr. Metodika, 2.10 poskyris). TRPM7 SKB pazymeétas su Alexa Fluor 488
(zZalia spalva), TRPM6 SKB pazymeétas su Alexa Fluor 546 (raudona spalva), F-aktinas
pazymétas su Alexa Fluor 405 (mélyna spalva), kuri buvo dirbtinai pakeista i pilka. Lastelés
vaizdintos naudojant konfokalinj lazerinj mikroskopa Olympus FV1000. Mastelio briikSnys
atitinka 20 pm.

Siekiant jsitikinti, kad naudoti antikiinai tikrai pazyme¢jo tik TRPM6 ar
tik TRPM7 SKB, dalis kardiomiocity, prie§ atliekant inkubacija su 2-APB,
pirmiau buvo paveikiami su specifiniais blokuojanciais peptidais, kurie
inhibuoja pirminius antikiinus prie§ TRPM6 ir prie§ TRPM?7. Kaip parodyta
3.2.4 pav. (G, H), fluorescencija nebuvo aptikta, kai 2-APB buvo pridétas j
inkubavimo terpg, kurioje jau buvo antikiing prie§ TRPM6 ir prie§ TRPM7
blokuojantys peptidai. Siais tyrimais patvirtinome, kad specifiniai peptidai
tikrai blokuoja pirminius antikiinus, todé¢l mes nenustatéme nei TRPM6, nei
TRPM?7 $KB imunofluorescencinio $vytéjimo. Kadangi inkubacingje terpéje
su blokuojanciais peptidais taip pat buvo ir 2-APB, tai gauti rezultatai leidZia
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daryti prielaida, kad 2-APB ir peptidai, galimai, dalinasi ta pacia prisijungimo
vieta (daugiau zr. Rezultaty aptarimas).

3.2.5 pav. (A-D) pateikti kiekybiniai 2-APB ir CAR poveikio TRPM6 ir
TRPM?7 SKB imunofluorescencijos signalo intensyvumui duomenys. Rezul-
tatai gauti naudojant Zmogaus kardiomiocitus, kurie buvo 2 val. (A, B) arba
12 val. (C, D) inkubuojami terpése be DV katijony ir su DV katijonais bei
paveikti su 2-APB (500 uM) ar CAR (100 uM). Nustatyta, kad naudotas
tirpiklis DMSO, netur¢jo poveikio tyrimy rezultatams (0,0993 = 0,0008 s.v.
ir 0,0847 £ 0,0007 s.v., atitinkamai, tirpaluose su DV ir be DV katijony;
n=10-11). Inkubuojant lgsteles su 2-APB (500 uM), imunodetektuoto
TRPM?7 $KB fluorescencijos intensyvumas sumaz¢jo (nuo 0,0986 + 0,0006
s.v. iki 0,0246 = 0,0003 s.v., n = 16-88; p < 0,001, tirpaluose su DV katijo-
nais ir nuo 0,0827 £ 0,0005 s.v. iki 0,0162 + 0,0004 s.v.,n=70-76; p < 0,001,
tirpaluose be DV katijony). Tomis paciomis eksperimentinémis sglygomis
2-APB (500 uM) padidino TRPM6 SKB imunofluorescencijos $vytéjimo
intensyvumg (nuo 0,0518 £ 0,0003 s.v. iki 0,1500 £+ 0,0004 s.v., n = 20-99;
p <0,001 ir nuo 0,0354 + 0,0006 s.v. iki 0,1569 £ 0,0005 s.v., n = 70-87;
p <0,001, atitinkamai su DV katijonais ir be jy). CAR (100 uM) (3.2.5 pav.,
C, D) taip pat sukéle kokybiskai panaSius zmogaus kardiomiocity
imunofluorescencijos intensyvumo pokycius po 2 val. (neiliustruota) ir
12 val. inkubacijos su DV katijonais ir be jy. TRPM7 $KB imunofluores-
cencija sumazéjo nuo 0,1748 £ 0,0006 s.v. iki 0,0383 + 0,0003 s.v., n = 6—64;
p <0,001; ir nuo 0,1188 £ 0,0007 s.v. iki 0,0251 £ 0,0002 s.v., n = 6-32;
p <0,001, atitinkamai su DV katijonais ir be jy. PrieSingai, TRPM6 SKB
imunofluorescencija padidéjo nuo 0,0717 £ 0,0004 s.v. iki 0,1907 = 0,0004
s.v.,,n=16-20; p < 0,001 ir nuo 0,0428 + 0,0004 s.v. iki 0,1433 + 0,0002 s.v.,
n=17-37; p < 0,001, atitinkamai su DV ir be jy.

Be to, i$ 3.2.5 pav. (E, F) ir 3.2.3 lentelés matyti, kad paveikus kiaulés
Sirdies lasteles su 2-APB ar CAR buvo stebimas toks pat Zyméty TRPM6 ir
TRPM7 $KB imunofluorescencijos signalo pokytis: 2-APB ir CAR sumazino
TRPM?7, bet padidino TRPM6 SKB fluorescencijos §vytéjimo intensyvumg.
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3.2.5 pav. 2-APB ir CAR poveikis TRPMG6 ir TRPM7 SKB
imunofluorescencijos Svytéjimo intensyvumui

Kiekybiniai zyméty TRPM6 ir TRPM7 SKB imunofluorescencijos §vytéjimo intensyvumo
poky¢iai: (A—D) Zzmogaus kardiomiocity kontrolinémis salygomis (inkubuoti 2 val. (A, B) ir
12 val. (C, D) su ir be DV katijony) (neuzpildyti simboliai) ir paveikus su 500 uM 2-APB ir
100 uM CAR (uzpildyti simboliai), bei (E, F) kiaulés kardiomiocity kontrolinémis sglygomis
(2 val. inkubuoti terpéje su ir be DV katijony) (neuzpildyti simboliai) ir paveikus su 500 uM
2-APB ir 100 uM CAR (uzpildyti simboliai). Tirpiklis DMSO (500 uM, juodi simboliai)
poveikio SKB imunofluorescencijos signalui netur¢jo. * p < 0,001 2-APB ar CAR lyginant
su kontrole. DV — dvivalenciai katijonai. Kiekybinés reik§més (vidurkis £ SEM) pateiktos
sutartiniais vienetais (s.v.).
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3.2.3 lentelé. 2-APB ir CAR poveikio kiaulés kardiomiocity TRPMG6 ir TRPM7

SKB imunofluorescencijos svytéjimo intensyvumo skaitinés reiksmeés

Kontrolé 2-APB (500 pM) CAR (100 pM)
TRPM6 0,025 £ 0,0022 0,1203 + 0,0015* 0,1325 + 0,0020#
n=7 n=2_8 n=7
TRPM7 0,1149 + 0,0020 0,0313 +0,0014* 0,0280 £ 0,0014#
n=20 n=20 n=10

n — lasteliy skaicius; * p < 0,001 lyginant su kontrole. Skaitinés reik§més (vidurkis £ SEM)
pateiktos sutartiniais vienetais (s.v.).

Idomu tai, kad miisy duomenys apie skirtingg 2-APB poveikj kardiomio-
city TRPM6 ir TRPM7 §KB imunofluorescencinio signalo intensyvumui rodo
atitikimg su kity tyréjy duomenimis apie skirtingg 2-APB poveikj linijiniy
(CHOKI1, HEK-293, DMCT) lasteliy srovéms, tekan¢ioms per TRPM6 ir per
TRPM7 kanalus [11]. Elektrofiziologiniy tyrimy duomenimis, 500 pM
2-APB koncentracija blokavo srove per TRPM7 kanalus, taciau zymiai
padidino srovés tankj per TRPM6 kanalus. Misy tyrimy duomenimis,
analogiSkai, buvo aptiktas zyméto TRPM7 SKB imunofluorescencinio
signalo intensyvumo maz¢jimas, o TRPM6 padid¢jimas. Kadangi yra
duomeny, kad milimoliarinés (> 2 mM) 2-APB koncentracijos veikia prieSin-
gai, t. y. ne blokuoja, o didina TRPM?7 kanaly aktyvumg [11], mes taip pat
patikrinome ar ir Siuo atveju yra duomeny atitikimas.

3.2.6 pav. pateikti kiekybiniai kardiomiocity TRPM6 ir TRPM7 SKB
imunofluorescencijos S$vytéjimo intensyvumo pokyciy rezultatai, gauti
inkubuojant su 500 uM ir 2 mM 2-APB. V¢lgi, su 500 uM 2-APB buvo
uzregistruotas kardiomiocity TRPM7 SKB imunofluorescencinio signalo
intensyvumo sumazéjimas nuo 0,1492 + 0,0022 s.v. iki 0,0872 £+ 0,0015 s.v.
(n=3-5, p<0,001). Taciau, su 2 mM 2-APB vietoj] maz¢jimo buvo uZzre-
gistruotas imunofluorescencijos intensyvumo padidéjimas iki 0,1946 =+
0,0019 s.v. (n= 4, p< 0,001). Tuo tarpu inkubuojant kardiomiocitus su
mikro- ir milimoliarine 2-APB koncentracija zyméto TRPM6 SKB fluores-
cencijos signalas buvo vienkryptis ir didéjo nuo 0,064 + 0,0023 s.v. iki
0,1281 + 0,0016 s.v. (n= 3, p<0,001) ir iki 0,1641 + 0,0031 s.v. (n= 5,
p <0,001).
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3.2.6 pav. Skirtingas 2-APB poveikis TRPM6 ir TRPM7 SKB
imunofluorescencijos Svytéjimo intensyvumui
(A, B) pateikti kiekybiniai zmogaus kardiomiocity (PV serganciy pacienty) TRPM6 (raudoni
simboliai) ir TRPM7 (Zali simboliai) SKB imunofluorescencijos signalo poky¢iai kontro-
linémis salygomis (atviri simboliai) ir paveikus su 500 uM ar 2 mM 2-APB (uzpildyti
simboliai). * p < 0,001 2-APB lyginant su kontrole. Kiekybinés reiksmés (vidurkis + SEM)
pateiktos sutartiniais vienetais (s.v.).

Taigi, miisy gauti duomenys apie nuo koncentracijos dydzio priklausomag
dvikrypt] 2-APB poveiki TRPM7 SKB imunofluorescencijai, atitinka
elektrofiziologiniy tyrimy duomenis apie prieSingg poveikj Siems kanalams
(blokavimas su mikromoliarine, bet aktyvavimas su milimoliarine 2-APB
koncentracija). Gauti duomenys leidzia teigti, kad 2-APB ir CAR gali keisti
zymety TRPM6 ir TRPM7 SKB ne tik imunofluorescencijos $vytéjimo inten-
syvuma, bet, priklausomai nuo koncentracijos, gali keisti jo kryptinguma, t. y.
arba sumazinti, arba jj padidinti. Sie duomenys taip pat patvirtina, kad
TRPM6 ir TRPM7 SKB gali funkcionuoti nepriklausomai vienas nuo kito.

Yra zinoma, kad ne tik terpés joniné sudétis ar skirtingos farmakologinés
medziagos gali keisti TRPM6 ir TRPM7 kanaly funkcijas [11, 13]. Litera-
tiros duomenimis ekstralgstelinés terpés pH pokyciai taip pat gali keisti
TRPM6 ir TRPM7 kanaly elektrinj aktyvumag [11, 12, 14, 15]. Todél
tolimesniame tyrimy etape jvertinome galimag ekstralgstelinés acidozés povei-
ki zmogaus kardiomiocity SKB imunofluorescencijos Svytéjimo intensy-
vumui. Siy eksperimenty metu kardiomiocitai buvo 2 val. inkubuojami
rugstingje terpéje (pH = 5) su ir be DV katijonais. 3.2.7 pav. A matyti, kad
rigstingje aplinkoje padidéjo tieck TRPM6, tieck TRPM7 SKB imunofluoresc-
encijos $vytéjimo intensyvumas: 3,06 ir 1,45 karto (iki 0,1524 £+ 0,0004 s.v. ir
iki 0,1536 = 0,0004 s.v., atitinkamai; n= 15-25; p <0,001), lyginant su
imunofluorescencijos signalu Igstelése inkubuotose pH 7,4 tirpale (0,0498 +
0,0003 s.v.ir 0,1057 £ 0,0008 s.v., atitinkamai; n = 61-69, p < 0,001). Taciau
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rigstineje aplinkoje be DV katijony, kaip parodyta 3.2.7 pav. B, poveikis
TRPM6 ir TRPM7 SKB imunofluorescencijai buvo skirtingas: zyméto
TRPM6 SKB imunofluorescencinio signalo intensyvumas padidéjo 5,62 karto
(nuo 0,0314 + 0,0005 s.v. iki 0,1765 + 0,0004 s.v., n= 6-25; p <0,001), o
TRPM7 $KB — sumazéjo 1,66 karto (nuo 0,0830 + 0,0004 s.v. iki 0,0500 £
0,0006 s.v., n=11-51; p<0,001). Sie duomenys taip pat rodo, kad abu
detektuoti SKB yra nepriklausomi vienas nuo kito, nes pasizymi individualiu
atsaku j ekstralgstelinés terpés pH pokyt;.
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3.2.7 pav. pH poveikis Zmogaus kardiomiocity TRPM6 ir TRPM7 SKB
imunofluorescencijos Svytéjimo intensyvumui

pH74 pHS pH74 pHS5

Kiekybinés imunofluorescencijos $vytéjimo intensyvumo reikSmés (vidurkis = SEM), kai
pH 7,4 (atviri simboliai) ir kai pH 5,0 (uzdari simboliai) pateiktos sutartiniais vienetais (s.v.).
* p<0,001 pH 5,0 lyginant su pH 7,4. DV — dvivalenciai katijonai.

Apibendrinant TRPM6 ir TRPM7 kanaly moduliacijos tyrimy dalj, gali-
me teigti, kad abiejy zyméty SKB imunofluorescencinis Svytéjimo intensyvu-
mas priklausé nuo tyrimo salygy, kuriomis buvo inkubuojami kardiomiocitai.
Ivairiis ekstralgsteliniai veiksniai, kaip terpés joniné sudétis, acidoze ir TRP
kanaly blokatoriai (2-APB ir CAR), sukelia nepriklausomg TRPM6 ir
TRPM7 SKB imunofluorescencijos signalo moduliacijg arba ta pacia, ar
prieSinga kryptimi (viena sumazing, o kit padidina). Tai leidZia mums teigti,
kad kardiomiocity TRPM6 ir TRPM7 kanalai tarpusavyje nesusij¢ ir gali
funkcionuoti nepriklausomai.
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3.3. TRPM6 ir TRPM?7 kanaly baltymy raiskos,
kai buvo patologinis Sirdies pakitimas, tyrimai

Apie 70 proc. suaugusio zmogaus Sirdies lgsteliy yra fibroblastai, kurie,
esant mechaniniam, metaboliniam, iSeminiam (arba oksidaciniam) ir neuro-
hormoniniam stresui, transformuojasi ir migruoja j pazeistas vietas, sukelda-
mi fibrozinius pokycius. Dazniausios priezastys, sukelian¢ios Siuos patolo-
ginius pakitimus, yra miokardo infarktas, uzdegimas (miokarditas, transplan-
tato atmetimas) ir slégio bei tiirio perkrovos, atsirandancios dél jvairiy hiper-
tenzijos formy ir voztuvy nepakankamumo (kuris sukelia regurgitacija). Sie
poky¢iai suaktyvina patologinés hipertrofijos procesus ir galiausiai sukelia
SN. Iieminés kilmés SN yra vyraujantis ir i§sivysto dél ISL progresavimo.
Naujausi tyrimai parodé, kad fibrozés vystymosi procese dalyvaujantys Ca**
jonai i fibroblastus patenka ne per Ca**-kanalus [4, 36], bet per TRP-panasius
kanalus, jskaitant TRPM7, kurie atlieka pagrindinj vaidmenj Ca*" pernasoje i
fibroblastus [156]. Taip pat buvo nustatyta, kad per TRPM7 kanalus
pernesamas Ca®" srautas j fibroblastus drastiskai padidéja PV serganéiy
pacienty lastelése [156]. Literatiiroje yra duomeny, kad Sirdies fibroblastai
gali susijungti su kardiomiocitais [207] ir 1S esmés paveikti jy lasteliy
elektrines savybes. Remiantis ankstesniy Kardiologijos institute atlikty
elektrofiziologiniy tyrimy duomenimis [14], buvo pastebéta, kad ISL didina
TRPM7-panasios srovés tankj, todél buvo tikslinga patikrinti, ar yra
atitikimas tarp nustatyty elektrofiziologiniy ir molekuliniy (§KB imunofluo-
rescencinio §vytéjimo intensyvumo) poky¢iy. Siame tyrime naudojome
kontroliniy ir ISL serganéiy pacienty izoliuotus kardiomiocitus ir Sirdies
pjavius. Tai suteiké mums galimybe jvertinti, ar ISL kei¢ia TRPM6 ir
TRPM7 $KB raiska.

3.3.1 pav. pateikti kiekybiniai ISL serganéiy ir kontrolinés grupés pa-
cienty kardiomiocity TRPM6 ir TRPM7 SKB imunofluorescencinio $vytéji-
mo intensyvumo duomenys. Pateikti rezultatai rodo, kad nepriklausomai nuo
eksperimentiniy salygy, kuriomis buvo inkubuojami kardiomiocitai (su ir/ar
be DV katijony, fiksuoti po 2 val. (3.3.1 pav., A) ir/ar po 12 val. (3.3.1 pav., B)),
zyméty TRPM6 ir TRPM7 SKB imunofluorescencijos §vytéjimo intensyvu-
mas ISL grupés pacienty lastelése (3.3.1 pav., virsutinés reikimés) buvo
statistiSkai patikimai didesnis, lyginant su fluorescencija kontrolinés grupés
pacienty lastelése (3.3.1 pav., apatinés reiksmeés). Skaitinés reikSmés pateiktos
3.3.1 lenteléje.
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3.3.1 pav. Zmogaus izolivoty kardiomiocity TRPM6 ir TRPM7 $KB
imunofluorescencijos intensyvumas, kai buvo ir nebuvo diagnozuota
iSeminé Sirdies liga
Kontroliniy (apatiniai, neuzpildyti simboliai) ir ISL serganéiy (virsutiniai, uzpildyti simbo-
liai) pacienty kardiomiocity TRPM6 ir TRPM7 $§KB imunofluorescencinio signalo reik§més,
kai buvo inkubuojama 2 val. (A) arba 12 val. (B). p <0,001. DV — dvivalenciai katijonai;
KP — kairysis priesirdis; DP — deSinysis priesirdis; KS — kairysis skilvelis; DS — deSinysis
skilvelis. Kiekybinés reik§més (vidurkis + SEM) pateiktos sutartiniais vienetais (s.v.).

3.3.1 lentelé. Kontrolinés ir ISL grupés pacienty izoliuoty kardiomiocity
TRPMG6 ir TRPM7 $KB imunofluorescencijos svytéjimo intensyvumo skaitinés
reiksmés

TRPM7 (DV) KP DP KS DS
2 val. | Kontroliné¢ | 0,079 + 0,0005 | 0,098 + 0,0005# | 0,094 + 0,0005 | 0,114 + 0,0007#
grupé n=100 n=100 n=7 n=27
ISL grupé | 0,132+ 0,0009% 0,139 + 0,0003*#| 0,145 + 0,0003* |0,149 = 0,0004*#
n=25 n=20 n=7 n=12
12 val.| Kontroliné | 0,124 + 0,0006 | 0,134 +0,0004# | 0,141 = 0,0005 | 0,147 + 0,0005#
grupe n=232 n=>61 n=20 n=10
ISL grupé | 0,159 = 0,0002% |0,171 £ 0,0008*#| 0,182 + 0,0017* (0,195 + 0,001 1*#
n=6 n=06 n=6 n=>5
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3.3.1 lentelés tesinys

TRPM6 (DV)

KP

DP

KS

DS

2 val. | Kontroliné

grupé

0,050 + 0,0003
n=92

0,052 + 0,0003#
n=105

0,054 £+ 0,0006
n=~65

0,055 £+ 0,0005#
n=43

ISL grupé

0,092 £ 0,0006*
n=9

0,098 £+ 0,0008%*#
n=19

0,098 = 0,0007*
n=12

0,107 £ 0,0003*#
n=12

12 val.| Kontroliné

grupeé

0,072 +0,0004
n=20

0,076 = 0,0004#
n=062

0,078 £0,0002
n=731

0,080 £ 0,0002#
n=16

ISL grupé

0,136 +£0,0013*
n==6

0,144 £ 0,0012*#
n=>5

0,147 £ 0,0009*
n==6

0,154 + 0,0009*#
n=>5

TRPM?7 (be DV)

2 val. | Kontroliné

grupe

0,069 + 0,0009
n=159

0,083 + 0,0005#
n=103

0,073 + 0,0005
n=>50

0,092 + 0,0009#
n=20

ISL grupé

0,098 £+ 0,0009*
n=9

0,113 £0,0004*#
n=22

0,109 £ 0,0008*
n=7

0,120 + 0,0002*#
n=>5

12 val.| Kontroliné

grupeé

0,115 +0,0009
n=>56

0,120 £ 0,0011#
n=33

0,119 +0,0009
n=233

0,135 £+ 0,0005#
n=230

ISL grupé

0,149 £+ 0,0004*
n=7

0,164 + 0,0009*#
n=>5

0,163 £0,0013*
n==6

0,180 + 0,0005*#
n=7

TRPMG6 (be DV)

2 val. | Kontroliné

grupé

0,032 +0,0006
n=230

0,036 = 0,0006#
n=101

0,037 + 0,0006
n==62

0,037 £ 0,0004#
n=21

ISL grupé

0,068 £+ 0,0005*
n=7

0,076 £ 0,0004*#
n=18

0,079 £+ 0,0005*
n=14

0,084 £ 0,0007*#
n==o6

12 val.| Kontroliné

grupeé

0,043 +0,0003
n=66

0,053 £+ 0,0005 #
n=>53

0,059 = 0,0008
n=>57

0,066 + 0,0005#
n=232

ISL grupé

0,107 £ 0,0012*
n==6

0,116 = 0,0008*#
n=17

0,121 £0,0016*
n==6

0,130 £ 0,0012*#
n=>5

Kontroliné grupé — pacientai, kuriems nebuvo diagnozuota i¥meminé §irdies liga; ISL
grupé — pacientai, kuriems buvo diagnozuota iSeminé Sirdies liga. DV — dvivalenciai
katijonai; n— lasteliy skaiCius; KP — kairysis priesirdis; DP — deSinysis prieSirdis; KS —
kairysis skilvelis; DS — deginysis skilvelis. * p < 0,05 ISL grupé lyginant su kontroline grupe
# p < 0,05 desinioji Sirdies pusé lyginant su kairigja Sirdies puse. Skaitinés reik§més (vidurkis
+ SEM) pateiktos sutartiniais vienetais (s.v.).

Nustagius, kad izoliuotuose ISL sergan¢iy pacienty kardiomiocituose yra
padidéjusi zyméty TRPM6 ir TRPM7 SKB imunofluorescencija, toliau pati-
krinome ar pacienty, serganciy $ia liga, audiniy homogenatuose taip pat yra
didesnis tiriamy baltymy kiekis. IS duomeny, pateikty 3.3.2 pav. (A, B) ir
3.3.2 lenteléje, matyti, kad ISL serganéiy pacienty Sirdies méginiy homoge-
natuose buvo aptikti didesni TRPM6 ir TRPM7 SKB kiekiai.
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3.3.2 pav. Kiekybinis Zzmogaus Sirdies audiniy TRPM6 ir TRPM7 SKB
jvertinimas, kai buvo ir nebuvo diagnozuota iSeminé sirdies liga

Stulpelinése diagramose pateikti Sirdies audiniy homogenaty kontrolinés grupés (n = 3-16,
neuzpildyti stulpeliai) ir ISL serganéiy pacienty grupés (n = 3-31, uzpildyti stulpeliai)
TRPM6 (A) ir TRPM7 (B) SKB kiekiai, nustatyti ELISA tyrimo metodu (zr. Metodika,
2.5 poskyris). KP, DP, KS ir DS Zyméjimai atitinka zmogaus $irdies kairiojo priesirdzio,
desiniojo priesirdzio, kairiojo skilvelio ir desiniojo skilvelio audinius. * p < 0,05 ISL grupé
lyginant su kontroline grupe; # p < 0,05 deSinioji Sirdies pusé lyginant su kairigja Sirdies
puse.

3.3.2 lentelé. Kontrolinés ir ISL grupés pacienty Sirdies audiniy TRPM6 ir
TRPM7 SKB raiskos skaitinés reiksmés, nustatytos ELISA metodu

TRPM7 KP DP KS DS
Kontroliné | 618,76 19,73 | 980,99 + 55,65# 712,05 +£29,92 821,75+ 35,14
grupé n=3 n=16 n=13 n=>5
ISL grupé | 889,69 +9,90% | 1470,81 +47,51%# |1125,87 +22,80*| 1318,35 + 52,23*#

n=3 n=31 n=12 n=>5

TRPM6
Kontroliné | 174,57 + 14,16 | 276,49 = 17,25# 248,66 + 8,07 281,73 £8,31
grupe n=3 n=16 n=13 n=>5
ISL grupé | 228,47 £11,26 | 337,45+ 12,91%# | 302,88 £9,33% | 363,68 + 16,48*#

n=3 n=31 n=12 n=>5

Kontroliné grupé — pacientai, kuriems nebuvo diagnozuota i¥meminé §irdies liga; ISL
grupé — pacientai, kuriems buvo diagnozuota iSeminé Sirdies liga. KP, DP, KS ir DS
zyméjimai atitinka zmogaus Sirdies kairiojo prieSirdzio, deSiniojo priesirdzio, kairiojo
skilvelio ir deSiniojo skilvelio audinius. Skaitinés reikSmés (vidurkis £ SEM) isreikstos
pg/ml; * p < 0,05 kontroliné grupé lyginant su ISL grupe; # p < 0,05 deginioji Sirdies pusé
lyginant su kairigja Sirdies puse.
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Be to, mes jvertinome ar tiriamy SKB kiekis priklausé nuo KS vietos, i$
kurios buvo paimtas audinio méginys (epikardo lyginant su endokardu).
Nustatéme, kad abiejy, TRPM6 ir TRPM7, SKB koncentracija buvo statistis-
kai patikimai (p < 0,05) didesné tuose homogenatuose, kurie buvo paruosti i§
subepikardinés Sirdies dalies (324,33 = 22,22 pg/ml ir 1313,75 + 15,81 pg/ml,
atitinkamai; n = 3) lyginant su subendokardine dalimi (256,76 + 19,24 pg/ml
ir 1114,80 + 23,96 pg/ml, atitinkamai; n = 3).

