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Wykaz skrotow uzywanych w rozprawie doktorskiej

2-MeSATP — (ang. 2-methylthioadenosine 5'-triphosphate), 2-metylotioadenozyno-5’-
trifosforan

ADP — (ang. adenosine-5'"-diphosphate), adenozyno-5’-difosforan
AMP — (ang. adenosine 5'-monophosphate), adenozyno-5’-monofosforan

AMPK — (ang. 5'AMP-activated protein kinase), kinaza biatkowa aktywowana przez AMP
ATP - (ang. adenosine triphosphate), adenozyno-5’-trifosforan
ATP-y-S — (ang. adenosine 5'-O-(3-thio)triphosphate), adenozyno-5’-y-tio-trifosforan

cAMP — (ang. adenosine 3',5"-cyclic monophosphate), cykliczny adenozyno-3,5’-
monofosforan

cGMP - (ang. guanosine 3',5'-cyclic monophosphate), cykliczny guanozyno-3’,5’-
monofosforan

F-aktyna - (ang. filamentous actin, F-actin), aktyna fibrylarna

FITC — (ang. fluorescein-5-isothiocyanate), S-izotiocyjanian fluoresceiny
GTP-aza — (ang. guanosine-5 triphosphatase), guanozyno-5’trifosfataza

H-89 - (ang. (N-[2-p-bromocinnamylamino-ethyl]-5-isoquinolinesulphonamide
dihydrochloride), selektywny inhibitor kinazy biatkowej A

HG - (ang. high glucose), wysokie stezenie glukozy

MRS2365 - (ang. (N)-methanocarba-2-methylthioadenosine diphosphate), selektywny
agonista P2Y

MRS2768 — (ang. uridine-5'-tetraphosphate o-phenyl ester tetrasodium salt), selektywny
agonista P2Y»

MRS4062- (ang. N4-Phenylpropoxycytidine-5"-O-triphosphate tetra(triethylammonium) salt),
selektywny agonista P2Y 4

MTF — (ang. 1,1-Dimethylbiguanide hydrochloride), metormina
P2X — (ang. P2X purinoreceptor), receptory purynowe P2X
P2Y- (ang. P2Y purinoreceptor), receptory purynowe P2Y
PKA- (ang. cAMP- dependent protein kinase), kinaza biatka A

PKGla- (ang. cGMP-dependent protein kinase), kinaza biatkowa G typu la


https://biologydictionary.net/atp/
https://biologydictionary.net/atp/

Racl- (ang. Ras-related C3 botulinum toxin substrate 1), podobny do Ras substrat 1
sktadnika C3 toksyny botulinowej

RhoA- (ang. Ras homolog family member A), biatko A z rodziny homologicznej do Ras
ROS -(ang. reactive oxygen species), reaktywne formy tlenu

Rp-8- Br- cAMP — (ang. 8-Bromoadenosine 3',5'-cyclic Monophosphothioate, Rp-Isomer),
inhibitor kinazy biatkowej A, analog cAMP

SG- (ang. standard glucose), standardowe stezenie glukozy

TRPC6 -(ang. Transient Receptor Potential Channel 6), kanal jonowy receptora potencjatu
przej$ciowego typu 6

UDP —(ang. uridine-5'-diphosphate), urydyno-5’-difosforan
UTP — (ang. uridine-5'-triphosphate), urydyno-5’-trifosforan

VASP - (ang. vasodilator-stimulated phosphoprotein), fosfoproteina stymulowane przez
czynniki wazodylatacyjne



1. Streszczenie polskojezyczne i anglojezyczne
1.1. Streszczenie

Kluczowym elementem klebuszkowej bariery filtracyjnej sg podocyty, ktére posiadajg
w swoich wypustkach stopowatych rozbudowany cytoszkielet aktynowy, majacy zdolnos¢
regulacji wielkosci powierzchni filtracyjnej. Wypustki stopowate sgsiednich podocytow
tworzg strukture blony szczelinowej, a kompleks zakotwiczonych w niej biatek S$cisle
kontroluje dynamike przebudowy cytoszkieletu aktynowego. AMP-zalezna kinaza biatkowa
jest kluczowym enzymem odpowiedzialnym za utrzymanie energetycznej homeostazy oraz
wlasciwa odpowiedz metaboliczng w zalezno$ci od zmieniajacych si¢ warunkow
srodowiskowych, w tym rowniez na warunki stresowe. Podocyty, pokrywajace zewnetrzng
powierzchnie wlosniczek w kigbuszku, wydaja si¢ by¢ komodrkami szczegdlnie wrazliwymi
na dzialanie wysokiego st¢zenia glukozy czy tez stresu mechanicznego, co ma miejsce
w przebiegu licznych glomerulopatii m.in. nefropatii cukrzycowej. W stanach
patofizjologicznych gwattownie wzrasta uwalniane nukleotydéw z komodrek podocytarnych,
jak 1 z kigbuszkow nerkowych, prowadzac do lokalnego wzrostu ich st¢zenia w przestrzeni
zewnatrzkomorkowej. Uwalniane nukleotydy oraz produkty ich zewnatrzkomodrkowe;j
degradacji, dzialajac za posrednictwem receptorow nukleotydowych P2 peinig funkcje
czastek sygnalowych regulujacych skurcz naczyn, tym samym przyczyniajac si¢ do modulacji
tempa filtracji ktgbuszkowe;.

Celem niniejszej pracy bylo zbadanie wptywu aktywacji kinazy AMP w warunkach
hiperglikemii oraz stymulacji receptorow P2 na biatka zwigzane z cytoszkieletem aktynowym
komorek podocytarnych oraz funkcje kitgbuszkowej bariery filtracyjne;.

Doswiadczenia przeprowadzono na izolowanych klebuszkach nerkowych pochodzacych od

szczurOw stada Wistar oraz na szczurzych podocytach hodowli pierwotne;.



W wyniku przeprowadzonych analiz immunoenzymatycznych w podocytach hodowanych
w obecnosci wysokich stezen glukozy stwierdzono zmniejszenie poziomu fosforylacji
AMPK, ktory ulegat zwickszeniu pod wpltywem stymulacji AMPK przez metforming.
Jednoczesnie stwierdzono, ze obserwowane zmiany sg skorelowane z iloscig kanalu
wapniowego TRPC6, stanowigcego istotny elementy blony szczelinowej. W $Srodowisku
hiperglikemicznym zaobserwowano wzrost ilosci biatka TRPC6, ktora byta przywracana do
wartosci  kontrolnych w  obecno$ci  metforminy. Podobng zalezno$¢ wykazano
w przeprowadzonym barwieniu immunofluorescencyjnym, ktore wykazalo zmniejszenie
ilosci kompleksu ztozonego z TRPC6 oraz podjednostki AMPKal w warunkach wysokiego
stezenia glukozy oraz zwigkszenie ilosci tego kompleksu w wyniku dziatania metforminy.
Z przeprowadzonych badan wynika rowniez, ze w warunkach wysokiego stezenia glukozy
dochodzi do zmniejszenia ilo$ci nefryny, a takze zmian w wewnatrzkomorkowej lokalizacji
aktyny oraz aktywnosci bialek modulujacych cytoszkielet aktynowy. Co wigcej, zastosowanie
metforminy skutkowalo odwroceniem zmian zwigzanych z organizacjg wtokien aktynowych,
dlatego mozemy przypuszczac ze proces ten jest zalezny od AMPK. W przeprowadzonych
doswiadczeniach na izolowanych kiebuszkach nerkowych 1 podocytach stwierdziliSmy wzrost
przepuszczalnosci dla albuminy w warunkach hiperglikemii oraz jej znaczny spadek
w obecnosci metforminy, co potwierdza protekcyjne dziatanie metforminy na kigbuszkowa
barier¢ filtracyjng w hiperglikemii.

Przeprowadzone badania wykazaly rowniez, ze aktywacja receptorow nukleotydowych
w komorkach podocytarnych wplywa na réwnowage metaboliczng poprzez zwigkszenie
poziomu fosforylacji AMPK, a takze rownowage oksydoredukcyjng poprzez zahamowanie
produkcji reaktywnych form tlenu. Spostrzezono réwniez, ze stymulacja purynergiczna
wplywa na wielkos$¢ syntezy cyklicznych nukleotydow (cAMP i cGMP) regulujacych skurcz

naczyn krwiono$nych. Ponadto, aktywacja receptorow P2, a w szczegolnosci receptora P2Y4,



prowadzi do przebudowy cytoszkieletu aktynowego, czemu towarzysza spadek aktywnosci
biatka RhoA oraz wzrost przepuszczalnosci dla albuminy przez warstwe podocytéw. Proces
ten wydaje si¢ by¢ sprzezony z dziataniem kinazy biatkowej A, ktérej hamowanie aktywnos$ci
zapobiegato zmianom indukowanym przez stymulacj¢ purynergiczna.

Na podstawie otrzymanych danych mozna wnioskowaé, ze AMP-kinaza, jak
1 zewnatrzkomorkowe nukleotydy za posrednictwem receptorow P2 reguluja funkcje
podocytow, a takze modyfikujg reorganizacj¢ cytoszkieletu aktynowego podocytow oraz
przepuszczalno$¢ kiebuszkowej bariery filtracyjnej. Obserwowane w badanych warunkach
zmiany moga przyczyni¢ si¢ do lepszego poznania mechanizméw regulujacych
funkcjonowanie kiebuszkowej bariery filtracyjnej w warunkach fizjologicznych oraz

patofizjologicznych.

1.2. Abstract

Podocytes constitute a key element of glomerular filtration barrier mainly through a well-
developed contractile apparatus formed by actin and myosin filament bundles. The podocyte
foot processes along with the slit diaphragm proteins modulate the actin cytoskeleton
dynamics and subsequent glomerular filtration. AMP-activated protein kinase (AMPK) is an
essential enzyme responsible for maintaining energy homeostasis and proper metabolic
response depending on changing environmental conditions, including stress conditions.
Podocytes covering the external surface of the glomerular capillary seem to be a sensitive to
a high glucose concentration or mechanical stress during glomerulopathies, including diabetic
nephropathy. In pathological conditions release of nucleotides into extracellular space from
glomeruli and podocytes is increased. Extracellular nucleotides act as signaling molecules
through the P2 nucleotide receptors regulating vasoconstriction, thus contributing to the

regulation of the glomerular filtration rate.



The main goal of the study was investigation of the role of AMPK in hyperglycemia and P2
receptors in regulation of podocytes actin cytokeleton and permeability of glomerular
filtration barrier.

The experiments were performed using such experimental models as isolated rat glomeruli
and primary culture of rat podocytes.

This work demonstrated a decrease of AMPK phosphorylation level in podocytes with high
level of glucose and increase of phosphorylation level after AMPK stimulation by metformin.
Moreover, we observed that the changes mentioned above are correlated with the amount of
TPRC6, which was increased in hyperglycemic conditions and then was restored to control
values after AMPK activation. We showed a similar dependence in immunofluorescence
staining and the degree of colocalization between AMPK and TRPC6, which was decreased
in high glucose concentration and increased by AMPK stimulation. In this study we
demonstrated a reduction of the amount of nephrin and changes in intracellular actin
distribution in podocytes exposed to high glucose concentrations. Metformin treatment caused
restoration of high glucose-induced changes in amount and intracellular location of proteins
modulating actin cytoskeleton. Moreover, metformin through AMPK activation caused a
reduction of permeability to albumin in podocytes under hyperglycemic conditions and
diminution of glomerular permeability in diabetic rats.

We showed that nucleotide stimulation in podocytes has an effect on restoration of energy
homeostasis through AMPK activation and maintaining the oxidative balance through
decreased ROS generation. Purinergic activation regulates the amount of synthesis of cyclic
nucleotides (cGMP and cAMP) controlling the contractility of blood vessels. Furthermore, P2
activation, notably P2Y4, leads to a reorganization of actin cytoskeleton with accompanying

suppression of RhoA activity and an increase of permeability to albumin across podocyte
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monolayer. The process seems to be coupled with protein kinase A, whose suppression of

activity prevented nucleotides-induced changes.

In conclusion, the results of the present study offer evidence supporting a role for AMPK and
purinergic signaling in regulating glomerular filtration through podocyte cytoskeleton
remodeling. We believe that the proposed studies may become helpful in recognizing and
understanding new defense mechanisms on the podocytes functioning, glomerular protection

and preservation of normal renal function.
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2. Innowacyjnos$¢ rozprawy
Badania przedstawione w niniejszej dysertacji po raz pierwszy wykazaly, ze

e aktywacja AMPK przez metformine reguluje aktywno$¢ biatek z rodziny Rho oraz
moduluje cytoszkielet aktynowy podocytow, wplywajac tym samym na
przepuszczalno$¢ ktgbuszkowej bariery filtracyjne;,

e w S$rodowisku hiperglikemicznym ilo$¢ biatka TRPC6 w podocytach ulega
zwigkszeniu, natomiast aktywacja AMPK przez metformine skutkuje zmniejszeniem
ilosci tego bialka,

e aktywacja receptoréw P2Y, a w szczegdélnosci receptora P2Ys, wplywa na
reorganizacj¢ cytoszkieletu aktynowego podocytéw oraz regulacj¢ przepuszczalnosci
przez monowarstwe podocytow poprzez uruchomienie $ciezki sygnalowej
cAMP/PKA/RhoA,

e stymulacja receptorOw purynergicznych zmniejsza produkcje reaktywnych form tlenu

w komorkach podocytarnych.
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3. Wstep

Selektywnos$¢ procesu filtracji osocza uzalezniona jest od budowy filtru kiebuszkowego, ktory
tworzg od strony $wiatla naczynia kapilarnego: komorki srodbtonkowe, btona podstawna oraz
komorki nabtonkowe trzewne — podocyty [1]. Wieloletnie badania wykazaly, ze podocyty
odgrywaja kluczowa role¢ w prawidlowym funkcjonowaniu bariery filtracyjnej. O ich
unikatowych cechach $wiadczy chociazby obecno$¢ wysoko wyspecjalizowanych struktur
komorkowych. Ponadto brak aktywno$ci mitotycznej oraz proliferacyjnej dojrzatych
fenotypowo podocytow wskazuje, iz sg najbardziej wrazliwym na uszkodzenia elementem
ktgbuszka nerkowego [2]. W podocytach mozna wyrdézni¢ trzy odrgbne morfologicznie
1 funkcjonalnie segmenty: unoszace si¢ swobodnie w przestrzeni Bowmanna ciato komorki
oraz wypustki gléwne, a takze oplatajace zewnetrzng strong wtosniczek wypustki stopowate.
Pomiedzy wyrostkami stopowatymi sasiednich komorek znajdujg si¢ waskie szczeliny
filtracyjne, pokryte blong filtracyjng, ktora stanowi najbardziej zewnetrzny i zarazem
najwazniejszy element bariery filtracyjnej [2]. Uszkodzenie struktury szczelin filtracyjnych
skutkuje przerwaniem cigglosci 1 integralnosci kigbuszkowej bariery filtracyjnej oraz
biatkomoczem. Charakterystyczne rozlewanie wyrostkow stopowatych, ktore stajg si¢ ptaskie
1 szerokie, stanowi cech¢ wspolng licznych glomerulopatii [3].

W zwigzku z nieustanng ekspozycja na ci$nienie hydrostatyczne filtracji, podocyty
przeciwstawiajgc si¢ sitom sprezystosci btony podstawnej reguluja wielko$¢ powierzchni
filtracyjnej. Adaptacja do warunkéw sSrodowiskowych uwarunkowana jest obecno$cig
w wypustkach stopowatych elementow kurczliwych takich jak aktyna, aktynina, miozyna,
winkulina, wimentyna, paksylina italina. Ponadto podocyty w wypustkach gléwnych
posiadaja rozbudowany cytoszkielet sktadajacy si¢ z mikrotubul i1 filamentéw posrednich,
nadajacy komorce sztywno$¢ oraz zapewniajacy wytrzymato$¢ na rozcigganie i odpornos¢ na

uszkodzenia mechaniczne [4] [5]. Co wigcej, cytoszkielet odgrywa kluczowa role
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W przenoszeniu sygnalu generowanego przez sity mechaniczne wymuszajace proces filtracji
poprzez kompleks biatek zakotwiczonych w blonie szczelinowej, jednak doktadny
mechanizm regulujacy jego dynamike nie zostal do konca poznany. Nadrzedng rolg
w utrzymaniu struktury blony szczelinowej przypisuje si¢ transblonowemu biatku
sygnalowemu — nefrynie, ktéra tworzy szkielet blony szczelinowej na wzdér zamka
btyskawicznego [6].

Kolejnym waznym biatkiem blony szczelinowej jest TRPC6 (ang. Transient Receptor
Potential Channel), ktéry nalezy do rodziny nieselektywnych kanatow jonowych
odpowiedzialnych za napltyw jonéw wapnia do komorki, aktywowanych w wyniku stymulacji
receptorow sprzezonych z biatkiem G lub receptorow kinazy tyrozynowej [7]. Z ostatnio
opublikowanych doniesien naukowych wynika, ze kluczowe znaczenie w patogenezie
nefropatii cukrzycowej moze mie¢ zwickszenie ekspresji kanatu wapniowego TRPC6,
u podtoza ktorego lezy nadmierna aktywnos¢ angiotensyny II (ANG II) oraz nasilenie stresu
oksydacyjnego [8]. Wykazano, ze nadekspresja TRPC6 prowadzi do wzrostu
wewnatrzkomorkowego  stezenia  wapnia, co powoduje zahamowanie ekspresji
synaptopodyny 1 nefryny oraz prowadzi do dezorganizacji F-aktyny, zniszczenia wyrostkow
stopowatych, zwiekszonej filtracji kiebuszkowej 1 nastepczej proteinurii [9]. Powyzsze
zmiany skorelowane sg ze stymulacjg aktywnos$ci biatka RhoA, ktoére obok Racl i Cdc42
nalezy do najlepiej poznanych biatlek z rodziny GTP-az Rho, petnigcych role przetacznikow
komorkowych w kontrolowaniu wielu $ciezek sygnatowych m.in. zwigzanych z reorganizacja
cytoszkieletu aktynowego. Liczne eksperymenty wykazaty istnienie $cistej zalezno$ci miedzy
zmianami w aktywnosci bialek Rho a zaburzeniami w strukturze wyrostkow stopowatych
oraz w konsekwencji biatkomoczem [10] [11].