Kaip jau minéjome, Siuo metu literatiiroje néra publikuoty duomeny apie
histologiniy pjiviy TRPM?7, ir ypa¢ TPRM6, SKB raiska susijusig su Sirdies
patologiniais pakitimais. Misy gauti rezultatai (zr. 3.1.3 pav.) pirmg kartg
pademonstravo [203], kad abu SKB yra aptinkami abiejuose priesirdziuose ir
skilveliuose, kurie buvo disektuoti i§ eksplantuoty Sirdziy, kontrolinés grupés
pacienty (autoivykiy aukos). Palyginimui taip pat jvertinome, kaip keiciasi
ISL ir PV serganéiy pacienty histologiniy pjaviy TRPM6 ir TRPM7 $KB
raiSka. Tyrimus atlikome naudojant pirminius antikiinus prie§ TRPMG6 ir prie$
TRPM7, taikant chromogening (3.3.3 pav.) ir fluorescencine (3.3.4 pav.)
imuning reakcija (zr. Metodika, 2.8 poskyris). Kaip pademonstruota
3.3.3 pav.,, ISL serganéiy pacienty histologiniuose pjiviuose, taikant
imunohistocheminj metoda (chromogeniné imuniné reakcija) yra matomas
intensyviai rudas pigmentas. Tai demonstruoja, kad abu zyméti SKB, TRPM6
ir TRPM7, yra gausiai aptinkami visy keturiy Zmogaus Sirdies daliy
kardiomiocity vidulgsteliniy organeliy membranose. Kaip jau min¢jome,
literatiiros Saltiniy duomenimis dauguma S§iy kanaly yra aptinkami
vidulasteliniy vezikuliy membranose [17]. Analizuojant ISL serganéiy
pacienty Sirdies miokardo audinius, pastebéti tam tikri miokardo lasteliy
morfologiniai pokyc¢iai: kardiomiocity hipertrofija, jy branduoliy padidéjimas
ir intersticing fibroze (3.3.3 pav., apatiné eiluté).
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TRPME (15L) TRPM7 (18L)

3.3.3 pav. Zmogaus kardtomtocztz; T RPM6 ir TRPM7 sKB razska
kai buvo diagnozuota iseminé sirdies liga

Histologiniai vaizdai iliustruojantys ISL serganéiy pacienty Sirdies audiniy TRPM6 (A, B) ir
TRPM7 (C, D) SKB raiska histologiniuose pjuviuose, naudojant chromogening imuning
reakcija (Zr. Metodika, 2.8 poskyris). Rudos spalvos pigmentai demonstruoja tiriamus SKB
zmogaus Sirdies KP, DP, KS ir DS audiniy Iastelése (x40 didinimas). Paskutinéje eilutéje
pateikti KS miokardo histologiniai vaizdai, demonstruojantys miokardo hipertrofija/degene-
racijg ir fibroze, naudojant dazymo btidg hematoksilinu ir eozinu (H ir E; kairéje) bei sirius
raudonuoju (desinéje) dazymo bida, atitinkamai (x20 didinimu ir kvadratu pazymétos srities
vaizdus). KP — kairysis priesirdis; DP — deSinysis priesirdis; KS — kairysis skilvelis; DS —
desinysis skilvelis. Mastelio briksnys atitinka 100 pm.
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Taip pat atlikome histologiniy vaizdy vertinimg naudojant fluorescencing
imuning reakcija ir kiekybiskai jvertinome TRPM6 ir TRPM7 SKB raiska.
3.3.4 pav. pateikti pavyzdiniai imunofluorescenciniai histotopogramy vaizdai,
iliustruojantys TRPM6 ir TRPM7 SKB raiskos poky¢ius isilginiuose DP pju-
viuose, naudojant kontroliniy ir Sirdies liga serganciy pacienty Sirdies megi-
nius. IS gauty fluorescenciniy histologiniy vaizdy matyti, kad naudojant
antikinus prie§ TRPM6 ir prieS TRPM7, buvo aptinkami abu TRPM6 ir
TRPM?7 $KB tick sveikoje (3.3.4 pav. A, B), tiek ISL pakenktoje (3.3.4 pav.
C, D) Zmogaus Sirdyje. Taip pat, kaip ir taikant chromogening imuning
reakcija, abu Zzyméti SKB yra nehomogeniskai pasiskirste kardiomiocity vidu-
lasteliniy organeliy membranose (3.3.4 pav., Zalia spalva), bet nedidé jy
raiSka aptinkama ir lgstelés plazminéje membranoje (3.3.4 pav., zr. baltos
rodyklés). Be to, ISL serganéiy pacienty Sirdies audiniy pjiviuose, skirtingai
nei kontrolinés grupés pacienty pjiviuose (3.3.4 pav., C, D lyginant su A, B),
buvo nustatyti morfologiniai poky¢iai, kaip kardiomiocity hipertrofija,
kardiomiocity branduoliy padidéjimas ir intersticiné fibrozé.
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3.3.4 pav. Zmogaus desiniojo priesirdzio kardiomiocity
TRPMG6 ir TRPM7 sKB raiska, kai nebuvo ir buvo diagnozuota iSeminé
Sirdies liga

Histologiniai vaizdai iliustruojantys skirtingy tiriamyjy pacienty grupiy Sirdies audiniy
TRPM6 ir TRPM7 SKB raiska isilginiuose histologiniuose pjaviuose, naudojant fluo-
rescencing imuning reakcija (zr. Metodika, 2.8 poskyris). (A, B) Kontrolinés grupés
pacientas (santykinai sveikas asmuo, autojvykio auka); (C, D) ISL grupés pacientas (klinidkai
diagnozuota ISL). Baltu kvadratu pazyméta sritis atitinka Zemiau esancioje eilutéje didesniu
masteliu pateiktus vaizdus. Alexa Fluor 488 (Zalia spalva) naudotas TRPM6 ir TRPM7 §KB
zyméjimui, Alexa Fluor 555 (raudona spalva) naudotas lasteliy membrany Zyméjimui su
WGA (angl. wheat germ agglutinin) ir Hoechst 33342 naudotas branduoliy dazymui (mélyna
spalva). Rodyklés rodo TRPM6 ir TRPM7 SKB raiskg plazminéje membranoje. Pastaba:
fluorescencijos intensyvumas buvo nustatytas taikant ,,aklg™ tyrimo vertinima (matuojant
fluorescencijg nebuvo zinoma, kokiai grupei buvo priskirtas tiriamas histologinis pjtvis).
Mastelio bruksnys atitinka 20 pm.
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3.3.5 pav. pateikti kiekybiniai Zzmogaus desSiniojo prieSirdzio pjuviy kont-
rolinés ir ISL grupés pacienty TRPM6 ir TRPM7 $KB imunofluorescencijos
Svytéjimo intensyvumo rezultatai, gauti i§ histotologiniy vaizdy. Atlikus
imunofluorescencinio Svytéjimo intensyvumo analize, kaip ir tikétasi,
nustatéme didesnj TRPM7 SKB fluorescencinj Svytéjimg lyginant su TRPM6.
Taip pat mes nustatéme statistiSkai patikimai didesnj imunofluorescencijos
$vytéjimo intensyvumg ISL serganéiy pacienty kardiomiocituose (1,9103 +
0,0421 s.v. ir 3,0121 + 0,0909 s.v., n = 20), lyginant su kontroliniy pacienty
kardiomiocity fluorescencija (1,6728 + 0,1160 s.v. ir 2,4442 + 0,0518 s.v.,
n = 15) TRPM6 ir TRPM7, atitinkamai.
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3.3.5 pav. Zmogaus desiniojo priesirdzio histologiniy pjiviy kardiomiocity
TRPMG6 ir TRPM7 sKB imunofluorescencijos intensyvumo kiekybinés
reiksmés, kai nebuvo ir buvo diagnozuota iseminé Sirdies liga
Stulpelinése diagramose pateikti kontrolinés ir ISL grupés pacienty kiekybiniai imunohisto-
loginiy zmogaus deSiniojo prieSirdzio pjuviy kardiomiocity Zzyméty TRPM6 (neuzpildyti
stulpeliai) ir TRPM7 (uzpildyti stulpeliai) SKB imunofluorescencijos §vytéjimo intensyvumo

rezultatai (zr. Metodai, 2.8 poskyris). * p <0,05 ISL lyginant su kontrole (n= 6-11).
Kiekybinés reikdmés (vidurkis £ SEM) pateiktos sutartiniais vienetais (s.v.).

Auksciau pateikti rezultatai atskleide, kad TRPM6 ir TRPM7 imunofluo-
rescencijos §vytéjimo intensyvumas buvo didesnis ISL sergandiy pacienty
izoliuotuose kardiomiocituose ir audiniuose. Be to, miisy gauti molekuliniy
tyrimy duomenys rodo kanalo raiSkos ir kanalo sroviy [14] atitikima, kai
nebuvo ir buvo diagnozuota ISL. Sie rezultatai taip pat leidzia teigti, kad tiek
TRPMS6, tick TRPM7 yra susije su ISL patogeneze.
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Kaip jau buvo minéta aukSciau, TRPM7 kanalai yra sietini su miofibro-
blasty diferencijacija ir fibroze [156]. Taip pat buvo nustatyta, kad
fibroblastuose per TRPM7 kanalus perneSamas Ca®’" srautas, drastiskai
padidéja PV serganciy pacienty lastelése [156]. Svarbu akcentuoti, kad
mokslingje literatiiroje yra vos kelios studijos [15, 23], susijusios su TRPM7
SKB, ir ypa¢ su TRPM6, raiskos pokyciy vertinimais sergant PV. Vis délto,
atliktose studijose apie TRPM6 [23] ir TRPM?7 [15] raiskos padidé¢jima, kai
yra PV, buvo sprendziama tik i§ rezultaty, gauty tiriant DP audiniy
homogenatus. Be to, histologiniy Sirdies pjuviy TRPM6 ir TRPM7 SKB
raiSka nebuvo pademonstruota [23, 201, 202]. Ankstesniuose tyrimuose buvo
vertinami histologiniai pjiviai dazyti su sirius raudonuoju (ir/ar su Kkitais
dazais) ir 1§ fibrozés pokycCiy uzlgsteliniame matrikse buvo daroma prielaida
apie galimg TRPM6 ar TRPM7 SKB raiskos padidéjima, kai buvo PV (Zr.
3.3.3 pav., apatin¢ eiluté), bet nenustatant TRPM6 ar TRPM7 SKB raiskos.

Todél, tolimesneje eksperimenty serijoje siekéme nustatyti ir jvertinti
nuolatiniu (permanentiniu) PV serganciy pacienty desiniojo priesirdzio histo-
loginiy pjuviy kardiomiocity TRPM6 ir TRPM7 SKB raiska. IS DP pjiiviy
histotopogramy, pateikty 3.3.6 pav., matyti, kad naudojant imunofluorescen-
cing imuning reakcija, tikrai buvo aptikta abiejy, TRPM6 ir TRPM7, raiska.
TRPM?7 SKB, lyginant su TRPM6, raiSka buvo didesné. Gauti rezultatai,
panasis kaip ISL atveju (2r. 3.3.4 pav. C ir D), t. y. didelé abiejy $KB raiska
vidulasteliniy organeliy membranose, bet maza kardiomiocito plazminéje
membranoje (zr. baltas rodykles).
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3.3.6 pav. Zmogaus desiniojo priesirdzio kardiomiocity TRPM6 ir TRPM7
SKB raiska, kai buvo diagnozuotas priesirdziy virpéjimas
Histologiniai skeriniy (A, B) ir i$ilginiy (C, D) pjiiviy vaizdai iliustruojantys PV serganciy
pacienty desiniojo prieSirdzio kariomiocity TRPM6 (A, C) ir TRPM7 (B, D) $KB raiska,
naudojant fluorescencing imuning reakcija (zr. Metodika, 2.8 poskyris). Baltu kvadratu
pazyméta sritis atitinka zemiau esancioje eilutéje didesniu masteliu pateiktus vaizdus. Alexa
Fluor 488 (Zalia spalva) naudotas TRPM6 ir TRPM7 §KB zyméjimui, Alexa Fluor 555
(raudona spalva) naudotas lgsteliy membrany zyméjimui su WGA ir Hoechst 33342 nau-

dotas branduoliy dazymui (mélyna spalva). Rodyklés rodo plazminés membranos TRPM6 ir
TRPM?7 $KB raiska. Mastelio briik$nys atitinka 20 um.

Taigi, taikant imunohistocheminj metoda (tieck chromogening, tiek
fluorescencing imuning reakcijg) gauti histotopogramy vaizdai pirma kartg
patvirtino, kad TRPM6 ir TRPM7 SKB tikrai yra aptinkami Zmogaus Sirdyje,
kai yra ISL ir PV.
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Tolimesnéje eksperimenty serijoje, palyginimui buvo tiriami ir kiaulés Sir-
dies DP audiniai (3.3.7 pav.), kaip papildoma kontrolé, galimai, be 1étiniy Sirdies
ligy ir senatviniy poky¢iy, del kuriy gali pasikeisti vertinamy SKB raiSka.

A = TRPmé -~ |B TRPM7 C. 'TRPM6. ' BD. TRPM7 . *
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3.3.7 pav. Kiaulés desiniojo priesirdzio kardiomiocity
TRPMG6 ir TRPM7 SKB raiska

Histologiniai vaizdai iliustruojantys kiaulés deSiniojo prieSirdzio kardiomiocity TRPM6 ir
TRPM?7 $KB raiska, naudojant imunohistocheminj dazymo btida (zr. Metodika, 2.8 posky-
ris). (A, B) pateikti skerspjiviy vaizdai ir (C, D) pateikti iSilginiy pjaviy vaizdai. Baltu
kvadratu pazyméta sritis atitinka zemiau esancioje eilutéje didesniu masteliu pateiktus
vaizdus. Alexa Fluor 488 (Zalia spalva) naudotas TRPM6 ir TRPM7 $KB zyméjimui, Alexa
Fluor 555 (raudona spalva) naudotas lgsteliy membrany zyméjimui su WGA ir Hoechst
33342 naudotas branduoliy dazymui (mélyna spalva). Rodyklés rodo TRPMG6 ir TRPM7 $KB
raiskg plazminéje membranoje. Pastaba: fluorescencijos intensyvumas buvo nustatytas taikant
,»akla“ tyrimo vertinima (matuojant fluorescencija nebuvo Zinoma, kokiai grupei buvo pri-
skirtas tiriamas histologinis pjuvis). Mastelio briksnys atitinka 20 pm.
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Sie imunohistocheminiu metodu gauti fluorescenciniai vaizdai patvirti-
na, kad kiaulés, kaip ir Zmogaus, Sirdyje yra aptinkamas TRPM6 SKB.
Imunofluorescencijos §vyté¢jimo intensyvumo analize atskleidé, kad TRPM6
SKB raiska buvo pastebimai mazesné lyginant su TRPM7 SKB raiska.

3.3.8 pav. pateikti kiaulés ir Zmogaus DP audiniy kardiomiocity (A) ir
izoliuoty kardiomiocity (B) TRPMG6 (neuzpildyti stulpeliai) ir TRPM7 (uzpil-
dyti stulpeliai) SKB rezultatai, gauti taikant imunohistocheminj ir imunofluo-
rescencin} tyrimo metodus. Palyginamiesiems tyrimams buvo naudojami
kontroliniy ir PV serganciy pacienty bei kiaulés (santykinai sveiko gyviino)
DP meéginiai. Nustatyta, kad audiniy pjuviy (3.3.8 pav. A) ir izoliuoty
(3.3.8 pav. B) kardiomiocity TRPM6 ir TRPM7 SKB imunofluorescencijos
intensyvumas statistiSkai patikimai didesnis (p <0,05), kai buvo PV.
Skaitinés iy tyrimy reikSmes pateiktos 3.3.3 lentel¢je.
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3.3.8 pav. Zmogaus ir kiaulés kardiomiocity TRPMG6 ir TRPM7 SKB
imunofluorescencijos Svytéjimo intensyvumas

Stulpelinés diagramos demonstruoja kiekybinj TRPM6 ir TRPM7 $KB DP audiniy histologi-
niy pjiviy (A) ir izoliuvoty (B) kardiomiocity imunofluorescencijos intensyvuma kiaulés
(balti stulpeliai), kontrolinés grupés pacienty (pilki stulpeliai) ir PV grupés pacienty (juodi
stulpeliai) Sirdies méginiuose. Kontroling grupe sudaré pacientai, be Sirdies ritmo sutrikimy
(SR, sinusinis ritmas). Izoliuoti kardiomiocitai Zyméti taikant imunofluorescencinj metoda
(zr. Metodika, 2.10 poskyris). Audiniy pjiuviy kardiomiocitai buvo Zzyméti taikant
imunohistocheminj tyrimo metoda (zr. Metodika, 2.8 poskyris). * p < 0,05 PV lyginant su
SR; # p < 0,05 SR ar PV lyginant su kiaulés kardiomiocitais. Kiekybinés reik§més (vidurkis
+ SEM) pateiktos sutartiniais vienetais (s.v.).
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3.3.3 lentelé. Zmogaus ir kiaulés desiniojo priesirdzio audiniy histologiniy
pjuviy ir izoliuoty kardiomiocity TRPM6 ir TRPM7 SKB imunofluorescen-
cijos Svytéjimo intensyvumo skaitinés reikSmés

IHC Kiaulé SR PV

TRPM6 0,0059 + 0,0009 0,0078 = 0,0010 0,0107 £ 0,0007*
n=9 n=14 n=11

TRPM7 0,0083 + 0,0002 0,0095 + 0,0004# 0,0110 + 0,0004*
n=12 n=18 n=19

IF

TRPM6 0,0255 £ 0,0022 0,0705 £ 0,0023# 0,0908 + 0,0008*
n=7 n==6 n=17

TRPM7 0,1149 +0,0020 0,1308 + 0,0003# 0,1427 £ 0,0023*
n=12 n=4 n=12

IHC — imunohistochemija; IF — imunofluorescencija; SR — sinusinis ritmas; PV — priesirdziy
virpéjimas; n — kardiomiocity ar audiniy pjtiviy vaizdy skaicius; * p < 0,05 PV lyginant su SR;
#p <0,05 SR lyginant su kiaulés kardiomiocitais. Skaitinés reik§més (vidurkis = SEM)
pateiktos sutartiniais vienetais (s.v.).

I§ gauty rezultaty matyti, kad nepriklausomai nuo taikyto tyrimo metodo
(audiniy imunohistocheminio ar izoliuoty lgsteliy imunofluorescencinio), PV
serganciy pacienty kardiomiocity TRPM6 ir TRPM7 SKB fluorescencijos
Svytéjimo intensyvumas buvo statistiSkai patikimai didesnis lyginant su
kontrolinés grupés pacienty ar kiaulés Sirdies lastémis. Tai rodo, kad TRPM6
ir TRPM7 yra susije¢ su PV patogeneze.

Svarbu paminéti, kad SN serganéiy pacienty §irdies histologiniy pjiiviy
SKB fluorescencijos intensyvumo kiekybinis vertinimas yra maziau tikslus,
kadangi Zyméto baltymo imunofluorescencija (3.3.9 pav., Zalia spalva) aptin-
kama ne tik kardiomiocituose (3.3.9 pav., baltos rodyklés), bet ir jvairiose
uzlgstelinése stuktiirose (3.3.9 pav., geltonos rodyklés). Skirtinguose audiniy
pjuviy preparatuose kardiomiocity uzimamas plotas ir uzlgstelinio matrikso
plotas buvo nevienodas. Gauti rezultatai rodo, kad kai yra Sirdies patologinis
pakitimas jvyksta tiek kardiomiocity, tiek uzlgstelinio matrikso strukttry
morfologiniai pokyciai ir TRPM7 SKB raiska, o taip pat ir TRPM6 (neiliust-
ruota), yra aptinkama tiek kardiomiocituose, tiek uzlgstelinése struktiirose.
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3.3.9 pav. Morfologiniai Zzmogaus desiniojo priesirdzio kardiomiocity

ir uzlgstelinio matrikso pokyciai, kai yra sirdies nepakankamumas
Histologiniai vaizdai iliustruojantys SN serganéiy pacienty desiniojo priesirdzio TRPM7
SKB raiska, naudojant imunohistocheminj metoda (fluorescenciné imuniné reakcija; Metodi-
ka, 2.8 poskyris). Baltu kvadratu pazyméta sritis atitinka zemiau esancioje eilutéje didesniu
masteliu pateiktus vaizdus. Alexa Fluor 488 (Zalia spalva) naudotas TRPM7 $KB zyméjimui,
Alexa Fluor 555 (raudona spalva) naudotas lasteliy membrany zyméjimui su WGA ir
Hoechst 33342 naudotas branduoliy dazymui (mélyna spalva). Pastaba: kardiomiocity kon-
tiras buvo pazymétas su WGA. Taciau $is dazas taip pat Zymi ir kity lasteliy (pvz. kapiliary)
struktiiras. Baltos rodyklés rodo kardiomiocitus, geltonos rodyklés rodo uZlgstelines
struktiiras. Mastelio briksnys atitinka 100 pm.

Taigi, galime teigti, kad mums pavyko pirma kartg identifikuoti Sirdies
histologiniy vaizdy kardiomiocity TRPM6 ir TRPM7 SKB raiska ir pade-
monstruoti $iy baltymy raiSkos padidéjima, atsiradusj dél 1étiniy Sirdies ligy.

3.4. Mg**-jautrios srovés poveikio Sirdies elektriniams veikimo
potencialams tyrimai

Vertinant TRPM6 ir TRPM7 kanaly funkcija, ankstesniais tyrimais
jrodyta, kad Sirdyje Sie kanalai yra pralaidiis Ca®" ir Mg?* katijonams [12].
Taip pat buvo iskelta prielaida, kad DV katijonai, patenkantys per $iuos
kanalus | lastelés vidy, membranos ramybés potencialo (RP) metu gali
pakeisti vidulgsteline jonine koncentracijg [8]. Kita vertus, Mg**-jautrios
TRPM6- ir TRPM7-panasios srovés poveikis kardiomiocity elektriniam ak-
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tyvumui néra isaiskinta. Tikétina, kad vienvalenciy jony tekéjimas is 1gstelés
per TRPM6- ir TRPM7-panaSius kanalus nulemia VP teigiamy membranos
potencialy srityje. Iki $iol, dar néra tirta Mg®'-jautrios TRPMG6- ir
TRPM7-panasios srovés poveikis kardiomiocity VP, kurie yra svarbiis Sirdies
sujaudinimo-susitraukimo procese. Todé¢l néra aisku, kokj poveikj Sirdies VP
formavimui gali turéti Sios srovés pokyciai. Tokiems tyrimams atlikti,
tikslingai buvo pasirinkti kiaulés $irdies kardiomiocitai dél maZesnio K*
sroviy poveikio VP repoliarizacijai, kadangi juose néra trumpalaikés
iSeinancios K" jony srovés (angl. transient outward current) [208, 209], kuri
inicijuoja ankstyvaja VP repoliarizacijos faze.

Siame tyrimy etape, norédami nustatyti TRPM6- ir TRPM7-panasios sro-
vés poveik] kardiomiocity elektriniam aktyvumui, registravome bendrg srove
(angl. total) naudodami visos lastelés fiksuotos jtampos (angl. whole-cell
voltage-clamp) metoda, o RP ir VP registravimui naudojome fiksuotos sroves
(angl. current-clamp) metoda. Mg?*-jautri srové buvo registruojama taikant
simetrinj pjiiklinj protokolg (zr. Metodai, 2.11 poskyris). Eksperimentai buvo
atlikti naudojant vidulgstelinius ir iSorinés perfuzijos tirpalus su K* jonais,
36 °C temperatiiroje. Miisy atliktuose eksperimentuose, Igstelés buvo perfu-
zuojamos tiek su fiziologine Mg?* koncentracija ([Mg?*]is = 0,9 mM), tiek su
didele, t.y. astuonis kartus padidinta Mg>" koncentracija ([Mg*']is =
7,2 mM), kuri, kaip buvo anks¢iau nustatyta [12], sukelia visiska bet kurios
aktyvuotos Mg?"-jautrios srovés blokavima. Lasteliy dializei buvo naudojami
vidinés perfuzijos tirpalai, kurie blokuoja ([Mg**]v = 0,8 mM) arba aktyvuoja
([Mg*]y= 0 mM) Mg*-jautrig srove (3.4.1pav., A ir D, atitinkamai).
[Mg?']v-blokuojamos srovés kreivé (3.4.1 pav., B ir E) buvo paskaiciuota,
kaip skirtumas tarp srovés-jtampos priklausomybés kreiviy, uzregistruoty
prie 0,9 mM [Mg*']is ir 7,2 mM [Mg*'Jis.

Tuo atveju, kai lasteliy dializei buvo naudojamas vidinés perfuzijos tirpa-
las su fiziologine Mg?" koncentracija ([Mg?']v = 0,8 mM), kaip parodyta
3.4.1 pav. (A), tai Mg?**-jautriis kanalai nebuvo aktyvuojami, nes vidulaste-
linis Mg*" slopino $iy kanaly aktyvumg. UZregistruota srovés-jtampos pri-
klausomybés kreivé rodo didele ] lastele tekancig srove, kuri atitinka
vidinio-i§lyginimo (angl. inward-rectifier) K* srove (Ix1) neigiamy membran-
os potencialy srityje (=75 mV). Taciau teigiamy membranos potencialy
srityje §i sroveés-itampos priklausomybés kreivés forma buvo plokscia (angl.
flat) ir tai rodo, kad i$ Iastelés tekanti srové yra itin mazos amplitudés. Misy
eksperimentuose [Mg**]is padidinimas iki 7,2 mM nepakeité srovés-jtampos
priklausomybés kreivés formos. Tai rodo, kad fiziologinémis salygomis
padidinta [Mg?']is neturéjo poveikio nei ki srovei, nei Mg?*-jautriai srovei
(3.4.1 pav. B).
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3.4.1 pav. Mg**-jautrios srovés poveikis Sirdies veikimo potencialams
Charakteringi pavyzdziai sroviy, uzregistruoty naudojant pjuklinj protokoka (zr. Metodika,
2.11 poskyris), Igstelése dializiuotose su 0,8 mM [Mg?*], (A) arba su = 0 mM [Mg?'], (D) ir
iSoriskai perfuzuotose fiziologiniais tirpalais, kuriuose buvo 0,9 mM [Mg?'];; arba 7,2 mM
[Mg?'is. [Mg?]i-jautrios srovés (B, E), paskai¢iuotos kaip sroviy skirtumai tarp 0,9 mM
[Mg?']is ir 7,2 mM [Mg?"]is i§ duomeny pateikty A ir D dalyse. VP (C, F) uzZregistruoti tose
paciose lastelése, kaip ir A, D.

Taciau, kai lgsteliy dializei buvo naudojami vidinés perfuzijos tirpalai be
Mg** ([Mg*]v= 0 mM), kaip parodyta 3.4.1 pav. (D), buvo sukeliamas
laipsniskas Mg?-jautriy kanaly aktyvavimas [12]. Pastaroji salyga, kaip
Zinoma, dél Mg?* , issiplovimo* (sumaZzéja [Mg>']v) lastelés dializés metu,
paSalina vidulastelinio Mg?" sukelta kanalo inhibicija. Siuo atveju
sroves-jtampos priklausomybés kreive, taip pat kaip dializuojant Igstele su
[Mg>']is, rodo, kad yra Ixi srové neigiamy potencialy srityje. Tagiau, kaip
parodyta 3.4.1 pav (D), dializuojant lastele su vidiniu tirpalu be Mg?*, prie
teigiamy membranos potencialy laipsniskai iSsivysté didelé iSorinio-iSlygi-
nimo srové (angl. outward-rectifying current). Si i iSore islygintos srovés
komponenté teigiamy potencialy srityje buvo blokuojama esant padidintai
[Mg**]is (7,2 mM) ir tai, galimai, patvirtina Mg?*-jautrios srovés dalyvavima
tame procese. 1§ 3.4.1 pav. (E) matyti, kad Mg*'-jautrios srovés kreivé,
paskaiciuota, kaip srovés-jtampos priklausomybés kreiviy skirtumas (uzre-
gistruoty perfuzuojant su 0,9 mM ir 7,2 mM [Mg**]i), turi j iSore i§lygintos
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sroves savybes, kuriomis pasizymi ir TRPM6 bei TRPM7 srovés (3.4.1 pav.,
E).

Uzregistravus visos lastelés sroves fiksuotos-itampos metodu, toliau toje
pacioje lasteléje buvo registruojami VP (3.4.1 pav., C ir F) fiksuotos srovés
metodu. Tuo tikslu, stiprintuvas buvo perjungiamas i§ ,,voltage-clamp*
registravimo biisenos ] ,,current-clamp‘ registravimo biiseng. Nustatyta, kad
abiejose lgsteliy grupése (dializuotose su 0,8 mM [Mg*']y ar su =0 mM
[Mg?*]v) nebuvo gautas statistiskai patikimas RP reik§miy skirtumas, kuris
taip pat nepakito padidinus [Mg*]s nuo 0.9mM iki 7,2mM (Zr.
3.4.1 lentel¢).

3.4.1 lentelé. RP ir VPT skaitinés reiksmés nustatytos kiaulés sirdies skilvelio
lgstelese, dializuotose su 0,8 mM [Mg®*]vir ~ 0 mM [Mg*"]\, kai perfuzuo-
jama su fiziologiniu Tyrode tirpalu (0,9 mM [Mg’*]i) ar su padidintu iki
7,2 mM [Mg*"]is

0,8 mM [Mg*]y(n=9) ~ 0 mM [MgZ]y(n = 10)

0,9 mM [Mg?*]is | 7,2 mM [Mg*]ic | 0,9 mM [Mg?*']i | 7,2 mM [Mg*]is
RP (mV) -79,9+2,6 —-81,0+2,1 -784+2,8 77,4 +3,7
VPT30 (ms) 1455+ 14,5 136,5 £ 15,1 1004 + 14,8 143,6 +19,9*
VPTs (ms) | 216,6 % 19,6 196,6 21,0 145,6 + 16,1 189.8 + 22 4%
VPTo (ms) | 238,0 % 48,0 231,0 + 46,0 1780+ 142 | 2252+213%

RP — ramybés potencialas; VPT — veikimo potencialo trukmé. VPT matuota esant 30 proc.,
50 proc. ir 90 proc. repoliarizacijai (atitinkamai, VPT3p, VPTso ir VPTy). Pastaba: Zenklus
VPT pailgéjimas Igstelése dializuotose su ~ 0 mM [Mg?'],, kai iSoriskai perfuzuojama su
padidinta [Mg?*];;. Stimuliacijos daznis: 1 Hz. * p < 0,05 (n = 9-10).

Visumoje, perfuzuojant kardiomiocitus su fiziologiniu Tyrode tirpalu,
kuriame buvo 0,9 mM [Mg?']i, kaip parodyta 3.4.1 pav. (C ir F), registruo-
jami VP buvo trumpesni tose lastelése, kurios buvo dializuojamos su vidiniu
tirpalu be Mg?* (3.4.1 pav. F lyginant su 3.4.1 pav. C, juodos kreivés). Tadiau,
[Mg**]is padidinimas iki 7,2 mM turéjo skirtingg poveikj VPT: lgstelése
dializuojamose be Mg?* sukélé Zenkly VPT padidéjima (3.4.1 pav. F, mélyna
kreivé), tuo tarpu lgstelése dializuojamose su Mg** uzregistruoty VP trukmé
beveik nepasikeité (3.4.1 pav. C, mélyna kreivé).

3.4.2 pav. pateikti kiekybiniai VPT duomenys, gauti taikant skirtingas
eksperimentines sglygas, kai kardiomiocitai buvo dializuojami su 0,8 mM
[Mg**]v (3.4.2 pav. A) arba su 0 mM [Mg**]y (3.4.2 pav. B). Lastelése diali-
zuojamose su fiziologine [Mg?*]v, nebuvo nustatytas statistiikai patikimas
VPT skirtumas tarp kardiomiocity i$oriskai perfuzuoty su 7,2 mM [Mg**]is
lyginant su 0,9 mM [Mg**]ix (p >0,05; n=9; zr. 3.4.1 lentel¢). Priesingai,
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Igstelése dializuojamose su vidiniu tirpalu be Mg?*, [Mg**]is padidinimas iki
7,2 mM sukelé zymy VPT padidéjima (p < 0,05; n = 10; zr. 3.4.1 lentele).

A [Mg*], = 0,8 mM B [Mg=], = 0 mM
300+ 300
*
*
- 200 @ 200+ *
= £
- -
o o
= 100+ > 100-
. D_
VPTso VPTso VPTeo VPTs VPTso VPTeo
[mo9Mgl. W72 Mg | | M09 Mg} W7.2[Mg™ls

3.4.2 pav. Kiekybinis Mg**-jautrios srovés poveikio VP trukmei jvertinimas
Lastelés dializuotos atitinkamai su 0,8 mM [Mg?], (A) arba 0 mM [Mg?], (B) ir iSoriskai
perfuzuotos su 0,9 mM [Mg?']is (juodi stulpeliai) ir 7,2 mM [Mg*' i (mélyni stulpeliai). VPT
matuotas esant 30 proc., 50 proc. ir 90 proc. repoliarizacijai (atitinkamai, VPTsy, VPTs ir
VPTyy). Pastaba: statistiSkai patikimas VPT padidé¢jimas buvo nustatytas lastelése
dializuotose su 0 mM [Mg?*]s, kai iSoriskai perfuzuojama su padidinta [Mg?'];;. Stimuliacijos
daznis: 1 Hz. * p < 0,05 (n =9-10).

Kadangi, dializuojant kardiomiocitus su 0,8 mM [Mg>]v ir iSoriskai
perfuzuojant su padidinta (7,2 mM) [Mg?*]is beveik nebuvo pastebimy VPT
poky¢iy, buvo padaryta prielaida, kad, galimai, vyksta du prieSingi bet vienas
kitg atsveriantys 7,2 mM [Mg*']i poveikiai, létai L-tipo Ca®" (Icar) ir Ik
srovéms, atspindintys IcaL ir /x slopinan¢iy poveikiy pusiausvyrg repolia-
rizacijai [210].