Kinaza biatkowa aktywowana przez AMP (AMPK) jest enzymem, ktory odgrywa kluczowsg

role w ochronie funkcji komoérek w czasie niedoboru energetycznego. AMPK, aktywowana
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w odpowiedzi na wzrastajgce st¢zenie wewnatrzkomorkowego AMP, bierze udziat
w regulacji komorkowego bilansu energetycznego. Jej zadaniem jest przetaczenie komorek ze
stanu anabolicznego do katabolicznego, poprzez zamykanie szlakow zuzywajacych ATP
1 uruchomianie proceséOw generujacych energie. AMPK wykazuje wielokierunkowe dziatanie,
w wyniku jej aktywacji zahamowane zostaja procesy syntezy glukozy, thuszczow, biatek oraz
wzrostu komorek, a pobudzane sg wychwyt i oksydacja kwasow tluszczowych oraz wychwyt
glukozy wraz z glikolizg [12]. Ze wzgledu na pelione przez AMPK funkcje, w stanach
zwigzanych z insulinoopornoscig takich jak otylos¢, zesp6t metaboliczny czy cukrzyca
obserwuje si¢ obnizenie aktywnosci AMPK [13]. Wyniki badan molekularnych
przeprowadzonych w naszym zespole dowiodty, ze wskutek dlugotrwalej ekspozycji komorek
podocytarnych na wysokie stezenie glukozy (HG), w komorkach tych dochodzi do indukcji
insulinoopornosci, przejawiajgcej si¢ zniesieniem stymulujacego efektu insuliny na
dokomorkowy transport glukozy w sposob zalezny od AMPK [14].

W procesach zwigzanych z uszkodzeniem komorki oraz stanie zapalnym wzrastajgce stezenie
ATP w plynie zewnatrzkomorkowym [15] w wyniku dhlugotrwatej ekspozycji zwigksza
rowniez 1los¢ wolnych rodnikéw tlenowych [16]. Zwigkszona produkcja ROS jest
czynnikiem, ktory nasila progresje¢ przewlektej choroby nerek (PChN), a u pacjentow
stwierdza si¢ podwyzszong aktywno$¢ markerow stresu oksydacyjnego [17]. Badania
ostatnich lat dostarczyly rowniez wiedzy na temat roli kinazy AMP w regulacji rGwnowagi
oksydoredukcyjnej [13]. W poprzednich pracach wykazali§my, ze w warunkach hiperglikemii
metformina aktywujac AMPK, dziata jednoczes$nie antyoksydacyjnie poprzez zmniejszenie
aktywnosci oksydazy NADPH (gléwnego zrodta reaktywnych form tlenu w tych komorkach)
[18] [19]. Ponadto efekt ten jest zwigzany z zahamowaniem aktywno$ci enzymow
degradujacych ATP (ekto-ATPaz), skutkujacym wzrostem stezenia zewnatrzkomorkowego

ATP oraz aktywacja receptoréw nukleotydowych P2. Na podstawie réznic w budowie
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1 sposobie przekazywania sygnatu, wyodrgbniono dwie podgrupy tych receptorow: P2X
1 P2Y. Receptory P2X, ktore obejmuja 7 podtypow (P2Xi7), sa bltonowymi kanatami
jonowymi dla kationdbw Na®, K oraz Ca?*, ktérych otwarcie w odpowiedzi na
zewnatrzkomorkowe ATP  powoduje przeplyw jondéw zgodnie =z  gradientem
elektrochemicznym. Z kolei, receptory P2Y, posrod ktorych wyrozniamy 8 podtypow (P2Y1,
P2Y>, P2Y4, P2Ys, P2Y11-14), aktywowane sg przez nukleotydy adeninowe (ATP, ADP) oraz
urydynowe (UTP, UDP). P2Y nalezag do receptorow metabotropowych, sprzezonych
z trojpodjednostkowymi biatkami G. W zaleznos$ci od rodzaju biatka G z jakim s3 zwigzane,
przekazuja sygnal za posrednictwem biatek efektorowych: cyklazy adenylowej, fosfolipazy C,
uwalniajgc przy tym czasteczki przekaznikow Il-rzedu jak cykliczny AMP (cAMP),
diacyloglicerol (DAG), kationy wapnia (Ca?"), trisfosforan inozytolu (IP3) [20].

Uwalnianie ATP oraz innych nukleotydow do przestrzeni pozakomoérkowej zarOwno przez
izolowane klebuszki nerkowe, jak rowniez podocyty zachodzi w sposdb konstytutywny.
W wyniku draznienia mechanicznego, zapalenia czy uszkodzenia btony komorkowej ulega
ono intensyfikacji [21]. Pozakomorkowy ATP wptywa na motoryke naczyn kapilarnych
ktgbuszka nerkowego. Za posrednictwem receptorow P2X i P2Y wywotuje on skurcz badz
relaksacje ktebuszkéw, regulujac tym samym wielko$¢ powierzchni filtracyjnej [22]. Ponadto,
poznane zostalo rozkurczajace dzialanie zewnatrzkomérkowego ATP na kiebuszki nerkowe
na drodze syntezy i uwolnienia tlenku azotu i nastepczej aktywacji cyklazy guanylanowej,
wzrostu stezenia cGMP 1 stymulacji kinazy biatkowej G typu I a (PKGla) [23]. Wykazano, ze
substancje wazodylatacyjne, ktore wplywaja na zmiany stezenia cyklicznych nukleotydow
(cAMP 1 ¢cGMP) biorg tym samym udziat w regulacji napi¢cia mig¢sni gladkich naczyn
krwionos$nych oraz mikrokrazenia, a takze powoduja przegrupowanie wtokien F-aktyny w
komorkach podocytarnych [24]. Z kolei wzrost stgzenia cAMP moze efektywnie zwigkszaé

fosforylacj¢ AMPK na drodze aktywacji cAMP-zaleznej kinazy biatkowej (PKA) [25]. Biorac
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pod uwage powyzsze informacje, wydaje si¢ prawdopodobne, ze kinaza AMP zajmuje
centralne miejsce w regulacji dynamiki cytoszkieletu aktynowego podocytow. Mimo
rosngcego zainteresowania badaniami nad AMPK, wcigz niewiele wiadomo na temat roli tego
enzymu w fizjologii oraz patofizjologii nerek. Obserwacje kliniczne wykazaty, ze
metformina, obecnie lek referencyjny w farmakoterapii cukrzycy typu 2, poza skutecznoscig
w  wyrownaniu gospodarki weglowodanowej oraz lipidowej] ma rowniez dzialanie
nefroprotekcyjne manifestujgce si¢ obnizeniem mikroalbuminurii u pacjentow z cukrzyca
typu 2 [26]. Postuluje si¢, ze wspomniane wyzej zmiany sg $ciSle zwigzane z aktywacja
AMPK [27]. Mimo to, brakuje danych literaturowych dotyczacych doktadnego mechanizmu
dziatania oraz $ciezek sygnatowych regulujgcych wptyw AMPK na przepuszczalno$¢ filtru

ktebuszkowego.
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4. Cele pracy

Cel gtowny

Celem obecnej pracy bylo zbadanie roli kinazy AMP w regulacji przepuszczalnosci

ktgbuszkowej bariery filtracyjne;.

Cele szczegotowe

Proba scharakteryzowania wewnatrzkomorkowych $ciezek sygnalowych sprzezonych
z kinazg AMP, lezacych u podstaw zmian dynamiki cytoszkieletu aktynowego
komorek podocytarnych.

Ocena zalezno$ci miedzy aktywnos$cig kinazy AMP a iloscig kanatu wapniowego
TRPC6 w podocytach.

Ocena wptywu aktywnosci AMPK w warunkach hiperglikemii na biatka zwigzane
z cytoszkieletem aktynowym komorek podocytarnych, a takze funkcje kiebuszkowe;j
bariery filtracyjne;.

Identyfikacja wewnatrzkomérkowych mechanizméw wpltywajacych na dynamike
cytoszkieletu aktynowego oraz funkcje komoérek podocytarnych w warunkach
farmakologicznej aktywacji receptorow P2Y z uwzglednieniem potencjalnej roli kinaz
biatkowych: AMPK, PKA oraz PKG.

Ocena wptywu farmakologicznej modulacji receptorow P2Y na wewnatrzkomorkowe

stezenie cyklicznych nukleotydow cAMP oraz cGMP.
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5. Materialy i metody

Doswiadczenia przeprowadzono na szczurach stada Wistar (samice 100-120 g 1 samce c.c.
200-250 g) pochodzacych z hodowli Instytutu Medycyny Doswiadczalnej i Klinicznej im.
Mirostawa Mossakowskiego Polskiej Akademii Nauk w Warszawie. Wszystkie procedury
badawcze wykonano zgodnie z Dyrektywa Parlamentu Europejskiego i Rady 2010/63/UE
zdnia 22 wrzesnia 2010 r. w sprawie ochrony zwierzat wykorzystywanych do celow
naukowych oraz za zgoda Lokalnej Komisji Etycznej w Bydgoszczy.

5.1. Hodowla szczurzych podocytow

Pierwszym modelem badawczym byla hodowla pierwotna szczurzych podocytéw, ktora
prowadzono w oparciu o standardowa procedurg opracowang w Instytucie Anatomii i Biologii
Komorkowej Uniwersytetu w Heidelbergu (Niemcy)[28][29]. Kigbuszki nerkowe izolowano
technikg przesiewowa przez sita metalowe o $rednicy oczek 160, 106 oraz 53 pm. Otrzymanag
zawiesing komorkowa zawieszano w pozywce hodowlanej, ktdrg rozdzielano na butelki

hodowlane i umieszczano na 6 dni w inkubatorze (37°C, 5% CO2 i 95% powietrze). Po 6

dniach inkubacji przyklejone kigbuszki nerkowe wraz z pozostalymi komoérkami poddawano
trypsynizacji, a otrzymang zawiesing przesiewano przez sito nylonowe o $rednicy oczek 33
um. Otrzymany przesacz zawierajacy podocyty wysiewano na naczynia hodowlane,

a nastgpnie umieszczano w inkubatorze (37°C, 5% CO2 1 95% powietrze). Eksperymenty na

komorkach podocytarnych zostaty przeprowadzone migdzy 12 a 20 dniem hodowli. Fenotyp
hodowanych komorek badano metoda immunocytochemiczng przy uzyciu przeciwciat
skierowanych przeciwko swoistym biatkom podocytéw: nefryny, podocyny oraz
podokaliksyny. Doswiadczenia prowadzono w trzech ukltadach badawczych, w ktérych
podocyty inkubowane byty w nastepujacych warunkach:

e 5-cio dniowa inkubacja w S$rodowisku o standardowym stezenia glukozy (11,1 mM

D-glukoza) oraz wysokim stezeniu glukozy (30 mM D-glukoza) w obecnos$ci
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aktywatora (metformina, MTF= 2mM) lub inhibitora (zwigzek C, CC= 100uM)
kinazy AMP

¢ 1 min inkubacja z agonistami receptorow P2: ATP (100 uM) oraz ATP-y-S, 2MeS-
ATP oraz selektywnymi agonistami receptorow P2Y; (MRS2365), P2Y> (MRS2768)
oraz P2Y4 (MRS4062) w stezeniu 10 uM.

e | h preinkubacja z inhibitorami kinazy A: H89 oraz Rp-8-Br-cAMP (1h, 10 uM) oraz
1 min inkubacja z ATP (100 uM) oraz MRS4062 (10 uM).

e transfekcja komorek podocytarnych wyciszajagcym RNA (siRNA) przeciwko
AMPKal oraz AMPKa2 zgodnie z protokotem zatgczonym przez producenta (Santa
Cruz Biotechnology).

Po okreslonym czasie inkubacji w poszczegdlnych uktadach badawczych, komorki
poddawano odpowiedniej lizie, a nastgpnie wykonano analizy:

1. Immunodetekcja biatlek metodg Western Blot.

Rozdzial elektroforetyczny mieszaniny biatek (20 pg) przeprowadzano w 10 % zelu

poliakrylamidowym, ktorg nastepnie przenoszono w polu elektrycznym na membrany

PVDF przy wuzyciu transferu poétsuchego. Dokonano detekcji bialek metoda

kolorymetryczng z uzyciem fosfatazy alkaiczne;.

2. Ocena ekspresji genowej badanych biatek przy uzyciu metody real-time PCR

3. Ocena wewnatrzkomorkowej  lokalizacji  bialek za  pomocg  barwienia
immunofluorescencyjnego, uzyskany obraz analizowano pod mikroskopem
konfokalnym Nikon z uzyciem oprogramowania NIS-Elements lub LeicaSP8X.

4. Ocena aktywnosci biatek Racl oraz RhoA metodg immunoenzymatyczng przy uzyciu
zestawOow biochemicznych RhoA i Racl G-LISA® Activation Assay Biochem Kit™

(Cytoskeleton Inc., USA).
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5.

Oznaczanie ste¢zenia cGMP oraz cAMP metodg immunoenzymatyczng (ELISA) przy
uzyciu komercyjnie dostepnych zestawdéw (Cyclic GMP/cyclic AMP Competitive
ELISA Kit, Thermo Fischer Scientific) w lizatach komorek podocytarnych.
Oznaczenie poziomu reaktywnych form tlenu przy uzyciu sondy fluorescencyjnej
DCEF (2,7-dichlorofluoresceina).

Pomiar przepuszczalnosci dla albuminy znakowanej fluoresceing (FITC-albumina)
przez warstw¢ podocytow utworzong na migkkiej nylonowej btonie, pokrytej

kolagenem typu IV [30].

5.2. Izolowane klebuszki nerkowe

Drugim modelem badawczym byty klebuszki nerkowe izolowane ze szczurow zdrowych (K) i

szczuréw z indukowang farmakologicznie cukrzyca (STZ), ktorym podawano dootrzewnowo

streptozotocyne (65 mg kg m.c.). Kiebuszki nerkowe izolowano z samcow technikg

przesiewowa przez sita o srednicy oczek 250, 125 oraz 75 um [31].

Na izolowanych kigbuszkach nerkowych zawieszonych w roztworze PBS
zawierajagcym 5% BSA badano przepuszczalnos¢ filtru kigbuszkowego dla albuminy
na podstawie zmiany objetosci izolowanych kiebkow spowodowanej gradientem
cisnienia onkotycznego pomigdzy Srodowiskiem inkubacyjnym a przestrzenig
wewnatrz kapilarna ktebuszkéw nerkowych.

W homogenatach tkankowych oceniano ilo$¢ badanych biatek metoda Western blot.
W moczu oznaczano stezenie albuminy metodg immunoenzymatyczng przy uzyciu
kitu biochemicznego AssayMax Rat Albumin ELISA kit (Assaypro, St. Charles, MO,
USA).

We krwi oceniano st¢zenie glukozy metoda oksydazowa przy uzyciu glukometru

(Accu-chek Go, Roche Diagnostics GmbH).
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e Oceniano klirens radioaktywnej inuliny oraz przeptyw krwi przez kor¢ nerki metoda
laser-Doppler.
e QOceniano dobowe spozycie wody oraz wydalanie moczu.
Wyniki z przeprowadzonych do$wiadczen przedstawiono jako warto$¢ $rednig + standardowy
btad $redniej (SEM) z n = liczba powtorzen. Roznice statystyczne pomigdzy wynikami
oceniano przy zastosowaniu jednoczynnikowej analizy wariancji (one-way ANOVA) przy
uzyciu programu SigmaPlot 11.0 (Systat Software, Inc., USA) oraz GraphPad Prism 6. Za

statystycznie znamienng rdznic¢ mi¢dzy wynikami uznawano warto$¢ P<0,05.
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6. Omowienie wynikow

Przewlekta hiperglikemia oraz towarzyszaca jej insulinooporno$¢ prowadza do zaburzen
aktywnos$ci szlakéw zaangazowanych w regulacje homeostazy glukozy, do ktorych
niewatpliwie nalezy S$ciezka regulowana przez AMP-zalezng kinaze biatkowas.
W pierwszym etapie badan wykazaliSmy, ze dtugotrwata ekspozycja szczurzych podocytow
na wysokie stezenie glukozy powodowata zmniejszenie poziomu fosforylacji AMPK
(Publikacja 1, Fig 2B), natomiast aktywacja AMPK przez metformin¢ skutkowata wzrostem
poziomu fosforylacji w srodowisku o standardowym (SG, 11 mM) oraz wysokim stgzeniu
glukozy (HG, 30 mM).