Apibendrinant, miisy tyrimai atskleidé, kad Mg?*-jautri srove, kuri yra
aktyvuojama dializuojant Igstele su 0 mM [Mg*']y ir blokuojama su 7,2 mM
[Mg?*]ss, turi poveikj veikimo potencialams. Todél tikétina, kad tokiomis ap-
linkybémis Mg?*-jautri srové gali nulemti VPT poky¢ius, jei [Mg?*]v jautru-
ma sumazina reguliaciniai veiksniai (Sio tyrimo metu netirti). IS kitos pusés,
esant fiziologinei vidulgstelio Mg®" koncentracijai (0,8 mM), Mg**-jautri
srove, tekanti per TRPM6- ir TRPM7-panasius kanalus, galimai, neturi
poveikio Sirdies VPT, kadangi Mg**-jautri srové yra blokuojama su [Mg**]y.

Be to, Siame tyrime parodéme, kad TRPM6 ir TRPM?7 kanaly aktyvumas
yra moduliuojamas priklausomai nuo DV katijony koncentracijos ekstralgste-
liniuose tirpaluose. Taigi, Mg*'-jautrios srovés poveikis veikimo
potencialams gali skirtis priklausomai nuo ekstralastelinés DV katijony
homeostazeés.
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4. REZULTATU APTARIMAS

4.1. Sirdies TRPM6 ir TRPM?7 kanaly
baltymy raiskos vertinimas

Atliktais tyrimais galime patvirtinti, kad TRPM6 ir TRPM7 $KB raiska
yra aptinkama zmogaus Sirdies visy keturiy daliy, abiejy prieSirdziy ir skil-
veliy Iastelese. Iki Siol literatiiroje buvo galima rasti tvirty jrodymy tik apie
Sirdies audiniy, jskaitant prieSirdziy ir skilveliy kardiomiocity, laidZiosios
Sirdies sistemos Igsteliy ir fibroblasty TRPM7 SKB raiska [2]. TRPM?7 taip
pat buvo aptikti vainikiniy kraujagysliy ir periferinés kraujagysliy sistemos
endotelio Igstelése, bei lygiyjy raumeny lastelése [211]. Taciau nuomoné dél
Sirdies TRPM6 baltymo raiskos yra gin€ytina. Mokslings literatiiros duome-
nimis, $iuo metu nustatyta tik inksty, placentos ir Zarnyno epitelio lasteliy
TRPM6 SKB raiska [6, 65]. Be to, néra jokiy ziniy apie galimag visy keturiy
zmogaus Sirdies daliy (priesirdziy ir skilveliy) TRPM6 ir TRPM7 SKB raiska.
D¢l to, norédami nustatyti ir patvirtinti §iy zmogaus ir kiaulés Sirdies kanaly
baltymy raiska, naudojome daug skirtingy metody bei eksperimentiniy salygy
juy kokybiniam ir kiekybiniam jvertinimui. Pirmiausia, naudojant RT-PGR
metoda, identifikavome Zmogaus Sirdies prieSirdziy ir skilveliy Trpm6 ir
Trpm7 mRNR raiska. Be to, taikant ELISA metoda, patvirtinome TRPM®6 ir
TRPM7 SKB raiska Zmogaus Sirdies audiniy homogenatuose. Taikant
imunofluorescencijos metoda taip pat aptikome abiejy TRPM6 ir TRPM7 SKB
raiSkg visuose kardiomiocituose 1§ bet kurios zmogaus ar kiaulés Sirdies
dalies. Gauty imunofluorescenciniy rezultaty pagrindu buvo atlikti kardio-
miocity imunohistocheminai tyrimai. Histotopogramy duomenys taip pat
patvirtino skirtingy zmogaus ir kiaulés Sirdies daliy kardiomiocity TRPM®6 ir
TRPM?7 $KB raiska.

Informacija apie zmogaus Sirdies TRPM6 SKB raiSka tebéra labai negau-
si ir grindziama tik genetiniy tyrimy duomenimis gautais i§ DP audiniy [23].
Be to, informacija apie Zzmogaus DP audiniy 77pm6 mRNR raiska literatiiros
Saltiniuose buvo prieStaringa. Dviejuose tyrimuose nebuvo aptikta 7rpm6
mRNR raiska [15, 21], o viename tyrime Trpm6 mRNR buvo aptikta ir nusta-
tyta, kad raiSka didesn¢ PV serganciy pacienty DP homogenatuose [23].
Literattiroje taip pat néra genetiniy tyrimy duomeny, parodanciy skilveliy
Trpm6 raiska. Trpm6 raiska nebuvo aptikta SN serganéiy pacienty KS ir DS
homogenatuose [212] ir naudojant skirtingy linijiniy peliy Sirdies méginius
[22].

Svarbu paminéti, kad iki Siol néra jokiy publikuoty duomeny apie kiaulés
kardiomiocity TRPM?7 ir ypa¢ TRPM6 SKB raiska. Nors §io ekspeirmentinio
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gyvino Sirdies-kraujagysliy sistema [204] ir genetiné sudétis [205] yra artima
zmogaus genomui, taciau TRPM6 ir TRPM7 SKB raiska nebuvo nustatyta,
galimai, dél to, kad néra specifiniy antikiiny, skirty KB identifikacijai kiaulés
Sirdies Igstelése ir/ar audiniuose (Zr. Tyrimo trilkumai). Kita vertus, literatiiros
duomenimis, TRPM6 raiska aptikta tik pelés embriono Sirdyje [213], taikant
PGR ir in situ hibridizacijos metodus. Tieck TRPM6, tick TRPM?7 yra itin
svarbils organogenezéje. Dél to, néStumo metu pakit¢ hormony salygojami
procesai gali nulemti vaisiaus magnio homeostaze ir Sirdies TRPM kanaly,
ypa¢ TRPMS6, raiska [213]. Todél, mokslingje literatiiroje vyrauja nuomoné,
kad pilnai iSsivysciusioje Sirdyje TRPM6 kanaly 1§ viso néra ir/arba jie yra
neaktyviis (angl. silencing). TaCiau, neatmetama prielaida, kad jie gali
reaktyvuotis Sirdies ligy ar senéjimo metu.

Siame tyrime mes taip pat atlikome TRPM6 ir TRPM7 $KB raiskos
vertinimus tarp prieSirdziy ir skilveliy lasteliy bei Sirdies kairiosios ir desi-
niosios pusiy. Nustatéme, kad prieSirdziy ir skilveliy lasteliy TRPM6 ir
TRPM?7 SKB raiska nesiskyré, taciau ji buvo didesné deSiniojoje Sirdies
puséje lyginant su kairigja. Tyrime, kurj atliko Morine su kolegomis [212]
nepavyko aptikti SN serganciy pacienty KS ir DS audiniy Trpm6 ir Trpm7
mRNR raiskos. Vis délto, pelése, kurioms dirbtinai sukelta aortos koarktacija,
jiems pavyko pademonstruoti biventrikuling abiejy kanaly mRNR raiska
[212]. Naujausias tyrimas atliktas su linijinémis pelémis atskleidé skirtinga
keturiy pelés Sirdies daliy geny raiska. Buvo nustatyta, kad 7rpm4 ir Trpm7
geny raiSka ypac didelé prieSirdziuose, taciau Trpm6 genas nebuvo aptiktas
[214]. Svarbu pazyméti, kad geny aptikimas galimai yra maziau specifiSkas
nei kiti molekuliniai metodai (pvz., lasteliy imuninis Zyméjimas), kurie yra
skirti izoliuoty kardiomiocity raiSkos nustatymui, dél didesnio kity lasteliy
(ne kardiomiocity) priemaiSy (kraujagysliy lygiyjy raumeny ir endotelio
lasteliy, fibroblasty ir kt.). Taip pat yra duomeny, kad priesirdziy fibroblasty
TRPM kanaly raiska yra didesné lyginant su skilveliy raiska [215].

Vis délto, mes neturime paaiskinimo, kod¢l kinta skirtingy Sirdies daliy
TRPM6 ir TRPM7 SKB raiskos lygis. Kadangi Sie kanalai yra jautriis tempi-
mui, viena i§ priezas¢iy galéty biiti, kad skirtinga SKB raiska Sirdies dalyse
yra susijusi su skirtingu mechaniniu poveikiu, patiriamu Sirdies darbo metu.
Siame tyrime parodéme, kad skilveliy lastelés, patirianéios didesnj kriivj,
pasizymi Siek tiek didesne TRPM6 ir TRPM7 $KB raiska, nors skirtumas
lyginant su priesirdziy lastelémis néra statistiSkai patikimas. Remiantis Sia
prielaida, deSinioji Sirdies pusé patiria maziau kriivio, d¢l to TRPM6 ir
TRPM?7 SKB raiska Sioje Sirdies puséje turéty biiti mazesné. Taciau miisy
tyrimy duomenys rodo, kad biitent deSiniojoje Sirdies puséje nustatyta
didesné TRPM6 ir TRPM7 SKB raiska. Jei Sirdies darbo metu patiriamas
kriivis yra pagrindinis veiksnys, lemiantis TRPM6 ir TRPM7 SKB raiskos
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kiekybius pokycCius, tai raiSkos intensyvumas Sirdies dalyse turéty
pasiskirstyti tokia tvarka: KS, DS, KP ir DP.

Mokslingje literattiroje yra duomeny, kad TRPM6 ir TRPM7 kanalai gali
buti sudaryti i§ homomery, bet taip pat gali heteromerizuotis, sudarydami
TRPM6/7 kompleksus [65, 216, 217]. Homo- ir heteromeriniai kanalai tarpu-
savyje skiriasi tiek jony pralaidumu, tiek ir skirtingu jautrumu TRP kanaly
moduliatoriams [217, 218]. Ilga laika buvo manoma, kad TRPM6 kanalai
funkciskai aktyviais tampa tik komplekse su TRPM7 [65, 216]. Taciau misy
tyrime nustatyta skirtinga TRPM6 ir TRPM7 SKB raiSka ir tai, kad Siy
baltymy imunofluorescencinis signalas gali biti reguliuojamas prieSingomis
kryptimis (vieno sumaz¢jimas, o kito padidé¢jimas; Zr. zemiau), atskleidzia,
kad S$ie kardiomiocity kanalai gali sudaryti ne tik heteromerus, bet ir
homomerus. Be to, galimyb¢ biiti reguliuojamiems prieSinga ir/ar ta pacia
kryptimi taip pat yra jrodymas, kad miisy tyrimuose naudoti antikiinai yra
tinkami $iy dviejy skirtingy SKB aptikimui.

Apibendrinant galime teigti, kad zmogaus ir kiaulés kardiomiocity
TRPM6 ir TRPM7 $KB imunofluorescencinis §vytéjimas buvo aptiktas nau-
dojant antikiinus prie§ TRPM6 arba prie§ TRPM?7. Taciau, mes neaptikome
zymety TRPM6 ir TRPM?7 baltymy imunofluorescencijos signalo inkubuo-
jant kardiomiocitus be pirminio antikiino arba naudojant bluokuojancius
peptidus, kas leido jvertinti atitinkamai antrinio ir pirminio antikiino specifis-
kuma. Taigi, musy gauti duomenys pirmg kartg patvirtino, kad kardiomioci-
tuose tikrai yra TRPM6 kanalo baltymas. Mes taip pat pirmg karta nustatéme
zmogaus ir kiaulés Sirdies visy keturiy daliy kardiomiocity TRPM6 ir TRPM7
SKB raiska.

4.2. TRPM6 ir TRPM?7 kanaly baltymy raiska
moduliuojanciy veiksniy vertinimas

Gauti rezultatai atskleidé, kad jvairtis ekstralgsteliniai veiksniai (terpés
joniné sudétis, acidoz¢ ir TRP kanaly blokatoriai), sukelia nepriklausoma
zyméty TRPM6 ar TRPM7 baltymy imunofluorescencijos signalo kitimg. Be
to, misy tyrimy duomenys rodo atitikimg su elektrofiziologiniy tyrimy
duomenimis. Nustatyta, kad elektrofiziologiniy tyrimy metu visi auks¢iau
paminéti veiksniai moduliavo sroves, tekancias per TRPM6 ir TRPM7 kana-
lus tiek kardiomiocituose [12—15, 219], tiek kitose Sirdies lastelése [11, 78,
110, 156].

Misy tyrime nustatytas joninés terpés sudéties poveikis kardiomioci-
tams, inkubuotiems su DV katijonais (padidéjes TRPM6 ir TRPM7 imuno-
fluorescencijos Svytéjimas lgstelése, kaip parodyta 3.2.1 pav.), yra priesingas,
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nei anksCiau atliktuose tyrimuose, naudojant kitokio tipo Iasteles.
Inkubuojant chondrocitus terpéje, kurioje yra maza DV katijony koncent-
racija, buvo nustatyta padidéjusi Trpm7 geno raiska [220]. Taip pat panaSio-
mis eksperimentinémis sglygomis, j osteoblastus panaSiose lastelése, inku-
buotose terpéje, turin¢ioje mazai Ca*" ir Mg?>* katijony, buvo nustatytas
TRPM7, bet ne TRPM6, SKB raiSkos padidé¢jimas [221], o kriities vézio
epiteliniy lgsteliy inkubacija terpéje be Mg?* sukéleé TRPM6 $KB raiskos
padidéjimg [124]. Atsizvelgiant | TRPM6 ir TRPM7 kanaly vaidmenj,
atliekant Ca** ir Mg®" katijony pernasos funkcijg j Iasteles, $ie poky¢iai gali
buti interpretuojami kaip prisitaikantys procesai, skirti kompensuoti DV
katijony trikuma arba sumazejusj jy patekima j lasteles. Vis délto, lieka
neaisku, kodél musy tyrime TRPM6 ir TRPM7 SKB imunofluorescencijos
intensyvumas sumaz¢jo, o nepadidéjo, inkubuojant kardiomiocitus terpeje be
DV katijony. Taciau, kiti poky¢iai, kuriuos sukelia DV katijony pasalinimas
(pvz., vidulastelinis Na" pokytis, kuris didéja, kai néra DV katijony iSoriniuo-
se tirpaluose [222]) arba signaliniy keliy, susijusiy su $iy kanaly veikimu,
poky¢iai) gali nulemti minétus prisitaikymo procesus.

Nors miisy atliktame tyrime nebuvo tirtas mazos ir padidintos Mg>*
koncentracijos poveikis kardiomiocity TRPM6 ir TRPM7 SKB raiskai, kity
moksliniy tyrimy duomenimis, maZa ekstralastelinio Mg?" koncentracija
keicia kraujagysliy lygiyjy raumeny ir endotelio 1asteliy TRPM7 raiska. Pa-
vyzdziui, parodyta, kad zmogaus bambos venos endotelio Igsteliy (HUVEC,
angl. human umbicial vein endothelial cells) TRPM7 (bet ne TRPM6) raiska
buvo padidéjusi [223]. Tyr¢jai interpretavo, kad minéti poky¢iai, kaip paaiskinta
auksciau, atsirado dél prisitaikomumo. Taciau, tiriant zmogaus mikrovasku-
linés sistemos endotelio lasteles (HMVEC, angl. human microvascular endo-
thelial cells), buvo gauti prieSingi rezultatai (sumazéjusi TRPM7 raiska)
[224]. Siuo metu, minétiems skirtumams paaiskinimo néra, i§skyrus skirtinga
oksidacinio streso, kurj padidina maza [Mg*']s HUVEC, bet ne HMVEC
lastelése, poveikj [223]. Kalbant apie kardiomiocitus, reikia pazyméti, kad
skirtingai nuo endotelio lasteliy, jie aktyviai nesidaugina. Taigi, vidulasteli-
niai jony homeostazés pokyciai vykstantys kardiomiocituose, galimai, prisi-
deda palaikant kitokius procesus, lyginant su endotelio lgstelémis, kur
proliferacijos procesas vyksta ypa¢ aktyviai.

Miisy tyrime naudotos farmakologinés medZiagos (2-APB ir CAR), Zino-
mos kaip TRP kanaly aktyvumo moduliatoriai, sukélé prieSingg poveikij
imunodetektuoty TRPM6 ir TRPM7 SKB fluorescencijos Svytéjimo intensy-
vumui. Mes sgmoningai naudojome 500 uM 2-APB koncentracija, nes litera-
tiros duomenimis, biitent tokia koncentracija skirtingai veikia TRPM6 ir
TRPM7 kanaly aktyvuma: reikSmingai didina sroviy, tekanc¢iy per TRPM6
kanalus, tankj [11], bet mazina sroviy, tekanc¢iy per TRPM7 kanalus, tankj
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[164]. Musy duomenys apie 2-APB poveikj detektuoty TRPM6 ir TRPM7
SKB imunofluorescencijos $vyté€jimo intensyvumui, atitinka elektrofiziolo-
giniy tyrimy duomenis apie prieSingg poveikj Siems kanalams. Jdomu tai, kad
CAR, kaip ir 2-APB, taip pat kiekybiskai panasiai sumazino imunodetektuoto
TRPM7 SKB, bet akivaizdziai padidino TRPM6 SKB imunofluorescencijos
Svytéjimo intensyvuma. Taciau, kadangi néra duomeny, patvirtinan¢iy CAR
poveiki TRPM6-panaSioms srovéms, tekanCioms per TRPM6 kanalus,
neaisku ar taip pat egzistuoja atitiktis su elektrofiziologiniais duomenimis,
kaip buvo nustatyta su 2-APB.

Atliktas tyrimas taip pat parodé, kad lasteliy inkubacinés terpés riigsti-
nimas iki pH 5 irgi sukélé zyméty TRPM6 ir TRPM7 SKB imunofluores-
cencijos Svytejimo intensyvumo pokycius. Miisy nustatyti TRPM7 SKB imu-
nofluorescencijos $vytéjimo intensyvumo poky¢iai, atsirandantys dél ekstra-
lastelinés terpés riigstéjimo, yra tos pacios krypties, kaip ir TRPM7-panasios
sroves [ 14]. Elektrofiziologiniais tyrimais nustatyta, kad ekstralgstelinés terpés
rugstéjimas didina zmogaus DP kardiomiocity TRPM7-panaSias sroves, kai
iSorinés perfuzijos fiziologiniuose tirpaluose yra DV katijonai [14, 15], bet
mazina srovés amplitude¢ tirpaluose be DV katijony [12, 14]. Taciau, Siuo
metu néra jokiy elektrofiziologiniy tyrimy duomeny apie ekstralgstelinés
acidozés poveik] srovéems tekancioms per TRPM6 kanalus, kai iSorinés
perfuzijos tirpaluose néra DV katijony, todel tokia atitiktis taip pat nebuvo
nustatyta.

Apibendrinant galime teigti, kad jvairts ekstralasteliniai veiksniai, kaip
DV katijony homeostazés pokyc¢iai, acidoze ir TRP kanaly blokatoriai (2-APB ir
CAR), sukelia nepriklausomg zyméto TRPM6 ar TRPM7 baltymo imuno-
fluorescencijos signalo moduliacijg arba ta pacia, ar priesinga kryptimi (vieng
sumazina, o kitg padidinina). Tai leidZzia mums teigti, kad Sie kardiomiocity
kanalai tarpusavyje nesusij¢ ir gali funkcionuoti nepriklausomai.

4.3. TRPM6 ir TRPM?7 kanaly baltymuy raiskos pokyc¢iu,
kai buvo patologinis Sirdies pakitimas, vertinimas

Gauti rezultatai atskleidzia tyrimy duomeny atitikima tarp SKB raiskos ir
sroviy poky¢iy kai yra létiné Sirdies liga (ISL ir/ar PV). Pagal miisy laborato-
rijoje anksciau atlikty elektrofiziologiniy tyrimy su zmogaus DP kardiomio-
citais duomenis, létinés ISL ir PV atveju buvo stebimas TRPM?7-panasios
sroves tankio padidéjimas [14], kaip ir imunodetektuoty TRPM6 ir TRPM7
SKB raiska (zr. 3.3.1 pav.). Mazai tikétina, kad tiriamy SKB raiskos pokyc¢iy
skirtumas, nustatytas tarp kontrolinés (pacientai be ISL) ir ISL grupés
pacienty, buty paaiskintas nedideliu amziaus skirtumu tarp abiejy tiriamyjy
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grupiy. Tuo labiau, kad vertinant TRPM6 ir TRPM7 SKB raiska, gauta taikant
imunofluorescencijos ir ELISA metodus (Zr. 3.3.2 lentelg), tarp amziaus
grupiy (50—65 mety pacientai ir vyresni nei 65 mety pacientai) reikSmingas
skirtumas nenustatytas, kai buvo tirtos tos pa¢ios patologinés salygos (be ISL,
ar su ISL). Nustatytas didesnis TRPM6 ir TRPM?7 $KB raiskos lygis, sergant
letine ISL, iliko kiekvienoje amzZiaus grupéje. Tadiau, dél mazy amziaus grupiy
im¢iy butini papildomi tyrimai, siekiant patvirtinti, kad amZzius neturi
poveikio miisy tyrime nustatytai SKB raiskai.

Kitas Sirdies patologinis pakitimas, lemiantis TRPM7 $§KB raiska, yra
PV. Nustatyta, kad 7rpm7 mRNR ir/arba SKB kiekis yra padid¢jes PV
serganciy pacienty DP méginiy homogenatuose [15, 155] ir gyviiny modelyje
su SN [201]. Mes taip pat jvertinome létiniu PV serganéiy pacienty ir kiaulés
DP kardiomiocity zyméty TRPM6 ir TRPM7 SKB imunofluorescencijos
Svytéjimo intensyvuma imunohistocheminiuose preparatuose. J[domu tai, kad
abiem atvejais buvo aptiktas padidéjes imunofluorescencijos S$vytéjimo
intensyvumas lyginant su kontroline pacienty grupe (be PV). Be to, yra
atitiktis tarp imunofluorescencinio intensyvumo padidéjimo ir TRPM7-panasios
sroves pokycCiy, uzregistruoty elektrofiziologiniy tyrimy metodais [14, 15,
156]. Taciau, kalbant apie KS Trpm7 raiska, literatiiroje néra vieningos
nuomongs, nes kelios mokslininky grupés gavo skirtingus rezultatus: Trpm?7
mRNR raiSka buvo padidéjusi [202], sumazéjusi [24] ir visiSkai neaptikta
[212].

Vis délto, kardiomiocity TRPM6 ir TRPM7 kanaly vaidmuo Sirdies
patogenezei licka neaiskus. Sirdies fibroblasty TRPM7 kanaly aktyvumas yra
sietinas su uzdegimu, fibroze ir PV [156], o baltymo struktiiroje esantis fer-
mentiskai aktyvus kinazés segmentas gali atlikti arba apsauging [10], arba
destruktyvia funkcija [156]. Padidéjusi TRPM7 raiska Sirdyje taip pat siejama
su didesne rizika iSsivystyti skilvelinei aritmijai [202]. Remiantis kity tyréjy
tyrimais, atliktais naudojant neuronus, kuriuose TRPM?7 kanalai atlieka
tarpininko vaidmen;j tarp Ca®" antpliidzio ir lasteliy Ziities iSemijos metu
[100], galima teigti, kad panaSus mechanizmas gali veikti ir kardiomio-
cituose, tokiu biidu prisidedant prie lasteliy ziities dél miokardo iSemijos
ir/arba reperfuzijos. Uminés iSemijos poveikis kardiomiocity TRPM7 ir
TRPM6 SKB lieka nezinomas [201]. Taciau létinés iSemijos atveju, miisy
gauti tyrimy duomenys pirma kartg pademonstravo padidéjusia ISL serganéiy
pacienty kardiomiocity TRPM6 ir TRPM7 SKB raiska [203]. Vélgi, buvo
pastebétas gauty molekuliniy ir elektrofiziologiniy duomeny atitikimas.
Atlikto tyrimo metu buvo nustatyta padidéjusi SKB raiska ir Sie rezultatai dera
su misy laboratorijoje ankscCiau atlikty elektrofiziologiniy tyrimy duomeni-
mis apie padidéjusj ISL serganéiy pacienty kardiomiocity TRPM7-panasios
sroves tankj [14]. Kalbant apie reperfuzija, buvo nustatyta, kad ROS slopina
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kardiomiocity TRPM7 SKB raiSka [225]. PrieSingai, kita mokslin¢ grupé
nustaté¢ padidéjusia TRPM7 SKB raiskg ilgalaikio oksidacinio streso
salygomis [226].

Taigi, misy gauti tyrimy rezultatai patvirtina kity mokslininky pastebé-
jima, kad PV didina Zmogaus Sirdies audiniy TRPM6 ir TRPM?7 baltymy
raiSkg. Mes savo tyrimais pirmg kartg pademonstravome, kad 1étiné Sirdies
liga, tokia kaip ISL, taip pat padidino abiejy tirty baltymy raiska, o tai rodo,
kad TRPM6 ir TRPM7 yra susij¢ su Sirdies ir kraujagysliy ligy patogeneze.

4.4. Mg**-jautrios srovés poveikio Sirdies elektriniams
veikimo potencialams vertinimas

Mg?*-jautriy TRPM6 ir TRPM?7 kanaly vaidmuo Sirdyje dar néra pilnai
isaidkintas, ypa¢ dél abejotinos kardiomiocity TRPM6 raiskos. Siuo metu
Mg?"-jautrios srovés poveikis §irdies elektriniam aktyvumui néra Zinomas.
Mokslingje literatiiroje yra duomeny, kad neselektyviis Sirdies katijoniniai
kanalai gali prisidéti prie membranos RP palaikymo [227]. Tokiems neselek-
tyviems kanalams gali biiti priskiriami ir Mg*"-jautriis TRPM6- ir
TRPM7-panasils kanalai. Atsizvelgiant j tai, kad Sirdyje Mg®'-jautri srové
neigiamy potencialy srityje yra labai maza, lyginant su didele /xi1 srove,
nereikéty tikétis, kad Mg?**-jautriis kanalai galéty reikSmingai prisidéti prie
foninio ne K* jony pralaidumo, kai kardiomiocitai yra ramybés buisenoje. Tai
patvirtina ir misy gauti duomenys, rodantys, kad Mg*" koncentracijos
padidinimas iSorinés perfuzijos tirpaluose beveik nekei¢ia membraninio RP.
Taciau kity audiniy (pvz., kraujagysliy lygiyjy raumeny) neselektyviy katijo-
niniy kanaly, i§ kuriy kai kurie yra panasiis | TRPM6 ir TRPM7 kanalus,
ind¢lis RP palaikymui gali buiti Zymiai svarbesnis [228, 229].

Literatiiroje yra duomeny, kad jvairtis neselektyvis katijoniniai kanalai
taip pat gali turéti poveikj Sirdies veikimo potencialams. Nustatyta, kad
tempimo aktyvuoti neselektyvis katijoniniai kanalai prisideda prie RP ir VP
formavimo priesirdziy lgstelése [230]. Taciau Mg**-jautriy kanaly poveikis
Sirdies elektriniams VP dar néra zinomas. Miisy atlikti imunofluorescenciniai
tyrimai parodé, kad izoliuoty priesirdziy ir skilveliy kardiomiocity TRPM6 ir
TRPM?7 $KB raiska gali biiti moduliuojama inkubuojant juos ekstralgstelingje
terpéje be DV katijony. Kadangi VP plateau fazéje grynoji jony srove yra
maza, mes i§kéléme prielaida, kad kai yra suaktyvinta Mg?-jautri sroveé, dél
sumazéjusio [Mg*], tai dideli vienvalenciy katijony srautai, tekantys per
Mg?*-jautrius kanalus teigiamy potencialy srityje, galimai, gali turéti
reikSmingg poveiki VP. Miisy gauti rezultatai patvirtino, kad Sirdyje
Mg?*-jautriy kanaly aktyvavimas lastelése dializuotose su ~0 mM [Mg**]y
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trumpino VPT. Taciau, mazai tikétina, kad VPT trumpéjo dél i§ lastelés
tekancios /k1 srovés padidéjimo, kai sumazéjus [Mg**]v yra pasalinamas jos
blokavimas vidulgsteliniu Mg?*. Tai galima paaiskinti tuo, kad endogeniniai
poliaminai ir toliau uztikrinty pakankama /x1 srovés blokavimag [231]. Be to,
nustatyta, kad didelé [Mg?']is blokuoja i3 lastelés tekangias sroves (pvz., K*
sroves), beveik neturédama jokio poveikio j Igstele tekancioms srovéms (pvz.,
L-tipo Ca*" srovei) [210]. Gauty rezultaty pagrindu, galima daryti i§vada, kad
kardiomiocituose, esant fiziologinei [Mg?*]y, srovés tekan¢ios per TRPM6 ir
TRPM?7 kanalus beveik neturi poveikio VPT. Sie rezultatai dera su kity tyréjy
duomenimis, apie srovés ir VP nekitimg, kai buvo kardiomiocity kulttiros
TRPM?7 geno mutacija [232].

Vis délto, svarbu i$siaiskinti kokiomis salygomis Mg?*-jautriis kanalai
gali prisidéti prie Sirdies elektrinio aktyvumo. Tikétina, kad esant fiziologi-
néms saglygoms ([Mg?*]y 0,8 mM; ICso = 0,25 mM; [12, 233]) [Mg?*]y stipriai
blokuos $iuos kanalus. Ta¢iau Mg?*-jautri srové gali prisidéti prie VPT for-
mavimo tuomet, kai dé¢l reguliaciniy procesy ar kanaly mutacijy sumazéja
jautrumas [Mg?*]y arba, jei [Mg**]v itin sumazéja dél ligy, tokiy kaip létiné
hipomagnezemija. IS tiesy, TRPM?7 ir kiti giminingi gamtiniai kanalai yra
pastoviai aktyvis tokiose Igstelése, kuriy vidulasteliné jony sudétis (iskaitant
[Mg?*]y) islieka santykinai nepakitusi [76, 80, 119] ir tai leidZia manyti, kad,
galimai, vyksta kiti reguliaciniai procesai. Mg*'-jautrius kanalus Sirdies
Iastelése reguliuoja ne tik [Mg?*]y, bet taip pat ir pH poky¢iai bei membranos
fosfolipidy metabolizmas [12, 121, 219]. Taciau vis dar néra Zinoma, ar tokie
reguliaciniai procesai gali sukelti pastovy $iy kanaly aktyvuma. Miisy tyrimo
duomenys rodo, kad naudojant tirpalus be DV katijony galima moduliuoti
TRPM6 ir TRPM7 kanaly raiska. Taigi, Mg?'-jautrios srovés jtaka
formuojant VP gali kisti priklausomai nuo ekstralgstelinés DV katijony
homeostazes buklés.