Wplyw aktywnos$ci AMPK na ilos¢ bialka kanalu wapniowego TRPC6 w szczurzych
podocytach

Kolejnym zadaniem badawczym byta ocena wptywu wysokiego stezenia glukozy na poziom
ekspresji biatka oraz ilo$¢ kanatlu wapniowego TRPC6 oraz zaleznosci pomiedzy AMPK a
TRPC6 w szczurzych podocytach w warunkach hiperglikemicznych. Otrzymane wyniki
wykazaty, ze w srodowisku o wysokim stezeniu glukozy wzrasta zarowno ekspresja genowa,
jak 1 ilo§¢ biatka TRPC6 (Publikacja 1., Fig. 1A, B). Co wiecej, stymulacja AMPK przez
metforming w HG powoduje przywrocenie ilosci TRPC6 do wartosci obserwowanych w
warunkach kontrolnych (Publikacja 1, Fig. 2A). Dos$wiadczenia z zastosowaniem
wyciszajagcego RNA wobec AMPK wskazaly jednoznacznie na udzial podjednostki ol
w regulacji ekspresji TRPC6. Zahamowanie ekspresji genu AMPKal powodowato
zwigkszenie ilosci kanalu wapniowego TRPC6, ktora byta przywracana do wartosci
kontrolnych w obecno$ci metforminy (Publikacja 1, Fig. 3B). Otrzymane wyniki znalazty
potwierdzenie w przeprowadzonym podwojnym barwieniu immunofluorescencyjnym oraz
analizie kolokalizacji, ktore wykazaly zmniejszenie ilosci kompleksu ztozonego z TRPC6

oraz podjednostki AMPKal w warunkach wysokiego stezenia glukozy oraz zwigkszenie

23



w wyniku dziatania metforminy (Publikacja 1, Fig. 4). Otrzymane wyniki sugeruja, ze AMPK
bierze udziat w TRPC6-zaleznej regulacji homeostazy jonéw wapnia w podocytach. Ponadto
farmakologiczna aktywacja AMPK w warunkach wysokiego stezenia glukozy moze

kompensowaé wzrost stezenia wewnatrzkomorkowego Ca?".

Wplyw kinazy AMP na regulacje Sciezek sygnalowych zwiazanych z cytoszkieletem

aktynowym podocytéow

W kolejnych do$wiadczeniach postanowiliémy zbada¢ udziat AMPK w regulacji biatek
kontrolujacych stan organizacji aktyny w podocytach. W $§rodowisku hiperglikemicznym,
zarowno w komorkach podocytarnych, jak i kigbuszkach nerkowych obserwowaliSmy
zmniejszenie ilo$ci nefryny (Publikacja 1, Fig. 6A, B). Ponadto w podocytach wskutek
dziatania metforminy nastgpowalo zniesienie tego efektu (Publikacja 1, Fig. 6A). Otrzymane
wyniki skorelowane byly z obrazem immunofluorescencyjnym, gdzie spostrzezono zanik
sygnatu pochodzacego od nefryny w wypustkach stopowatych w podocytach w HG oraz
nasilenie jego intensywno$ci w obrebie ciala komorki pod wpltywem metforminy
(Publikacjal, Fig. 6C). Nasze badania pokazaly rowniez, ze w warunkach hiperglikemii
zmniejsza si¢ stopien fosforylacji Racl, ktéry ulega zwigkszeniu po zastosowaniu metforminy
(Publikacja 1, Fig. 7A). Podobng zalezno$¢ dla biatka Racl wykazata analiza aktywno$ci
enzymatycznej, ktora malata pod wptywem HG i znacznie wzrastata w wyniku dziatania MTF
(Publikacja 1, Fig. 7B). Ponadto wykazano zwigkszenie aktywno$ci enzymatycznej biatka
RhoA w $rodowisku hiperglikemicznym oraz zmniejszenie pod wplywem metforminy
(Publikacja 1, Fig. 7C). Przeprowadzone barwienie immunofluorescencyjne wykazalo tez
zmiany w wewnatrzkomorkowej lokalizacji aktyny w badanym uktadzie. W $rodowisku HG
sygnat pochodzacy od wybarwionej fluorescencyjnie falloidyng aktyny uktadat si¢ w wiazki o
charakterze pofragmentowanym w poréwnaniu do SG, gdzie mial charakter ciagly, roztozony

réwnomiernie. W komorkach inkubowanych w warunkach hiperglikemii z aktywatorem
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AMPK obraz immunofluorescencyjny dla aktyny byt zblizony do obserwowanego
w warunkach kontrolnych (Publikacja 1, Fig. 9).

Wplyw kinazy AMP na regulacje¢ przepuszczalnosci klebuszkowej bariery filtracyjnej
Reorganizacja cytoszkieletu aktynowego jak 1 modyfikacje w aktywnos$ci biatek
wplywajacych na jego uktad przestrzenny w analizowanych warunkach zostaly potwierdzone
zmianami  przepuszczalnosci dla  albuminy. W  $rodowisku  hiperglikemicznym
zaobserwowaliSmy znaczny wzrost przepuszczalnosci dla albuminy, zaréwno przez
monowarstwe podocytow jak 1 izolowane ki¢buszki nerkowe. W wyniku dziatania
metforminy obserwowaliSmy zmniejszenie przepuszczalnosci dla albuminy (Publikacja 1,
Fig. 10 A,B). Wydaje si¢ prawdopodobne, ze w warunkach hiperglikemii zmiany w ekspresji
nefryny jak 1 biatek regulujacych dynamike organizacji wiokien aktyny, skutkujace
destabilizacja kompleksu bialek blony szczelinowej oraz utrata szczelnosci filtru
ktgbuszkowego, sg skorelowane z ostabieniem funkcji AMPK. Natomiast farmakologiczna
aktywacja tejze kinazy moze zasadniczo wpltywaé¢ na przywrdcenie morfologii oraz
prawidtowego funkcjonowania bariery filtracyjnej

Wplyw aktywacji receptorow purynergicznych na poziom fosforylacji AMPK

Kinaza AMP jako glowny regulator obrotu energetycznego w komorce, wrazliwa na zmiany
wewnatrzkomoérkowego stezenia nukleotydow, wydaje si¢ by¢é waznym ogniwem
w zewnatrzkomorkowej sygnalizacji nukleotydowej. Na kolejnym etapie badan podjgto probe
zidentyfikowania roli AMPK w kaskadzie sygnalizacyjnej aktywowanej przez receptory P2.
W pierwszej kolejnosci scharakteryzowano dynamike zmian w poziomie fosforylacji AMPK
w obecnosci zewnatrzkomorkowego ATP w zalezno$ci od czasu. Otrzymane wyniki
pokazaty, ze w 1. minucie inkubacji z zewnatrzkomérkowym ATP nastepuje gwaltowny
wzrost poziomu fosforylacji AMPK, ktory spada wraz z uplywem czasu, powracajac w 10

minucie do wartosci kontrolnych (Publikacja 2, Fig. 1A). Zatem otrzymane wyniki sugeruja,
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ze kinaza AMP odgrywa istotng role w przywrdceniu homeostazy energetycznej, a

najsilniejszy efekt obserwowany jest juz w 1. minucie.

Zgodnie z danymi literaturowymi opisujgcymi wystepowanie receptorow P2Y w podocytach
[32][33], do kolejnych eksperymentéw wybrano nieselektywnych agonistow receptorow P2
(ATP, 2-Me-S-ATP oraz ATP-y-S) oraz specyficznych dla receptoréw P2Yi, P2Y, oraz
P2Y4. W obecnosci zastosowanych zwigzkow obserwowano wzrost poziomu fosforylacji
AMPK, a statystycznie znamienne roéznice odnotowano wobec ATP, ATP-y-S oraz 2-MeS-

ATP oraz agonisty dla receptora P2Y4 (MRS4062) (Publikacja 2, Fig. 2B).

Wplyw aktywacji purynergicznej na produkcj¢ ROS

Ostatnie doniesienia literaturowe dowodza , ze AMPK jest nie tylko czuta na zmiany st¢zenia
nukleotydéw, ale rowniez ROS [34]. W §wietle przedstawionych informacji, oceniano poziom
ROS pod wplywem stymulacji purynergicznej, ktory ulegal obnizeniu pod wpltywem ATP
oraz agonistow dla receptoréw P2Y1 (MRS2365) oraz P2Y4 (MRS4062) (Publikacja 2, Fig.
1D). Otrzymane wyniki sugeruja zatem, ze krotkotrwala stymulacja receptorow
nukleotydowych P2Y aktywuje kinaze¢ AMP oraz zmniejsza produkcje ROS w podocytach.
Zatem wydaje si¢ prawdopodobne, ze w warunkach zachwiania bilansu nukleotydowego w
podocytach jednym z gtownych zadan AMPK jest przywrocenie nie tylko stanu rownowagi

energetycznej, ale rowniez oksydoredukcyjne;.

Wplyw aktywacji purynergicznej na stezenie cAMP oraz cGMP

Dotychczasowe badania wskazuja na udzial receptorow P2Y w przekaznictwie sygnatu
wapniowego w komorkach podocytarnych [32] [35], jednakze brakuje informacji odno$nie
aktywowania innych $ciezek sygnatowych. Na podstawie przeprowadzonych doswiadczen z
uzyciem zewnatrzkomorkowego ATP wykazaliSmy wzrost stezenia cGMP oraz cAMP. Z

kolei zastosowanie selektywnych agonistow P2Y skutkowato spadkiem stezenia cGMP oraz

26



wzrostem cAMP, a w przypadku agonisty receptora P2Ys obserwowane zmiany mialy
charakter statystycznie znamienny (Publikacja 2, Fig 2A, B). Uzyskane rezultaty moga
sugerowac, ze aktywacja receptorow P2Y w podocytach uruchamia procesy zalezne od
cAMP, czego potwierdzeniem byl rowniez wzrost poziomu fosforylacji biatka VASP w

miejscu Serl57, ktére to jest kontrolowane przez PKA (Publikacja 2, Fig. 2C).

Wplyw aktywacji purynergicznej na bialka zwigzane z cytoszkieletem aktynowym

W kolejnych do$wiadczeniach postanowilismy sprawdzi¢ czy nukleotydowa stymulacja moze
wplywac na cytoszkielet komodrek podocytarnych poprzez regulacje aktywnosci biatka RhoA.
Nasze badania wykazaty spadek aktywnos$ci biatka RhoA w $rodowisku inkubacyjnym
z dodatkiem ATP, ATP-y-S oraz agonisty receptora P2Y4 (Publikacja 2, Fig. 3A). Powyzsze
wyniki sugeruja, ze aktywacja receptoréw nukleotydowych moze promowac rozkurcz aparatu
kurczliwego podocytow, o czym rowniez swiadczy spadek poziomu fosforylacji tancuchow

lekkich miozyny w analizowanych warunkach (Publikacja 2, Fig. 3B).

Wplyw aktywacji purynergicznej na wzajemne dzialanie AMPK oraz PKA w regulacji

bialek zwiazanych z cytoszkieletem aktynowym podocytow

Na tym etapie wysuneliSmy hipoteze badawcza, ze aktywacja purynergiczna,
a w szczegblnosci aktywacja receptora P2Y4, odpowiada ze transdukcje sygnatu do
cytoszkieletu komorki poprzez oddziatywanie na szlak zwigzany z biatkiem RhoA. Ponadto
zatozyliSmy, Ze powyzszy mechanizm jest regulowany przez sprze¢zone dzialanie kinaz
AMPK oraz PKA. W zwiazku z powyzszym, kolejne dos§wiadczenia z uzyciem ATP oraz
MRS4062 przeprowadzono w warunkach hamujacych aktywnos$¢ PKA z zastosowaniem
dwoch  inhibitoréw: H-89 oraz Rp-8-Br-cAMP. W  zastosowanych warunkach
doswiadczalnych nie zaobserwowano, aby dzialanie AMPK bylo regulowane przez PKA.

Preinkubacja komorek z inhibitorami PKA nie eliminowata indukowanego przez P2Y
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wzrostu poziomu fosforylacji AMPK (Publikacja 2, Fig. 4A, B). Zaobserwowano natomiast,
ze zahamowanie aktywnosci PKA zapobiegato zmianom aktywnos$ci biatka RhoA
stymulowanym przez agonistow receptoréw nukleotydowych. (Publikacja 2, Fig. 6A, B). Na
podstawie analizy immunofluorescencyjnej stwierdzono rowniez zwigkszenie intensywnosci
sygnatu dla PKA w obszarach przyblonowych pod wptywem ATP oraz MRS4062. Ponadto
zahamowanie aktywno$ci kinazy A zwigkszato translokacje biatka RhoA do btony
komorkowej, ktora byta eliminowana w obecnosci ATP oraz MRS4062 (Publikacja 2, Fig. 7).
Inkubacja komorek podocytarnych z ATP oraz P2Ys powodowata réwniez zmiany
w wewnatrzkomérkowej dystrybucji F-aktyny w podocytach polegajacej na zwigkszeniu
intensywno$ci  immunofluorescencyjnej  izotiocyjanianu  falloidyny w  obszarach
przybtonowych wraz z towarzyszacym zmniejszeniem intensywnos$ci fluorescencyjnej
w obszarach okotojagdrowych. Z kolei zmniejszenie aktywnosci PKA zapobiegalo

reorganizacji widkien F-aktyny (Publikacja 2, Fig. 9).

Wplyw aktywacji purynergicznej na przepuszczalno$s¢ monowarstwy podocytow dla

albuminy

Na podstawie przeprowadzonych eksperymentdw w warunkach farmakologicznej aktywacji
receptoréw nukleotydowych stwierdziliSmy wzrost przepuszczalno$ci przez monowarstwe
podocytow dla albuminy. W warunkach dos$wiadczalnych z zastosowaniem inhibitoréw
kinazy biatkowej A obserwowano redukcje przepuszczalnosci do warto$ci obserwowanych w
warunkach kontrolnych (Publikacja 2, Fig. 10). Na podstawie otrzymanych danych mozna
wnioskowa¢, ze gtowng Sciezka sygnatowa uruchamiang w odpowiedzi na stymulacje
nukleotydowa w podocytach jest szlak zalezny od cAMP/PKA, ktory reguluje dynamike

cytoszkieletu aktynowego podocytow oraz przepuszczalnos¢ bariery filtracyjne;.
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7. Podsumowanie wynikow

Wyniki badan zawarte w niniejszej rozprawie sugeruja, iz AMP-zalezna kinaza biatkowa
moze by¢ istotnym ogniwem w regulacji przepuszczalno$ci kigbuszkowej bariery filtracyjne;.
Otrzymane przez nas wyniki wspierajg tez¢ o protekcyjnym dziataniu AMPK na komorki
podocytarne. Przeprowadzone do$§wiadczenia pokazaty, ze AMPK przywraca ilo$¢ kanatlu
wapniowego TRPC6, a takze wplywa na przebudowe cytoszkieletu aktynowego
w podocytach w warunkach hiperglikemii. Ponadto uruchomienie natychmiastowej kaskady
sygnalizacyjnej z udzialem AMPK w odpowiedzi na nukleotydowa stymulacje podkresla jej
niezwykle wazng funkcj¢ w utrzymaniu réwnowagi energetycznej. Skutecznym sposobem
ochrony komoérek przed dziataniem stresu oksydacyjnego wydaje si¢ by¢ powigzanie
aktywacji AMPK z obnizeniem produkcji ROS. Co wigcej, przedstawione dane
eksperymentalne wskazujg na wspotudziat PKA w nukleotydowej modyfikacji cytoszkieletu

aktynowego oraz przepuszczalno$ci monowarstwy podocytow dla albuminy.
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8. Whnioski

e AMP-zalezna kinaza bialkowa reguluje homeostaz¢ wapnia w podocytach poprzez

modyfikacje ilo$ci kanatu wapniowego TRPC6.

e AMP-zalezna kinaza biatkowa bierze udziat w reorganizacji cytoszkieletu aktynowego
komorek podocytarnych 1 tym samym wplywa na regulacje przepuszczalnosci

ktebuszkowej bariery filtracyjne;.

e Wydaje si¢ prawdopodobne, ze aktywacja AMPK przez metforming moze odwracac
zmiany w organizacji wtokien aktyny powodowane przez hiperglikemi¢ oraz wptywacé
na potozenie i ksztalt wypustek stopowatych podocytow, a tym samym wielko$¢

powierzchni filtracyjne;j.

e Zewnatrzkomorkowe ATP za posrednictwem receptorow P2 reguluje funkcje

podocytow poprzez plejotropowe dziatanie zalezne od cAMP/PKA oraz AMPK.

e Wydaje si¢ prawdopodobne, ze ws$rdd receptorow P2Y najwigkszy udziat
w reorganizacji cytoszkieletu aktynowego w komodrkach podocytarnych moze mieé

receptor P2Y4.

e Farmakologiczna aktywacja receptorow P2Y poprzez zmiany stezenia cyklicznych
nukleotydéw (cAMP, cGMP) jest jednym z mechanizméw regulujacych organizacje

cytoszkieletu komoérkowego w podocytach.

e Zewnatrzkomorkowe nukleotydy kontroluja przebudowe cytoszkieletu komoérkowego
oraz procesy zwigzane z ruchem komorek podocytarnych, wpltywajac tym samym na

wielko$¢ powierzchni filtracyjne;.
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Uruchomienie kaskady sygnalizacyjnej z udzialem AMPK moze miec istotne
znaczenie w przywroceniu rodwnowagi energetycznej oraz utrzymaniu rownowagi

oksydacyjne;.