Ankstesni tyrimai parodeé, kad kai yra uZsitgsusi neurony iSemija, TRPM7
kanalus aktyvuoja laisvieji deguonies radikalai [234]. Iki Siol, funkcinis
kardiomiocity TRPM7 ir ypa¢ TRPM6 vaidmuo yra maziau suprantamas,
lyginant su kraujagysliy lygiyjy raumeny lastelémis [211], neuronais ar kito
tipo lastelémis [41, 235]. Molekuliniai ir elektrofiziologiniai TRPM7 kanaly
tyrimai Sirdyje dazniausiai atliekami tik su fibroblastais. Jrodyta, kad TRPM7
aktyvacija Zmogaus prieSirdziy fibroblastuose sukelia fibrogeneze ir PV
[156]. Be to, TRPM7-panasios srovés tankio variabilumas per zmogaus DP
$ios srovés tankis buvo didesnis létinémis ligomis kaip PV [14, 15] ir ISL
[14] serganciy pacienty kardiomiocituose.

Apibendrinant galime teigti, kad kardiomiocity Mg?*-jautri srové beveik
neturi poveikio membranos RP palaikymui. Be to, fiziologinémis sglygomis
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Mg?"-jautri srové, galimai, nedalyvauja formuojant irdies VP. Taciau labai
sumazéjus vidulastelinei Mg?* koncentracijai, Mg?*-jautri srové neabejotinai
gali dalyvauti formuojant VP (ilginti VPT).

4.5. TRPM6 ir TRPM7 kanaly molekuliniy ir
elektrofiziologiniy tyrimy atitikimo vertinimas

Auks¢iau minéto atitikimo tarp jvairiy eksperimentiniy (inkubacinés
terpés joninés sudéties, pH, TRP kanaly moduliatoriy) ir patologiniy (Iétinés
Sirdies ligos) veiksniy poveikio detektuoty SKB imunofluorescencijos inten-
syvumuli, ir srovéms per tuos kanalus, interpretacija yra sudétinga. Daugelis
elektrofiziologiniy poky¢iy, kuriuos sukelia minéti veiksniai, gali biiti gauti
per kelias sekundes, tod¢l mazai tikétina, kad jie biity susij¢ su SKB raisSkos
poky¢iais. Taciau tikétina, kad registruojant biofizikinius parametrus, susiju-
sius su kanalo pora, per daugelj minuc¢iy uzfiksuotas poveikis, remiantis $io
tyrimo rezultatais, taip pat gali sukelti ir SKB tankio pasikeitimg membranoje.
Siuo metu néra zinoma, ar jvairis veiksniai gali nulemti jony apykaitg tarp
vidulasteliniy ir uzlgsteliniy katijony telkiniy (angl. pools) per TRPM6 ir
TRPM7 kanalus. Pavyzdziui, 2-APB poveikis gali biiti paaiSkintas tuo, jog
§io junginio prisijungimas prie rySio vietos kanale gali skatinti vieno SKB
internalizacija, bet slopinti kito SKB internalizacija.

Taip pat gali biiti, kad detektuoty TRPM6 ir TRPM7 SKB imunofluo-
rescenciniai pokyciai lgstelése, inkubuotose su 2-APB arba CAR, gali atsi-
rasti ir dél $iy farmakologiniy medziagy sukelty baltymy konformacijy, ku-
rios gali nulemti tyrime naudoty antikiiny prisijungima. Taciau, tai nebity
tinkamas paaiskinimas, kodél kinta ty SKB raiSka kai yra iSeminis miokardo
pazeidimas. Manoma, kad sergant ISL, jvyksta realus KB raiskos pokytis.
[Sorinés terpés riigSté¢jimas labai padidina srove per TRPM6- ir
TRPM?7-panasius kanalus, sumazindamas kanalo jautrumg DV katijony blo-
kavimui ir padidindamas vienavalenciy jony, tokiy kaip Na', ir, galbiit, paties
H, pralaidumg [49]. Daroma prielaida, kad protonai ir Ca®" tiesiog
konkuruoja dél bendros rysio vietos, i$ kurios blokuojantj poveikj sukelia
Ca?*, bet ne H". Jei miisy hipotez¢, paaiskinanti pakitusig TRPM6 ir TRPM7
SKB raiska, yra teisinga, tuomet inkubacijos su didesne protony koncentracija
poveikis yra sudétingesnis, ir taip pat gali biti susijgs su baltymy
konformacijos poky¢iais.

108



ISVADOS

Atliktais tyrimais mes pirmieji identifikavome Zmogaus ir kiaulés kar-
diomiocity TRPM6 kanalo baltyma. Taip pat pirmg kartg nustatéme visy
keturiy Sirdies daliy (priesirdziy ir skilveliy) TRPM6 ir TRPM7 kanaly
baltymy raiskg. Didesné S$iy kanaly baltymy raiska buvo nustatyta
desiniosiose Sirdies dalyse.

[vairiis moduliuojantys veiksniai (terpés joniné sudétis, acidozé ir TRP
kanaly blokatoriai, tokie kaip 2-APB ir karvakrolis) tur¢jo skirtinga
poveikj zmogaus ir kiaulés kardiomiocity TRPM6 ir TRPM7 kanaly
baltymy imunofluorescencijos intensyvumui. Todél galima teigti, kad Sie
kanalai néra tarpusavyje susij¢, bei gali funkcionuoti nepriklausomai
vienas nuo kito.

Létine $irdies liga (ISL ir PV) didina Zmogaus ir kiaulés kardiomiocity
TRPM6 ir TRPM7 kanaly baltymy raiska, o tai gali nulemti Sirdies ir
kraujagysliy ligy patogeneze.

Fiziologinémis salygomis kiaulés kardiomiocity Mg**-jautri srové
galimai nedalyvauja formuojant Sirdies elektrinj aktyvumg. Taciau prie
patologiniy salygy (Iétin¢ hipomagnezemija) ar kanaly mutacijy, kai
sumazéja vidulastelineé Mg?" koncentracija, Mg*"-jautri srové gali
dalyvauti formuojant Sirdies veikimo potencialus.

109



TYRIMO TRUKUMAI

Tyrimo metu, grupuojant pacienty Sirdies audinio méginius, buvo
atsizvelgta tik j kliniSkai patvirtintg pagrindine diagnoz¢. D¢l Sios priezasties,
méginiai néra visiSkai homogeniski. Siekiant didinti homogeniskuma, reikéty
plésti tiriamgsias grupes ir grupuoti méginius atsizvelgiant j pacienty gretuti-
nes ligas bei taikyta medikamentinj gydyma. Taip pat reikéty atkreipti démes;
ir ] Sirdies remodeliavimosi (angl. remodeling) laipsnj (pvz., kompensaciné
hipertrofija) ir kity patologiniy salygy sukeltus persitvarkymus, kurie gali
skirtis priklausomai nuo pacienty grupés ir neabejotinai nulemti TRPM6 ir
TRPM?7 $KB raiska.

Misy tyrime, TRPM6 ir TRPM7 SKB zyméjimui zmogaus ir kiaulés
Sirdyse buvo naudojami tie patys antiktinai. Taciau, Sie antikiinai yra sukurti
TRPM6 ir TRPM7 SKB nustatymui zmogaus Sirdies Igstelése/audiniuose ir
néra jokiy publikuoty duomeny apie jy specifiSkumg Siems SKB kiaulés
sirdyje. Siuo metu, rinkoje apskritai néra jokiy TRPM6 $KB specifisky
antiktiny, skirty SKB identifikacijai kiaulés Sirdies lastelése ir/ar audiniuose.
Vis délto, atsizvelgiant j tai, kad kiaulés genomas turi daug panaSumy su
zmogaus genomu (84,1 proc. homologisky geny) [205] ir tai, kad daug anti-
kiiny gali atpazinti tiek zmogaus, tiek kiaulés Sirdyje esancius skirtingus
epitopus [204], mes naudojome polikloninj TRPM6 antikiing (skirtg baltymo
nustatymui zmogaus, pelés ir ziurkés lgstelése/audiniuose), kuris, biidamas
polikloninis, galimai galéty prisijungti ir prie epitopy esanciy kiaulés Sirdyje.
Imuniniu metodu zyméty SKB specifiskumo patvirtinimui, buvo atlikta
dviguba neigiama kontrolé¢: 1) inkubuojant lasteles be pirminio antikiino, kas
leido jvertinti antrinio antikiino specifiSkumg ir 2) naudojant TRPM6 ir
TRPM7 blokuojancius peptidus, kas leido jvertinti pirminio antikiino speci-
fiskuma. Abiem atvejais, uzdéjus antrinius antikiinus su fluorescencine zyme,
nebuvo nustatytas imunofluorescencinis §vytéjimas.

Dar vienas §io tyrimo trilkumas siejamas su tuo, kad Siuo metu néra
farmakologiniy medziagy, kurios specifiskai blokuoty Mg**-jautrius kanalus.
Atliktame tyrime, mes naudojome padidinta Mg>" koncentracija ekstralas-
teliniame tirpale, kaip jrankj Mg®*-jautriai srovei izoliuoti. D¢l to, galéjo
susidaryti dviguba problema, nes [Mg?'Jis taip pat blokuoja caL ir Ik sroves.
Tadiau, Siame tyrime, [Mg**]is poveikis VP, kurj nulémé IcaL ir Ik sroviy
blokavimas, galimai buvo pakankamai gerai subalansuotas, nes $iy sroviy
jitakg buvo galima atskirti nuo Mg?*-jautrios sroves.
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SUMMARY

INTRODUCTION

To date, the role of transient receptor potential (TRP) proteins [1] in the
heart has been explored in fibroblasts and in pacemaker cells [2], but much
less in cardiomyocytes, because there is no pharmacological agents which
allow their isolation from multiple other ion channels expressed in cardio-
myocytes.

TRPM7 and its homologue TRPM6 belong to the melastatin subfamily
of TRP channels, and both are regulated by intracellular magnesium and are
distinguished from other ion channels by unusual bifunctional activities, ion
channel and protein kinase [3]. Both are permeable to Ca’>" and Mg?*, and
have now been identified as critical regulators of Mg?" homeostasis, but their
tissue expression levels appear to be different. Current evidence shows that
TRPM7 is ubiquitously expressed in all mammalian cells, with the highest
expression in the heart and kidney [4, 5], whereas TRPM6 expression is
restricted to epithelial cells of the kidney, placenta and intestine [6, 7].
TRPM7 and TRPM6 are reported to play a role in various physiological or
pathological processes, including intracellular Ca** and Mg** homeostasis
[8], pacemaking [9], fibrosis and inflammation [10], etc. To date, the func-
tional characterization of these channels has relied mainly on electrophy-
siological methods [11], including in cardiac myocytes [12—15]. In addition,
in native cardiomyocytes the majority of TRPM6 and TRPM?7 proteins appear
to reside in intracellular vesicles [15—17], and are therefore inaccessible to
patch-clamp recordings.

Like heterologously expressed TRPM6 and TRPM7 channels, cardio-
myocyte TRPM6- and TRPM7-like channels are typically activated by low
intracellular Mg?* conditions and conduct small inward currents carried by
divalent cations (DV) and large outward currents carried by monovalent
cations. Cardiomyocyte Mg**-sensitive channels have been detected in
various species, including human, rat, pig, guinea pig, and mouse. However,
the nature of the proteins underlying the cardiac Mg**-sensitive, TRPM6- and
TRPM?7-like currents and the functional consequences of their cation fluxes
have remained unclear.

To date, studies of TRPM6 and TRPM?7 channel expression either in un-
diseased [18] or diseased [19] human heart has relied mainly on the genomic
approach. However, data on Trpm6 or Trpm7 mRNA and protein expression
in different parts of the heart has remained scant, and conflicting results have
been reported, especially concerning TRPM6. In both animals and humans,
some studies found that 7rpm6 mRNA was undetectable in the heart [20-22],
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whereas one study identified 7rpm6 mRNA and protein in the human heart
and showed their increase in right atrial (RA) homogenates from patients with
atrial fibrillation (AF) [23]. In most others studies information of TRPM6 was
not included [19, 24]. Thus, the presence of TRPM6 in the heart remains
controversial and, more specifically, whether it and TRPM7 are expressed in
all chamber walls of the heart is an open question.

In this work, by using different molecular approaches, we examined the
expression of TRPM6 and TRPM?7 proteins in human and porcine heart
tissues and single cardiomyocytes and also examined the contribution of the
Mg?**-sensitive, TRPM6-, and TRPM7-like currents on the cardiac action
potential (AP) formation.

AIM AND OBJECTIVES
Aim of the study:

To determine the expression of TRPM6 and TRPM7 channel proteins in
human and porcine cardiomyocytes and evaluate possible changes in the
expression of these channels in cardiac pathology as well as their role in
cardiac electrophysiology.

Objectives and tasks of the study:

1. To examine whether TRPM6 is expressed in human and porcine
cardiomyocytes. To determine its expression and that of TRPM7
channels in various parts of the heart.

2. To examine and evaluate the effect of factors modulating the
TRPM6 and TRPM7 channel expression.

3. To evaluate the possible change in the expression of TRPM6 and
TRPM?7 channel proteins under cardiac pathology.

4. To determine and evaluate the role of Mg?*-sensitive current on the
formation of the cardiac action potentials.

Scientific novelty

The role of Mg?*-sensitive TRPM6 and TRPM7 channels in the heart has
not been elucidated, especially due to the uncertainty about TRPM6 expres-
sion in cardiomyocytes. We examined the mRNA and protein expression of
both of these channels in right atria samples from patients with or without
chronic diseases (ischaemic heart disease, IHD, or AF), and in the four-chamber
walls of the explanted human hearts. We also evaluated the compatibility of
these data with data obtained from pig, whose cardiovascular system and
genetic conservation are quite close to the human genome. Using immuno-
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labeling with anti-TRPM6 or anti-TRPM7 antibodies we detected TRPM6
and TRPM7 proteins by immunofluorescence in both human and porcine
cardiomyocytes and by immunohistochemistry in tissue sections. In contrast,
no fluorescence signal was detected by incubating cardiomyocytes without
the primary antibody or by blocking the test proteins with their peptides. Our
results confirm for the first time that cardiomyocytes indeed contain TRPM6
channel protein. We also found for the first time that both TRPM6 and
TRPM7 proteins are expressed in all four-chamber walls of the human or the
porcine heart.

The results also revealed that various extracellular factors (medium ionic
composition, acidosis, and TRP channel blockers) cause independent and
often opposite modulation of TRPM6 or TRPM7 protein immunofluo-
rescence. This allows us to suggest that in cardiomyocytes these channels are
unrelated and can function independently. Besides, our study shows a
concordance between pharmacological effects on the measured expression
level and electrophysiological effects on channel currents.

There is also concordance between effects of chronic disease on channel
expression and on channel currents. The present study provides new know-
ledge about the remodeling of TRPM6 and TRPM?7 proteins associated with
cardiac pathologies (namely chronic IHD and AF). IHD increased the expres-
sion of both proteins, suggesting that TRPM6 and TRPM?7 are involved in the
pathogenesis of the cardiovascular disease.

Our research has also shown that Mg?* sensitive current may contribute
to the action potential. However, a key question concerns the conditions under
which the Mg?'-sensitive channels may contribute to cardiac electrical acti-
vity. The Mg?'-sensitive current may contribute to action potential duration
(APD) if the sensitivity for intracellular Mg** is decreased by pathological
conditions or channel mutations, or if intracellular Mg** concentration is
decreased to low levels by a disease such as chronic hypomagnesemia. Thus,
the results confirm that Mg?*-sensitive channels in the heart are involved in
the regulation of electrical activity. The effect of the Mg?*-sensitive current
on the APD may be important in understanding the therapeutic processes in
which Mg?* is used to treat arrhythmias, as well as in linking the changes in
Mg homeostasis to other cardiac diseases.

2. METHODOLOGY

The study was carried out in accordance with the European Community
guiding principles outlined in the Declaration of Helsinki and the Guide for
the Care and Use of Laboratory Animals (NIH). All experiments on pigs were
performed according to the European Community guiding principles and
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approved by the State Food and Veterinary Service of the Republic of
Lithuania (No. G2-68, 21 June 2017). Experiments on human atrial samples
and on samples from explanted human hearts were approved by the Ethics
Committee of Biomedical Research of Kaunas Region, Lithuania (No.
BE-2-71, 22 December 2017).

Gene expression

Real-time quantitative polymerase chain reaction (RT-qPCR) was used
to detect the mRNA levels of 7rpm6 and Trpm?7 in human heart muscle. The
total RNA was isolated using the mirVana™ miRNA isolation kit (Thermo
Fisher Scientific, Lithuania) and acid phenol: CHCI3 premix (Ambion, USA)
in accordance with the manufacturer’s instructions. RNA integrity was asses-
sed using a 2100 Agilent Bioanalyzer System (Agilent Technologies Inc.,
USA). The RT-PCR reaction was used TagMan® Assays (Hs01019356 ml;
Hs00559080 m1; Hs99999903 ml; Thermo Fisher Scientific, USA).
RT-PCR was performed by a ABI 7900HT Fast Real Time PCR System
(Applied Biosystems, USA) based on the manufacturer’s procedure in 20 pl
reaction mixture. f-actin was used as the internal control. The relative
expression of target genes was calculated using ACt method (2-44¢Y).

Western Blot

The total protein of human heart tissue (42 ug) was separated by
SDS-PAGE gel electrophoresis and transferred onto a polyvinylidene
fluoride (Roche Diagnostics GmbH, Germany) membrane. The membrane
was incubated with primary antibody (mouse monoclonal anti-TRPM7
[Thermofisher, Rockford, USA], 1:200; rabbit polyclonal anti-TRPM6
[Alomone Labs, Israel], 1:500; mouse monoclonal B-actin (Thermofisher,
Rockford, USA), 1:1000) overnight (4 °C) and then incubated with horse
radish peroxidase (HRP)-labeled IgG secondary antibodies (goat anti-mouse
(Bio-Techne Ltd, UK), 1:2000; goat anti-rabbit [Bio-Techne Ltd, UK],
1:2000) for 1 hour at room temperature. Detection was done using chemilu-
minescent Amplex Red substrate (Thermo Fisher scientific, USA). Analysis
was performed using UVP imaging system and Vision WorksLS Software
(Ultra-Violet Products Ltd, UK).

Enzyme-linked immunosorbent assay (ELISA)

ELISA kits (MyBioSource, Inc., USA) were used to quantitatively
determine concentrations of TRPM6 and TRPM7 in human tissue homoge-
nates. Optical signals were recorded with a spectrometer (Multiskan MF,
Thermo Fisher Scientific, Finland) at a wavelength of 450 + 10 nm. The levels
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of TRPM6 and TRPM7 were determined according to instructions provided
by the ELISA kits: TRPM6 (MBS457214) and TRPM7 (MBS457216). After
measuring the optical densities of the standard solutions, a standard curve was
drawn using the Curve Expert 1.4 software (Daniel G. Hyams, Hyams
Development, USA). The concentrations of TRPM6 and TRPM?7 in the tissue
homogenates were then determined by comparing the optical density of the
samples to the standard curve.

Histology and Immunohistochemistry

For histological analysis, specimens of formalin-fixed and paraf-
fin-embedded human heart muscle tissues were sliced in 3 um and placed
onto Super Frost Plus slides (Menzel, Germany). Collected tissue sections
were deparaffinized and stained with hematoxylin-eosin (H & E) and Picro
Sirius Red. Immunohistochemical staining was performed using Shandon
Coverplate plates (Thermo Fisher Scientific, USA). The sections were incu-
bated with primary rabbit polyclonal TRPM7 antibody (1:250 dilution;
NBP1-20224, Novus Biologicals, USA) or primary mouse monoclonal
TRPM6 antibody (1:50 dilution; sc-365536, Santa Cruz Biotechnology, Inc.,
USA). The preparations were then processed with the DAKO EnVision Flex
and DAKO EnVision Flex + visualization system (Agilent Technologies Inc.,
USA) for TRPM7 and TRPMS6, respectively. Probed sections were addi-
tionally stained with Mayer’s hematoxylin. The IgG of the same isotype as
the primary antibody dilution solution served as negative control. The
histopathological evaluation was performed using OlympusBX61 and
Olympus FV1000 (Olympus Corporation, Japan) microscopes.

Immunofluorescence

Enzymatically dissociated cardiomyocytes were allowed to settle on the
bottom of 8-chamber slides. The cells were permeabilized and incubated with
primary rabbit polyclonal anti-TRPM7 (#ACC-047; Alomone Labs, Israel) or
rabbit polyclonal anti-TRPM6 antibodies (#ACC-046; Alomone Labs, Israel).
The cells were incubated with a fluorescently labeled secondary antibody
(donkey anti-rabbit IgG; Alexa Fluor 488; A21206, Invitrogen, USA or goat
anti-rabbit IgG; Alexa Fluor 546; A22283, Invitrogen, USA) co-stained (for
20 min) with Phalloidin-Alexa Fluor 546 (A22283, Invitrogen, USA) or
Phalloidin-CF 405 (00034, Biotium, USA) and with Hoechst 33342 (B2261,
Sigma-Aldrich, USA) for labeling of the F-actin cytoskeleton and of the
nucleus, respectively. Cardiomyocytes were visualized under a confocal laser
scanning microscope (Olympus FV1000, Olympus Corporation, Japan) from
which images were taken using the same scanning parameters for both the
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TRPM7 and TRPM6 proteins. The distribution of the fluorescence was
analyzed using Image J software.

Electrophysiology

Whole-cell currents were recorded under a voltage-clamp, and the action
potentials were recorded under a current-clamp. The membrane currents of
interest (TRPM6- and TRPM7-like) were measured using 2 s descending
voltage ramps from +80 mV to —120 mV applied every 10 s after a 600 ms
pre-step at 0 mV from a holding potential of —-80 mV, designed to inactivate
voltage-dependent Na* and L-type Ca** currents. The action potentials were
induced by stimulating with a 2 ms rectangular pulse at a frequency of 1 Hz.
The action potential duration (APD) was measured at 30% (APD30), 50%
(APDso), and 90% (APD9o) repolarization. The current and voltage protocols
were generated and data recorded online using the Axopatch 200B amplifier
and pClamp 8.1 software via the Digidata 1322A acquisition system (Axon
instruments, USA).

Data analysis

Average data are presented as mean + standard error of the mean (SEM).
Means were compared using the two-tailed #-test or ANOVA for evaluating
differences between groups. P < 0.05 was taken as threshold for statistical
significance.

3. RESULTS

3.1. Molecular detection of TRPM6 and TRPM?7 channels
in the heart

The expression of the genes encoding TRPM6 and TRPM?7 protein in the
human heart has been poorly studied. 7rpmé6 is generally thought not to be
expressed in the heart. For this reason, we first examined whether TRPM6-
and TRPM7-specific mRNA can be detected in cardiac tissues from explanted
human hearts (n=3). Using RT-qPCR (see Methodology) with primers
designed for the human genes, both Trpm6 and Trpm7 mRNAs were detected
in cardiac tissues obtained from all four cardiac chamber walls. 77pm7 mRNA
expression was more than 2—4 fold higher in ventricular tissues compared to
atria. Also, Trpm?7 has a higher expression level compared to 7rpm6 (see Fig.
6¢c and Table S6 in [203]). These data demonstrate for the first time that
Trpm6, like Trpm7, is expressed in all four chambers of the human heart.

After confirming the expression of 7rpm6 and Trpm?7 in the heart, we
wanted to check whether the results could be validated using another techni-
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que. For this purpose, an enzyme-linked immunosorbent assay (ELISA; see
Methodology) was used. Qualitative and quantitative analysis of TRPM6 and
TRPM7 proteins was performed using cardiac tissue homogenates obtained
from the human hearts. Both TRPM6 and TRPM7 proteins were detected by
ELISA in all four chambers of the human heart (see Fig. 6a-b and Table S5
in [203]). Also, as in mRNA studies, TRPM6 expression was much lower than
TRPM7. Besides, higher expression levels of TRPM6 and TRPM7 proteins were
detected in the right chambers (309.8 + 18.51 pg/mL and 1269.86 + 74.03
pg/mL for right atrial (RA), and 322.85 + 21.23 pg/mL and 1070.05 +
99.66 pg/mL for right ventricular (RV), respectively) compared to the left
chambers (201.53 + 20.18 pg/mL and 754.22 + 63.72 pg/mL for left atrial
(LA), and 274.69 = 12.05 pg/mL and 947.90 + 59.50 pg/mL for left
ventricular (LV), respectively, n= 647, P <0.05). In addition, qualitative
expression of TRPM6 and TRPM?7 proteins was confirmed by Western Blot.
The data confirm that both TRPM6 and TRPM?7 proteins are expressed in all
four chambers of the human heart, with higher expression for TPRM7.

To further demonstrate TRPM6 and TRPM?7 expression in the human
heart, histologic preparations of ventricular and atrial tissues were exposed to
primary antibodies and stained with Mayer’s hematoxylin (see Methodo-
logy). Color intensity analysis of TRPM6 and TRPM?7 in tissues showed
noticeable brownish pigments in the intracellular space of cardiomyocytes in
tissues from the four-chamber walls of the human heart (see Fig. 7 and Fig. 8
in [203]). Again, these data demonstrated for the first time the expression of
both TRPM6 and TRPM7 proteins in the heart.

It is important to note that gene detection (by RT-PCR) or protein level
detection (by ELISA), obtained in tissue homogenates, are likely less specific
than cardiomyocyte immunostaining. This is because tissue homogenates
contain not only cardiomyocytes but also other types of cells (e. g., fibroblasts,
vascular endothelial cells, etc.). For this reason, further, we used an immuno-
fluorescence assay to demonstrate the expression of TRPM6 and TRPM7
proteins in atrial and ventricular cardiomyocytes (see Methodology).

Fig. 3.1.1 shows typical examples of the immunofluorescence of TRPM6
and TRPM7 proteins obtained using the non-conjugated antibodies in isolated
cardiomyocytes from atrial and ventricular tissues of the human heart. The
immunofluorescence intensity of the TRPM6 is much lower than that of the
TRPM?7 (for mean data see below). Noticeably, the immunofluorescence of
TRPM6 protein, in contrast to TRPM?7, in about half cases (44.7 % from
~400 cells; see Fig. 3.1.1 A, B arrows) appeared to be highest in the peri-
nuclear area. This indicates that part of the detected fluorescence is from the
intracellular membranes.

117



TRPM6 TRPM7

b

Atrial cells

Ventricular cells 03

Fig. 3.1.1 Immunofluorescence of TRPM6 and TRPM7 proteins
expression in human cardiomyocytes

Representative examples of immunofluorescence obtained with non-conjugated antibodies
in left atrial (A) and left ventricular (B) cardiomyocytes of the human heart. Image
acquisition performed using confocal laser scanning microscope (Olympus FV1000). Alexa
Fluor 546 and Alexa Fluor 488 for TRPM6 and TRPM?7 proteins appear in red and green,
respectively. Alexa Fluor 405 for F-actin cytoskeleton appears in surrogate grey. Hoechst
33342 for nuclei appears in blue (the arrowheads indicate the localization of TRPMG6 protein
in the perinuclear area). Scale bars indicate 20 pm.

We also verified whether similar expressions of TRPM6 and TRPM7
proteins could be obtained with the conjugated antibodies. This allowed us to
simultaneously detect both TRPM6 and TRPM7 proteins expression in the
same cell. Typical examples of the immunofluorescence of both proteins
obtained using conjugated antibodies in human cardiomyocytes obtained
from the four heart chamber walls are shown in Fig. 3.1.2 A.
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Fig. 3.1.2. Immunofluorescence images showing co-expression
of both TRPM6 and TRPM?7 proteins detected with conjugated
antibodies in human cardiomyocytes

(A) Typical examples demonstrating co-expression of both TRPM6 (red) and TRPM7
(green) proteins in the same cardiomyocyte: from the left atrium (LA), right atrium (RA),
left ventricle (LV), and right ventricle (RV) of the human heart. (B) Quantification of the
staining intensity of the immunodetected conjugated antibodies (spotty columns) and non-
conjugated antibodies (smooth columns) for both proteins in cardiomyocytes as indicated.
Image acquisition performed using confocal laser scanning microscope (Olympus FV1000).
Alexa Fluor 488 and Alexa Fluor 546 for the TRPM7 and TRPM6 protein appear in green
and red, respectively. Hoechst 33342 for nuclei appears in blue. Mean data (n = 4-105)
provided in arbitrary units (a.u.) (see Table S2 in [203]). * P <0.001 conjugated antibodies
vs. non-conjugated antibodies, # P < 0.001 right sided vs. left sided heart chambers. Scale
bars indicate 20 pm.
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Like with non-conjugated antibodies, levels of TRPM7 were higher vs.
those of TRPM6. However, as presented in Fig. 3.1.2 B, the total fluorescence
level was slightly lower for both proteins with the conjugated compared with
the non-conjugated primary antibodies. In general, the results provide con-
sistent evidence for a co-expression of both TRPM6 and TRPM?7 in cardio-
myocytes from the four chamber walls of the human heart.

In the next sett of experiments, we aimed to search for the TRPM6
channel expression, by using quite young and healthy animals. The porcine
heart was chosen, because of the similarity to the coronary system [204] and
to genetic conservation [205] like in humans. Currently, there is in the lite-
rature no published data on TRPM7, especially on TRPM6 protein expression
in pig cardiomyocytes.