Powyzsze obserwacje moga by¢ uzyteczne w wyjasnieniu podtoza molekularnego
patogenezy zaburzen czynnosciowych bariery filtracyjnej, a takze sta¢ si¢ pomocne
w $wietle obecnych poszukiwan nowych strategii diagnostycznych i terapeutycznych

w leczeniu glomerulopatii.
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ARTICLE INFO ABSTRACT

Podocytes have foot processes that comprise an important cellular layer of the glomerular barrier involved in
regulating glomerular permeability. The disturbance of podocyte function plays a central role in the develop-
ment of proteinuria in diabetic nephropathy. AMP-activated protein kinase (AMPK), a key regulator of glucose

Keywords:
Filtration barrier permeability
Hyperglycemia

II:I/IEtﬁ)r_min and fatty acid metabolism, plays a major role in obesity and type 2 diabetes. Accumulating evidence suggests
peg mtl that TRPC6 channels are crucial mediators of calcium transport in podocytes, and these channels are involved in
odocytes

disturbing the glomerular filtration barrier in diabetes.

Metformin is an anti-diabetic drug widely used for treating patients with type 2 diabetes. Recent studies have
suggested that the therapeutic effect of metformin might be mediated by AMPK. The precise function of metformin
on cellular function and intracellular signaling in podocytes under diabetic conditions is not fully understood.

In this study, we demonstrated that metformin normalized TRPC6 expression via AMPKal activation in po-
docytes exposed to high glucose concentrations. A quantitative analysis showed that metformin increased the
colocalization of TRPC6 and AMPKa1 subunits from 42% to 61% in standard glucose (SG) medium and from 29%
to 52% in high glucose (HG) medium. AMPK activation was also necessary for maintaining appropriate levels of
Rho-family small GTPase activity in HG conditions. Moreover, metformin through AMPK activation remodeled

TRPC6 channel

cytoskeleton dynamics, and consequently, reduced filtration barrier permeability in diabetic conditions.

1. Introduction

Central to the development of type 2 diabetes is the impairment of
insulin action in skeletal muscle, fat tissue, and liver. The resulting
dysregulation of glucose and fat metabolism leads to kidney failure
and/or cardiovascular complications. Thus, type 2 diabetes can be de-
bilitating or even fatal. The majority of patients with albuminuria and
end-stage renal failure in the Western world have abnormalities in in-
sulin production or insulin effectiveness [1,2].

Podocytes are highly specialized cells that wrap around glomerular
capillaries, and they comprise a key component of the glomerular fil-
tration barrier. Podocytes consist of three morphologically and func-
tionally different segments: a cell body, major processes, and foot
processes. The podocyte cell body extends primary processes that
branch into foot processes; the foot processes of neighboring podocytes
interact to establish a highly branched, interdigitating pattern, known
as the slit diaphragm [3]. The slit diaphragm represents a signaling

platform with many proteins that regulate podocyte function, including
nephrin, podocin, Nephl, CD2AP, TRPC6, BKc,, and actin [4-6].

Podocytes are the target of injury in many glomerular diseases, in-
cluding arterial hypertension and diabetes mellitus. Studies in patients
with microalbuminuric type 1 diabetes found that podocyte foot processes
in patients with diabetes were wider than those in healthy patients. In fact,
foot process width was correlated directly with the urinary albumin ex-
cretion rate [7]. In addition, the number and density of podocytes were
reported to be markedly reduced in patients with either type 1 or type 2
diabetes compared to controls [8,9]. These data suggested that podocyte
injury is an important feature of diabetic kidney disease.

The mammalian homologues of Drosophila canonical transient re-
ceptor potential channels (TRPCs) are potent plasma membrane chan-
nels that contribute to changes in the cytosolic free Ca®>* concentration.
They either act as Ca®>* entry pathways in the plasma membrane or
they modulate the membrane-driving force for Ca®>* entry by changing
the membrane. Recently, mutations in the TRPC6 gene have been
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linked to the human proteinuric kidney disease, focal segmental glo-
merulosclerosis (FSGS) [10]. In this disease, podocyte foot processes
(slit diaphragm) lose integrity in their specific cellular junction struc-
ture, which disrupts the glomerular filtration barrier. A previous study
showed that overexpression of TRPC6 in the mouse kidney resulted in
the induction of proteinuria [11]. However, it remains unclear how the
channel activity of mutated TRPC6 is involved in the pathogenesis of
FSGS. Another study showed that the P112Q mutation in TRPC6 in-
creased its plasma membrane expression [12], which suggested that
changes in surface expression might contribute to the pathogenesis of
the disease. Moreover, another study found an important link between
Ca®* and podocyte injury; they showed that the activation of the Ca®* -
dependent phosphatase, calcineurin, led to synaptopodin cleavage and
proteinuria [10]. Moreover, overexpressing TRPC6 in podocytes could
lead to higher intracellular Ca®>* concentrations, in the presence of
stimuli. An increase in intracellular Ca>* could downregulate the ex-
pression of nephrin and synaptopodin and stimulate RhoA activity,
which in turn would cause the derangement of F-actin and a reduction
in foot processes [13]. Additionally, in cultured podocytes, sustained
TRPC6 activation induced apoptosis [14]. In analogy to other cell types,
such as neuronal dendritic spines, it is reasonable to assume that the
dynamic responses of podocytes and their foot processes might be
mediated by cytoskeletal elements and Ca®*-dependent processes. It is
probable that TRPC6 is normally part of a compensatory response to
mechanical or metabolic stress in podocytes; thus, inhibiting these
channels might actually be counterproductive in glomerular diseases.

Metformin is an anti-diabetic drug widely used to treat patients with
type 2 diabetes [15]. The proposed mechanisms of metformin action
include a reduction in hepatic gluconeogenesis and, to a lesser extent,
an increase in glucose uptake into skeletal muscle cells. Recent studies
have suggested that the therapeutic effect of metformin might be
mediated by AMP-activated kinase (AMPK) [15-17]. It was also de-
monstrated that metformin reduced albuminuria in type 2 diabetes
mellitus [18,19]. The precise function of metformin in cellular function
and intracellular signaling in podocytes under diabetic conditions is not
fully understood. In this study, we demonstrated that metformin nor-
malized TRPC6 channel expression via AMPKal activation in podo-
cytes exposed to high glucose concentrations. Moreover, metformin
through AMPK activation and regulation of Rho-family small GTPase
activity remodeled cytoskeleton dynamics, and consequently, reduced
filtration barrier permeability. These findings suggest that the protec-
tive effect of metformin on podocyte cytoskeleton involves AMPK-de-
pendent decrease of TRPC6 channel expression, which ameliorates
podocyte function in hyperglycemia.

2. Methods
2.1. Preparation and culture of rat podocytes

All experimental procedures were performed in accordance with
directive 2010/63/EU and were approved by the local Bioethics
Commission in Bydgoszcz. We used female Wistar rats that weighed
100-120 g. Podocytes were isolated as described previously [20]. Ex-
periments were conducted with podocytes cultivated for 12-20 days.
Cell phenotypes were established with podocyte-specific antibodies
against Wilms tumor-1 protein (WT-1; Biotrend Koeln, Germany) and
nephrin (ProSci Inc., Poway, Ca, USA). For the different experiments,
cells were cultured in standard glucose (SG, 11.1 mM) and high glucose
(HG, 30 mM) media for five days. AMPK activity in podocytes was
modulated by exposure to an activator (metformin, 2 mM, 5 days) or
inhibitor (compound C, 0.1 mM, 2 h).

2.2. Experimental animals and metabolic balance studies

Studies were performed with male diabetic rats (streptozotocin
65 mg/kg, i.p.) and age-matched control Wistar rats (weight: 200-240 g)
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Table 1
Metabolic balance studies in control and diabetic Wistar rats.

Parameter Control rats Diabetic rats
n =10 n =12
Body weight, g 240 + 10 231 = 12
Water intake, ml/24 h 26 + 2 119 + 12
Urine volume, ml/24 h 99 + 23 89.6 + 9.2
Blood glucose concentration, mg/dl 103 + 8 378 *= 30
Urinary albumin excretion, ug/24 h 90.2 + 12 193 * 29

Values are the means + SE.
* P < 0.05 vs. control rats.

obtained from Mossakowski Medical Research Center, Polish Academy of
Sciences, Warsaw (Poland). Experiments were performed after 12 days in
animals with blood glucose concentrations > 17 mM. Rats were housed
singly in metabolic cages for 24 h with free access to a regular pellet diet
and drinking water. Urine was collected, and diuresis was measured.
Urinary albumin excretion was measured with the AssayMax Rat
Albumin ELISA kit (Assaypro, St. Charles, MO, USA). After an overnight
fast, blood was collected from decapitated animals to determine baseline
serum glucose and insulin values. Glucose concentrations were measured
in the whole blood samples with a glucose oxidase method (Accu-chek
Go, Roche Diagnostics GmbH) (Table 1).

2.3. Permeability assay

Transepithelial permeability to albumin was evaluated by mea-
suring the diffusion of FITC-labeled BSA (Sigma) across a podocyte
monolayer, as described by Oshima et al., with minor modifications
[21,22]. Briefly, rat podocytes (1 X 105 cells/cm?) were seeded on type
IV collagen-coated Cell Culture Inserts (3-um membrane pore size,
0.32 cm? membrane surface area, BD Biosciences). Inserts were placed
in 24-well plates, and the cells were allowed to differentiate for one
week. Cells were used for experiments between post-seeding days 7 and
15. Before use in experiments, the podocytes were washed twice with
PBS and medium on both sides of the insert, and the medium was re-
placed with serum-free RPMI 1640 medium (SFM). After 2 h, the
medium in the upper compartment was replaced with 0.3 ml fresh SFM,
and that in the lower compartment was replaced with 1.5 ml SFM
containing 1 mg/ml FITC-albumin. After 1 h incubation, 200 pl of the
solution in the upper chamber was transferred to a 96-well plate, and
the content of FITC-albumin was determined by measuring absorbance
at 490 nm with a plate spectrophotometer (BioTek EL808).

2.4. Glomerular permeability to albumin in vitro

Glomeruli were isolated from male diabetic rats (streptozotocin
65 mg/kg, i.p.) and age-matched control Wistar rats (weight:
200-240 g). The volume response of glomerular capillaries to an on-
cotic gradient generated by defined concentrations of albumin was
measured as described previously [20]. Isolated glomeruli (de-capsu-
lated and devoid of afferent and efferent arterioles [23]) were allowed
to affix to glass coverslips coated with poly-i-lysine (1 mg/ml). They
were then incubated in medium containing 5% BSA and either AMPK
inhibitor (compound C, 100 uM, 20 min) or AMPK activator (met-
formin, 2 mM, 30 min) at 37 °C. Next, the compounds were washed out
with 5% BSA medium. The initial incubation medium was replaced
with medium containing 1% BSA to generate an oncotic gradient across
the glomerular capillary wall. Control glomeruli were treated with
equivalent volumes of buffer containing 5% BSA (i.e., which did not
generate an oncotic gradient). The glomerular volume responses were
recorded with videomicroscopy (Olympus microscope IX51) before and
1 min after the test reagents were added. Glomerular volume (V) was
calculated based on the surface area (S) of the glomerulus with the
formula: V = 3/4n (S/m)3/4 with cellSens Dimension software
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(Olympus). We found a direct relationship between the increase in
glomerular volume (AV), calculated as (Vfinal — Vinitial) / Vinitial,
and the oncotic gradient (AIl) applied across the capillary wall. This
principle was used to calculate the reflection coefficient of albumin
(oalb), defined as the ratio of AVs measured in the presence (experi-
mental) and absence (control) of an oncotic gradient:

oalb = AVexperimental/AVcontrol

The reflection coefficient of albumin was then used to calculate the
glomerular capillary permeability to albumin (convectional Palb =
1 — oalb), which described the movement of albumin consequent to water
flow. At least ten glomeruli isolated from three or more rats were studied in
each experiment.

2.5. Laser Doppler renal flowmetry

Studies were performed in male diabetic (streptozotocin 65 mg/kg,
i.p.) and age-matched control Wistar rats (weight: 200-250 g).
Experiments were performed after 12 days in animals with blood glucose
concentrations > 17 mM (Accu-Check Go, Roche, Basel, Switzerland).
Procedures were approved by the local Bioethics Commission in
Bydgoszcz.

Polyethylene catheters were inserted into the femoral vein and
carotid artery (PE-50) and into the abdominal aorta near the renal ar-
teries (PE-10), accessed from the femoral artery of anesthetized
(Inactin, 100 mg/kg, i.p.) tracheostomized rats. The urinary bladder
and left ureter were catheterized. The animals received intravenous
infusions of 150 mM NaCl (bolus 200 pl, then sustained perfusion at
45 ul/min) containing 5 pCi/ml [*H]-inulin. The left kidney was ex-
posed and placed in a Lucite holder. Blood flow to the superficial renal
cortex (CBF) was measured with the laser-Doppler method with a
Periflux 4001 system (Perimed AB, Jarfalla, Sweden); the CBF probe
was placed on the kidney surface. After surgery recovery, the first three
10-min collection periods were used as controls. Then, metformin
(50 mg/kg body weight) was injected into the abdominal aorta, and
urine was collected in three, 10-min periods. The CBF was continuously
monitored (experimental period). Upon completion of the experiment,
all the animals were killed with an anesthesia overdose, and the tip of
the aortic catheter was checked to ensure that it had been properly
positioned near the renal arteries.

2.6. Western blot analysis

To obtain podocyte and glomerular lysates, the cells were treated with
lysis buffer (1% Nonidet P-40, 20 mM Tris, 140 mM NaCl, 2 mM EDTA,
10% glycerol), in the presence of a protease inhibitor cocktail, and homo-
genized at 4 °C by scraping. Proteins (15 pg) were separated on a 10% SDS-
polyacrylamide gel and electrotransferred to nitrocellulose membranes. The
following primary antibodies were used for Western blotting: anti-p-AMPKa
(Thr172) (1:1000, Cell Signaling Technology), anti-AMPKa (1:1000, Cell
Signaling Technology), anti-AMPKal (1:500, Santa Cruz Biotechnology),
anti-AMPKa2 (1:500, Santa Cruz Biotechnology), anti-nephrin (1:1000,
Sigma-Aldrich), anti-TRPC6 (1:1000, Sigma-Aldrich), anti-p-PAK 1/2/3
(Thr 423/402/421) (1:800, Sigma-Aldrich), anti-PAK1/2/3 (1:800, Cell
Signaling Technology), anti-ROCK1 (1:1000, Cell Signaling Technology),
anti-ROCK2 (1:1000, Cell Signaling Technology), anti-p-cofilin (1:1000,
Sigma-Aldrich), anti-cofilin (1:1000, Santa Cruz Biotechnology), anti-p-Racl
(Ser71) (1:1000, OriGene), and anti-actin (1:3000, Sigma-Aldrich). To de-
tect the primary antibodies, the membranes were incubated with the ap-
propriate alkaline phosphatase-labeled secondary antibodies. The protein
bands were visualized with the colorimetric 5-bromo-4-chloro-3-in-
dolylphasphate/nitroblue tetrazolium (BCIP/NBT) system.

2.7. RNA interference and cell transfection

Podocytes were transfected with small interfering RNAs (siRNAs) that
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targeted AMPKal and AMPKa2 (Santa Cruz Biotechnology). Controls
were transfected with non-silencing siRNA (scrambled siRNA, negative
control) (Santa Cruz Biotechnology). Cells were cultured in RPMI 1640
supplemented with 10% FBS. One day before the experiment, the culture
medium was changed to antibiotic-free RPMI 1640 supplemented with
10% FBS. The cells were transfected with the siRNA Transfection Reagent
(Santa Cruz Biotechnology), according to the manufacturer's instructions.
Briefly, the targeted siRNAs (or scrambled siRNA) were diluted in
Transfection Medium (final concentration, 80 nM), mixed with siRNA
Transfection Reagent, and incubated for 30 min at room temperature.
Then, Transfection Medium was added to the transfection mixture, mixed
gently, and added to the podocytes. After 7 h, we added growth medium
supplemented with 2 concentrations of FBS and antibiotics. The podo-
cytes were incubated for an additional 24 h. After transfection, gene si-
lencing was checked at the protein level with Western blotting.

2.8. Immunofluorescence

Podocytes were seeded onto coverslips coated with type 1 collagen
(Becton Dickinson Labware, Becton, UK) and cultured in RPMI 1640 sup-
plemented with 10% FBS. Cells were fixed in PBS plus 4% formaldehyde
for 10 min at room temperature. Fixed podocytes were permeabilized with
0.3% Triton-X for 3—4 min, then blocked with PBSB solution (PBS plus 2%
FBS, 2% BSA, and 0.2% fish gelatin) for 1 h. After blocking, cells were
incubated with anti-cofilin (1:50), anti-TRPC6 (1:100), anti-AMPKal
(1:100), and anti-AMPKa2 (1:100) antibodies in PBSB at 4 °C for 1 h. Then,
cells were incubated with blocking peptide to eliminate non-specific
staining. Next, the cells were washed three times with cold PBS and in-
cubated with secondary antibodies conjugated to Alexa Fluor 488 (1:1000)
or Alexa Fluor 546 (1:1000). Actin was stained with Alexa Fluor 594
phalloidin (1:200). Specimens were imaged with a confocal laser scanning
microscope (Leica SP8X) equipped with a 63 x oil immersion lens.

2.9. RNA extraction and real-time PCR analysis

From cultured podocytes, total RNA was isolated with TRI Reagent
(Sigma) and chloroform/isopropanol extraction. The quantity of RNA
was determined with spectrometry, and purity was assessed by calcu-
lating A260/A280. A RNA was considered pure when the A260/A280
ratio was 1.8-2.2. Next, RNA was treated with DNase (Sigma), and
reverse transcription was performed with 700 ng RNA and 100 U M-
MLV Reverse Transcriptase (Promega) in a mixture of M-MLV Reaction
Buffer, 0.2 mM dNTPs, 10 mM DTT, 0.25 ug Primer p(dT);s (Roche),
and 8 U RNAse Inhibitor (EURXx).

The mRNA levels of ATP2A1, ATP2A2, ATP2A3, ATP2B1, ATP2B3,
ATP2B4, and TRPC6 were determined with TagMan hydrolysis probes
(Roche) and gene-specific intron-spanning primers in a real-time PCR
(RT-PCR) assay performed on a Light Cycler 480 (Roche). The results
were quantified with the AACt method, where [3-actin served as an in-
ternal control. The RT-PCR conditions included pre-incubation for
10 min at 95 °C; then 45 cycles of denaturation for 10 s at 95 °C, an-
nealing for 30 s at 60 °C, and elongation for 1 s at 72 °C. Negative
controls included dH,O instead of cDNA template. Amplified products
were electrophoresed in a 2.5% agarose gel, visualized with ethidium
bromide, and imaged with the GelDoc-It Imaging System (UVP,
Cambridge, UK). Table 2 shows the primers utilized.

2.10. Racl and RhoA activity assays

Racl and RhoA activation were measurement in the supernatant
with a commercially available G-LISA Racl Activation Assay Biochem
Kit (BK128; Cytoskeleton, Inc.) and a G-LISA RhoA Activation Assay
Biochem Kit (BK124; Cytoskeleton, Inc.).
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Table 2
Real-time PCR primers.
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Gene name GenBank accession number Primer sequences (5-3") Product size

ATP2A1 NM_058213.1 F: TCGGAACTATCTGGAGGGATAA 63 bp
R: GGATCTGTGACACGGTTCAA

ATP2A2 NM_001110139.2 F: CAGTCCTAACTGTGGTGTTTTCC 78 bp
R: TTAGGAAGCGGTTACTCCAGTATT

ATP2A3 NM_012914.1 F: AGGCATCACGTGGATGAAA 73 bp
R: GAGGGCCGAACTGGAGAC

ATP2B1 NM_053311.1 F: CTGCTCAGAACTTTCAATAGAACAA 94 bp
R: GGTTGGAATGGTTGAAATAAGC

ATP2B3 NM_133288.1 F: TGGACCAGCCCTCAAAAA 81 bp
R: ATGTCAGAGGCCTCCTTGG

ATP2B4 NM_001005871.1 F: CTCTGAAAATCGCAACAAAGC 60 bp
R: AGTGGCTGGATTTCCAAGG

TRPC6 NM_053559.1 F: CAGCCGTTTAAAACTCGCTATT 141 bp
R: ACCACGAGGAATTTCACTGC

B-Actin NM_031144.3 F: CTAAGGCCAACCGTGAAAAG 79 bp
R: GCCTGGATGGCTACGTACA

2.11. Statistical analysis

Statistical analyses were performed with one-way ANOVAs, fol-
lowed by the Student-Newman-Keuls test to determine significance.
Values are reported as means + SEMs. Significance was set at
P < 0.05.

3. Results

3.1. Diabetes influence on Ca®*-ATPase and TRPC6 expression in
podocytes and glomeruli

We performed RT-PCR with total RNA extracted from primary cul-
tured rat podocytes to evaluate mRNA expression of the three isoforms
of sarco/endoplasmic reticulum Ca®*-ATPases: ATP2A1, ATP2A2, and
ATP2A3; the three isoforms of plasma membrane Ca®*-ATPases:
ATP2B1, ATP2B3, and ATP2B4; and the TRPC6 channel. We found that
the ATP2B2 isoform was not expressed in podocytes [24]. We also in-
vestigated the influence of high glucose (HG) concentrations on the
expression of mRNA isoforms (Fig. 1A). A prolonged incubation in HG
(30 mM, 5 days) increased mRNA expression of all the genes we in-
vestigated, except genes that encoded the ATP2A3 and ATP2B4 iso-
forms. Moreover, we observed increase of TRPC6 channel protein level
in podocytes about 90% (Fig. 1B) and in isolated glomeruli about 60%
(Fig. 1C) under diabetic conditions.

3.2. The role of AMPK activity in TRPC6 channel expression

To evaluate the effect of AMPK on TRPC6 protein levels in podo-
cytes, cells were incubated in SG or HG medium in the presence of
Metformin (AMPK activator, 2 mM) or Compound C (AMPK inhibitor,
100 uM). We demonstrated that HG reduced AMPK phosphorylation in
podocytes and glomeruli. Moreover, in glomeruli isolated from diabetic
rats, we observed reductions in the expression of total AMPKa,
AMPKal, and AMPKa2 by 26%, 20%, and 35%, respectively (Fig. 2).
When podocytes exposed to HG were treated with metformin, AMPK
activation increased and TRPC6 channel expression was restored to the
level observed in SG medium (Fig. 2A). Therefore, we postulated that
AMPK played an essential role in the regulation of TRPC6 channel ex-
pression in podocytes.

We then evaluated the roles of the AMPKal and AMPKa2 subunits in
the regulation of TRPC6 expression. We used siRNAs to knock down
AMPKal and AMPKa2 expression by 40% and 49%, respectively (Fig. 3A).
In controls, the downregulation of AMPKal expression induced an 82%
increase in TRPC6 protein levels (from 0.654 + 0.124 to 1.191 =+ 0.032,
P < 0.05, Fig. 3B) and a 34% decrease in AMPKa phosphorylation (from
1.002 =+ 0.061 to 0.645 =+ 0.090, P < 0.05, Fig. 3C). Metformin

treatment restored TRPC6 protein levels and AMPK phosphorylation levels
to values observed in controls transfected with scrambled siRNA.

Moreover, immunofluorescence experiments showed that metformin
caused substantial changes in the subcellular localization of AMPKal
subunits in cultured rat podocytes (Fig. 4). Metformin increased the in-
tensity of AMPKal immunostaining close to the cell surface in SG and
HG medium. However, we did not observe any change in AMPKa2 lo-
calization (Fig. 5). A quantitative analysis showed that metformin in-
creased the colocalization of TRPC6 and AMPKal subunits from 42% to
61% in SG medium and from 29% to 52% in HG medium (n = 8-10,
P < 0.05, Fig. 4). However, metformin did not influence the level of
TRPC6 that colocalized with AMPKa2 subunits (Fig. 5).

3.3. The role of AMPK activity on nephrin expression and localization in
podocytes

Nephrin is required for the regulation of podocyte function. It has
been shown that nephrin was critical for stabilizing podocyte cy-
toarchitecture and for insulin action [25,26].

We found that diabetic conditions reduced nephrin expression
(Fig. 6A,B). We hypothesized that this reduction might be due to im-
paired AMPK-dependent regulation of the actin cytoskeleton. We
modified AMPK activity with the AMPK activator, metformin (2 mM),
and the AMPK inhibitor, compound C (100 uM) (Fig. 6A). In podocytes
exposed to HG medium, we found that metformin increased nephrin
expression by 34% (0.786 = 0.070 vs. control 0.586 = 0.053,
P < 0.05, Fig. 6A). Conversely, in podocytes grown in SG medium, the
AMPK inhibitor, compound C, decreased nephrin protein levels to va-
lues observed in HG medium. Moreover, immunofluorescence experi-
ments showed that HG exposure caused substantial changes in the
subcellular localization of nephrin; in HG medium, nephrin expression
was reduced in podocyte processes. Metformin treatment increased the
amount of nephrin detected close to the cell surface (Fig. 6C).

3.4. The role of AMPK in HG-dependent regulation of Rho-family small
GTPases in podocytes

The function of podocytes is closely associated with the actin cy-
toskeleton. Rho-family small GTPases play a crucial role in cytoskeletal
architecture and in regulating cell migration and growth [27]. To
evaluate the effect of AMPK activation on small GTPases (Racl and
RhoA) in podocytes, cells were incubated in SG and HG medium in the
presence of metformin or compound C. We found that HG medium
induced a 24% reduction in Racl serine 71 (Ser71)- phosphorylation
and a 20% reduction in Rac1 activity, compared to controls (Fig. 7A,B).

Metformin treatment increased Racl Ser71-phosphorylation by 26%
(1.54 = 0.07 vs. control 1.22 = 0.08, n = 6, P < 0.05) in SG
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A Fig. 1. The influence of diabetic conditions on

5 1 SERCA, PMCA, and TRPC6 expression. Rat podocytes
were cultured in standard glucose (SG, 11 mM) and
high glucose (HG, 30 mM) concentrations for five
days. Glomeruli were isolated from control and dia-
41 betic (STZ) Wistar rats. (A) Real-time PCR results
show ATP2a, ATP2b, TRPC6, and B-actin gene ex-
pression profiles. (B,C) SERCA, PMCA, and TRPC6
protein expression levels were analyzed in (B) po-
docytes and (C) isolated glomeruli. Proteins (20 ug)
were separated with SDS-PAGE, immunoblotted with
anti-SERCA, anti-PMCA, anti-TRPC6, and anti-actin
2 antibodies, and visualized with an alkaline phos-
phatase-reaction. Values are the means = SEM
(n = 4-6). *P < 0.05 compared to control.
Abbreviations: SERCA: sarco/endoplasmic reticulum
" Ca2+-ATPases; PMCA: plasma membrane Ca2+-
ATPases.
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medium and by 35% (1.26 + 0.16 vs. control 0.93 * 0.04, n = 6, phosphorylation to the values observed in HG medium (Fig. 7A,B). We

also found that HG medium

P < 0.05, Fig. 7A) in HG medium. Moreover, metformin also induced
increases in Racl activity by 39% in SG (1.21 * 0.14 vs. control
0.87 + 0.07,n = 5,P < 0.05) and by 64% in HG (1.18 * 0.13 vs.
control 0.72 = 0.09, n = 5, P < 0.05, Fig. 7B). Inhibiting AMPK
activity with compound C reduced Racl-GTP binding and Racl

increased RhoA activity (from
0.175 = 0.006 to 0.281 = 0.017,n = 5, P < 0.05, Fig. 7C). The
same effect was observed in the presence of compound C, in both SG
and HG conditions. Conversely, metformin treatment resulted in a re-
duction in RhoA activity in HG to the value observed in SG conditions
(Fig. 7C). The ROCK1 and ROCK2 protein levels were not altered in
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Fig. 2. The influence of AMPK activity on TRPC6 channel expression. Podocytes were cultured in the presence of standard glucose (SG, 11 mM) or high glucose (HG,
30 mM) concentrations and treated with metformin or compound C. We performed densitometric quantification of podocyte lysates to determine (A) the amount of
TRPC6 protein and (B) the degree of AMPK phosphorylation. The lanes correspond to the following treatment conditions: (1) SG, (2) SG + metformin, (3)
SG + compound C, (4) HG, (5) HG + metformin, (6) HG + compound C. (C) Glomeruli were isolated from control and diabetic (STZ) Wistar rats. Diabetic conditions
caused reductions in the amounts of AMPKa, AMPKal, and AMPKa2 proteins and AMPKa phosphorylation. Actin was used as a loading control. Values are the

mean *= SEM (n = 4-6). *P < 0.05 vs. SG, **P < 0.05 vs. HG.

podocytes or isolated glomeruli under diabetic conditions (Fig. 7D,E,F).
These data suggested that AMPK activation was necessary for main-
taining appropriate levels of Rho-family small GTPase activity in HG
conditions.

3.5. AMPK activity regulates actin cytoskeleton remodeling in podocytes

The dynamics of actin filament assembly/disassembly and its orga-
nization in podocytes are regulated by several actin-binding proteins,
including ADF/cofilins [28]. In addition, p21l-activated kinase (PAK)
signals to cofilin in response to insulin, which facilitates both cortical
actin remodeling and glucose uptake in skeletal muscle cells [29].

Notably, cofilin is activated when it is dephosphorylated. Accordingly,
we examined the effects of AMPK on PAK and cofilin activities in po-
docytes. Cells were incubated in HG medium and compared to cells
cultured in SG medium in the presence of metformin or compound C. HG
reduced PAK phosphorylation from 0.552 + 0.051 to 0.432 = 0.034
(P < 0.05, Fig. 8A). Metformin increased PAK phosphorylation in SG-
cultured cells by 43% (0.788 =+ 0.080 vs. control 0.552 =+ 0.051,
P < 0.05) and restored PAK phosphorylation in podocytes cultured in
HG medium (35% increase, from 0.432 =+ 0.034 to 0.582 =+ 0.052,
P < 0.05, Fig. 8A). In the presence of HG, cofilin phosphorylation was
increased by about 20% (from 1.00 * 0.046 to 1.21 * 0.056,
P < 0.05, n = 6). Metformin restored cofilin phosphorylation in HG
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Fig. 3. The effects of AMPKa subunit
downregulation and metformin treatment
(MTF) on TRPC6 channel expression in po-
docytes. (A) AMPKal and AMPKa2 protein
expression after transfection of target-spe-
cific small interfering RNA (siRNA) or
scrambled siRNA. Densitometric measure-
ments of AMPKal and AMPKa2 bands were
normalized to the actin band. Values are the
mean * SEM of four independent experi-
ments. *P < 0.05 versus transfection with
scrambled siRNA. The effects of down-
regulating AMPKal or AMPKo2 in the
presence of metformin (MTF, 2 mM,
5 days). We measured the levels of (B)
TRPC6 protein content and (C) AMPK
phosphorylation. Values are the
mean * SEM of four to five independent
experiments. *P < 0.05 compared to con-
trol. (D) Representative immunoblots.
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Fig. 4. Metformin-induced changes in the colocalization of AMPKal and TRPC6 channels in podocytes. Rat podocytes were seeded onto coverslips and incubated for
five days with standard glucose (SG, 11 mM) or high glucose (HG, 30 mM) concentrations in the presence of metformin or compound C. Cells were immunostained
with anti-AMPKal and anti-TRPC6 antibodies, as indicated. Quantitative analyses of protein colocalizations were performed with LAS AF 3.3.0 software
(n = 10-12). The pixel intensities were quantified and evaluated with Pearson's correlation to derive the colocalization rate (%).
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Fig. 5. Metformin did not affect the colocalization of AMPKa2 and TRPC6 channels in podocytes. Rat podocytes were seeded onto coverslips and incubated for five
days with standard glucose (SG, 11 mM) or high glucose (HG, 30 mM) concentrations in the presence of metformin or compound C. Cells were immunostained with
anti-AMPKo2 and anti-TRPC6 antibodies, as indicated. Quantitative analyses of protein colocalizations were performed with LAS AF 3.3.0 software (n = 10-12). The
pixel intensities were quantified and evaluated with Pearson's correlation to derive the colocalization rate (%).
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Fig. 6. The influence of AMPK activity on nephrin expression and localization in podocytes. (A) Metformin increased nephrin levels in podocytes cultured in standard
glucose (SG, 11 mM) or high glucose (HG, 30 mM) medium. (B) Diabetic conditions caused reductions in the amounts of nephrin protein in glomeruli isolated from
control and streptozotocin (STZ)-treated rats. (C) The influence of metformin on the distribution of immunofluorescent nephrin in cultured rat podocytes. Values are
the means + SEMs (n = 4-6). *P < 0.05 vs. appropriate control. Densitometric quantifications were performed on the bands in the following lanes: (1) SG, (2)
SG + metformin, (3) SG + compound C, (4) HG, (5) HG + metformin, (6) HG + compound C.

medium to values observed in SG (Fig. 8A). Compound C had no sig-
nificant effect on PAK or cofilin phosphorylation in podocytes cultured in
SG or HG. In addition, we observed that the effects of HG on PAK and
cofilin phosphorylation in podocytes were recapitulated with hypergly-
cemia in glomeruli isolated from diabetic rats (Fig. 8B).