As in the experiments with the human cardiomyocytes, to show the
presence of TRPM6 and TRPM7 proteins, we used the immunostaining of the
atrial and ventricular cardiomyocytes, performed after 2 h of cell isolation.
Besides, we used the same antibodies as in the experiments with the human
cells/tissues. Fig. 3.1.3 A-D shows immunofluorescent images of TRPM6
(left panels) and TRPM?7 (right panels) of pig cardiomyocytes. Fig. 3.1.3 E
shows a negative control (cardiomyocyte incubated in conditions similar to
those of Fig. 3.1.3 A—D but with no primary antibody added in the incubation
medium). The images show that all pig cardiomyocytes, like human cardio-
myocytes, displayed staining with antibodies for TRPM6 and TRPM?7. Again,
the TRPM6 protein expression was noticeable lower than that in human
cardiomyocytes. This could be due to the low expression of TRPM6 protein
in the porcine heart. In addition, there was the multinucleated nature of the
cells, as was previously noted for the pig cardiomyocytes [206].
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Fig.3.1.3 Immunofluorescence of TRPM6 and TRPM7
proteins in pig cardiomyocytes

Immunofluorescence images suggesting the presence of TRPM6 (leff) and TRPM7 (right)
proteins in pig cardiomyocytes from different cardiac chamber walls. (A-D): left atrium, right
atrium, left ventricle, and right ventricle using Alexa Fluor 488 for TRPM6 and TRPM7
proteins (stained in green), Alexa Fluor 546 for the F-actin cytoskeleton (stained in red), and
Hoechst 33342 for the nuclei (stained in blue). (E) Example of a negative control, where the
primary antibody for TRPM6 and/or TRPM7 is not added, but the cardiomyocyte was
subjected to Hoechst 33342 and Alexa Fluor 546. Notice that only immunofluorescence of
the nuclei (stained in blue) and F actin cytoskeleton (stained in red) is detected. For mean
values see in [210]. Scale bars indicate 20 pm.

Finally, we also tried to demonstrate the location at the cellular membra-
ne. Typical examples of the immunofluorescence of both the TRPM6 (red
fluorophore) and TRPM7 (green fluorophore) proteins expression obtained
simultaneously in the same human cell using conjugated antibodies are shown
in Fig. 3.1.4 (A and B).
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Fig. 3.1.4. Illustration of localization of TRPM6 and TRPM?7 channels
at the cell membrane in the same cardiomyocyte
and in perpendicular tissue sections

Immunofluorescence in isolated cardiomyocyte (A — top view and B — side view) shows
localization of TRPM6 and TRPM7 proteins under co-staining with conjugated antibodies
(Alexa Fluor 546 and Alexa Fluor 488 for the TRPM6 and TRPM?7 proteins appear in pink
and green, respectively). Arrows indicate the localization of TRPM6 (pink) and TRPM7
(green) proteins in the cell membrane. Alexa Fluor 405 for F-actin cytoskeleton appears in
blue. (C, D) show fluorescence images of immunolabeled TRPM6 and TRPM?7 proteins,
obtained from the RA tissues on the perpendicular slices, Alexa Fluor 488 for the TRPM6
and TRPM7 protein appear in green, Alexa Fluor 555 for the cell membrane surface labelling
with wheat germ agglutin (WGA) appear in red, and Hoechst 33342 for the nucleus staining
appear in blue. Note: The membrane staining option was chosen for visualisation of
cardiomyocyte contour. Arrows indicate channel localization in the cell membrane Image
acquisition performed using confocal laser scanning microscope (Olympus FV1000). Scale
bars indicate 20 pm.
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Color intensity analysis of TRPM6 and TRPM7 expression showed
noticeable pink/green pigments in the intracellular space and to a much
smaller amount in cell membrane (indicated by pink and green arrows). While
Fig. 3.1.4 (C and D) show representative images of immunolabeled TRPM6
and TRPM?7 proteins (green fluorophore), obtained from the RA tissues of
human heart on the perpendicular tissue sections using non-conjugated
antibodies. For the cell membrane surface labelling we used wheat germ
agglutin (WGA; appear in red). We demonstrate, that TRPM6, as well as
TRPMT proteins expression by immunohistochemistry in tissue sections, like
in isolated cells, are inhomogeneously distributed mainly in the intracellular
structures of cardiomyocytes, viewed by green fluorescence pigments.
However, the expression also could be detected in the cell membrane region
as well, but to a much smaller amount (indicated by white arrows).

Summarizing, our results confirm for the first time that cardiomyocytes
indeed contain TRPM6 channel protein. We also found for the first time that
both TRPM6 and TRPM?7 proteins are co-localized in the cardiomyocytes in
the four chamber walls of explanted human hearts as well as in all chambers
of the pig heart. However, that expression in the porcine heart is noticeably
lower. The predominant intracellular localization of TRPM6 and TRPM7
proteins in human and pig cardiomyocytes could indicate that both channels
functions as intracellular channels.

3.2. Modulation of TRPM6 and TRPM?7 channel expression
by experimental conditions

According to the literature, the activity of TRPM6 and TRPM7 channels
is regulated by Ca®>" and Mg®" as well as by other divalent cations [75-77].
Therefore, here we also investigated the immunofluorescence of TRPM6 and
TRPM?7 proteins under different ionic compositions of the cell incubation
medium (i.e., divalent cation-containing (DV) or divalent cation-free (DVF)
extracellular conditions). We measured the immunostaining level of both
TRPM6 and TRPM7 proteins of the atrial and ventricular cardiomyocytes,
performed at 2 hours or at 12 hours after cell isolation. As presented in
Fig. 3.2.1, the immunefluorescence level of both channel proteins in
cardiomyocytes from all chamber walls was significantly higher following
cell incubation in DV extracellular conditions vs. the following incubation in
DVF conditions. In addition, the expression level for either TRPM6 or
TRPM?7 was higher when cells were fixed after 12 hours of cardiomyocyte
conservation.
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Quantification of immunofluorescence levels of TRPM6 (red) and TRPM?7 (green) proteins
in cardiomyocytes from four chambers of the human heart (left atrium, LA; right atrium, RA;
left ventricle, LV; and right ventricle, RV), under experimental conditions with (A) and
without (B) divalent cations (DVF and DV, respectively) in the extracellular milieu,
respectively. Cardiomyocytes were fixed following 2 h (filled columns) or 12 h (unfilled
columns) after cell isolation. Mean data provided in arbitrary units (a.u.) (for mean values
see Table S1in [203]). A blinded study-design (with the investigator reading the fluorescence
not knowing the cell incubation conditions) was used for the detection of fluorescence levels
during various experimental conditions. * P <0.052 hvs. 12 hand # P < 0.05 right-sided vs.

left-sided heart chambers.
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Pharmacological drugs known to inhibit TRPM6 and TRPM7 channel
function also had an effect on the immunofluorescence levels of TRPM6 and
TRPM7. In our study the cardiomyocytes were exposed to 2-APB (500 uM)
or carvacrol (CAR; 100 uM), added for 15 min after keeping the cells for 2 h
or 12 h, but before cell fixation and subsequent incubation with primary
antibodies. Fig. 3.2.2 A, B illustrates immunostaining images of TRPM7
(green) and TRPMG6 (red) proteins under control conditions (i.e., without the
drugs) as well as after pre-treatments with 2-APB (Fig. 3.2.2 C, D) or CAR
(Fig. 3.2.2 E, F). In general, cells treated with these drugs displayed weaker
TRPM7 fluorescence intensity but stronger TRPM6 intensity. Mean fluo-
rescence levels are presented in Fig. 3.2.2 G-J, respectively (for more detailed
description see in [203]).

125



merged

0.20 2-APB H

G3z 3£ 020 2-APB N
* o~
<015 - T3 015 L
Q3 °®
g = 0101 < S g g 0.101
o X o E
s , T i
23 005 . e £ 005 . -
e — Ze L I
= 0.00 < 0.00
DMSO TRPMT TRP? TRPIG TRPIVS DMSO TRPM7 TRPMT TRPMG TRPMS
2-APB +2-APB 2-APB +2-APB
| == 020 AF ate J T 020
;é 0.15 o s 0.151 -
g2 0.10 8 F 0.10 e
82 005 * gL 005 & .
i < 0.00 iL £ 0.00
TRPM7 TRPM7 ~ TRPM6 TRPM6 TRPM7 TRPM7 ~ TRPMG TRPMB

Fig. 3.2.2. Effect of 2-APB and CAR on the immunofluorescence
of TRPM6 and TRPM?7 in human cardiomyocytes

Illustration of cardiomyocyte staining with anti-TRPM?7 (A, C, E) or anti-TRPM6 (B, D, F)
in the absence of drugs (A, B) and in the presence of either 2-APB (C, D) or CAR (E, F).
Quantification of the intensity of fluorescence (G—J) without drugs (open) and with the drugs
(filled) under experimental conditions with and without divalent cations (DV and DVF,
respectively) expressed in arbitrary units (a.u.). Note lack of influence of the solvent, DMSO,
at 500 umol/L (black triangles). A blinded study-design (with the investigator reading the
fluorescence not knowing the cell incubation conditions) was used for the detection of
fluorescence levels during various experimental conditions. * P <(.001 drug vs. no drug.
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Qualitatively similar data were obtained when using cardiomyocytes of
the porcine heart (Fig. 3.2.3). Like with the data obtained using cardiomyo-
cytes from the human heart [203], 2-APB or of CAR reduced the immune-
fluorescence of the TRPM7 protein but increased the fluorescence signal of
TRPM6 (for mean values see Table 2). Fig. 3.2.3 (bottom panels) also illu-
strates that no fluorescence was detected when 2-APB was added on top of
the blocking peptide for the anti-TRPM6 antibody, or the blocking peptide
with the anti-TRPM7 antibody.
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Fig. 3.2.3. Effect of 2-APB and CAR on the immunofluorescence
of TRPM6 and TRPM?7 in human cardiomyocytes
Ilustration of cardiomyocyte staining with anti-TRPM7 (A, C, E) or anti-TRPM6 (B, D, F)
in the absence (A, B) of drugs and in the presence of either 2-APB (C, D) or CAR (E, F).

Note: the fluorescence was absent when the 2-APB was added to incubation media on top of
TRPM6 or TRPM7 blocking peptides. * P <0.001 drug vs. no drug.

These influences of 2-APB on the fluorescence intensity levels of immu-
nodetected TRPM6 and TRPM7 proteins are in concordance with the electro-
physiological data [11], where two opposing effects of 2-APB on the TRPM6
and TRPM7 currents have been shown: an up-regulation of the TRPM6
current, but the suppression of the TRPM7 current in CHOK1 cells transiently
transfected with TRPM6 or TRPM7. Since electrophysiological data have
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also shown that a high (2 mM) 2-APB concentration could have an opposite
effect on the TRPM7 channels, i.e. to increase instead of reduce current, we
also added into the incubation medium millimolar concentration of the 2-
APB. As presented in Fig. 3.2.4, after 15 min pretreatment with 500 uM and
with 2 mM 2-APB, two opposite effects on the fluorescence intensity of
immunodetected TRPM?7 proteins were induced: reduction versus increase of
the immunofluorescence level at 500 uM and at 2 mM, respectively. With
500 uM 2-APB the immunofluorescence of TRPM7 protein decreased from
0.1492 + 0.0022 a.u. to 0.0872 + 0.0015 a.u. (n=3-5, P <0.001), but with
2 mM the fluorescence of TRPM7 markedly increased to 0.1946 = 0.0019
a.u. (n=4, P <0.001). In contrast, 2-APB action on the fluorescence level of
immunodetected TRPM6 protein under the same experimental conditions
was additive, i.e. at 500 uM increase from 0.064 + 0.0023 a.u. to 0.1281 +
0.0016 a.u. (n =3, P<0.001) and at 2 mM increase to 0.1641 + 0.0031 a.u.
(n=15, P<0.001), respectively. These data further support the concordance
with the electrophysiological data [11].
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Fig. 3.2.4. Effect of micro- and macromolar concentrations
of 2-APB on the immunofluorescence of TRPM6 and TRPM7
in human cardiomyocytes

Quantification of the intensity of fluorescence without 2-APB (open) and with the 2-APB
(filled) expressed in arbitrary units (a.u.). Note: Opposite changes in intensity of fluorescence
signal detected with 500 uM and 2 mM 2-APB on TRPM?7, but a qualitatively similar but
more marked change of the TRPM6 fluorescence level. A blinded study-design (with the
investigator reading the fluorescence not knowing the cell incubation conditions) was used
for the detection during various experimental conditions * P < 0.001 drug vs. no drug.
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Like extracellular divalent cations and pharmacological agents, extra-
cellular pH is known to modulate TRPM6 or TRPM?7 channel function [12,
14, 15]. The present study shows that acidification of the cell incubation
medium also caused changes in the immunodetected TRPM6 and TRPM7
fluorescence signals. To investigate extracellular proton effects, we used
cardiomyocytes that were pre-incubated for 2 h in an acidic extracellular
milieu, containing or not containing divalent cations, just before fixation.
Extracellular acidification to pH 5.0 in the DV milieu increased the immuno-
fluorescence level of TRPM7 and TRPM6 by 1.45 fold and 3.06 fold, respec-
tively. In contrast, a similar acidification to pH 5.0 in DVF mileau suppressed
the fluorescence of TRPM7, but consistently increased that of TRPM6 protein
(see Fig. 4 in [203]).

Again, for TRPM7 there is concordance with the electrophysiological
data [14], as extracellular acidification increases current in extracellular solu-
tions containing DV cations [14, 15], but decreases current in the DVF extra-
cellular solution [14].

Thus, summarizing the results of this section, we could state that the
intensity of fluorescence of TRPM6 and TRPM7 proteins depends on the
experimental conditions under which the heart cells were incubated (medium
ionic composition, extracellular protons concentration, TRP channel inhibitors,
like 2-APB and CAR). Since 2-APB and CAR caused opposite effects on the
fluorescence intensity of TRPM6 and TRPM7 proteins, this indicates that
TRPM6 and TRPM?7 proteins are modulated independently, suggesting that
in human or porcine cardiomyocytes TRPM6 and TRPM7 compose distinct
channels.

3.3. Investigations of changes of TRPM6 and TRPM7
protein expression by cardiac disease

Our earlier electrophysiological studies indicated an influence of
ischemic heart disease (IHD) and AF on the density of TRPM7-like current
[14]. Therefore, we also sought to determine whether such pathological
conditions also influence the levels of immunodetected TRPM6 and parti-
cularly TRPM7 proteins. In this study, we compared the mean levels of both
TRPM6 and TRPM7 proteins immunofluorescence obtained in cardiomyo-
cytes from patients with a clinical history of IHD and without the disease
condition. In general, as presented in Fig. 3.3.1, independently of the experi-
mental conditions used to incubate cardiomyocytes (i. e., presence or absence
of extracellular divalent cations at 2 h or 12 h incubation), the immunefluo-
rescence levels of TRPM6 and TRPM7 was significantly higher in the cardio-
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myocytes isolated from heart biopsies of IHD patients compared to those
from non-IHD patients.
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Fig. 3.3.1. Comparison of the levels of TRPM6 and TRPM7
immunofluorescence in human cardiomyocytes from patients
with IHD vs. non-IHD

Quantification of the intensity of fluorescence in cardiomyocytes obtained from patients with
IHD (filled symbols) and without such diagnosis (unfilled symbols) expressed in arbitrary
units (a.u.). Cardiomyocytes were fixed following 2 h (A) or 12 h (B) after cell isolation
under experimental conditions with and without divalent cations (DV and DVF,
respectively). In all cells used P <0.001 IHD vs. non-IHD. IHD increases the fluorescence
level of the immunodetected TRPM6 (red) and TRPM?7 (green) proteins expression. A
blinded study-design was used for the detection of fluorescence levels during various
experimental conditions.
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These results were validated by protein measurements by the ELISA
when using tissue homogenates of either non-IHD or IHD patients. ELISA
also detected a higher expression of TRPM7 and TRPM6 proteins in all
cardiac chamber walls of IHD patients vs. non-IHD patients [see also Fig. 6
(A, B) in [203]. Besides, in our study, the larger levels of TRPM6 and TRPM7
expression persisted for patients in the IHD-group independently of patients’
age.

Currently, in the literature, there is no published data on TRPM?7, espe-
cially on TRPM6 protein expression as assessed by immunohistochemistry.
Therefore, we also investigated changes in TRPM6 and TRPM7 protein
expression using immunohistologically stained tissues from either un-
diseased or diseased human heart. Fig. 3.3.2 and Fig. 3.3.3 show representative
histotopograms of TRPM6 and TRPM7 immunofluorescent images in the RA
tissue slices of the human heart from different patients groups (i. e., the cont-
rol, IHD, and AF). Both TRPM6 and TRPM7 proteins were detected with the
immunohistochemical labeling with the anti-TRPM6 and anti-TRPM?7 anti-
bodies in the tissue slices of the un-deseased human heart (Fig. 3.3.2 A, B)
and of the diseased human heart from patients with IHD (Fig. 3.3.2 C, D) and
with AF (Fig. 3.3.3) In addition, analysis of cardiac myocardial tissue sec-
tions from patients with IHD or AF revealed certain morphological changes
in myocardial cells: cardiomyocyte hypertrophy, cardiomyocyte nucleus
enlargement, and interstitial fibrosis.
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Fig. 3.3.2. Demonstration of TRPM6 and TRPM?7 expression by
immunohistochemistry in the right atrium of the human heart

Representative images of immunolabeled TRPM7 and TRPM6 proteins, obtained from the
RA tissues on the longitudinal slices from two different patients: (A, B) control patient (car
victims) and (C, D) IHD patient, respectively. The area labeled with the square bars
corresponds to the images presented below on a larger scale. Alexa Fluor 488 for the TRPM6
and TRPM7 protein appear in green. Alexa Fluor 555 for the cell membrane surface labelling
with WGA appear in red, and Hoechst 33342 for the nucleus staining appear in blue. Note:
The membrane staining option was chosen for visualisation of cardiomyocyte contour.
Arrows indicate channel localization in the cell membrane. The horizontal scale bars
indicates 20 pm.
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Fig. 3.3.3. Demonstration of TRPM6 and TRPM?7 expression by
immunohistochemistry in the right atrium of the human heart with AF

Representative images of immunolabeled TRPM7 and TRPM6 proteins, obtained from the
RA tissues on the perpendicular (A, B) and longitudinal (C, D) slices from the patient with
AF. The area labeled with the square bars corresponds to the images presented below on a
larger scale. Alexa Fluor 488 for the TRPM6 and TRPM?7 protein appear in green, Alexa
Fluor 555 for the cell membrane surface labelling with wheat germ agglutin (WGA) appear
in red, and Hoechst 33342 for the nucleus staining appear in blue. Note: The membrane
staining option was chosen for visualisation of cardiomyocyte contour. Arrows indicate
channel localization in the cell membrane. The horizontal scale bars indicates 20 pm.
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To our knowledge, no reports have examined the expression of the
TRPM6 and TRPM7 channels in histological sections of myocardium
exposed to primary antibodies with the anti-TRPM6 and anti-TRPM7 and
stained with Mayer’s hematoxylin as well as with the immunofluorescence
labeling. Generally, the existing studies focused on the quantitative evalua-
tion of the fibrosis, in the histological preparations by using just the staining
of the collagen tissues and demonstrating the presence of a large fibrotic area
in the extracellular matrix during the terminal stage of heart failure or of atrial
fibrillation of the human heart. In the present study, expresion of both proteins
was revealed in histological slices using either the chromogenic (see Fig. 7
and 8 in [203]), or the immunofluorescence staining (see Fig. 3.3.2 and
Fig. 3.3.3). We demonstrate, that TRPM6, as well as TRPM7 proteins, are
inhomogeneously distributed mainly in the intracellular structures of
cardiomyocytes, viewed by green fluorescence pigments. However, the
expression also could be detected in the cell membrane region as well, but to
a much smaller amount (indicated by arrows in Fig. 3.3.2 and Fig. 3.3.3). In
addition, a view from Fig. 3.3.4 suggests, in cases with the end-stage of HF,
a lot of green immunofluorescences also could be obtained from the
extracellular matrix, which is composed of cardiac fibroblasts, the
endothelium cells of blood vessels, collagen fibers, and of the other structures.
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Fig. 3.3.4. Demonstration of TRPM?7 expression by immunohistochemistry
in the right atrium of the human heart with the end-stage of HF

Representative images obtained from the RA tissues obtained from an explanted human
heart: Alexa Fluor 488 for the TRPM?7 protein appear in green (A), Alexa Fluor 555 for the
cell membrane surface labelling with WGA appear in red (B) and Hoechst 33342 for the
nucleus staining appear in blue. Merged view of immunostaining is in (C). The area labeled
with the square bars corresponds to the images presented below on a larger scale. Notice:
WGA labels not only the cell membranes. According to the literature [236], the WGA stains
both the cellular membranes and the capillaries. White and yellow arrows show cardiomio-
cytes and extracellular matrix, respectively. The horizontal scale bars indicates 100 pm.

Next, for comparison, we also verified whether or not similar distribution
of the expressions of both TRPM6 and TRPM7 proteins could be obtained
with the immunohistochemical examination of young and healthy porcine
heart tissues (Fig. 3.3.5).
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Fig. 3.3.5. Identification of TRPM6 and TRPM?7 protein expression
by immunohistochemistry in the right atrium of the pig heart

Representative immunofluorescence images were obtained from the RA tissue from the per-
pendicular (A, B) and longitudinal (C, D) slices, respectively. The area labeled with the
square bars corresponds to the images presented below on a larger scale. Alexa Fluor 488 for
the TRPM7 and TRPM6 protein appear in green, Alexa Fluor 555 for the cell membrane
surface labelling with WGA appear in red, and Hoechst 33342 for the nucleus staining appear
in blue. Notice: A smaller expression of the TRPM6 and TRPM?7 proteins in the cell membra-
ne (arrows) compared with their intracellular localization. The horizontal scale bars indicates
20 pm.

Evaluation of those histological samples confirmed, that in the porcine
heart, like in humans, the TRPM6 protein is expressed, and could be detected
by immunohistochemistry. The color intensity analysis revealed that the
expression level of TRPM6 was noticeably lower than that of TRPM?7 protein.
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In addition, the membrane staining option, using WGA fluorescently conju-
gated with the Alexa Fluor 555 fluorophore, allowed localization of the
TRPM6 and TRPM?7 proteins in the cell membrane (indicated by arrows in
the lowest row).

Fig. 3.3.6 illustrates the quantification analysis of immunofluorescence
obtained from histological preparations (A and B) in comparison to those in
isolated cardiomyocytes (C) detected from the experimental animals and from
patients with different pathologies. These data demonstrate that independent
on experimental conditions, the immunofluorescence level of both TRPM6
and TRPM7 proteins was significantly increased in cardiac tissues under such
diseases as the IHD (from 1.6728 = 0.1160 a.u. to 1.9103 + 0.0421 a.u., and
from 2.4442 + 0.0518 a.u. to 3.0121 & 0.0909 a.u., respectively; n= 20,
P <0.05) and the AF (from 1.7554 = 0.0798 a.u. to 2.4268 + 0.0665a.u., and
from 2.6966 + 0.0836 a.u. to 3.1554 = 0.1082 a.u., respectively; n = 20-25,
P <0.05). Whereas in porcine right atrial tissue slices the fluorescence of the
TRPM6 and TRPM7 proteins was much lower and was 0.8920 + 0.0175 a.u.
and 1.6827 + 0.0384 a.u., respectively (n = 12—15, P <0.05). The same ten-
dency was detected in isolated cardiomyocytes also (see Fig. 3.3.6 (C) and
Fig. 3.3.1). Under both cardiac pathologies, such as IHD and AF, the expres-
sion of both tested proteins (TRPM6 and TRPM7) in human cardiomyocytes
increases.
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Fig. 3.3.6. Quantification of both the TRPM6 and TRPM?7
immunofluorescence intensity levels in the heart with and without
the pathology

Fluorescence intensity levels of TRPM6 (opern) and TRPM7 (filled) channels calculated from
the RA tissues in histological slices of the human heart, which were grouped according to
absence or presence of heart disease of patients: into the non-IHD vs. IHD group (A), into
the SR vs. AF group (includes all patients under investigation, i.e., with/without ischemic
disease) (B) obtained by immunohistochemistry, and in isolated cardiomyocytes (C) obtained
by immunofluorescence. For comparison data obtained from porcine RA tissues and cells are
shown, as indicated. Mean data provided in arbitrary units (a.u.). # P < 0.05 human (SR) vs.
pig; * P <0.05 AF vs. SR; $ P <0.05 IHD vs. non-IHD.
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In summary, the above results provide consistent evidence for the expres-
sion of both TRPM6 and TRPM?7 proteins in the human heart and in the
porcine heart. Just the expression level of TRPM6 and TRPM7 channels in
the porcine heart is lower, compared to that in the human heart, especially for
the TRPM6 channels. We also show, for the first time, that ischemic heart
disease, also AF, upregulates the expression of TRPM6 and TRPM?7 proteins
in the human heart. Such an increase in the expression of both proteins sug-
gests that both TRPM6 and TRPM7 channels are involved in the pathophy-
siology of IHD as well as AF. Also, these data are in concordance with our
earlier observation of the electrical changes obtained on TRPM7-like
currents.

3.4. Role of Mg?*-sensitive currents in the cardiac action potentials

As was mentioned above, cardiac Mg®*-sensitive channels [12, 219] are
permeable to Ca?>" and Mg?* [12], and both are involved in the homeostasis
of Mg?* [3, 76, 77, 79]. At the resting membrane potential (RP), the trans-
membrane potential gradient favors the inward flow of DV cations, such as
Mg?", via Mg**-sensitive TRPM6- and TRPM7-like channels, consistent with
the channel’s role as a pathway for DV cation entry. Consequently, the inward
flow of DV cations into cells through the channels could have an effect on the
intracellular concentrations of the divalent cations [8]. The contribution of the
Mg?"-sensitive currents to the cardiomyocyte electrical activity is unknown.
It could be supposed, that monovalent cation effluxes through Mg?*-sensitive
channels at positive potentials could contribute to action potentials (AP), but
such the possibility has not been tested.

During an AP, the positive potentials reached can cause monovalent
cation efflux via TRPM6- TRPM?7-like channels, for which the role remains
unclear. We, therefore, examined the role of the cardiac Mg**-sensitive
current in the AP of pig cardiomyocytes, for which outward currents do not
contain transient outward K" (/o) since the corresponding channels are not
expressed in this species [208, 209]. The experiments were performed at
36 °C using K'-containing intra- and extracellular solutions. To detect
electrical activity of cardiac myocytes, we recorded the total currents using a
whole-cell voltage-clamp, as well as the RP and AP using the current clamp
(see Fig. 1 in [210]). The cells were internally dialyzed and extracellularly
perfused with solutions known to activate (the Mg?*-free solution ([Mg*']i =
0 mM) or inhibit (the Mg?*-free solution [Mg?]i= 0.8 mM) the currents. The
cells were extracellularly perfused with the Tyrode solution with either
physiological levels of Mg?" concentration ([Mg>Jo = 0.9 mM) or with high
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Mg?* ([Mg?Jo = 7.2 mM), which is known to cause a complete suppression
of any activated Mg**-sensitive current [12].

In these two groups of cells, there was no difference in the RP, which were
also not changed by raising [Mg**]o from 0.9 mM to 7.2 mM (Table 3.4.1).

Table 3.4.1. Summary data of RP and APD in cardiomyocytes dialized with
0.8 mM [Mg®*]iand ~0 mM [Mg**]iand superfused with extracellular solu-
tions containing 0.9 mM [Mg**]o or 7.2 mM [Mg’*],

0.8 mM [Mg*']i(n=9) ~ 0 mM [Mg?']i(n = 10)
[0.9 Mg?'], [7.2 Mg, [0.9 Mg?], [7.2 Mg?'],
RP (mV) -79.9+2.6 -81.0+2.1 -784+2.8 774 +£3.7
APD3j (ms) 1455+ 14.5 136.5+15.1 100.4 + 14.8 143.6 +19.9
APDsg (ms) 216.6 +£19.6 196.6 +£21.0 145.6 £ 16.1 189.8 +£22.4
APDyg (ms) 238.0 £48.0 231.0+46.0 1789+ 14.2 2252+213

RP — resting membrane potential, APD3y, APDs; and APDyy— action potential duration
measured at 30%, 50% and 90% of repolarization, respectivelycijai. Notice: noticeable APD
lengthening in cells dialyzed with = 0 mM [Mg?']; when extracellularly perfused with
7.2 mM [Mg?*],. Stimulation frequency: 1 Hz. * P < 0,05 (n = 9-10).

Under voltage-clamp conditions using voltage ramps between —120 mV
and +80 mV, an outward rectifying current was present at positive potentials
in cells dialyzed with zero [Mg*']i. The current was suppressed by raising
[Mg®'Jo and was absent in cells dialyzed with physiological [Mg*]i, indi-
cating that it was due to the intracellular Mg?*-sensitive (TRPM6- and
TRPM7-like) current. Under these conditions, a large inward current
consistent with the presence of the inward rectifier K" current Ix1 was
observed. There was no difference in the current-voltage relationship between
the current after dialysis and superfusion with extracellular solution
containing 0.9 mM [Mg?']o and that in the presence of 7.2 mM [Mg>']o (see
Fig. 1 (A and C), insets in [210]), indicating that the changes of [Mg*']o did
not affect /xi.

After recording membrane currents under a voltage-clamp, we switched
to the current-clamp mode to record the action potentials in the same cells
(see Fig. 1 (B and D) in [210]). Under the control conditions (extracellular
Mg?* concentration, [Mg?'Jo, of 0.9 mM), the AP was shorter in cells dialyzed
with Mg?*-free internal solution (~ 0 mM [Mg?'];). Whereas raising extra-
cellular Mg?" ([Mg?']o to 7.2 mM) increased the APD in cells dialyzed with
zero [Mg*']i, but increasing ([Mg?*]o had no effect in those dialyzed with
0.8 mM [Mg**]i (Table 3.4.1).

139



Taken together, these results show that the cardiac AP is modulated by
an outward-rectifying current activated by dialysis with 0 mM [Mg?*];, and
suppressed by high [Mg?*]o. Since this current was absent in the cardiomyo-
cytes with 0.8 mM Mg, it is likely due to TRPM6 and/or TRPM7.

These results suggest that, under physiological conditions, the Mg**-sensi-
tive current is not expected to alter APD given that the current is largely sup-
pressed by physiological [Mg?**]i. However, the current may contribute to
APD if the sensitivity to physiological [Mg?']i is decreased by other regula-
tory factors. In the present study, we show that the expression of the TRPM6
and TRPM7 channels is modulated by incubation in DV cation-free extra-
cellular solutions. Thus, the contribution of the Mg?*-sensitive current to the
AP may vary depending on the status of the extracellular divalent cation
homeostasis.
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CONCLUSIONS

In this study, we for the first time identified the presence of TRPM6
channel protein in both human and porcine cardiomyocytes. Also, we
found for the first time that both TRPM6 and TRPM7 Mg?>*-sensitive
channel proteins are co-expressed in all four parts of the heart. Higher
protein expression of these channels was found in the right parts of the
heart.

Assessing the effects of modulating factors (divalent cations, acidosis,
and TRP channel blockers, such as 2-APB and carvacrol) in the cardio-
myocytes of human and porcine heart, we found that these channels are
not related and may function indepedently from each other.

We found that under chronic cardiac pathology, such as IHD and AF, the
expression of both tested proteins (TRPM6 and TRPM7) in human
cardiomyocytes increases, which may contribute to the pathophysiology
of cardiovascular disease.

In studies with the cardiomyocytes of porcine heart we detected that
under physiological conditions, Mg?*-sensitive current is not involved in
the formation of action potential. Conversely, when intracellular Mg>*
concentration decreases the duration of AP is shorter and sensitive to
changes of extracellular Mg?" concentration. It is likely that the
Mg?*-sensitive current may contribute to APD if the sensitivity for
intracellular Mg?* is decreased by pathological conditions or channel
mutations or if intracellular Mg?* concentration is decreased to low levels
by a disease such as chronic hypomagnesemia.
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Evidence for the expression

of TRPM6 and TRPM7

in cardiomyocytes from all four
chamber walls of the human heart

Inga Andriulé’, Dalia Pangonyté?, Manté Almanaityté?, Vaiva Patamsyté?, Milda Kupryté?,
Dainius Karéiauskas?, Kanigula Mubagwa®* & Regina Madianskiené™

The expression of the channels-enzymes TRPM6 and TRPM?7 in the human heart remains poorly
defined, and TRPMG6 is generally considered not to be expressed in cardiomyocytes. We examined
their expression at protein and mRNA levels using right atrial samples resected from patients (n=72)
with or without ischemic heart disease (IHD) and samples from all chamber walls of explanted human
hearts (n=9). TRPM6 and TRPM?7 proteins were detected using immunofluorescence on isolated
cardiomyocytes, ELISA on tissue homogenates, and immunostaining of cardiac tissue, whereas

their mRNAs were detected by RT-qPCR. Both TRPM6 and TRPM7 were present in all chamber walls,
with TRPM7 being more abundant. TRPM6 was co-expressed with TRPM7. The expression levels
were dependent on cell incubation conditions (presence or absence of divalent cations, pH of the
extracellular milieu, presence of TRP channel inhibitors 2-aminoethoxydiphenyl-borate and carvacrol).
These drugs reduced TRPM7 immunofluorescence but increased that of TRPM6. TRPM6 and TRPM7
expression was increased in tissues from IHD patients. This is the first demonstration of the presence
and co-expression of TRPM6 and TRPM7 in cardiomyocytes from all chamber walls of the human
heart. The increased TRPM6 and TRPM7 expression in IHD suggests that the chanzymes are involved
in the pathophysiology of the disease.

TRPM?7 and its homologue TRPM6 belong to the TRP channel melastatin subfamily, are regulated by intracel-
lular magnesium and are distinguished from other ion channels by unusual bifunctional activities, ion channel
and protein kinase'~*. Both of them are permeable to Ca?* and Mg**, and are key regulators of Mg”* homeostasis,
but their tissue expression levels appear to be different. Current evidence shows that TRPM?7 is ubiquitously
expressed in all mammalian cells, with the highest expression in the heart and kidney™, whereas TRPMG6 expres-
sion is restricted to epithelial cells of the kidney, placenta and intestine®®. They are reported to play a role in vari-
ous physiological or pathological processes, including intracellular Ca®* and Mg** homeostasis’, pace-making?®,
fibrosis and inflammation’, etc. The functional characterization of these channels has relied mainly on electro-
physiological methods'’, including in cardiac myocytes''~'*, Except for a differential pharmacological sensitiv-
ity to some substances (e.g., 2-aminoethoxydiphenyl-borate (2-APB)), the biophysical properties of murine or
human TRPM6 and TRPM?7 constructs expressed in various cell lines are almost indistinguishable'”. However,
the electrophysiological characterization has been limited by the lack of specific blockers. In addition, in native
cardiomyocytes the majority of TRPM6 and TRPM?7 proteins appear to reside in intracellular vesicles'*'®, and
are therefore inaccessible to patch clamp recordings.

To date, studies of TRPM6 and TRPM7 channel expression either in un-diseased!” or diseased'® human heart
has relied mainly on the genomic approach. However, data on Trpmé6 or Trpm7 mRNA and protein expression in
different parts of the heart has remained scant, and conflicting results have been reported, especially concerning
TRPMBS. In both animals and humans, whereas some studies found that Trpm6é mRNA was undetectable in the
heart'*~*!, one study identified Trpm6 mRNA and protein in the human heart and showed their increase in right
atrial cardiomyocytes from patients with atrial fibrillation (AF)*. In most others studies information of TRPM6
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was not included'®*. Thus, the presence of TRPM6 in the heart remains controversial and, more specifically,
whether it and TRPM?7 are expressed in all chamber walls of the heart is an open question.

‘The present study used different approaches, including protein detection by immunostaining of isolated car-
diomyocytes or of cardiac tissue, protein measurements by ELISA in cardiac homogenates and mRNA detection
by real-time quantitative polymerase chain reaction (RT-qPCR), to examine TRPM6 and TRPM7 expression. The
data confirm the presence of TRPM6 protein and gene alongside TRPM?7 in the walls of all four chambers of the
adult human heart. Moreover, we report on the modulation of the measured TRPM6 and TRPM?7 fluorescence
by the ionic composition of the cell incubation medium, by pharmacological drugs and by the pathological
condition of ischemic heart disease.

Results

Immunofluorescence detection and co-expression of TRPM6 and TRPM?7 in cardiomyocytes
from the walls of all four chambers of the human heart. We undertook to carry out an in-depth
comparison of both TRPM?7 vs. TRPM6 protein expression in the four cardiac chambers using several molecu-
lar approaches. First, we used the immunostaining of TRPM7 and TRPM6 proteins of atrial and ventricular
cardiomyocytes, performed 2 h or 12 h after cell isolation. Figure 1 illustrates that all cardiomyocytes expressed
both channels, with a lower expression level for TRPM6 (Fig. 1a,b). Noticeably, the immunofluorescence of
TRPMS protein, in contrast to TRPM?7, appeared to be highest in the perinuclear area in about half cases (44.7%
from ~ 400 cells; see Fig. 1a,b, arrows). This indicates that part of detected fluorescence is from the intracellular
membranes, especially given the permeabilization with Triton-X. TRPM7 and TRPMG6 protein expression was
slightly but significantly higher for the right-sided vs. left-sided chambers (Fig. lc,d; see also Supplementary
Table $1 online). The expression level for either TRPM6 or TRPM7 was higher when cells were fixed after 12 h of
cardiomyocyte conservation (Fig. 1¢,d; compare filled and unfilled columns, respectively). In general, the immu-
nofluorescence level of both channel proteins in cardiomyocytes from all chamber walls was significantly higher
following cell incubation in divalent cation-containing (DV) extracellular conditions vs. following incubation in
divalent cation-free (DVF) conditions (Fig. 1c vs. d).

Figure 2 illustrates immunofluorescence images obtained using conjugated primary antibodies to simultane-
ously detect both TRPM6 and TRPM?7 proteins expression in the same cell. The data indicate a co-expression
of TRPM6 and TRPM?7 proteins in cardiomyocytes from the four heart chambers (Fig. 2a). Like with non-
conjugated antibodies, levels of TRPM?7 were higher vs. those of TRPM6 in all chamber walls. The fluorescence
level with conjugated antibodies for both channels was lower compared with that of the non-conjugated primary
antibodies (compare Fig. 2b with Fig. 1b, see also Supplementary Tables S1, S2 online). Altogether, the above
results provide a consistent evidence for a co-expression of both TRPM6 and TRPM?7 in cardiomyocytes from
the four chamber walls of the human heart.

Opposite effects of 2-APB and CAR on immunofluorescence of TRPM6 and TRPM?7 in the
human heart. In addition to the presence/absence of extracellular divalent cations, the presence of pharma-
cological drugs known to inhibit TRPM6 and TRPM7 channel function also had an effect on the immunofluo-
rescence levels of TRPM6 and TRPM?. In our study the cardiomyocytes were exposed to 2-APB (500 pmol/L)
or CAR (100 umol/L), added for 15 min after keeping the cells for 2 h or 12 h, but before cell fixation and sub-
sequent incubation with primary antibodies. Figure 3a,b illustrates immunostaining images of TRPM7 (green)
and TRPM6 (red) proteins under control conditions (i.e., without the drugs) as well as after pre-treatments with
2-APB (Fig. 3¢,d) or CAR (Fig. 3e,f). Cells treated with these drugs displayed weaker TRPM?7 fluorescence inten-
sity but stronger TRPM6 intensity. Mean fluorescence levels are presented in Fig. 3g.h, respectively. Whereas
the vehicle, DMSO, did not change fluorescence intensity (0.0993+0.0008 a.u. and 0.0847 +0.0007 a.u. in solu-
tions with and without divalent cations, respectively; n=10-11), with 2-APB (500 pumol/L) immunodetected
TRPM7 was decreased (from 0.0986£0.0006 a.u. to 0.0246 £0.0003 a.u., n=16-88, P<0.001, in solutions with
divalent cations, and from 0.0827 +0.0005 a.u. to 0.0162+0,0004 a.u., n=70-76, P<0.001, in solutions without
divalent cations). Under the same experimental conditions 2-APB (500 umol/L) caused an increase in TRPM6
fluorescence (from 0.0518 +£0.0003 a.u. to 0.1500 £0.0004 a.u., n=20-99, P<0.001, and from 0.0354 +0.0006 to
0.1569+0.0005 a.u., n=70-87, P<0.001, in solutions with and without divalent cations, respectively). Quali-
tatively similar changes were caused by CAR in cardiomyocytes incubated for 2 h (not illustrated) or for 12 h
before addition of CAR (Fig. 3i,j): TRPM?7 fluorescence decreased from 0.1748 +0.0006 a.u. to 0.0383 +0.0003
a.u., n=6-64, P<0.001; and from 0.1188+0.0007 a.u. to 0.0251+0.0002 a.u., n=6-32, P<0.001, respectively. In
contrast, TRPM6 fluorescence increased from 0.0717 £0.0004 a.u. to 0.1907 £ 0.0004 a.u., n=16-20, P<0.001,
and from 0.0428£0.0004 a.u. to 0.1433£0.0002 a.u., n=17-37, P<0.001, respectively.

Extracellular proton concentration affects the immunofluorescence of TRPM6 and TRPM7 in
human cardiomyocytes. Like extracellular divalent cations and pharmacological agents, extracellular
pH is known to modulate TRPM6 or TRPM?7 channel function'''>. We also examined the possible impact
of extracellular acidity on the immunofluorescence. Cardiomyocytes were pre-incubated for 2 h in an acidic
extracellular milieu with and without divalent cations, just before fixation. As illustrated in Fig. 4a, extracel-
lular acidification to pH 5.0 increased immunefluorescence level of TRPM7 and TRPM6 by 1.45 fold and 3.06
fold, respectively (to 0.1536 £0.0004 a.u. and to 0,1524+0.0004 a.u., respectively; n=15-25, P<0.001), relative
to the fluorescence detected in cells kept at pH 7.4 (0.1057 + 0.0008 a.u. and 0.0498 +0.0003 a.u., respectively;
n=61-69, P<0.001). In this case, an interaction was observed with extracellular divalent cations. Acidification
to pH 5.0 during incubation without divalent cations changed the fluorescence level of immunodetected pro-
teins differently, as presented in Fig. 4b: suppression of TRPM7 (from 0.0830+0.0004 a.u. to 0.0500 £ 0.0006 a.u.,
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Figure 1. Immunofluorescence of TRPM7 and TRPMS6 proteins in all cells used. Image acquisition performed
using confocal laser scanning microscope (a, atria; b, ventricle). Inmunofluorescence of confocal z-stack of
cardiomyocytes with immunodetected TRPM7 and TRPM6 proteins, respectively. Alexa Fluor 488 and Alexa
Fluor 546 for the TRPM7 and TRPMS protein appear in green and red, respectively. Alexa Fluor 405 for F-actin
cytoskeleton appears in surrogate grey. Hoechst 33342 for nuclei appears in blue (the arrowheads indicate the
localization of TRPM6 protein in the perinuclear area). (¢, d) Quantification of immunofluorescence levels of
the TRPM? (green) and TRPMB6 (red) proteins in cardiomyocytes from four chambers of the heart (left atrium,
LA; right atrium, RA; left ventricle, LV; and right ventricle, RV), under experimental conditions with (¢) and
without (d) divalent cations in the extracellular milieu, respectively. Cardiomyocytes were fixed following

2 h (filled columns) or 12 h (unfilled columns) after cell isolation. Mean data provided in arbitrary units (a.u.)
(Supplementary Table 1 online). A blinded study-design (with the investigator reading the fluorescence not
knowing the cell incubation conditions) was used for the detection of protein concentration during various
experimental conditions. *P<0.05 2 h vs. 12 h and #P<0.05 right-sided vs. left-sided heart chambers. Scale bars
indicate 20 pm.

n=11-51, P<0.001), but enhancement of TRPMS by 5.62 fold (from 0.0314 +0.0005 a.u. to 0.1765 +0.0004 a.u.,
n=6-25, P<0.001). The data indicate that both immunodetected proteins are not coupled and show individual
regulation under extracellular acidification of the milieu.
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Figure 2. Immunofluorescence images depicting co-expression of TRPM6 and TRPM7 proteins in human
cardiomyocytes. (a) The immunofluorescence of TRPM7 (green) and TRPMG (red) in the same LA, RA, LV,
and RV cardiomyocyte when using conjugated antibodies (the arrowheads indicate the localization of TRPM6
protein in perinuclear area). (b) Quantification of the staining intensity of the immunodetected conjugated
antibodies (spotty) and non-conjugated antibodies (srnooth) for both proteins in cardiomyocytes from the four
chambers of the heart as indicated. *P<0.001 2 h vs. 12 h, #P<0.001 right-sided vs. left-sided heart chambers.
Other notations are the same as in Fig. 1.

Influence of underlying diseases on the immunodetected TRPM6 and TRPM7.  Since our previ-
ous electrophysiological studies indicated an influence of IHD on the TRPM7 current density'?, we also sought
to determine whether such a pathological condition also influences the levels of immunodetected TRPM6 and
TRPM?7 proteins. Figure 5 compares the mean levels of TRPM6 and TRPM?7 protein immunostaining in cardio-
myocytes from patients with or without a clinical history of IHD. In general, independently of the experimental
conditions used to incubate cells (i.e. presence/absence of extracellular divalent cations, 2 h or 12 h incubation),
the immunofluorescence levels of both channel proteins were much higher in cardiomyocytes of the IHD patient
group compared to those from non-IHD patients (Fig. 5, upper values of each panel; see also Supplementary
Tables S3, $4 online).

Validations of TRPM6 and TRPM7 proteins expression by ELISA and of their mRNA expression
by RT-qPCR in the four chambers of the human heart. Having characterized TRPM6 and TRPM7
expression using immunofluorescence, we wanted to examine whether the results can be validated using a dif-
ferent technique, ELISA carried on tissue homogenates. Figure 6a,b illustrates that ELISA also detected the
presence of TRPM7 and TRPMS6 proteins in all cardiac chamber walls. The results are qualitatively similar to
those obtained using immunofluorescence: higher expression of TRPM7 compared to TRPM6 (Supplementary
Table S5 online), higher expression in right chambers compared to left chambers, increased expression in IHD.
We also found that in the LV the expression of the TRPM7 and TRPM6 proteins was significantly (P<0.05)
higher in subepicardial homogenates (1313.75+15.81 pg/mL and 324.33+£22.22 pg/mL, respectively; n=3)
compared with subendocardial homogenates (1114.80+23.96 pg/mL and 256.76 +19.24 pg/mL, respectively;
n=3).

Figure 6¢ shows the results of RT-qPCR to assess TRPM6 and TRPM7 expression at the mRNA level using
primers designed for the human genes (Trpm6 and Trpm?7). B-actin (ACTB) was used as internal control. Both
Trpmé and Trpm7 mRNAs were detected in cardiac tissues from explanted human hearts. Both had 100% qPCR
efficiency for all four cardiac chamber walls (Fig. 6¢). Here also RT-qPCR showed that the Trpm6 gene relative
expression was much lower compared to the Trmp7 gene expression (Fig. 6¢, Supplementary Figure S1, and
Supplementary Table $6 online). Trpm7 mRNA expression was more than two- to fourfold higher in ventricular
tissue compared to atria (Fig. 6¢, green). In general, RT-qPCR results are in agreement with the expression of
the proteins. However, in contrast to results with immunofluorescence, there was no significant difference of the
Trpm6 mRNA expression level in right vs. left sides.

Demonstration of TRPM6 and TRPM7 expression by immunohistochemistry.  Finally, to further
demonstrate TRPM6 and TRPM7 expression in the human heart, histologic preparations of ventricular and
atrial tissues were exposed to primary antibodies and stained with Mayer’s hematoxylin. Color intensity analysis
of TRPM7 (Fig. 7) as well as of TRPM6 (Fig. 8) in tissues showed noticeable brownish pigments in the intracel-
lular space in tissues from the four chamber walls of non-ischemic heart (obtained from a victim of traffic acci-
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Figure 3. Effect of 2-APB and CAR on the immunofluorescence of TRPM6 and TPRM7 in human
cardiomyocytes. (a-f): Cardiomyocyte staining with anti-TRPM?7 (a, ¢, €) or anti-TRPMS6 (b, d, f) in the absence
(a, b) of drugs and in the presence of either 2-APB (¢, d) or CAR (e, f). (g-j): Quantification of the intensity of
fluorescence without drugs (open) and with the drugs (filled) expressed in arbitrary units (a.u.). Note lack of
influence of the solvent, DMSO, at 500 pmol/L (triangles) but opposite change with 2-APB and CAR on TRPM7
vs. TRPMBS, i.e. decrease of the immunofluorescence level of TRPM7 but increase of the TRPM6 fluorescence
level. *P<0.001 drug vs. no drug. Other notations are the same as in Fig. 1.

dent and serving as control; Figs. 7a,8a) and of an IHD heart (Figs. 7b,8b). Morphological changes of myocardial
tissues from the IHD patients included cardiomyocyte hypertrophy and nuclear enlargement (see also Fig. 7e)
as well as interstitial fibrosis (Fig. 7f). Qualitatively similar data on TRPM6 and TRPM7 staining were obtained
in heart tissue sections from all subjects of this study (Supplementary Table $7 online).

Discussion

Our study provides evidence of cardiac co-expression of TRPM6 and TRPM7 in cardiomyocytes from all four
chamber walls of the human heart. Till now there has been consistent evidence for the expression of TRPM7 in
cardiac tissue, including in contractile (atrial and ventricular) cardiomyocytes and conduction cells as well as in
fibroblasts (see*!). TRPM7 is likely also expressed in coronary vascular endothelial and smooth muscle cells like
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Figure 4. Effect on incubating human cardiomyocytes in acidic solution on the immunofluorescence of
TRPM6 and TPRM?. (a, b) Quantification of the intensity of fluorescence at pH=7.4 (open symbols) and at
pH=5.0 (filled symbols) expressed in arbitrary units (a.u.) with and without divalent cations, respectively.
*P<0.001 pH 5.0 vs. pH 7.4. Other notations are the same as in Fig. 1. Extracellular acidification differently
changes the fluorescence level of the immunodetected TRPM?7 (filled diamonds) and TRPMS6 (filled circles)
proteins in human cardiomyocytes depending on the presence of divalent cations in the milieu.
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Figure 5. Comparison of the levels of TRPM6 and TRPM?7 in IHD vs. non-IHD. (a-d, e-h) Quantification of
the intensity of fluorescence in cardiomyocytes obtained from patients with IHD (filled symbols) and without
such diagnosis (unfilled symbols) expressed in arbitrary units (a.u.) in presence/absence of divalent cations, 2

h and 12 h, respectively. In all cells used P<0.001 IHD vs. non-IHD. Other notations are the same as in Fig. 1.
[HD increases the fluorescence level of the immunodetected TRPM?7 (green) and TRPMS6 (red) proteins
expression.

in peripheral vasculature®. But controversy exists concerning the expression of TRPM6. In addition, investiga-
tion on TRPM6 and TRPM?7 expression in all four chamber walls of the human heart was still lacking. Here, we
employed different approaches to examine this expression. First, using immunofluorescence on cardiomyocytes
isolated from any part of the human heart, we detected expression of TRPM6 alongside with TRPM?7 expres-
sion. In support of these results, TRPM6 and TRPM7 proteins were also detected by immunohistochemistry,
they were detected and quantified by ELISA and their corresponding mRNAs were identified by RT-qPCR. The
TRPM7 expression level was consistently much higher than that of TRPMS. Thus, our data provide for the first
time evidence of the expression of both channels in the walls of all four human heart chambers.

Information regarding the TRPM6 channel protein level in the human heart has remained scant, and has
concerned only RA tissues™. Information regarding the Trpm6 mRNA level in human RA has also been contro-
versial, since in two studies no mRNA expression of Trpm6 was detected'**", whereas in another study Trpmé6
mRNA was present and its expression found to be increased in RA cardiomyocytes from patients with AF?.
There is no previous report showing the presence of TRPMS in ventricular cells or tissues. In LV and RV tissues
obtained from patients with advanced heart failure (HF)*® or various mouse strains Trpm6 channel gene was
not detectable”.
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Figure 6. TRPM?7 and TRPMS protein levels and RT-qPCR mRNA relative expression levels in human heart
tissue homogenates. (a, b) TRPM7 and TRPMS6 proteins are increased in the walls of all heart chambers with
IHD (filled columns) vs. non-IHD (unfilled columns). A blinded study-design (with the diagnosis unknown
to the investigator) was used for the detection of protein concentration in the various samples. Values

(mean +SEM) are in pg/mL and from 3-33 heart tissue homogenates. *P<0.05 IHD vs. non-IHD, #P<0.05
right-sided vs. left-sided using ANOVA with LSD test (Least Significant Difference). (¢) mRNA relative
expression levels of human Trpmé6 and Trpm?7 genes detected in the four cardiac chambers from explanted
human hearts (n=3, for each). *P <0.05 Trpm7 vs. Trpm6, #P <0.05 right-sided vs. left-sided.

Figure 7. Representative histotopograms of TRPM?7 images in the four chamber walls of the human heart. (a)
Control subject after traffic accident. (b) IHD patient. The intensity of the brownish pigments shows areas with
expression of TRPM7 in the heart (x 40 magnification). (c) Negative control in the LV. (d) Positive control of
TRPM?7 in tumour of the colon (a-d, x 40 magnification). Note: for negative control an irrelevant IgG of the
same isotope as the primary antibody was used. (e,f) Representative images of the regional assessment (from
the LV midmyocardial tissue sections) of myocardial hypertrophy/degeneration and fibrosis using hematoxylin
and eosin (H & E) staining and picrosirius red staining, respectively (x 20 magnification). Scale bars indicate
100 pm.

The present study also provides information of the relative expression of the channels when comparing atrial
vs. ventricular cells, or left vs. right cavity walls. TRPM6 or TRPM7 protein expression was of the same order
of magnitude in atrial and ventricular cells, but expression was higher on the right side than on the left side. In
the study by Morine and colleagues (2016)*, while failing to detect Trpm6 and Trpm7 mRNA in LV or RV from
human subjects with end-stage HF, they were however able to show a biventricular expression of both channel
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Figure 8. Representative histotopograms of TRPM6 images in the four chamber walls of the human heart. (a)
Control subject after traffic accident. (b) IHD patient. The intensity of the brownish pigments shows areas with
expression of TRPMB6 in the heart (x 40 magnification). (¢) Negative control (left) in the LV, and positive control
(right) of TRPMS6 in tumour of the colon (x 40 magnification). Scale bars indicate 100 pm. Other notations are
the same as in Fig. 7.

mRNA in a mouse model of thoracic aortic constriction. A very recent study showed various gene expressions in
the four chambers of the mouse hearts”, and demonstrated that Trpm4 and Trpm?7 are predominantly expressed
at the atrial level. It should be noted that gene detection is likely to be less specific than the other methods (cell
immunostaining and ELISA) for determining levels of expression in cardiomyocytes due to contamination by
the numerically more abundant non-cardiomyocyte cells (endothelial and vascular smooth muscle cells as well
as fibroblasts).

We have no explanation for the different levels in the various chamber walls. Because TRPM channels are
stretch sensitive, one possibility could be that expression in the various chamber walls is related to stretch. Ven-
tricular cells, which experience more stress are shown in the present study to have slightly higher TRPM7 and
TRPMS6 expression although, as stated above, the difference with levels in atrial cells did not reach statistical
significance. However, right cardiac chamber walls where mechanical stress in expected to be lower than left
chamber walls display higher TRPM7 and TRPMS levels. If stretch was the main factor determining TRPM7 or
TRPMS6 expression, then the following order would be expected in the levels of expression: LV, RV, LA and RA.

TRPM6 and TRPM?7 can form homomers but can also heteromerize” to form TRPM6/TRPM?7 complexes.
There are differences in ion permeability, single channel conductance and sensitivity to modulators between
the various homo- and het 510031 The diffe levels of expression of the two proteins, and the fact that
their expression could be regulated in opposite directions (decrease of one vs. increase of the other; see below)
indicate that these channels are likely to form homomers in addition to forming heteromers in cardiac myocytes.
The possibility of being regulated in opposite or same directions is also good evidence that the antibodies used,
directed towards these two channels, did not display promiscuous sensitivity to the two proteins.

Beside providing evidence for the presence of both TRPM6 and TRPM?7, our data also show that experimental
conditions such as the presence/absence of extracellular divalent cations, the presence of TRPM6 and TRPM7
channel current inhibitors 2-APB and CAR, and acidification of the cell incubation medium all cause a change
in immunodetected channel protein levels. All these factors have been shown in electrophysiological studies to
alter TRPM6 and TRPM7 channel current! 13323,

The effects of extracellular divalent cations in our study (decreased expression of TRPM6 and TRPM7 in cells
incubated in the absence of extracellular divalent cation; see Figs. 1c,d and 3g-j) is opposite to the one observed in
previous studies using other cell types. Incubating in media containing low concentrations of divalent cations led
to an upregulation of TRPM7 gene expression in chondrocytes™. Similarly, incubation in low extracellular Ca**
and Mg** led to an increased expression of TRPM?7 but not of TRPMS in osteoblast-like cells*, and incubation
in low-Mg?* media led to an upregulation of TRPM6 in mammary epithelial cells®. Given the role of TRPM6/7
as pathways for the entry of Ca>* and Mg?, these changes can be interpreted as adaptive processes, initiated in
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order to compensate for the absence or decreased availability of the permeant divalents. It remains unclear why in
our study TRPM6 and TRPM7 were downregulated instead of being upregulated in cells incubated in the absence
of divalent cations, but other changes induced by the absence of divalent cations, e.g. alterations of intracellular
ions such as Na* (which increases in the absence of extracellular divalents’) or of signaling pathways linked to
the functioning of these channels could add to and distort the above-mentioned adaptive process.

Although the present study did not investigate the effect of incubating cardiomyocytes in low or high Mg**,
others have noted that low extracellular Mg?* changes the levels of TRPM7 in vascular smooth muscle and
endothelial cells. For example, TRPM?7 (but not TRPM6) was shown to be upregulated in human umbilical
vein endothelial cells (HUVEC)®, These changes were interpreted as being adaptive, as explained above. How-
ever, opposite results, i.e. downrelgulation of TRPM7 was obtained in human microvascular endothelial cells
(HMVEC)®. At present, like for the opposite effects with extracellular Ca*, there is no definitive explanation
for these differences, except for different involvements of oxidative stress, which is increased by low Mg?* in
HUVEC but not in HMVEC™, As far as cardiomyocytes are concerned, it should be noted that they differ from
endothelial cells in that they are not actively proliferating. Thus, changes of intracellular ion homeostasis may
subserve different purposes compared to endothelial cells where cell proliferation is very intense.

In our study, 2-APB and CAR, two pharmacological agents known as modulators of TRP channel activity,
caused opposite effects on the fluorescence intensity of immunodetected TRPM7 and TRPM6 proteins, We inten-
tionally used 500 pmol/L 2-APB since such a concentration has been demonstrated to differently regulate TRPM6
and TRPM?7 channels: significant increase of the TRPM6 current'” vs. dramatic reduction of the TRPM7 current
amplitude®. Our data of the influence of 2-APB on the fluorescence of immunodetected TRPM6 and TRPM7
proteins are in concordance with these electrophysiologic reports of opposite effects on the channels. Interest-
ingly, CAR also caused quantitatively similar reduction of the fluorescence of the immunodetected TRPM7 but
marked enhancement of the TRPM&6 fluorescence level similar to the above described action of 2-APB. However,
because there is no data investigating CAR effects on TRPM6 ion current it is unclear whether a concordance
exists with electrophysiological data similar to that for 2-APB.

The present study shows that acidification of the cell incubation medium also caused changes in the immuno-
detected TRPM6 and TRPM?7 channels. For TRPM?7 the changes produced by extracellular acidification are also
in the same direction as those observed for channel current. In cardiac myocytes extracellular acidification has
been shown to increase the current attributed to TRPM?7 in the presence of divalent cations'>!, but to decrease
the current in the absence of extracellular divalent cations'"'2. We are not aware of any electrophysiological study
testing the effect of extracellular acidosis on TRPM6 currents in the absence of extracellular divalent cations.

Our study also shows a concordance between effects of chronic disease on channel expression and on channel
currents. Chronic ischemic disease, which is associated with an increase of channel current density in electro-
physiological studies focusing on atrial cells'?, was also associated with an increase in immunodetected chan-
nel protein expression in the present study (see Fig. 5). The observed difference between non-IHD and IHD is
unlikely to be explained by the small age difference between the two groups of patients, especially since no signifi-
cant difference was obtained between age groups (patients aged 50-65 vs. those aged > 65) within the same clinical
condition (either non-IHD or IHD) for the level of TRPM6 and TRPM7 measured by immunofluorescence and
by ELISA (see Supplementary Table $8). The larger levels of TRPM6 and TRPM?7 with chronic ischemic disease
persisted for each age group. However, due to the modest sample size of each age group, additional studies may
be needed to confirm this lack of an effect of age on the level of the proteins.