A quantitative analysis confirmed that HG concentrations and
AMPK inhibition (compound C) increased F-actin immunostaining in

the vicinity of the plasma membrane, but it had little effect on in-
tracellular F-actin staining (Fig. 9). The effects of HG on the F-actin
network were abolished by preincubating with the AMPK activator,
metformin (Fig. 9).
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Fig. 7. The role of AMPK on HG-dependent regula-
tion of Rho-family small GTPase activity and protein
levels in podocytes. (A-C) The effects of AMPK ac-
tivity on (A) Raclserine-71 phosphorylation and on
the regulation of (B) Racl and (C) RhoA activities.
(D-F) Effects of diabetic conditions on the amounts
of ROCK1 and ROCK2 proteins in (D) isolated glo-
meruli and (E,F) podocytes. Values are reported as
the mean + SEM of four to six independent ex-
periments. *P < 0.05 vs. appropriate control,
**P < 0.05 vs. SG. Densitometric quantifications
were performed on the bands in the following lanes:
(1) SG, (2) SG + metformin, (3) SG + compound C,
(4) HG, (5) HG + metformin, (6) HG + compound
C. Abbreviations: standard glucose (SG, 11 mM) or
high glucose (HG, 30 mM).
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Fig. 8. The role of AMPK in HG-mediated phosphorylation of p21-activated kinase (PAK) and cofilin. Podocytes were cultured in the presence of standard glucose
(SG, 11 mM) or high glucose (HG, 30 mM) and treated with metformin or compound C. (A) Densitometric analysis of corresponding bands was performed, and values
are reported as the ratios of band intensities for p-PAK (Thr*?®) to PAK and for p-cofilin (Ser3) to cofilin. Diabetic conditions reduced PAK phosphorylation and
increased cofilin phosphorylation in glomeruli isolated from control and diabetic (STZ) Wistar rats. Actin was used as a loading control. Values are the mean = SEM
of four to six independent experiments. *P < 0.05 compared to SG or control, **P < 0.05 compared to HG. Lanes: (1) SG, (2) SG + metformin, (3) SG + compound

C, (4) HG, (5) HG + metformin, (6) HG + compound C.
3.6. Effects of AMPK activity on filtration barrier permeability

In diabetic conditions, significant increases were observed in glo-
merular capillary albumin permeability (P, 0.562 = 0.065 vs. con-
trol 0.098 = 0.027, n = 14-16, P < 0.001, Fig. 10A) and in the
permeability of a podocyte monolayer (132.39 * 8.94 vs. control
85.61 + 3.73pug/ml,n = 6,P < 0.05, Fig. 10B). These effects were
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prevented by adding the AMPK activator, metformin (2 mM, 30 min
pre-incubation), which resulted in a P,y;, of 0.209 = 0.108 (n 14)
and a FITC-albumin permeability of 65.32 + 3.76 ug/ml (n = 6). The
AMPK inhibitor, compound C (100 pM, 20 min), increased P, in
control (0.677 = 0.060 vs. control 0.098 = 0.027, n 14,
P < 0.001) and diabetic glomeruli (0.803 =+ 0.022 vs. control
0.562 + 0.056,n = 14-16,P < 0.05), but did not influence podocyte
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Fig. 9. AMPK activity regulates remodeling of the actin cytoskeleton in podocytes. (A) The F-actin network was labeled with isothiocyanate phalloidin and visualized with
fluorescence microscopy. Cells were grown on coverslips, then incubated with standard glucose (SG, 11 mM) or high glucose (HG, 30 mM) in the presence or absence of an
AMPK activator (metformin) or inhibitor (compound C). (B,C) The digitized fluorescence images of the F-actin network were used to generate the mean intensity and the
fluorescence intensity profiles (from the basal membrane to the nucleus) with Cellsens image software. Values represent the mean = SEM (n = 12-16).

permeability (Fig. 10). Next, we investigated the effects of AMPKal and
AMPKa2 downregulation on podocyte permeability to albumin. As
expected, downregulating AMPKal and AMPKa2 expression in podo-
cytes induced significant increases in permeability (by approximately
64.3% and 57.8%, respectively) compared to controls treated with
scrambled siRNA. Moreover, the effect of metformin on podocyte per-
meability was abolished in podocytes with AMPKal downregulation,
but not in controls (Fig. 10C). Moreover we used the two TRPC6 in-
hibitors (SAR7334, 0.1 uM and SKF96365, 10 uM) to investigate the
role of TRPC6 in the metformin-dependent decrease of podocytes per-
meability (Fig. 11). We observed that both inhibitors decrease of po-
docyte permeability to a level similar to metformin.

As shown in Fig. 12, a metformin infusion (50 mg/kg body weight)
caused a reduction in the glomerular filtration rate (GFR) by 20%
(0.84 = 0.06 vs. 0.67 = 0.05 ml/min, P < 0.05) in controls and by
25% (0.68 = 0.06 vs. 0.51 *= 0.02 ml/min, P < 0.05) in diabetic
rats. Furthermore, the metformin infusion increased cortical blood flow
(CBF) by 18% (678 = 46 vs. 575 *= 50 PU, P < 0.001) in diabetic
rats, and it had no effect on control rats (618 + 22vs. 619 + 22 PU).
In this study we also monitored albumin level in urine sample collected
in three 10-min periods. We observed increase of albumin level from
3.40 = 0.63t09.05 + 3.34ug/ml (n = 5,P < 0.05) in diabetic rats.
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Additionally, the metformin infusion (30 min) into the abdominal aorta
had no effect on albumin level neither in control nor in diabetic rats.

4. Discussion

This study showed that metformin reduced TRPC6 expression
through AMPK activation and modulated cytoskeleton dynamics in
podocytes under diabetic conditions.

First, metformin treatment increased AMPK activation and reduced
TRPC6 channel expression in podocytes exposed to HG. Moreover,
metformin regulated TRPC6 protein levels through AMPKal subunit
activation. Second, metformin treatment restored nephrin expression
and increased the amount of nephrin detected close to the cell surface
in podocytes exposed to HG. Third, metformin remodeled the actin
cytoskeleton, and consequently, regulated the permeability of the fil-
tration barrier.

Metformin is the most widely used first-line drug for treating type 2
diabetes. It reduces hyperglycemia mostly by suppressing glucose pro-
duction and release in the liver and by increasing insulin-stimulated
glucose uptake in peripheral tissues, such as muscles. Recent studies
have suggested that the therapeutic effects of metformin might be
mediated by its action on AMPK [15,16]. In the current study, we
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observed that metformin treatment increased AMPK activation and period; n = 5-6 in each group

reduced TRPC6 channel expression in podocytes exposed to HG.

Moreover, we used metformin, as an AMPK activator, in in vivo studies damage (measured as an albumin level). Another authors demonstrated
involving STZ-treated rats, which are models of type 1 diabetes without that long time administration with metformin (8-13 weeks) amelio-
primary insulin resistance. Our results showed that metformin, usually rated diabetic nephropathy in rat models of diabetes [30,31].
associated with treatment of type 2 diabetes, ameliorates also filtration Steady-state plasma level of metformin in humans is reported to be
barrier permeability in STZ rat models. Moreover, we observed that about 10-40 pM [32]. In the current study we used high concentration
infusion of metformin into the abdominal aorta decreased the GFR but of metformin (2 mM) because its membrane permeability is slow and
did not influence on albumin level in urine sample of control and dia- time-dependent process [33]. Therefore, such metformin concentration
betic rats. We suppose this is due to the short duration of the metformin is required to see its effect on AMPK-dependent signaling in in vitro
infusion in vivo. Probably, this short-time period influences on kidney experiments.

function (measured as a GFR) bud does not effect on marker of kidney However, a deeper understanding of how metformin alters AMPKal
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vs. AMPKa2 activation remains to be investigated. We demonstrated
that the downregulation of AMPKal induced an increase in TRPC6
expression. However, the downregulation of AMPKa2 had no effect on
TRPC6 expression. We also observed that metformin increased the co-
localization of TRPC6 and the AMPKal subunit, but did not influence
the amount of TRPC6 that colocalized with the AMPKa2 subunit.
Therefore, we postulated that metformin reduced TRPC6 expression by
activating the AMPKal subunit in podocytes exposed to HG. Another
research group indicated that, in muscle cells, the inhibitory effects of
metformin on fatty acid metabolism occurred via preferential phos-
phorylation of AMPKal [34]. Moreover, it was shown that metformin
significantly increased AMPK phosphorylation and the activities of both
AMPKal and AMPKaz2 in skeletal muscle cells [34] and podocytes [16],
where AMPK activation is associated with increased glucose uptake
rates. Recently, we also showed a key role for the TRPC6 channel in
mediating insulin-dependent activation of AMPKa2 and glucose uptake
in cultured rat podocytes [35]. These studies suggested that the cellular
effects of AMPK activation might depend on whether the AMPKal or
AMPKa?2 isoform was stimulated.

Other groups have demonstrated a link between TRPC channels and
AMPK activation. For example, a TRPC1 knockdown in endothelial cells
prevented PAR1 agonist peptide-induced AMPKa phosphorylation
[36]. Moreover, both AMPK and TRPC3 took part in the same signaling
pathway that affected the cytoskeletal network and erythrocyte survival
[37]. We assumed that AMPK function depended on TRPC6-regulated
calcium ion flux. A previous study showed that high glucose conditions
could enhance calcium influx through TRPC6 activation, which then
induced calcium-mediated podocyte dysfunction [38]. Therefore, we
speculated that metformin activation of AMPKal could protect cells by
inducing the inhibition of TRPC6 channel expression. Although mea-
suring the total amount of TRPC6 detected in western blots may not
relate straight to the actual activity of the channels in podocytes, or for
that matter, on the amount of channel at the cell surface. Moreover we
observed that TRPC6 inhibition by SAR7334 or SKF76365 did not in-
fluence on metformin protective effect on podocyte permeability.

Unfortunately, there are no specific inhibitors available for AMPK.
Compound C (dorsomorphin) inhibits also several other kinases [39]. It was
demonstrated that 40 uM of Compound C is required for total inhibition of
AMPK activity in vitro. Moreover in this concentration Compound C in-
hibited several other kinases with a lower Km that AMPK. Therefore to
inhibit AMPK activity, in our study we used also downregulation of AMPK
by transfection with siRNA AMPKal and siRNA AMPKa2.

The slit diaphragm is a specialized cell-cell junction that is anchored
to the actin cytoskeleton via a series of transmembrane proteins, in-
cluding nephrin. The TRPC6 channel is located in the podocyte mem-
brane and forms part of the signaling complex that interacts with ne-
phrin, podocin, and other key players within the slit diaphragm
[40,41]. Nephrin downregulation has been observed, by detecting
protein and mRNA levels, in many human glomerular diseases, such as
membranous nephropathy and diabetic kidney disease [42,43]. More-
over, increased urinary nephrin levels could reflect the degree of po-
docyte damage [44]. In the present work, we also found that the dia-
betic condition reduced nephrin expression in cultured rat podocytes.
We showed that metformin treatment restored nephrin expression and
increased the amount of nephrin detected close to the cell surface in
podocytes exposed to HG. We also observed that the AMPK inhibitor,
compound C, reduced nephrin protein levels to values observed with
HG exposure. Taking these findings together, we concluded that AMPK
activation improved nephrin expression in podocytes exposed to hy-
perglycemic conditions probably through decrease of total TRPC6 ex-
pression. Other groups have demonstrated that an 8-week metformin
treatment reduced urinary albumin and nephrin excretion, increased
renal tissue nephrin expression, and alleviated the fusion of podocyte
processes in diabetic rats [30]. Moreover, another study reported that
activating AMPK, sirtuin 1, and peroxisome proliferator-activated re-
ceptor-y coactivator-la (PGC-1a) signaling pathways in mitochondria

BBA - Molecular Basis of Disease 1866 (2020) 165610

could relieve renal oxidative stress and improve nephrin expression in
the podocytes of a diabetic rat model [45].

Furthermore, we previously demonstrated that metformin pre-
vented glucose-induced oxidative stress in podocytes by inhibiting
NADPH oxidase. We also showed a possible relationship between
NADPH oxidase and AMPK activities [17]. On the other hand, it is
known that the NOX2 and NOX4 isoforms of NADPH oxidase can in-
duce the activation of TRPC6 in podocytes [38,46-48]. These findings
suggested that the protective role of metformin on TRPC6 channel ex-
pression in hyperglycemia could have been due to AMPK-dependent
suppression of NADPH oxidase activity (Fig. 13).

In the present study, we also demonstrated that the activation of
AMPK by metformin induced a reorganization of F-actin via effects on
the activities of Rho-family GTPases and their downstream targets. The
Rho family has at least 20 distinct members, but of these, RhoA, Racl,
and Cdc42 have been the most extensively studied [49]. Racl is a major
regulator of actin remodeling, and a cytoskeleton rearrangement is re-
quired for glucose transport in response to insulin [50]. Thus, our data
suggested that Racl, and its downstream signaling to the actin cytoske-
leton, constituted an important dysfunctional pathway in insulin re-
sistance, which we observed in hyperglycemia [51]. Moreover, we
showed that metformin restored this signaling pathway in podocytes
exposed to HG. Consistent with that finding, we recently demonstrated
that the activation of AMPKa2 and TRPC6 were required for insulin-
dependent stimulation of the Racl signaling pathway in podocytes [35].

Abnormal podocyte cytoskeletal rearrangement underlies not only
the development of insulin resistance, but also the increased albumin
permeability. Our study showed that metformin protects podocytes
cytoskeleton which improves the function of podocyte in hypergly-
cemia. We demonstrated that AMPK activation induces a decrease of
glomerular albumin permeability. The same effect we observed after
inhibition or downregulation of TRPC6 channel [48]. It is noteworthy
that the determination of glomerular volume may not directly reflect a
measurement of glomerular albumin permeability, especially when the
treatments affect TRPC6. This limitation is important because TRPC6
channel is expressed in many cells within glomeruli. For example, the
contractile state of mesangial cells can influence glomerular volume.
Moreover, it was reported that TRPC6 protein expression in mesangial
cells was downregulated in hyperglycemic condition [52].

Overall, we demonstrated that metformin remodeled cytoskeleton
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Fig. 13. Proposed mechanism of metformin action via the TRPC6-AMPK
pathway in cultured rat podocytes. Abbreviations: MTF - metformin.
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dynamics. In turn, this activity protected the podocyte slit diaphragm,
and consequently, regulated the permeability of the filtration barrier in
hyperglycemia.
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ARTICLE INFO ABSTRACT
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Podocytes and their foot processes interlinked by slit diaphragms, constitute a continuous outermost layer of the
glomerular capillary and seem to be crucial for maintaining the integrity of the glomerular filtration barrier.
Purinergic signaling is involved in a wide range of physiological processes in the renal system, including regu-
lating glomerular filtration. We evaluated the role of nucleotide receptors in cultured rat podocytes using non-
selective P2 receptor agonists and agonists specific for the P2Y;, P2Y,, and P2Y, receptors. The results showed
that extracellular ATP evokes cAMP-dependent pathways through P2 receptors and influences remodeling of the
podocyte cytoskeleton and podocyte permeability to albumin via coupling with RhoA signaling. Our findings
highlight the relevance of the P2Y,4 receptor in protein kinase A-mediated signal transduction to the actin
cytoskeleton. We observed increased cAMP concentration and decreased RhoA activity after treatment with a
P2Y,4 agonist. Moreover, protein kinase A inhibitors reversed P2Y4-induced changes in RhoA activity and
intracellular F-actin staining. P2Y, stimulation resulted in enhanced AMPK phosphorylation and reduced reac-
tive oxygen species generation. Our findings identify P2Y-PKA-RhoA signaling as the regulatory mechanism of
the podocyte contractile apparatus and glomerular filtration. We describe a protection mechanism for the
glomerular barrier linked to reduced oxidative stress and reestablished energy balance.

1. Introduction protein leakage. Podocytes, like smooth muscle cells, possess a func-

tional contractile apparatus in foot processes that consists of F-actin,

The unusual permeability properties of the glomerular capillary wall
depend on its three-layer structure, consisting of endothelial cells, the
basement membrane, and podocytes. These components form the
glomerular filtration barrier, a dynamic system undergoing constant
remodeling [1]. Podocytes are terminally differentiated and highly
specialized cells that cover the external surface of the glomerular
capillary. The foot processes of podocytes along with the slit diaphragm
form a dynamic structure that determines the final size-selectivity of the
glomerular filtration barrier and thus constitutes an ultimate barrier to

myosin, and a-actinin. Interactions among these proteins regulate
proper podocyte shape and establish the size and properties of the
glomerular filtration surface area. Actin cytoskeleton dysregulation,
morphologically identified as foot process effacement, is closely asso-
ciated with proteinuria [2,3].

AMP-activated protein kinase (AMPK) is considered an essential
cellular energy sensor that is activated in response to intracellular ATP
depletion. It plays a role in restoring energy homeostasis by activating
ATP generation and inhibiting ATP-consuming pathways [4]. In a

Abbreviations: ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; CaMKK-p, calcium/calmodulin-dependent protein kinase beta; DCF, 2/,7'-
dichlorodichydrofluorescein; LKB1, tumor-suppressor liver kinase B1; MLC, myosin light chain; PKA, protein kinase A; PKG, protein kinase G; ROS, reactive oxygen

species; VASP, vasodilator-stimulated phosphoprotein.
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previous study, we showed that ATP simultaneously regulates AMPK
activity and the NAD(P)H-dependent rate of 0% generation via P2
receptors in podocytes. Moreover, our results suggested that P2 receptor
activation leads to calcium-dependent (via calcium/calmodulin-de
pendent protein kinase [CaMKK]-f) and calcium-independent (via
tumor-suppressor liver kinase B1 [LKB1]) increases in AMPK activity
[5].

Extracellular ATP is considered an essential autocrine and paracrine
modulator of renal cell function [6]. Accumulating evidence suggests
that activation of P2 receptors in the renal vasculature can produce
vasoconstriction as well as vasodilation [7], implicating these receptors
as essential in regulating glomerular filtration. Nucleotides are consti-
tutively released into extracellular space from isolated glomeruli and
podocytes, and their release increases in response to a wide range of
stimuli, including mechanical stress, inflammation, and cell membrane
damage [8]. Although nucleotide signaling in the kidney has been
implicated in many pathological states, include diabetes and hyperten-
sion [9], the role in podocytes is still not clarified.

P2 receptors fall into two subgroups, P2X and P2Y, and are widely
expressed in renal cells, including glomerular, renal tubular, renal
vascular, and interstitial cells [6]. P2X receptors occur in seven subtypes
(P2X;_7) and are membrane cation channels gated by extracellular ATP.
P2Y receptors are activated with differential selectivity by extracellular
nucleotides, predominantly ATP and UTP, and occur as eight P2Y sub-
types (P2Yy, 2, 4, 6, 11-14) in mammals. P2Y receptors belong to the su-
perfamily of G-coupled receptors whose primary function is
transmission of extracellular stimuli into the cell through interaction
with small G proteins, resulting in phospholipase C stimulation leading
increased intracellular calcium, either activation or inhibition of ade-
nylate cyclase converting ATP to cAMP [10]. Extracellular nucleotides
also activate the endothelial isoform of nitric oxide (NO) synthase for
NO generation, with subsequent activation of cytosolic guanylate
cyclase and increased concentrations of cGMP in glomeruli and podo-
cytes [5,9,10].

cAMP and cGMP, which regulate vasoactivity [11,12], exert many of
their physiological effects by activating cAMP-dependent protein kinase
A (PKA) and cGMP-dependent protein kinase G (PKG), respectively.
These kinases in turn phosphorylate and regulate downstream protein
targets including ion channels, enzymes, and transcription factors. We
showed recently that the PKGIa isoform is expressed in cultured rat
podocytes and that its activation results in actin reorganization and
increased albumin permeability across the podocyte filtration layer
[15]. Moreover, findings suggest that the cAMP-PKA signaling pathway
in podocytes may regulate actin cytoskeleton organization and exert a
glomerular protective action [16], although the precise molecular
mechanism remains unclear.

Dependence between PKA and proteins related to the actin cyto-
skeleton has been reported in many cell types. cAMP-dependent kinase
phosphorylates RhoA at Ser!®® inhibiting RhoA membrane trans-
location from the cytosol and resulting in inactivation [15,16]. RhoA is
member of the Rho family of GTPases, which regulate many processes
connected with cell motility and actin dynamics. Several lines of evi-
dence have highlighted the role of RhoA/Rho-kinase signaling in path-
ogenesis of glomerular disease [19]. Of interest, Wang et al. [20] showed
that either overactivation or inhibition of RhoA promotes podocyte
injury, loss of foot processes, and albuminuria.

AMPK and PKA may communicate biochemically and act in concert
as a signaling network to control cellular metabolism in vascular smooth
muscle cells [21] and adipocytes [22]. Elevation of intracellular cAMP
levels effectively increases AMPK phosphorylation through activation of
PKA [23].

Recently, interest has grown in the role of superior protein kinases
governing important signaling pathways in physiological barrier
permeability. On this subject, we reported the above mentioned findings
for PKG and AMPK regarding modifications to glomerular barrier
permeability [24,25]. A previous study revealed that AMPK activation
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leads to remodeled cytoskeleton dynamics and reduced filtration barrier
permeability. Moreover, this effect could be mediated by Rho family
GTPases [26].

Based on this accumulating evidence, we investigated the role of P2
receptor activation in cAMP and c¢cGMP and intracellular signaling,
including the AMPK, PKA, and PKG pathways, in regulating actin
cytoskeleton organization and filtration barrier permeability to albu-
min. Our findings offer new insights into the effects of P2Y-mediated
extracellular ATP on podocyte physiology.

2. Methods
2.1. Preparation and culture of rat podocytes

All experimental procedures were performed in accordance with
directive 2010/63/EU and were approved by the Local Bioethics Com-
mission in Bydgoszcz. We used primary rat podocytes from Wistar fe-
male rats weighing 100-120 g, as described previously. In brief, animals
were anesthetized with ketamine (65 mg/kg body weight i.p.) and
xylazine (5 mg/kg body weight i.p.). Excised and crumbled kidneys were
pressed through a system of sieves (160, 106, and 53 pm). Glomeruli
were suspended in RPMI 1640 supplemented with 10% FBS, 100 U/ml
penicillin, and 100 mg/ml streptomycin, plated in 75 cm2 type I colla-
gen—coated culture flasks, and maintained at 37 °C in 95% air and 5%
CO2 for 5-7 days. Outgrowing podocytes were sieved through Nylon
mesh with 33-mm pores to remove the remaining glomerular cores. The
resulting podocyte suspension was seeded in 24-well plates or culture
flasks and cultivated at 37 °C in an atmosphere of 95% air and 5% CO2.
Experiments were performed using podocytes that had been cultivated
for 12-20 days. Podocyte phenotype and cell viability were determined
as described previously [27] based on immunodetection methods using
podocyte-specific antibodies against nephrin (ProSci Inc., Poway, CA,
USA), podocin (Sigma-Aldrich), and podocalyxin (Sigma-Aldrich).
Podocyte characteristics were maintained by all examined cells during
incubation. On the day of the experiment podocytes were treated with
ATP (100 pM) or the P2 ligands presented in Table 1 at a concentration
of 10 puM. Cells were preincubated with PKA inhibitors (H89 or
Rp-8-Br-cAMP, 10 pM) for 1 h.

2.2. Western blot analysis

Podocytes were treated with lysis buffer (1% Nonidet P-40, 20 mM
Tris, 140 mM NaCl, 2 mM EDTA, 10% glycerol) in the presence of a
protease and phosphatase inhibitor cocktail (Sigma-Aldrich) and ho-
mogenized at 4 °C by scraping. Equal amounts of protein extract (20 pg
per well) were resolved on a 10% SDS-PAGE gel, transferred onto a PVDF
membrane, and blocked with 3% fat-free milk in TBS (20 mM Tris-HCI,
140 mM NaCl). Then, the membrane was incubated overnight with pri-
mary antibodies against AMPKa (1:800, Cell Signaling Technology), P-
AMPKo (1:800, Cell Signaling Technology), actin (1:10000, Sigma
Aldrich), P-MLC (1:228, Cell Signaling Technology), RhoA (1:800, Santa
Cruz Biotechnology), P-RhoA (1:200, Santa Cruz Biotechnology),
vasodilator-stimulated phosphoprotein (VASP) (1:10000, Sigma Aldrich),
P-VASP Ser157 (1:320, Santa Cruz Biotechnology), and P-VASP Ser239
(1:800, Abcam). For detection of primary antibodies, the membranes
were incubated with the appropriate alkaline phosphatase-labeled

Table 1
P2 receptor agonists used for experiments and their specificity.

Ligand Receptor specificity

ATP-y-S Non-selective P2 agonist
2-Methylthio-ATP Non-selective P2 agonist

MRS 2365 Highly potent and selective P2Y; agonist
MRS 2768 Selective P2Y, agonist

MRS 4062 Selective P2Y, agonist
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secondary antibodies. The protein bands were visualized using the
colorimetric 5-bromo-4-chloro-3-indolylphasphate/nitroblue tetrazolium
system. Band density was measured quantitatively using the Quantity One
program (Bio-Rad).

2.3. siRNA transfection

Podocytes were transfected with small-interfering RNAs (siRNAs)
targeting AMPKal and AMPKo2 (Santa Cruz Biotechnology). Controls
were transfected with non-silencing siRNA (scrambled siRNA, negative
control). Cells were cultured in RPMI 1640 supplemented with 10% FBS.
One day before transfection, the culture medium was removed and the
cells cultivated in antibiotic-free RPMI 1640 supplemented with 10%
FBS. The cells were transfected with siRNAs and the siRNA Transfection
Reagent (Santa Cruz Biotechnology) according to the manufacturer’s
protocol. In brief, the targeted siRNA or scrambled siRNA was diluted in
Transfection Medium to a final concentration of 80 nM, then mixed with
siRNA Transfection Reagent and incubated for 30 min at room tem-
perature. The transfection mixture was added to the Transfection Me-
dium, mixed gently, and added to the podocytes for 7 h. Next, growth
medium containing 2-fold higher FBS and antibiotics was added for
another 24 h. After transfection, gene silencing was assessed at the
protein level by western blotting. The efficiency of transfection was 53%
for AMPKa1 (0.08 vs. 0.15) and 59% for AMPKa2 (0.17 vs. 0.29).

2.4. Immunofluorescence

Podocytes were seeded on type I collagen—coated coverslips (Becton
Dickinson Labware, Beckton, UK) and cultured in RPMI 1640 supple-
mented with 10% FBS. Next, cells were preserved in 4% para-
formaldehyde in PBS for 20 min at room temperature and permeabilized
in 0.3% Triton X-100 for 2 min. Coverslips were placed in blocking
buffer (PBS containing 2% FBS, 2% BSA, and 0.2% fish gelatin) for 1 h.
Cells were incubated with the primary antibodies anti-PKA (1:15, Santa
Cruz Biotechnology), anti-PKG (1:15, Santa Cruz Biotechnology), and
anti-RhoA (1:40, Origene Technologies) for 2 h, washed three times with
cold PBS, and incubated with the secondary antibodies Alexa Fluor 488
(1:750) or Alexa Fluor 546 (1:750) for 60 min. Actin was stained with
Alexa Fluor 594 phalloidin (1:200). Specimens were imaged using a
confocal laser scanning microscope and NIS-Elements software (Nikon)
with a 63x oil immersion lens.

2.5. Measurement of intracellular ROS

Reactive oxygen species (ROS) generation was measured with using
fluoroprobe 2',7’-dichlorodihydrofluorescein diacetate (H;DCDA). The
cell rapidly takes up this compound and uses intracellular esterases to
convert it to 2,7'-dichlorodichydrofluorescein (DCF), which can be
visualized by fluorescence at 525 nm. Podocytes after incubation with
P2 agonists were treated HyDCFDA (10 pM) for 30 min at 37 °C, in air-
5% COgy, in the dark. The fluorescence emission of DCF was measured
using a spectrofluorometer (LS55, Perkin Elmer) with excitation/emis-
sion wavelengths set at 485/525 nm. The results of intracellular ROS
generation are represented in arbitrary units (A.U.).

2.6. RhoA activity and cGMP and cAMP concentrations

RhoA activation was measured in the supernatant using a commer-
cially available RhoA G-LISA Activation Assay Kit (BK121; Cytoskeleton,
Inc.). A commercially available kit (Cyclic GMP Competitive ELISA Kit,
Thermo Fischer Scientific) was used to determine the concentration of
c¢GMP in lysed podocytes. To determine cAMP concentrations in lysed
podocytes, we also used a commercially available kit (Cyclic AMP
Competitive ELISA Kit, Thermo Fischer Scientific).
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2.7. Permeability assay

To estimate transepithelial permeability to albumin, we measured
the diffusion of FITC-labeled BSA (Sigma) across a podocyte monolayer,
as described previously [16]. Briefly, rat podocytes were seeded onto
type IV collagen—coated cell-cultured inserts with a 3-uym membrane
pore size and were placed in 24-well plates. The cells were allowed to
differentiate for one week and used for experiments between 7 and 15
days post-seeding. Before use in experiments, the podocytes were
washed twice with PBS and medium on both sides, and the insert was
replaced with serum-free RPMI 1640 medium. After 2 h, the medium in
the upper compartment was replaced with 0.2 ml of fresh serum-free
medium, and the medium in the lower compartment was replaced
with 1.2 ml serum-free medium containing 1 mg/ml FITC-albumin.
After 1 h of incubation, 200 ml of the solution in the upper chamber
was transferred to a 96-well plate, and the absorbance of the
FITC-albumin was evaluated at 490 nm using a plate spectrophotometer
(BioTekEL808).

2.8. Statistical analyses

All statistical analyses were performed in GraphPad Prism 8. The
Shapiro-Wilk test was used to determine whether parametric or
nonparametric tests should be implemented. Statistical significance was
determined by repeated-measures ANOVA with a Tukey post hoc test or
paired t-test. The results are presented as mean + SEM with p < .05
considered to indicate significance.

3. Results

3.1. The role of P2 signaling in AMPK phosphorylation in cultured rat
podocytes

Initially, we investigated the effect of extracellular ATP on AMPKu
phosphorylation at three time points (after 1, 3, and 10 min of incuba-
tion). A maximal effect was reached in the first minute, at which point
we observed doubling of AMPK phosphorylation level (from 0.40 + 0.07
to 0.90 £ 0.12, p < .05; Fig. 1A). There was a tendency to a decrease
after that point, with a return to the control level at 10 min. For this
reason, we used 1 min for all subsequent experiments.

Previous research has shown that podocytes express P2Y; 24611
[28], so we chose P2 receptor agonists for this work (Table 1). Extra-
cellular ATP is a highly non-selective ligand for nucleotide receptors and
is rapidly metabolized by ecto-nucleotidases that are localized on the
cell surface. Accordingly, we also used poorly metabolized ATP ana-
logues such as ATP-y-S and 2-methylthio-ATP in these experiments.

We checked the degree of AMPK phosphorylation in the presence of
P2 ligands. All compounds that we applied increased AMPK phosphor-
ylation level, and we observed ~75% augmentation in the presence
extracellular ATP (from 0.6 + 0.05 to 1.05 + 0.09, p < .05; Fig. 1B). We
identified similar results with the non-selective agonists ATP-y-S (70%,
p < .05) and 2-methylthio-ATP (45%, p < .05), but detected the stron-
gest effect with the selective P2Y,4 agonist MRS 4062 (~93%, p < .05).
We demonstrated comparable dependence for acetyl-CoA carboxylase
(ACC), the substrate for AMPK (Fig. 1C). These results suggest that
purinergic signaling is involved in regulating AMPK phosphorylation.

3.2. The effect of P2 signaling on intracellular ROS production in
podocytes

In a previous study, we showed that activation AMPK by metformin
leads to an increased extracellular ATP concentration and subsequent
activation of P2 receptors [29]. We hypothesized that this mechanism is
coupled with decreasing ROS production through inhibition of NAD(P)H
oxidase. To test this hypothesis, here we assessed DCF-sensitive ROS
production in cultured podocytes and found antioxidant action on the
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Fig. 1. (A) Time course of the effects of ATP on AMPK phosphorylation in podocytes. (B) Effects of P2 receptor agonists on phosphorylation of AMPK and (C) ACC in
podocytes. The effect of P2 signaling on intracellular production of ROS in cultured rat podocytes. (D) Cells were incubated with 100 pM ATP for 1, 3, or 10 min (A)
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lysates was performed to determine the degree of AMPK (A, B) and ACC (C) phosphorylation. ROS generation was measured by DCF (D). Values are the mean + SEM
(n = 3-15). *p < .05 compared to control.
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cells with short-term incubation with P2 agonists. Podocytes were
treated with ATP (100 pM) and P2 receptor agonist (10 pM) at 1 min.
Significantly reduced ROS production was observed in the presence of
extracellular ATP (~17%) and selective agonists of P2Y; (23%) and
P2Y, (20%) compared to control (p < .05; Fig. 1D).

3.3. The influence of P2 signaling on cAMP-dependent and cGMP-
dependent pathways in podocytes

P2Y receptors in response to nucleotide stimulation trigger produc-
tion of secondary messengers, i.e., inositol phosphate, Ca?*, and prod-
ucts of the activity of adenylyl and guanylyl cyclases [30]. To assess the
potential impact of activation of the PKA and PKG pathways on nucle-
otide signaling, we determined cAMP and cGMP concentrations in
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cultured rat podocytes. The results showed increased cAMP concentra-
tion in podocytes treated with almost all non-selective agonists but a
significant increase with ATP (from 3.12 + 0.25 to 4.28 4 0.36, p < .05;
Fig. 2A) and a selective agonist of the P2Y,4 receptor (from 1.81 £ 0.19 to
3.09 + 0.44, p < .05). Of interest, 2-MeS-ATP led to reduced cAMP
concentrations (p < .05; Fig. 2A). As shown in Fig. 2B, ATP and
non-selective analogues of ATP markedly enhanced ¢cGMP concentra-
tions compared to control, in contrast to selective agonists, which
reduced cGMP concentrations (p < .05). However, the most inhibitory
action was by a selective agonist for P2Y4, which suppressed cGMP
concentration by half (from 1.22 + 0.17 to 0.6 £ 0.08). Based on these
results, we inferred that P2 receptor activation turns on cAMP- and
c¢GMP-dependent pathways in podocytes, whereas P2Y stimulation ex-
tinguishes PKG-dependent signaling and intensifies PKA-dependent
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signaling.

VASP, an actin regulatory protein involved in a range of processes
related to cytoskeleton remodeling, is a known substrate of cAMP- and
cGMP-dependent protein kinases, which mainly phosphorylate the
protein at Ser157 and Ser239, respectively [31]. For this reason, we
checked the phosphorylation level of VASP in podocytes after a
short-term incubation with ATP analogues. We found changes in VASP
phosphorylation level at Ser157. The addition of 100 pM ATP induced a
1.9-fold increase over the untreated control (from 0.3 + 0.02 to 0.56 +
0.03, p < .05; Fig. 2C). VASP phosphorylation at Ser157 was likewise
increased in the presence of the poorly metabolized ATP analogues, the
non-selective ATP-y-S (1.6-fold) and 2MeSATP (1.5-fold) and selective
P2Y, receptor agonist (1.7-fold). We observed no changes with
MRS2365 and MRS2768. Furthermore, none of the agonists altered
VASP phosphorylation levels at Ser239 (Fig. 2D). Thus, stimulation of
nucleotide receptors seems to trigger pathways associated with PKA in
podocytes, and the P2Y, receptor seems to play a central role in this
process. Moreover, this pathway appears to be coupled to VASP.

3.4. The influence of P2 signaling on the RhoA pathway

Recently, new findings about the Rho family of GTPases have led to
increased interest in these proteins because of their crucial role in
remodeling the actin cytoskeleton, which drives many dynamic pro-
cesses in cell morphology and metabolism. We focused on RhoA, which
regulates the assembly of contractile actin and myosin filaments and
may be related to adjustments in the size of the glomerular filtration
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surface, adaptation to environmental changes, and maintaining an intact
filtration barrier [32]. In the current study, we assessed RhoA activity in
the presence of P2 agonists. We observed an ~18% decline in activity
after ATP stimulation (0.41 + 0.05 vs. control 0.56 + 0.04, p < .05;
Fig. 3A) in cultured podocytes. Exposing the podocytes to ATP-y-S led to
about a 35% reduction in activity (from 0.56 + 0.04 to 0.35 + 0.01) and
a reduction of about 25% with the P2Y4 agonist (from 0.55 + 0.01 to
0.4 £ 0.02).

The contractile effect of RhoA results from activation of Rho-
dependent kinase, which phosphorylates and inactivates the myosin
light chain (MLC) phosphatase. This action leads to inhibition of its
function, thus allowing for increased levels of phosphorylated MLC and
contraction at a constant Ca®' [33]. Therefore, we examined phos-
phorylation of MLC in cultured podocytes under treatment with the
different compounds, as shown in Fig. 3B. We observed decreased
phosphorylation of MLC in the presence of all agonists, significantly so
with extracellular ATP and the selective agonist for P2Y,4. These results
for Rho activity and MLC phosphorylation are consistent and suggest
that stimulation of nucleotide signaling in podocytes promotes relaxa-
tion of the actin cytoskeleton through suppression of the RhoA pathway.