The other cardiac pathology known to affect TRPM7 channel expression is AF, but was not investigated in
the present study. Trpm7 mRNA and/or protein levels have been reported to be up-regulated in AF patients!*"!
and in an animal model of HF*2. Here too, there has been controversy concerning the detection and regulation
in the specific situation of the LV, since up-regulation®, down-regulation®’, and no detection® of Trpm7 mRNA
expression levels were reported.

The role of cardiomyocyte TRPM7 and TRPMS6 channels in cardiac pathology remains unclear. TRPM?7 in
cardiac fibroblasts has been implicated in cardiac inflammation and fibrosis as well as in atrial fibrillation, but
the channel-enzyme has been considered either as a deleterious*! or as a protective factor’. Increased cardiac
TRPM?7 has also been associated with increased propensity to ventricular arrhythmia®. Based on findings in
neurons, where TRPM7 mediates Ca®* influx and cell death during ischemia™ it could be postulated that a similar
mechanism operates in cardiomyocytes and contributes to cell death (infarction) during myocardial ischemia
and/or reperfusion. The effect of acute ischemia on cardiomyocytes TRPM7 and TRPM6 remains unknown (but
see*?). For chronic ischemia, increased expression of the channel has been reported as mentioned above'?. As far
as reperfusion is concerned, instead of an activation of TRPM?7 in cardiomyocytes by reactive oxygen species,
these have been shown to inhibit TRPM7*. In contrast, others found an increased expression of TRPM7 under
conditions of prolonged exposure to oxygen stress™.

The above-mentioned concordance between effects of various experimental and pathological factors on
immunodetected channel protein on the one side and on channel current on the other side adds to the difficulty
in interpreting the action of these factors in electrophysiology experiments. Many of the electrophysiological
changes induced by these factors can be obtained within seconds, making it unlikely that they involve channel
density changes. However, instead of consisting of purely biophysical mechanisms involving the channel pore,
effects recorded over many minutes could also involve, based on the results of the present study, a change in
channel protein density in the membrane. It is not known whether the various factors may influence channel
turnover between intracellular and extracellular pools. For example, the effect of 2-APB might be accounted
for if its binding were to promote channel internalization of one channel protein but to inhibit that of the other.

One could also envisage the possibility that changed immunodetected TRM6 and TRPM?7 in cells incubated
with 2-APB or CAR results from protein conformations induced by these drugs, with an effect of the new con-
formations on the binding of antibodies. However, this cannot be a satisfactory explanation for the changed
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Patient data I IHD
Age range (years) 50-87
Mean age (years) + SEM 607124 |674%14
Female, n (%) 10 (40.0) | 17 (36.2)
Male, n (%) 15 (60.0) | 30 (63.8)
Total, n (%) 25(100) | 47 (100)
Surgical intervention

Valve surgery, n (%) 25 (100) 0(0)
CABG surgery, n (%) 0 32(68.1)
CABG and Valve surgery, n (%) | 0.(0) 15(31.9)

Table 1. Clinical characteristics of the patients. CABG, coronary artery bypass graft; IHD, Ischemic heart
disease.

expression in ischemic myocardium. For IHD, probably a real change in protein expression occurs. Extracel-
lular acidification is noted to acutely increase current through TRPM6 or TRPM7 channels by decreasing the
sensitivity of the channel to block by divalent cations and increasing the permeability of monovalent cations
such as Na* and probably H* itself". It is assumed that protons and Ca®* simply compete for a common site
from where blocking effect is exerted by Ca?* but not H*. If our hypothesis to explain the changed expression is
correct, then the effect of incubating with higher proton concentration is more complex, involving also a change
in the channel protein conformation.

In summary, this study provides the first demonstration of co-expression of both TRPM6 and TRPM?7 pro-
teins and genes in the four chambers of the human heart. Our findings also suggest that a disease condition such
as [HD could increase their expression, and this might indicate that TRPM?7 as well as the TRPM6 are involved
in the pathophysiology of cardiovascular diseases. TRP channel blockers such as 2-APB and CAR oppositely
affected the levels of immunodetected proteins, i.e., both of them reduced immunofluorescence of TRPM7 but
increased such of the TRPM6.

Materials and methods

Ethics. The study was carried out in accordance with the European Community guiding principles outlined
in the Declaration of Helsinki, and was approved by the Ethics Committee of Biomedical Research of Kaunas
Region, Lithuania (No.2R-1344 (2.6-1), 23 February 2018).

Patients. We used cardiac tissue specimens resected from patients (n=72) undergoing open-heart surgery
or from hearts removed from patients (n = 9) receiving heart transplantation.

Right atrial (RA) tissues were obtained during heart surgery for coronary artery bypass graft (n =32) or valve
surgery (n=25) or both (n=15) at the Hospital of the Lithuanian University of Health Sciences (LUHS). The over-
all characteristics of the open heart surgery patients are summarized in Table 1, which groups them depending
on whether they had ischemic heart disease (THD) (n = 47; of both sexes, with a mean age of 67.4 + 1.4 years) or
not (n=25; of both sexes, with a mean age of 60.7 +2.4 years; P<0.05 when comparing the ages of both groups).
Written informed consent before surgical procedures was obtained. The specimens were transported from the
hospital to the laboratory in cold (8-10 °C) St. Thomas cardioplegic solution (composition in mmol: 110 NaCl,
16 KCl, 1.2 CaCl,, 16 MgCl,, 5 glucose, 10 HEPES, pH adjusted to 7.4, with NaOH). A part of each sample was
frozen for biobank storage.

We also used tissues from whole human hearts, which were explanted from patients (9 males, aged
55.3%3.0 years, age range: 38-65 years) undergoing cardiac transplantation at the same Hospital. Informed con-
sent for the use of the explants for research purposes was obtained before cardiac surgery. In addition, five hearts
were obtained from subjects after traumatic death following traffic accident and served as control (5 males, aged
48.6+ 8.5 years, age range: 29-75 years) for immunohistochemical studies. Clinical characteristics of the patients
and control subjects are presented in Supplementary Table 87 online. The explanted hearts were transported in
cold St. Thomas cardioplegic solution. Muscle tissue samples were excised from all four heart chamber walls.
Transmural left ventricular samples (taken up to 3 mm away from epi- and endocardial surfaces) were dissected
from the mid portion of the heart. Part of dissected samples was snap-frozen at — 80 °C for biobank storage.

Cardiomyocyte preparation. Cardiomyocytes were isolated as previously described'>'*. In short, a small
tissue specimen (from left atrium (LA), right atrium (RA), left ventricle (LV) and right ventricle (RV)) was fine-
cut in oxygenated nominally Ca**-free Tyrode solution (see composition below) supplemented with 3 mg/mL
2,3-butanedione monoxime, which was washed out 2-3 times before enzyme application. The tissue chunks
were transferred to a beaker with nominally Ca**-free Tyrode solution supplemented with 1 mg/mL bovine
serum albumin (BSA), 1 mg/mL collagenase (215 U/mg, type 2; Worthington Biochemical Corporation, Lake-
wood, NJ, USA), and 0.5 mg/mL protease (7-14 U/mg, type XXIV; Sigma-Aldrich, S$t. Louis, MO, USA), and
continuously bubbled with 100% O,. After 30 min of shaking in a water bath at 37 °C, the solution with both
enzymes was replaced by fresh solution containing only collagenase (1 mg/mL), and shaken until cardiomyo-
cytes appeared in aliquots obtained from the mixture. When the yield appeared to be optimal, the leftover of
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tissue chunks were resuspended in nominally Ca**-free Tyrode and gently subjected to trituration by suction
with a pipette. The cell suspension was filtered, centrifuged, and washed 2-3 times either with normal (divalent
cation-containing) or with divalent cation-free Tyrode solution, and stored at room temperature. Dissociated
cells were used for immunofluorescence studies.

Immunofluorescence. The methods used for the immunofluorescence were similar to those described in
detail previously'”. Enzymatically dissociated cardiomyocytes were allowed to settle on the bottom of 8-chamber
slides for 15-20 min. Afterwards, the cells were covered with hand-made perforated agarose coverslips, fixed in
4% paraformaldehyde for 15 min and then washed in physiologic buffer solution (PBS). Triton X-100 (0.1%)
was used during 3 min for permeabilisation. Non-specific binding of antibody was prevented by using blocking
buffer containing 10% bovine serum (Thermo Fisher Scientific, Waltham, MA, USA) in PBS for 1 h. Cells were
incubated with primary rabbit polyclonal anti-TRPM6 antibody (ACC-046, Alomone labs, Jerusalem, Israel)
or rabbit polyclonal anti-TRPM7 antibody (ACC-047, Alomone labs, Jerusalem, Israel) diluted (1:200) in PBS
containing 3% BSA in blocking buffer overnight at 4 °C, and washed thereafter with PBS. For negative controls,
incubation with primary antibody was omitted to check for non-specific binding of the secondary antibody. The
cells were incubated for 1 h with fluorescence-labelled secondary antibody (either donkey anti-rabbit IgG; Alexa
Fluor 488 conjugate; A21206, Invitrogen, Thermo Fisher Scientific, Rockford, IL, USA; dilution 1:200; or goat
anti-rabbit IgG; Alexa Fluor 546 conjugate; A11035, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA;
dilution 1:200), co-stained (for 20 min) with Phalloidin-Alexa Fluor 546 (A22283, Invitrogen, Thermo Fisher
Scientific, Waltham, MA; dilution 1:100) or Phalloidin-CF 405 (00,034, Biotium, Fremont, CA, USA; dilution
1:100) and with Hoechst 33,342 (B2261, Sigma-Aldrich, St. Louis, MO, USA; 25 pug/mL; for 10 min) for labelling
of the F-actin cytoskeleton and of the nucleus, respectively. We also used conjugated antibodies: mouse mono-
clonal anti-TRPMG conjugate with AF546 (sc-365536, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and
rabbit polyclonal anti-TRPM7 conjugate with AF488 (bs-9044R-A488, Bioss Antibodies, Woburn, MA, USA).
Finally, the agarose covering and media chambers were removed and glass slides covered with ProLong Gold
Anti-fade Reagent (P36934, Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) and coverslip
glass, and sealed with clear nail polish. Cardiomyocytes were visualized under confocal laser scanning micro-
scope by utilising sixty-time magnifying (x 60) oil immersion objectives (Olympus BX61, Olympus Corpora-
tion, Tokyo, Japan) from which images were taken using the same scanning parameters (image acquisition con-
trol and spectral settings, etc.) for both TRPM6 and TRPM?7 proteins in all cardiomyocyte preparations. Images
are presented as stacks of 8-10 slices at fixed intensity. Cardiomyocyte area (pixels) and fluorescence intensity
were measured in stacks using Image] 1.43 m (Wayne Rasband, National Institutes of Health, USA; http://rsb.
info.nih.gov/ij) and Imaris 7.2.1 (Bitplane AG, Zurich, Switzerland; https://imaris.oxinst.com) softwares. Immu-
nodetected TRPM6 and TRPM?7 protein levels were calculated by the formula: fluorescence intensity*1000/cell
area. In order to reduce any statistical confounder, immunofluorescence reading was blinded as the conditions
used to keep cells were unknown to the person performing the reading.

Preparation of homogenates from human heart tissues.  We prepared tissue homogenates from all
heart chamber walls. Small specimen were fine-cut in a dish on ice and placed in round-bottom centrifuge tubes.
Ice-cold RIPA lysis buffer (150 mmol NaCl; 50 mmol Tris-HCI; 0.1% Triton X-100; 0.1% sodium dodecyl sul-
phate; 0.5% sodium deoxycholate) was added (~ 300 uL for ~5 mg of tissue) and the content was homogenized
(LabGEN 125 Homogenizer, Cole-Parmer, Vernon Hills, IL, USA). Then 10 pL of a protease inhibitor cocktail
were added and the homogenates was left on an orbital shaker for 2 h on ice. Afterwards the homogenate was
centrifuged (Heraeus Biofuge Stratos Centrifuge, Thermo Fisher Scientific, Waltham, MA, USA) for 20 min at
10,000 rpm and 4 °C, and the supernatant aspirated and placed in new tubes on ice. Pellets were discarded. The
total protein concentration in the samples was determined using the Biuret Method. Homogenates were used
for ELISA.

Enzyme-linked immunosorbent assay (ELISA).  ELISA kits (MyBioSource, Inc., San Diego, CA, USA)
were used to determine quantitative levels of TRPM6 and TRPM?7 in human tissue homogenates. This method
was performed based on the manufacturer’s protocol. We prepared samples and different concentrations of
the standard. One well was blank. In total, 100 pL of each standard and samples were added to the appropri-
ate microtiter plate wells with a biotin-conjugated antibody preparation specific for TRPM6 or TRPM7. The
enzyme-substrate reaction was terminated by the addition of sulphuric acid. Optical signals were recorded with
a spectrometer (Multiskan ME, Thermo Fisher Scientific, Vantaa, Finland) at a wavelength of 450+ 10 nm. The
levels of TRPM6 and TRPM?7 were determined according to instructions provided by the ELISA kits: TRPMé6
(MBS457214) and TRPM7 (MBS457216). After measuring the optical densities of the standard solutions, a
standard curve was drawn using the Curve Expert 1.4 software (Daniel G. Hyams, Hyams Development, Chat-
tanooga, TN, USA; https://curveexpert.software.informer.com/1.4). The concentrations of TRPM6 and TRPM7
in the tissue homogenates were then determined by comparing the optical density of the samples to the standard
curve. The measurement of each single sample was read three times.

Gene expression. RT-qPCR was used to detect the mRNA levels of Trpm6 and Trpm?7 in heart muscles
obtained from four chamber walls of three explanted hearts (twelve samples of total human RNA). The total
RNA was isolated using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific, Vilnius, Lithuania) and
acid phenol:CHCI; premix (Ambion, Austin, TX, USA) in accordance with the manufacturer ‘s instructions. An
additional RNase Inhibitor (Applied Biosystems, Waltham, MA, USA) was added to the lysis buffer. RNA integ-
rity was assessed using a 2100 Agilent Bioanalyzer System (Agilent Technologies Inc., Santa Clara, CA, USA).
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Prior to the start of cDNA synthesis, DNA contamination was removed from RNA samples using the TURBO
DNA-free Kit (Thermo Fisher Scientific, Vilnius, Lithuania). Reverse transcription reactions were completed
using a High Capacity RNA-to ¢cDNA Kit (Thermo Fisher Scientific, Vilnius, Lithuania). cDNA was further
diluted three times with nuclease-free water. After reverse transcription, the reaction mixture (cDNA) was used
for qPCR. The qPCR reaction was done using TagMan Assays (assays ID: Hs01019356_m1, Hs00559080_m1,
Hs99999903_m1; Thermo Fisher Scientific, Waltham, MA, USA), TagMan Universal MasterMix II, with UNG
(Thermo Fisher Scietific, Waltham, MA, USA) and Nuclease-Free Water (Ambion, Austin, TX, USA). qPCR was
performed by an ABI 7900HT Fast Real Time PCR System (Applied Biosystems, Waltham, MA, USA) based on
the manufacturer’s procedure in 20-pL reaction mixture. S-actin (ACTB) was used as the endogenous control.
The relative expression of target genes was calculated using the ACt method (224%). ACt = Clyyrger gene = Clipactins
where Ct refers to the number of amplification cycles when the real-time fluorescence intensity reached the set
threshold whereby the amplification procedure was in the logarithmic growth phase. Each reaction was carried
out in triplicate.

Gel electrophoresis of PCR products was used to analyse reaction quality and yield. A 1% agarose gel was
prepared using Agarose (Cleaver Scientific, Rugby, Warwickshire, UK), 1 x TAE electrophoresis buffer (Thermo
Fisher Scietific, Waltham, MA, USA), and 0.5 pg/mL ethidium bromide solution. PCR product samples of 10 pL.
were loaded onto a gel together with a 1uL of marker TriTrack Loading Dye (Thermo Fisher Scietific, Waltham,
MA, USA). Electrophoresis was performed under the following conditions: 45 min, 100 V. The GeneRuler Ultra
Low Range DNA Ladder marker (Thermo Fisher Scietific, Waltham, MA, USA) was used in the study. The gel
was analyzed under UV light using the BDA Digital UV System (Biometer, Gottingen, Germany).

Immunohistochemistry. For histological analysis, specimens of formalin-fixed and paraffin-embedded
human heart muscle tissues were sliced in 3 pm and placed onto Super Frost Plus slides (Menzel, Braunschweig,
Germany). Collected tissue sections were deparaffinized and stained with hematoxylin-eosin (H & E) and Picro
Sirius Red.

For immunohistochemical analysis, deparaffinized sections were washed with distilled water, and then the
epitope was released by incubating the preparations in TRIS/EDTA buffer (pH 9.0) at 110 °C for 8 min using
microwave tissue processor RHS-1 (Milestone Medical, Bergamo, Italy). Immunohistochemical staining was
performed using Shandon Coverplate plates (Thermo Fisher Scientific, Waltham, MA, USA). The sections were
incubated with primary rabbit polyclonal TRPM7 antibody (1:250 dilution; NBP1-20224, Novus Biologicals,
Centennial, CO, USA) or primary mouse monoclonal TRPMé antibody (1:50 dilution; sc-365536, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) for 1 h after blocking endogenous peroxidase. The preparations were then
processed with the DAKO EnVision Flex and DAKO EnVision Flex + visualization system (Agilent Technologies
Inc., Wood Dale, IL, USA) for TRPM7 and TRPMS, respectively. Probed sections were additionally stained with
Mayer’s hematoxylin and coated with cover glasses using a polystyrene coating material. Colon tumor tissue
sections were used for positive immunohistochemistry control. The IgG of the same isotype as the primary anti-
body dilution solution served as negative control: rabbit IgG isotype control (MAS5-16384, Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) for TRPM7, and mouse IgG1 kappa monoclonal isotype control (ab91353,
Abcam, Cambridge, UK) for TRPM6.

The histopathological evaluation was performed using Olympus BX61 (Olympus Corporation, Tokyo, Japan)
motorized microscope and Evolution QEi camera.

Chemicals. Carvacrol (CAR,>97% purity) was purchased from Carl Roth GmbH +Co (Karlsruhe, Ger-
many), 2-APB from Abcam (ab120124, Cambridge, UK), and other chemicals were from Sigma-Aldrich (St.
Louis, MO, USA). Water-insoluble compounds were initially dissolved in dimethyl sulfoxide (DMSO) or etha-
nol to make stock solutions (100 mmol), which were then diluted. The highest concentration of the solvent
was <0.1% and did not affect the measurements.

Statistics. Average data are presented as mean * standard error of the mean (SEM). Means were compared
using the two-tailed #-test or ANOVA with LSD test (Least Significant Difference) for evaluating differences
between groups. P<0.05 was taken as threshold for statistical significance.

Data availability
All data are included in this manuscript and in its Supplementary materials.
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Abstract: The cardiac Mgz*fsensitive, TRPMS6, and TRPM7-like channels remain undefined, especially
with the uncertainty regarding TRPM6 expression in cardiomyocytes. Additionally, their contribution
to the cardiac action potential (AP) profile is unclear. Immunofluorescence assays showed the
expression of the TRPM6 and TRPM7 proteins in isolated pig atrial and ventricular cardiomyocytes, of
which the expression was modulated by incubation in extracellular divalent cation-free conditions. In
patch clamp studies of cells dialyzed with solutions containing zero intracellular Mg?* concentration
([Mgz*]i) to activate the Mgz*fsens.itive channels, raising extracellular [Mgz*] ([Mgz*]u) from the
0.9-mM baseline to 7.2 mM prolonged the AP duration (APD). In contrast, no such effect was
observed in cells dialyzed with physiological [Mg?*];. Under voltage clamp, in cells dialyzed with
zero [Mg2*];, depolarizing ramps induced an outward-rectifying current, which was suppressed
by raising [Mg2*], and was absent in cells dialyzed with physiological [Mg?*];. In cells dialyzed
with physiological [Mg2*];, raising [Mg?*], decreased the L-type Ca* current and the total delayed-
rectifier current but had no effect on the APD. These results suggest a co-expression of the TRPMé
and TRPM7 proteins in cardiomyocytes, which are therefore the molecular candidates for the native
cardiac MgZ*-sensitive channels, and also suggest that the cardiac Mg?*-sensitive current shortens
the APD, with potential implications in arrhythmogenesis.
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1. Introduction

The cardiac cation channels involved in electrical activity and ion homeostasis include
well-known ion-selective channels, as well as ion nonselective channels. Apart from the
Na*-and K*-permeable pacemaker or funny (If) channels [1], not many nonselective cardiac
cation channels have been fully characterized; hence, their molecular identities remain
uncertain. During the past two decades, there has been a growing interest in transient
receptor potential (TRP) proteins as molecular candidates for native cation nonselective
channels, including those found in the heart [2]. TRP channels are a large superfamily of
proteins expressed in several tissues where they are involved in diverse signaling processes
and in disease [3]. Among the various TRP channels expressed in the cardiovascular system,
canonical (e.g., TRPC1 and C3-C7), melastatin (e.g., TRPM4 and M7), vanilloid (e.g., TRPV1
and V2), and polycystin (e.g., TRPP1/2) channels are present in the heart and are implicated
in the physiological functions and in cardiac abnormalities such as arrhythmogenesis and
heart failure [4,5]. The role of cardiac TRP channels has been explored in fibroblasts and
in pacemaker cells (see reference [3]) but much less in cardiomyocytes. The few TRPs
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that have been electrophysiologically explored in cardiac myocytes include TRPC1 [6],
TRPC3/6/7 [7,8], TRPV4 [9], TRPM4 [10], TRPM? [11,12], and TRPP1/2 [13].

We have previously characterized cardiac Mg?*-sensitive channels [14,15] with bio-
physical properties similar to those of the heterologous TRPM6 and TRPM? channels, both
of which are involved in the homeostasis of Mg?* and other divalent cations [16-20]. Like
the heterologously expressed TRPM6 and TRPM7 channels, the cardiomyocyte TRPM6-
and TRPM7-like channels are typically activated by low intracellular Mg?* concentra-
tion ([Mg2+]i) conditions and conduct small inward currents carried by divalent cations
and large outward currents carried by monovalent cations. These cardiomyocyte Mg?*-
sensitive channels have been detected in various species, including humans, rats, pigs,
guinea pigs, and mice. However, the nature of the proteins underlying the cardiac TRPM6-
and TRPM7-like currents and the functional consequences of their cation fluxes have
remained unclear.

Whereas TRPM7 protein expression has been systematically detected in cardiac tissues
or cells, until recently, information regarding the TRPM6 channel protein expression in
the heart has remained scant and has concerned only the right atrium [21]. However, very
recent data on human atrial /ventricular cardiomyocytes and tissues has highlighted the
co-expression of TRPM6 and TRPM? in cardiomyocytes from all chamber walls of the
human heart [22]. As far as function is concerned, we have previously shown the cardiac
Mg?*-sensitive channels to be permeable to Ca?* and Mg?* [15] and proposed that, at the
resting membrane potential, the inward flow of divalent cations into cells through the
channels could have an effect on the intracellular concentrations of the divalent cations (see
reference [23]). On the other hand, the contribution of the TRPM6- and TRPM7-like currents
to the cardiomyocyte electrical activity is unknown. The possibility that monovalent cation
effluxes through Mg?*-sensitive channels at positive potentials could contribute to action
potentials has not been tested.

Here, we investigated the expression profile of TRPM6 and TRPM? proteins in pig
cardiac myocytes, as well as the role of the Mgz"-sensitive, TRPM6-, and TRPM7-like
currents on the cardiac action potential.

2, Results
2.1. Expression of TRPM6 and TRPM?7 in Cardiac Myocytes

To show the presence of TRPM6 and TRPM7 proteins, we used the immunostaining
of atrial and ventricular cardiomyocytes, performed after 2 h of cell isolation. Figure 1A-D
shows confocal images of pig cardiomyocytes co-stained for the nucleus (blue), for ei-
ther TRPM7 or TRPM6 protein (green), and for the F-actin-cytoskeleton (red), whereas
Figure 1E shows a negative control (cardiomyocyte incubated in conditions similar to those
of Figure 1A-D but with no primary antibody added in the incubation medium). All the
cardiomyocytes displayed staining with antibodies for TRPM6 and TRPM7. Figure 1F
shows the quantification of the immunodetected fluorescence of TRPM?7 (left panel) and
TRPMBS (right panel) in the four cardiac chamber walls: left atrium (LA), right atrium (RA),
left ventricle (LV), and right ventricle (RV). Of note was the multinucleated nature of the
cells, as previously noted for pig cardiomyocytes [24].

We found that the measured level of expression of the TRPM6 and TRPM7 proteins
was influenced by the cell incubation conditions, such as the presence and absence of
extracellular divalent cations. The immunofluorescence level of both channel proteins in
the cardiomyocytes from all the cardiac chamber walls was significantly higher following
cell incubation in divalent cation-containing (DV) extracellular conditions vs. incubation in
divalent cation-free (DVF) conditions (see Table 1). In addition, the expression was also
increased when incubating cells for a longer period before cell fixation and exposure
to the primary antibodies. Figure 2 shows that the mean fluorescence levels for the
immunodetected TRPM6 and TRPM7 were significantly increased in LV cardiomyocytes
kept for 12 h in solutions with (Figure 2A,B) or without (Figure 2C,D) divalent cations.
TRPM7 increased from 0.087 4 0.0013 a.u. to 0.133 £ 0.0011 a.u., # = 3-23, p < 0.001 in the
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DV solutions and from 0.065 £ 0.0009 a.u. to 0.112 =+ 0.0006 a.u., n = 4-25, p < 0.001 in the
DVF solutions. Under the same experimental conditions, the TRPM6 immunofluorescence
increased from 0.029 =+ 0.0015 a.u. to 0.050 + 0.0012 a.u., n = 3-24, p < 0.001 and from
0.020 £ 0.0006 a.u. to 0.040 = 0.0009 a.u., n = 7-21, p < 0,001 in the DV and DVF solutions,
respectively. Qualitatively similar changes could be detected in the cardiomyocytes from
the other cardiac chamber walls when incubated for 12 h (not illustrated).
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Figure 1. Immunofluorescence images suggesting the presence of TRPM6 and TRPM7 proteins in pig
cardiomyocytes from different cardiac chamber walls. (A-D) Immunofluorescence of TRPM? (left)
and TRPMBG (right) in the left atrium (LA), right atrium (RA), left ventricle (LV), and right ventricle
(RV) cardiomyocytes when using Alexa Fluor 488 for the TRPM7 and TRPM6 proteins (stained in
green), Alexa Fluor 546 for the F-actin cytoskeleton (stained in red), and Hoechst 33342 for the nuclei
(stained in blue). Scale bars indicate 20 pm. (E) Example of a negative control, where the primary
antibody for TRPM6 and/or TRPM? is not added, but the cardiomyocyte was subjected to Hoechst
33342 and Alexa Fluor 546. Under such conditions, only immunofluorescence of the nuclei (stained
in blue) and F actin cytoskeleton (stained in red) is detected. Note: same cardiomyocyte in the left
and right (merged image) panels (F) Quantification of the staining intensity of the immunodetected
fluorescence of TRPM7 and TRPMBS in the four cardiac chamber walls: LA, RA, LV, and RV. The mean
data is provided in arbitrary units (a.u.) (see Table 1). A blinded study design (with the origin or
treatment of cells unknown to the investigator) was used for the detection of immunofluorescence
during the various experimental conditions.
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Table 1. Immunofluorescence signals of the TRPM7 and TRPMé proteins in pig hearts.

Heart TRPM? Signal (a.u.) TRPMB6 Signal (a.u.)
Chamber DV DVF DV DVF
Tin 0.067 £ 0.0006 0.053 + 0.0009 # 0.023 £ 0.0013 0.016 & 0.0014 #
n=237 n=13 n=18 n=20
0.079 £ 0.0009 0.059 £ 0.0010 # 0.029 £ 0.0008 0.018 & 0.0011 #
RA
n=21 n=>5 n=32 n=4
v 0.087 + 0.0013 0.065 + 0.0009 # 0.029 £ 0.0015 0.020 =+ 0.0006 #
n=23 n=25 n=24 n=21
0.098 + 0.0013 0.076 £ 0.0016 # 0.032 £ 0.0012 0.025 & 0.0020 #
RV
n=12 n=>5 n=14 n=3

TRPM7 and TRPM6—transient receptor potential melastatin type 7 and 6 channels, LA—left atrium, RA—right
atrium, LV—left ventricle, RV—right ventricle, DV—extracellular divalent cations, DVF—extracellular divalent
cation-free, n—number of cells, a.u.—arbitrary unit, and #—p < 0.001 for DV vs. DVE.
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Figure 2. Comparison of the expression of TRPMé6 and TRPM? in left ventricular cardiomyocytes
incubated for 2 h vs. 12 h in extracellular solutions with (A,B) and without (C,D) divalent cations
(DV and DVF, respectively). (A,C) The cardiomyocytes were fixed after 2 h (filled columns) or 12 h
(unfilled columns) of cell isolation: Alexa Fluor 488 for the TRPM7 and TRPM6 proteins (stained in
green), Alexa Fluor 546 for the F-actin cytoskeleton (stained in red), and Hoechst 33342 for the nuclei
(stained in blue). Scale bars indicate 20 um. (B,D) Quantification of the intensity of the fluorescence
expressed in arbitrary units (a.u.). # p < 0.001 expression after 12 h vs. 2 h of cardiemyocyte incubation.

2.2. Impact of Mg?*-Sensitive Currents on the Action Potential

To examine the role of Mg?*-sensitive currents on the electrical activity of cardiac
myocytes, we recorded the total currents using a whole-cell voltage clamp, as well as the
resting and action potentials using the current clamp. The cells were internally dialyzed
and extracellularly perfused with solutions known to activate or inhibit the currents.
The cells were internally dialyzed with either physiological levels of free intracellular
[Mg?*] ([Mg?*]; = 0.8 mM) or with the Mg?*-free solution ([Mg?*]; &~ 0 mM). The latter
condition is known to cause a progressive activation of Mg2*-sensitive channels with
time by removing the inhibition exerted by intracellular Mgz* [15]. The cells were also
extracellularly perfused with either physiological levels of [Mg?*] ([Mg®*], = 0.9 mM)
or with high Mg?* ([Mg**], = 7.2 mM). High [Mg?*], is known to cause a complete
suppression of any activated Mgz*-sensitive current [15].
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Figure 3 shows the whole-cell currents and action potentials measured in the cells
dialyzed with either 0.8-mM [Mg2*]; (Figure 3A,C,E) or with 0-mM [Mg?*]; (Figure 3B,D,F).
In these two groups of cells, there was no difference in the resting membrane potentials,
which were also not changed by raising [Mg?*], from 0.9 mM to 7.2 mM (for 0.8 mM
[Mg?*];, the resting membrane potential: —79.9 & 2.6 mV in the control vs. —81.0 2.1 mV
in high [Mg?*]o; for 0 mM [Mg*J;: —78.4 £ 2.8 mV in the control vs. —=77.4 & 3.7 mV in
high [Mg?*],, p = 0.308, ANOVA; n = 10).
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Figure 3. Effect of Mg?*-sensitive current activation on the action potential. (A,B) Whole-cell currents
obtained by voltage ramps in cells dialyzed with 0.8-mM [Mg2*]; (A) or 0-mM [Mg?*]; (B) and
superfused with extracellular solutions containing 0.9-mM [Mg2*], or 7.2-mM [Mg?*1,. Insets: the
[Mg?*]o-sensitive currents calculated as the differences between currents in the presence of 0.9-mM
[Mgz*]n and those in 7.2-mM [Mgz*]n‘ Notice the outward-rectifying [Mgz*]ovsensitive current in
the cell dialyzed with 0-mM [Mg2*];. (C-F) The action potentials in the same cells as above, and
the summary data of the action potential durations (APD) from all the cells dialyzed with 0.8-mM
[Mg2*] (C,E) or 0-mM [Mg?*] (D,F) and the effect of raising the [Mg2*], from 0.9 mM (black) to
7.2 mM (red). The APD was measured at 30%, 50%, and 90% repolarization (APD53, APDsg, and
APDgy, respectively). Notice the lengthening of the APD by high [Mg?*], in the cells dialyzed with
low intracellular [Mg?*]. Pacing frequency: 1 Hz. * p < 0.05 for 7.2-mM vs. 0.9-mM [Mg?*],. n = 9 for
the cells dialyzed with 0.8-mM [Mgz*];; n =10 for the cells dialyzed with 0-mM [Mgz*]i.

176



Int. J. Mol. Sci. 2021, 22, 8744

60of 15

Figure 3A,B illustrates the membrane currents recorded under a voltage clamp during
a descending ramp, following a preceding depolarizing ramp meant to inactivate the
voltage-dependent Na*- and Ca®* currents (see Methods). The experiments were per-
formed at 36 °C using K*-containing intra- and extracellular solutions. In cells dialyzed
with physiological levels of [Mg?*]; (0.8 mM; Figure 3A), the current-voltage relationship
was characterized by a large inward current, consistent with the presence of the inward
rectifier K* current (Igy) at potentials negative to —75 mV, and the current-voltage relation-
ship was relatively flat at more positive potentials. Raising [Mg?*], to 7.2 mM did not affect
the current-voltage relationship, indicating that the high [Mgz*]o did not affect the Ix; and
that no other Mg?*-sensitive current was present (Figure 3A, inset). In the cells dialyzed
with Mg?*-free solution (0 mM [Mg?*];; Figure 3B), the current-voltage relationship was
characterized by the presence of Ix; but also showed an outward rectifying current at
positive potentials. The outward rectifying component was suppressed by raising [Mg?*1o
to 7.2 mM, indicating the presence of a Mg?*-sensitive current. This [Mg?*]o-sensitive
current, calculated as the difference in the current-voltage relationships between the two
conditions with different [Mg?*],, displays outward-rectifying properties similar to those
of the TRPM6 and TRPM? currents (Figure 3B, inset).

After recording membrane currents under a voltage clamp, we switched to the current
clamp mode to record the action potentials in the same cells. Pig cardiomyocytes offer an
experimental advantage when studying factors that affect the action potential, since chan-
nels carrying the transient outward K* current (It,) are not expressed in this species [25,26].
Under the control conditions, with 0.9 mM [Mg“]u, the action potentials were gener-
ally shorter in cells dialyzed with Mg?*-free internal solution (compare Figure 3C,E vs.
Figure 3D,F). In the cells dialyzed with physiological [Mg?*};, raising [Mg**], to 7.2 mM
did not change the action potential durations during the stimulation at 1 Hz (APD; APDj3:
145.5 4+ 14.5 ms vs. 136.5 + 15.1 ms, APDsp: 216.6 + 19.6 ms vs. 196.6 & 21 ms, and APDg:
238 & 48 ms vs. 231 + 46 ms in high [Mg“]n vs. in the control; p > 0.05, paired -test; n = 9;
Figure 3E). In contrast, in cells dialyzed with Mg2+—free internal solution, raising [Mgz"ln
to 7.2 mM, caused a marked prolongation of the APD (APDj3p: from 100.4 + 14.8 ms
to 143.6 &+ 19.9 ms, APDsj: from 145.6 &+ 16.1 ms to 189.8 £ 22.4 ms, and APDyy: from
178.9 £ 14.2 ms to 225.2 4 21.3 ms; p < 0.05, paired t-test; n = 10; Figure 3F). Taken together,
these results show that the cardiac action potential is modulated by an outward-rectifying
current activated by dialysis with zero [MgZ*]; and suppressed by high [Mgz*ln. Further-
more, given that this current was absent in the cells dialyzed with 0.8 mM [Mg2+]i, it is
likely due to TRPM? or/and TRPM6.

2.3. Effects of High Extracellular [IMg™*] on Ica.p and Iy

Considering that the changes in the action potential produced by high [Mg** ], mainly
affected the plateau and repolarization phases, we also examined the effect of [Mg?*],
on other currents that play a role during these phases, such as the L-type Ca?* current
(Ica-1.) and the delayed rectifier K* current (Ix). The analysis was done in cells dialyzed
with 0.8-mM [Mgz*]i to inhibit the Mgz*-sensitive currents. For the measurements of Iy,
K*-containing intracellular and extracellular solutions were used, and nifedipine (25 M)
was included in the external solution, whereas, for the measurements of I¢, 1, K* was
replaced by Cs* in the external and pipette solutions, and 10-mM BAPTA was used in the
pipette solution instead of EGTA. Figure 4A shows the bidirectional effect of the [Mg2*],
alteration on I, 1. Where lowering the [Mg?*], by 10-fold to 0.09 mM reversibly increased
the amplitude of Ic,.; continuously monitored at 0 mV (Ic,.; measured at the peak level:
from —5.4 4+ 0.43 pA/pF to —6.5 + 0.41 pA/pF; p < 0.05, paired t-test; n = 8; Figure 4B),
raising the [Mg?*]o to 7.2 mM reversibly decreased the amplitude of Ic, 1 (peak Ic, 1 : from
—4.8 + 0. 39pA/pFto —2.2 & 0.17 pA/pF; p < 0.001, paired t-test; n = 13; Figure 4B; see
reference [27]). As expected, the Ik blockers E4031 and HMR1556 had no effect on the I,
(Figure 4A). When wanting to test the consequence of an eventual modulation of the I,
by extracellular Mg?*, we kept E4031 constantly from the beginning of the experiment. The
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Ica-1-voltage relationships (see Figure 44, inset) indicate that the [Mg“]0 changes shifted
the activation curve of I, (to more negative potentials upon lowering the [Mgz*]o and to
more positive potentials upon raising [Mg?*]o; see reference [27]).
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Figure 4. Effect of changing the external [Mg?*] on the L-type Ca®* currents (Ic,.1). (A) Time diary
of the amplitude of the L-type Ca®* currents obtained by using depolarizing steps for various poten-
tials in a cell dialyzed with 0.8-mM [Mg?*] and superfused with extracellular solutions containing
0.09-mM, 0.9-mM, or 7.2-mM [Mgz*']. Notice the increase vs. suppression of the Ic,.|. amplitude by
low vs. high [Mg?*], and the lack of effect of the I inhibitors (E4031/HMR1556). Bottom inset: The
current-voltage relations obtained by the depolarizing steps to the potentials ranging from —50 mV
to +50 mV in the same cell. (B) Summary data of the peak I, amplitude and the effects of lowering
and raising the [Mg?*]o. * p < 0.05 vs. 0.9-mM [Mg?*], (n = 8-13).

Figure 5 shows that raising [Mg?*], also decreased the magnitude of the total Ig
(Figure 5A at +30 mV to +50 mV p < 0.05 for 7.2-mM [Mgz*lo vs. the control, paired -test;
n = 4) and only mildly shifted the activation curve to the right (voltage at the half-maximal
current Vo 5: from =2—6 mV to =& —2 mV; n = 4; Figure 5B).
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Figure 5. Effect of an increase of extracellular [Mg?*] on the total Ig. (A) The current-voltage
relationship of the fully activated I and the effect of raising the [Mg?*],. Notice the suppression
of I by high [Mg?*]o. *p < 0.05 (n = 4). (B) Activation curves of Ik calculated from the tail
currents (n = 4).

Since high [Mg?*], did not change the APD in cells dialyzed with 0.8-mM [Mg?*]; (see
Figure 3C,E), it is possible that there are two opposing and counterbalancing effects of high
[Mg?*], on the Ic,.1. and Ik. To test for this possibility, we applied high [Mg?*], on cells in
which the Ik was partly blocked to offset such a balance. We initially performed preliminary
tests to determine the optimum concentrations of the I inhibitors (i.e., HMR1556 for the
slow Ix component Ixs and E 4031 for the rapid component Ik,) effective in producing a
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partial block of Ix without excessively prolonging the APD (not illustrated). Figure 6A
shows the typical changes in action potentials in a perforated cell, whereas the summary
data from four cell are presented in Figure 6B. Under the control conditions with 0.9-mM
[Mg2+]o, the addition of small concentrations of I inhibitors (100-nM HMR1556 and
500-nM E4031) lengthened the APD, as expected from a decrease of the repolarizing
K* current (at a pacing rate of 1 Hz, APD3p: from 134.6 & 28.5 ms to 177.8 + 19.9 ms,
APDg): from 192.9 + 20.9 ms to 267.4 + 24.1 ms, and APDgy: from 242.4 + 17.5 ms to
358.0 & 18.3 ms; * p < 0.05, except for the APDsg, for which p > 0.05, paired t-test; n = 4).
Consistent with a decreased relative contribution of I, raising the [Mg**], to 7.2 mM in the
presence of the I blockers decreased the APD (to 163.9 + 20.9 ms, to 246.0 + 21.1 ms, and
t0 323.5.0 & 15.5 ms for APDsp, APDsg, and APDgy, respectively), indicating a predominant
effect of I, suppression by high [Mgz“‘]U under these conditions. Qualitatively similar
results were obtained in three other cells dialyzed with 0.8-mM [Mgz"] i under the ruptured
cell membrane conditions (not illustrated). These results suggest that the lack of effect of
raising [Mg?*], on the APD in cells dialyzed with 0.8-mM [Mg?*]; reflects a balance in the
effects of the decreases of both Ic,.1, and Ig on repolarization.
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Figure 6. Effect of a partial Ix block and high [Mgz*]u on the action potential. (A) APs recorded at
36 °C using K*-containing intra- and extracellular solutions under perforated patch conditions and
initially superfused with control extracellular solutions containing 0.9-mM [Mg?*]. A combination of
HMR1556 (100 nM) and E4031 (500 nM) was then added in 0.9-mM [Mgz*]o before applying 7.2-mM
[Mg?*], together with the drugs. (B) Summary data of the AP duration (APD) at 30%, 50%, and
90% repolarization (APD3p, APDsg, and APDgg, respectively) measured under the control conditions
(unshaded column) in the presence of the Iy inhibitors (grey column) and in the presence of the I
inhibitors but with the [Mgz*‘]U raised to 7.2 mM (red column). * p < 0.05 for the presence vs. absence
of the Ig inhibitors (in 0.9-mM [Mg2*],,). # p < 0.05 for 7.2-mM vs 0.9-mM [Mg2*], in the presence
of the Iy inhibitors (1 = 4). Notice the shortening of the APDsp and APDgg by high [Mg?*], in the
presence of the Ix blockers.

3. Discussion

The results from the present study suggest the presence of TRPM6 and TRPM?7 proteins
in cardiac myocytes, given that immunofluorescent activity was detected in cells treated
with the anti-TRPM6 or anti-TRPM7 antibody, but in contrast, no such activity was detected
in the negative controls. Furthermore, the results showed that the cardiac myocyte action
potential duration (APD) was shortened in the presence of a current likely due TRPM6 or
TRPMY in that it was activated by dialysis with low [Mgz*]i, was absent in cells dialyzed
with 0.8-mM [Mg“] ; and was suppressed by high [MgZ*'](.. Thus, the results are consistent
with our previous proposal that the Mg?*-sensitive channels in the heart are likely due to
TRPM6 and/or TRPM? proteins [15] and with a possible role of the cardiac Mg**-sensitive
channels in modulating the electrical activity.
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3.1. Molecular Candidate for Mg**-Sensitive Channels

Many TRP proteins form nonselective cation channels and are, therefore, the molecu-
lar candidates for similar native channels [28]. In determining the involvement of TRPs
expressed in the heart, the inhibition by Mg?*; is a key distinguishing feature. For the
TRPC4/C5 channels, Mg2*; causes a voltage-dependent partial block of the outward cur-
rents and results in a doubly rectifying current-voltage relationship [29,30]. Such a Mg?*;
effect on the TRPC4/C5 channels is different from the voltage-independent slow inhibition
seen in the Mgz*-sensitive channels [15,31]. Rather, the Mgz*-l inhibition and the biophysi-
cal characteristics of the cardiac channels [15] resemble those of the TRPM6 and TRPM7
channels [16,19]. Our detection of TRPM6 and TRPM? proteins by immunofluorescence
suggests that the channels are expressed in both the atrial and ventricular chambers. It
appears that the TRPM6 and TRPM7 channel proteins were present in both the surface
membrane and intracellularly. However, where exactly the proteins are located intracellu-
larly could not be determined in the present study. Nonetheless, a novelty of the present
findings is that TRPM6 was immunodetected in pig myocytes (but see Limitations of
our Study below), whereas TRPM6 expression has been reported to be lacking in other
studies of cardiac tissues [32]. As such, the present results suggest that TRPM6 and TRPM7
proteins are the most likely constituents of the Mg?*-sensitive cardiac channels.

There are, however, slight differences in the divalent cation permeability profiles
between the cardiac Mgz*-sensitive channels [15] and overexpressed TRPM7 channels [16].
It is possible that, even though the core structure of the channel may be the same, different
channel subunits or regulatory units may occur in the native cells. Furthermore, the
TRPM?7 channel activity has been shown to be altered by heteromultimeric interactions
with TRPMS6 [33]. Nevertheless, in order to ascertain the cardiac channel identity, further
studies are still required to correlate the activity of the TRPM6 and TRPM7 proteins detected
in myocytes with the Mg?*-sensitive current.

3.2. Modulation of Cardiac Electrical Activity

The possible contribution of the Mg?*-sensitive current to cardiac electrical activity
is unknown. Like in other cells, nonselective cation channels contribute to the resting
membrane potential in the heart [34]. These may include Mg?*-sensitive channels. Given
the small Mgz"-sensitive inward current and the large Ig; at a negative potential in the
heart, the Mg?*-sensitive channels would not be expected to contribute significantly to
the background non-K* permeability in resting cardiomyocytes. This is consistent with
our findings here, showing no effect of raising the extracellular Mg2+ concentration on the
resting membrane potential. However, in other tissues such as vascular smooth muscle, the
contribution of nonselective cation channels, some of which resemble TRPM6 and TRPM?7,
could be more important [35,36].

Cation nonselective channels may also contribute to shaping the cardiac action po-
tential. In atrial cells, a stretch-activated cation nonselective channel has been shown to
contribute to both the resting and action potentials [37]. Since the net ion current is small
during the plateau phase of the action potential, changes in the large monovalent cation
effluxes through Mg?*-sensitive channels at positive potentials may have significant effects
on the action potential. Consistent with such an expectation, our present results showed
that the activation of the cardiac Mg?*-sensitive channels shortened the APD. Itis unlikely
that the APD shortening is due to a larger outward Ix; following the removal of the Mg?*;
block in low [Mgz“]i conditions, since endogenous polyamines would still continue to
provide a sufficient block of the outward I, [38] and since high Mg?*,, suppressed the
outward current while having no effect on the inward currents. Our results suggest that
there is practically no contribution of TRPM6 and TRPM7 currents to the AP when [Mg2"]i
is at the physiological levels. This result is consistent with a lack of changed currents
through mutant TRPM? channels expressed in cultured cardiomyocytes on the action
potentials measured in such cells [39].
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3.3. Clinical Implications

A key question concerns the conditions under which the Mg?*-sensitive channels
may contribute to cardiac electrical activity. Under the physiological conditions (free
[Mgz"]-l 0.8 mM; ICsp ~ 0.25 mM; [15,31]), the channels are expected to be substantially
inhibited by Mg?*;. However, the Mg?*-sensitive current may contribute to APD if the
sensitivity to [Mg?*]; is decreased by regulatory processes or channel mutations or if
[Mg?*]; is decreased to low levels by disease conditions such as chronic hypomagnesaemia.
Indeed, the TRPM7 and related native channels show constitutive activity, some of it
in cells where the intracellular ion composition (including [Mg?*];) remains relatively
unperturbed [16,18,40], suggesting the presence of other regulatory processes. In cardiac
cells, besides [Mg2*];, the Mg?*-sensitive channels are also regulated by factors such as the
pH change and membrane phospholipid metabolism [14,15,41], but it is still not known
whether such regulatory processes can induce the constitutive activity of the channels.
In the present study, we show that the expression of the TRPM6 and TRPM7? channels
is modulated by incubation in divalent cation-free extracellular conditions. Thus, the
contributions of the Mg?*-sensitive current to the AP may vary depending on the status of
the extracellular divalent cation homeostasis.

Earlier studies demonstrated TRPM? activation by free oxygen radicals during pro-
longed neuronal ischemia [42]. To date, the functional role of TRPM7 and especially that of
TRPMG are less clearly understood in heart cardiomyocytes compared to vascular smooth
muscle cells [43], neurons, or other cell types [44,45]. The molecular and electrophysio-
logical characterizations of TRPMY in the heart have focused predominantly on cardiac
fibroblasts. TRPM7 activation in human atrial fibroblasts leads to fibrogenesis and atrial
fibrillation [46]. Additionally, the variability of the TRPM7 current density in human right
atrial cardiomyocytes is related to the clinical history, being higher in disease conditions
such as atrial fibrillation [47,48] and in ischemic heart disease [48]. Very recently, we also
demonstrated the presence and co-expression of both TRPM6 and TRPM7 in cardiomy-
ocytes from the four chamber walls of the human heart [22] and also showed that ischemic
heart disease may increase their expression, suggesting that chanzymes are involved in the
pathophysiology of the disease.

3.4. Limitations of the Study

Given the current uncertainty about the detection of TRPM6 in cardiac cells, it is
important to examine how convincing the evidence is for the presence of TRPM6 in
our study.

The present study relied on immunostaining to detect the presence of TRPM7 and
TRPMB6. Previous studies have demonstrated limitations of antibody staining methods to
determine the expression of TRP channels (e.g,., see [49]). The specificity of the commercial
antibodies used in our study was not directly tested, e.g., using blocking peptides or
using cells lines in which the TRPM7 and TRPM6 genes were knocked out, silenced
or overexpressed.

Our results, using swine cardiomyocytes, are in concordance to human TRPM6 and
TRPM? immunodetected fluorescence distribution, which also suggested both ion channel
expression in the walls of all cardiac chambers [22]. In that study RT-PCR confirmed the
presence of mRNA for both TRPM7 and TRPMB6, hence supporting the immunostaining
data, but the interpretation of RT-PCR also has limitations due to possible contamination
by non-cardiomyocyte cells. We used on pig myocytes the same antibodies as in that study.
Although these antibodies are recognized to work on human proteins, a key limitation
of the present study is that there is no previous evidence of their specificity in pig cells
and there are no readily available pig-specific TRPM6 antibodies in the market. Given
that there is a great amount of antibody recognition between human- and pig epitopes
in cardiac tissue [50], we used the same TRPM6 antibody (designed for human, mouse,
and rat), which being polyclonal, would also be able to bind to epitopes in other species.
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Although TRPM6 was detected in pig cardiomyocytes but not in negative controls, the
specificity of the antibody in pig still requires verification in future studies.

An important limitation of the electrophysiological study is that there are, as yet,
no known specific pharmacological blockers available for Mg?*-sensitive- and related
channels. Presently, we used the block by Mg?*,, as an extracellular tool to isolate the
Mg?*-sensitive current. There was therefore a possible confounding issue in that Mg?*,
could also suppress Ic, ., and Ig. In other studies, the Mgz‘f0 effect on Ix was more
prominent on tail currents during repolarization [51], and increasing Mg?*,, caused either
a lengthening or a shortening of APD, depending on the level of Mg?*, [52]. However,
in the present study, the Mg2+n effects on action potentials that were due to Ic, 1 and Ix
seemed to balance each other out sufficiently for their effects to be isolated from those on
the Mg?*-sensitive current.

3.5. Conclusion

In conclusion, our results show the presence of TRPM7 and, to a certain extent,
suggest that of TRPM6 proteins in pig cardiomyocytes, making these proteins the molecular
candidates for cardiac Mg?*-sensitive channels. The activation of the Mg?*-sensitive
channels shortened the cardiomyocyte APD. Although the pathophysiological conditions
in which the channels are activated remain unclear, the effect of the Mg?*-sensitive current
on the APD may be important in understanding the therapeutic processes in which Mg?* is
empirically used to treat arrhythmias, as well as in linking the changes in Mg?* homeostasis
to other cardiac disease conditions.

4. Materials and Methods

We used isolated, single cardiomyocytes of a pig heart. This study was carried out
in compliance with the Guide for the Care and Use of Laboratory Animals (NIH). All
experiments were performed according to the European Community guiding principles
and approved by the State Food and Veterinary Service of the Republic of Lithuania (No.
G2-68, 21 June 2017) and by the Belgian laboratory license No. LA-1210253.

4.1. Cell Isolation

The methods used for the dissociation of pig cells have been described before [15,25].
In short, for electrophysiology studies, a piece of the left ventricular wall was excised,
and its supplying artery was cannulated and perfused at 37 °C and at constant pressure
for 30 min with an oxygenated Ca**-free Tyrode solution, followed by a 20- to 25-min
perfusion with a Ca?*-free Tyrode solution containing 0.1-mg mL~! protease (type XIV,
Sigma-Aldrich, St. Louis, MO, USA) and 1.4-mg mL~! collagenase (type A, Boehringer-
Mannheim, Mannheim, Germany). After a 15-min washing perfusion with a 0.18-mM Ca2t
Tyrode solution, the tissue was removed from the perfusion and was cut into small pieces.
The cells were dispersed by gentle mechanical agitation. [Ca®*], was raised in a stepwise
manner, and the cells were stored at room temperature (21-22 °C). Ca®*-tolerant rod-shaped
ventricular myocytes with clear striations were selected for the electrophysiological studies.

For the immunofluorescence studies, the cardiomyocytes were isolated from a small
tissue specimen as previously described [53]. In short, each tissue specimen (LA, RA,
LV, and RV) was fine-cut in an oxygenated nominally Ca®*-free Tyrode solution (see the
composition below) supplemented with 3-mg/mL 2,3-butanedione monoxime, which
was washed out 2 to 3 times before the enzyme application. The cardiac tissue chunks
were transferred to a beaker with nominally Ca®*-free Tyrode solution supplemented
with 1-mg/mL bovine serum albumin (BSA), 1-mg/mL collagenase (215 U/mg, type 2;
Worthington Biochemical Corporation, Lakewood, NJ, USA), and 0.5-mg/mL protease
(7-14 U/mg, type XXIV; Sigma-Aldrich, St. Louis, MO, USA) and continuously bubbled
with 100% O,. After 30 min of shaking in a water bath at 37 °C, the solution with both
enzymes was replaced by fresh solution containing only collagenase (1 mg/mL) and
shaken until cardiomyocytes appeared in the aliquots obtained from the mixture. When
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the yield appeared to be optimal, the leftovers of the tissue chunks were resuspended in
nominally Ca?*-free Tyrode and gently subjected to trituration by suction with a pipette.
The cell suspension was filtered, centrifuged, and washed 2 to 3 times either with normal
(divalent cation-containing) or with divalent cation-free Tyrode solution and stored at
room temperature.

4.2. Electrophysiology

Whole-cell currents were recorded under a voltage clamp, and the action potentials
were recorded under a current clamp at 36 °C within 4 h after cell isolation. The membrane
currents of interest were measured using 2-s descending voltage ramps from +80 mV to
—120 mV applied every 10 s after a 600-ms pre-step at 0 mV from a holding potential of
—80 mV, designed to inactivate the voltage-dependent Na* and L-type Ca®* currents. For
measuring the L-type Ca?* currents (Ig,.1), 400-ms depolarizations to various potentials
were given after a 400-ms pre-step at —40 mV, designed to inactivate the voltage-dependent
Na* current. The total delayed rectifier K* currents Ix were measured using voltage steps
from a holding potential of —40 mV to various positive potentials, and the tail currents
were then measured upon reverting to —50 mV. The action potentials were measured by
stimulating with a 2-ms rectangular pulse at a frequency of 1 Hz. The action potential
duration (APD) was measured at 30% (APD3g), 50% (APDsp), and 90% (APDag) repolariza-
tion. The current and voltage protocols were generated and data recorded online using
the Axopatch 200B amplifier and pClamp 8.1 software via the Digidata 1322A acquisition
system (Axon instruments, Union City, CA, USA).

4.3. Immunofluorescence

Enzymatically dissociated cardiomyocytes were allowed to settle on the bottom of 8-
chamber slides. The cells were permeabilized and incubated with primary rabbit polyclonal
anti-TRPM7 (#ACC-047; Alomone Labs, Jerusalem, Israel) or rabbit polyclonal anti-TRPM6
antibody (#ACC-046; Alomone Labs, Jerusalem, Israel) diluted (1:200) in PBS containing
3% BSA in blocking buffer overnight at 4 °C. The TRPM6 and TRPM? antibodies were
obtained from the same company in order to minimize the possibility of cross-reactivity
during immunolabeling. For the negative controls, incubation with the primary antibody
was omitted to check for nonspecific binding of the secondary antibody. The cells were
incubated for 1 h with a fluorescently labeled secondary antibody (donkey anti-rabbit IgG;
Alexa Fluor® 488 conjugate; A21206, Invitrogen, Thermo Fisher Scientific, Rockford, IL,
USA; dilution 1:200) co-stained (for 20 min) with Phalloidin-Alexa Fluor® 546 (A22283,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA; dilution 1:100) and with Hoechst
33342 (B2261, Sigma-Aldrich, St. Louis, MO, USA; for 10 min) for labeling of the F-actin
cytoskeleton and of the nucleus, respectively. Cardiomyocytes were visualized under a
confocal laser scanning microscope (Olympus BX61, Olympus Corporation, Tokyo, Japan)
from which images were taken using the same scanning parameters for both the TRPM7
and TRPM6 proteins in all the cardiomyocyte preparations.

4.4. Solutions and Drugs

The standard Tyrode solution used during cell dissociation contained (in mM): 135 NaCl,
5.4 KCl, 0.9 MgCl,, 1.8 CaCl,, 0.33 NaH,POy, 10 HEPES, and 10 glucose; the pH was ad-
justed to 7.4 with NaOH. During the patch clamp measurements, the cells were superfused
with a solution of similar composition, except that, when necessary, K* was replaced by
Cs*, and the Mg?* levels were changed. The standard pipette solution was contained
(in mM): 155 KCl, 5.5 MgCly, 5 Nap; ATP, 1 EGTA, 0.1 NayGTF, and 5 HEPES (pH 7.25;
adjusted with KOH) and was modified by changing the levels of Mg**, by replacing K*
with Cs*, or by substituting EGTA with BAPTA. The phosphate-buffered saline (PBS)
used in immunofluorescence contained (in mM): 155.2 NaCl, 2.71 Na,HPO4-2H,0, and
1.54 KH,PQy (pH 7.4; adjusted with NaOH).
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HMR1556 was from Aventis Pharma, Frankfurt Am Main, Germany, and E-4031
was from Tocris, Bristol, UK. All the other drugs or chemicals were from Sigma-Aldrich
(Bornem, Belgium) or Merck (Darmstadt, Germany). Nifedipine was prepared as a stock
solution in ethanol and was protected from light, whereas HMR1556 was prepared in
dimethyl sulfoxide (DMSO). All the other chemicals were dissolved in water.

4.5. Data and Statistical Analyses

An electrophysiology data analysis was performed using Clampfit 8.2 (Axon Instru-
ments, Union City, CA, USA) and Origin 7 (Microcal, Northampton, MA, USA).

The distribution of the immunofluorescence was analyzed using the Olympus Flu-
oview FV1000 (Olympus Corporation, Tokyo, Japan) and Image] software. Sixty-times
magnifying (60x) of the oil immersion objectives were utilized for all the acquisitions. The
images were presented as stacks of 8-10 slices at a fixed intensity. The cardiomyocyte area
(pixels) and fluorescence intensity were measured in stacks using Imaris software (Bitplane
AG, Zurich, Switzerland). The immunodetected TRPM6 and TRPM7 protein levels were
calculated by the formula: fluorescence intensity x 1000/cell area. In order to reduce
the effect on any statistical confounder, the same parameters for fluorescence intensity
detection (image acquisition control and spectral settings, etc.) were always applied. In
addition, the immunofluorescence reading was blinded, as the conditions used to keep the
cells were unknown to the person performing the reading.

The average data were presented as the mean & standard error of the mean (S.E.M)
or box plots, with n indicating the number of cells studied under each condition. The
means were compared using the two-tailed Student’s f-test, whereas differences among
the multiple groups were evaluated using an analysis of variance (ANOVA). p < 0.05 was
taken as the threshold for statistical significance.
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