3.5. The interplay between PKA and AMPK in podocytes

The results of these analyses led us to hypothesize that activation of
purinergic receptors, notably P2Yy, is involved in signal transduction to
the actin cytoskeleton in podocytes, via RhoA and MLC proteins and
dependent on PKA. Moreover, this pathway seems to be coupled with
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Fig. 3. (A) The influence of P2 signaling on RhoA activity and (B) MLC phosphorylation. Cells were exposed to P2 agonists for 1 min. Cell lysates were evaluated
using a G-LISA assay (A) or immunoblotted with anti-p-MLC and anti-actin antibodies (B). Values are mean + SEM (n = 5-6). *p < .05 compared to control.
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AMPK. For these reasons, we decided to inhibit PKA and test its hy-
pothesized involvement using two PKA inhibitors: H89 and Rp-8-Br-
cAMP.

At the beginning, we assessed AMPK phosphorylation in the presence
of ATP and the P2Y, receptor agonist with and without PKA inhibitors.
Exposing the podocytes to both ATP and MRS4062 alone resulted in
increased AMPK phosphorylation (p < .05; Fig. 4A and B). Similarly,
ATP and MRS4062 enhanced AMPK phosphorylation levels in podocytes
preincubated with PKA inhibitors vs controls. Densitometric quantifi-
cation of the degree of VASP phosphorylation at Ser157 confirmed the
involvement of PKA in P2Y-induced regulation of actin cytoskeleton
organization. As shown in Fig. 4C and D, phosphorylation of VASP at
Ser157 was increased in the presence of both ATP and the P2Y,4 agonist.
Using H-89 resulted in a significant decline in phosphorylation level,
which was restored to control levels in the presence of ATP (p < .05;
Fig. 4C).

In addition, we assessed whether AMPK can affect PKA activity. For
this purpose we examined the role of AMPK activity in regulating VASP
phosphorylation at Ser157. We used two activators of AMPK (metformin
at 2 mM and AICAR at 0.5 mM; 2 h incubation) or downregulated AMPK
expression using siRNA. We observed no change in the degree of VASP
phosphorylation under these conditions (Fig. 5A, C). Activation of
AMPK also did not affect the location of VASP protein in podocytes
(Fig. 5B). All of these results indicated a lack of mutual regulation be-
tween these proteins.

3.6. The role of PKA inhibition in the RhoA signaling pathway

Next, we studied whether blocking PKA signaling affects the P2Y-
mediated inhibition of RhoA activity. Preincubation of podocytes with
inhibitors of PKA prevented ATP- and MRS4062-dependent inhibition of
RhoA activity (p < .05; Fig. 6A and B). These findings were reflected in
western blot analysis of phosphorylation levels. We noted that pre-
treating podocytes with H-89 and Rp-8-Br-cAMP eliminated responses to
ATP and MRS4062 (p < .05; Fig. 6C and D). Using inhibitors of PKA also
reversed the degree of MLC phosphorylation suppressed by ATP and
MRS4062 to control levels (p < .05; Fig. 6E and F). Moreover, immu-
nofluorescence experiments showed that ATP and MRS4062 caused
substantial changes in the subcellular localization of PKA in cultured rat
podocytes (Fig. 7). With both agonists, the intensity of PKA immuno-
staining increased close to the cell surface. The quantitative analysis
confirmed that both agonists decreased the colocalization of PKA and
RhoA proteins. Pretreatment of podocytes with H-89 induced trans-
location of RhoA close the cell membrane and inhibited agonist-
dependent translocation of PKA. These results are consistent with
those of the RhoA activity studies. The activation was accompanied by
the translocation of this protein to the cell membrane. However, quan-
titative analysis showed that neither agonist influenced the colocaliza-
tion of PKGIa and RhoA proteins (Fig. 8). The present findings confirmed
our hypothesis of a role for PKA in mediating P2Y-induced inhibition of
the Rho pathway in remodeling of the actin cytoskeleton.

3.7. The effect of inhibition of PKA on remodeling of F-actin cytoskeleton

A quantitative analysis of intracellular F-actin staining showed that
ATP and MRS4062 contributed to intensified signals. We observed that
both agonists directly increased F-actin immunostaining close to the
plasma membrane. These effects on the F-actin network were prevented
by preincubating podocytes with PKA inhibitor (Fig. 9). We postulated
that PKA plays an essential role in the regulation of the podocyte con-
tractile apparatus.

3.8. Effects of P2 signaling on podocyte permeability to albumin

To check the impact of nucleotide signaling on glomerular filtration,
we measured transmembrane flux for albumin across the podocyte
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monolayer in the presence of P2 agonists. We found that albumin
permeation was about 2-fold higher after ATP-y-S (187.8 + 9.8) and 2-
MeS-ATP (172.8 £ 18.4) treatment and approximately 1.5-fold higher in
the presence of ATP (142.9 + 9.8) and selective agonists for P2Y; (137.2
+ 4.5), P2Y5 (149.3 £ 13), and P2Y,4 (130.6 =+ 8.4) compared to controls
(90.5 + 2 pg/ml; p < .05; Fig. 10). Additionally, the effects of ATP and
MRS4062 were abolished in podocytes preincubated with PKA in-
hibitors. These results suggested that P2Y agonists led to increased al-
bumin permeability through the podocyte filtration barrier via PKA-
dependent activation.

4. Discussion

In this study, we found that nucleotide receptor stimulation initiates
the cascade of events that leads to reorganization of the actin cyto-
skeleton in podocytes and consequent changes in glomerular filtration
barrier permeability. Moreover, we characterized molecular crosstalk
between cAMP-dependent and RhoA signaling pathways. Our results
suggest that a P2Y-induced mechanism of RhoA inactivation is coupled
with PKA activation. In addition, we have shown the important role of
P2Y, in the regulation of the cAMP-PKA-RhoA signaling pathway in
podocytes (Fig. 11).

The present study implicates the cAMP-dependent pathway as a
prominent link between purinergic signaling and actin regulation. We
demonstrated that PKA activity is tightly associated with RhoA function
and cytoskeleton dynamics. Inhibition of PKA resulted in reversion of
P2Y-mediated suppression of RhoA activity. Furthermore, analysis of
immunofluorescence staining and the degree of colocalization between
PKA and RhoA confirmed interaction of these proteins. Based on our
findings, PKA is required for P2Y-induced actin remodeling and conse-
quently filtration barrier permeability regulation.

In preliminary research, we assumed that P2-mediated activation
depends on PKA and PKG. Measurement of cAMP and ¢cGMP concen-
tration in podocytes verified the validity of this assumption. Our ob-
servations that non-selective P2 ligands stimulate PKGla-dependent
pathways in cultured podocytes are consistent with recent studies [11].
Nonetheless, experiments with specific ligands of P2Y receptors indi-
cated PKA as the main effector of this signaling. Results related to cAMP
concentration, VASP phosphorylation, and immunostaining expressly
showed predominant relevance for PKA in P2Y-mediated transduction
of cellular signals in podocytes.

Whereas our understanding of P2 signaling in kidneys is well known,
information is limited concerning P2 signaling in podocytes. It is worth
emphasizing that little is known about individual nucleotide receptor
characteristics in podocytes. Previous research has been related to the
whole subgroup of receptors, and analysis of particular receptors is
needed, although specific synthesized ligands can be difficult to access.
Non-selective agonists could activate a wide range of receptors, both
P2X and P2Y, so current knowledge is incomplete. Findings from
another group indicated that mobilization of intracellular calcium via
phospholipase C is the main pathway mediated by extracellular ATP and
purinergic signaling in podocytes. Furthermore, P2Y; [34], P2Y5,, and
P2Yg receptors [35] are essential in this process. Our observations could
suggest that Ca®" is not the only second messenger that P2Y stimulates
in podocytes. We found that P2Y stimulation increases cAMP concen-
tration and that P2Y,4 seems to be most efficient in this process. Burford
et al. [36] suggested that purinergic propagation of a Ca*" wave con-
stitutes a key pathogenic mechanism in podocyte injury. Given the
protective effect of cAMP on endothelial function, P2Y4-mediated acti-
vation of cAMP-dependent pathways might have compensatory
properties.

The current literature provides increasing evidence for the role of
purinergic signaling in renal hemodynamics [37]. The presence of P2
receptors in glomerular cells might be crucial in metabolic adaptation to
changes in the hydrostatic pressure of filtered blood. Several groups
have reported a relaxing effect on glomeruli of extracellular nucleotides,
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Fig. 4. The effect of inhibition of PKA on
phosphorylation of AMPK (A, B) and VASP
at Ser157 in the presence of ATP (A, C) and
MRS4062 (B, D). Podocytes were pre-
incubated with H89 or Rp-8-Br-cAMP (10
pM, 1 h) and incubated for 1 min with 100
uM ATP (A, C) or 10 pM MRS4062 (B, D).
Cell lysates were analyzed by immunoblot-
ting using anti-AMPKa and anti-p-AMPKa
(Thr172) (A, B) or anti-VASP and anti-p-
VASP (Ser157) antibodies (C, D). Values
are reported as mean + SEM (n = 4-9). *p <
.05 compared to control.
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were normalized to the actin band. Statistical significance was determined by paired t-test. Values are mean + SEM (n = 3-4). *p < .05 compared to transfection with

scrambled siRNA.

via the P2-NO-cGMP molecular pathway [11]. In agreement with other
reports, our results may suggest that P2 stimulation relaxes the
glomerular filtration barrier. Supporting this idea is the suppression of
RhoA activity and decreased phosphorylation of MLC, which promote
the relaxant effect. Several lines of evidence have suggested a vasodi-
latation effect of inhibitory RhoA phosphorylation at Ser188 through
AMPK [38] and PKG [39]. We recently demonstrated that activation of
AMPK does not influence RhoA activity in podocytes cultured in stan-
dard glucose medium. We also previously found that an inhibitor of
AMPK (compound C) or a high glucose concentration increases RhoA
activity [26]. In the current work, we showed a close relationship be-
tween RhoA and PKA, modified by purinergic signaling. Recent reports
suggest that RhoA activity in podocytes must be tightly controlled to
maintain podocyte function. A growing body of evidence highlights
activation of RhoA in podocytes as leading to loss of cellular processes,
cell contraction, and proteinuria [40]. Thus, we could infer that
P2Y-mediated suppression of RhoA activity might have protective
properties. Additionally, this mechanism is directed by PKA, which

attenuates albuminuria and foot process effacement and prevents
podocyte apoptosis. Several other groups have confirmed a mechanism
that we previously proposed of a negative feedback loop between PKA
and RhoA, which is recognized as a protective pathway against in-
flammatory injury [41].

Given the linkage between extracellular nucleotides and microvas-
cular permeability, we also assessed the influence of P2Y activation on
the glomerular filter surface. Our results showed enhanced trans-
membrane flux for albumin across the podocyte monolayer after P2
agonist treatment, confirming a relaxant effect of P2 signaling on the
glomerular filtration barrier. The fact that the presence of PKA inhibitors
prevented this effect indicates involvement of PKA in controlling albu-
min permeability. This association strongly supports the hypothesis that
cAMP is critical to maintaining normal permeability. Indeed, cyclase
adenylate knockout mice are susceptible to developing proteinuria [42],
and reduced cAMP levels lead to increased microvessel permeability
[43]. Moreover, cAMP is an intracellular signaling molecule linked to
improved barrier function in vascular endothelial cells [17]. Although
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cAMP reduces glomerular albumin permeability by direct action on the
glomerulus [44], reports demonstrate a role for cAMP in inhibiting
Ca?*- sensitization through a Ca?*-independent mechanism and pro-
moting a relaxant effect. Our present findings support those of Hayashi
et al. [45], who reported changes in force tension in human detrusor
smooth muscle, mediated by suppression of the RhoA pathway and
putative modulation of MLC kinase or phosphatase activity. Based on
this accumulated evidence and the current findings, we infer that P2
stimulation during podocyte injury could preserve glomerular filtration

— e G

through activation of PKA-RhoA pathways.

We suggest that P2 receptor activation increases AMPK phosphory-
lation in podocytes, and we propose a repair process of restoring energy
homeostasis after nucleotide imbalance. This mechanism might play an
important role in pathological conditions associated with cell damage
and efflux of cytoplasmic nucleotides into the extracellular space. Our
current findings in this regard are in agreement with our previously
published results [5]. Here we showed that modulation of energy
metabolism through AMPK activation is associated with P2Y;, P2Y5, and

10
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especially P2Y, receptors. Da Silva et al. [46] proposed a similar asso-
ciation, presenting two distinct but converging pathways of AMPK
activation in human umbilical vein endothelial cells: one induced by
extracellular nucleotides, linked to P2Y;, P2Y,, and P2Y, receptors and
dependent on Ca®" and CaMKK, and a second pathway induced by
adenosine uptake followed by generation of intracellular AMP and
activation of AMPK with LKB1. Our previous results implicated
calcium-dependent (via CaMKK-p) and calcium-independent (via LKB1)
pathways in the P2-mediated activation of AMPK in podocytes [5].
Nonetheless, considering the protective action of AMPK on glomerular
barrier filtration [25], we could assume that maintenance relative to an
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Fig. 7. P2Y-mediated changes in sub-
cellular localization of PKA and RhoA in
cultured rat podocytes. Cells seeded
onto coverslips were pre-incubated with
H89 (10 pM, 1 h) and incubated for 1
min with 100 pM ATP or 10 pM
MRS4062. Cells were immunostained
with anti-PKA and anti-RhoA anti-
bodies. Quantitative analysis of protein
colocalization was performed with NIS-
Elements software (Nikon). The pixel
intensities were quantified, and results
are given as Pearson’s correlation co-
efficients and colocalization rates (%).
Values are reported as the mean + SEM
(n = 10-14). *p < .05 compared to
control.

colocalization rate (%)
Pearson’s correlation

80.9% + 3.23
0.765

64.3% + 1.62*
0.909

67.3% * 2.06*
0.814

68.2% + 4.73*
0.870

74.03% +2.10
0.837

81.90% + 0.82
0.875

equilibrium in the functioning of PKA and AMPK is necessary to preserve
glomerular function.

Purinergic signaling modulates the cellular response during tissue
damage and inflammation, and P2Y, receptor deficiency is associated
with progression of chronic kidney disease. Potthoff et al. [47] showed
that P2Y, receptor knockout mice exhibit increased systolic blood
pressure and albuminuria compared to wild-type animals. These authors
suggested a significant role for P2Y, in physiological mechanisms
influencing blood pressure and thus endothelial function. The results of
many studies have suggested that tissue damage may leads to ROS
generation. Low amounts of ROS may function as a second messenger to
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influence redox-sensitive pathways, but higher ROS levels may lead to
an imbalance in redox homeostasis and to oxidative damage [48]. In this
study, we demonstrated that both extracellular ATP and agonists of P2Y;
and P2Y, receptors reduced ROS production in podocytes. In previous
work, we found that AMPK stimulation reduced activity of NADPH ox-
idase, a major source of ROS, depending on P2 signaling [29]. Of in-
terest, Forster and Reiser [49] characterized a cytoprotective and
antioxidant role of P2Y in oxidative stress in astrocytes. These authors
showed that nucleotide treatment directly decreased ROS generation as
well as increasing antioxidant defense through stimulation of antioxi-
dant enzymes, and that maintaining basal PKA activity in this process is
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Fig. 8. The effect of P2Y signaling on
subcellular localization of PKG and
RhoA in cultured rat podocytes. Cells
seeded onto coverslips were pre-
incubated with H89 (10 pM, 1 h) and
incubated for 1 min with 100 pM ATP or
10 uM MRS4062. Cells were immuno-
stained with anti-PKG and anti-RhoA
antibodies. Quantitative analysis of
protein colocalization was performed
with NIS-Elements software (Nikon).
The pixel intensities were quantified,
and results are given as Pearson’s cor-
relation coefficients and colocalization
rates (%).Values are reported as the
mean + SEM (n = 10-14). *p < .05
compared to control.

colocalization rate (%)
Pearson’s correlation

92.8% + 1.30
0.922

82.1% +2.37*
0.936

83.6% + 0.94
0.929

84.5% + 1.53
0.907

88.7% + 1.89
0.895

83.7% + 1.06
0.934

necessary. In agreement, we postulate that P2 signaling might protect
against oxidative injury as a result of the activation of PKA and AMPK.

In contrast, Roshanravan and Dryer [50] found the opposite effect on
production ROS after extracellular ATP stimulation. These authors
indicated that ATP provokes Ca" mobilization through TRPC6 activa-
tion and subsequent generation of ROS in podocytes. Sustained exposure
to extracellular ATP is recognized as causing an oxidative imbalance, but
our studies address only the short-term effect of nucleotides on podocyte
function. We recently identified a protective role for metformin in
TRPC6 channel expression in hyperglycemia mediated by AMPK, pre-
sumably associated with suppression of NADPH oxidase activity [26].
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Fig. 9. The effect of inhibition of PKA on
remodeling of F-actin cytoskeleton in the presence
ATP (A) and MRS4062 (B) in podocytes. Cells
were grown on coverslips, pre-incubated with
H89 (10 uM, 1 h), and incubated for 1 min with
100 pM ATP (A) or 10 pM MRS4062 (B). The F-
actin network was labeled with isothiocyanate
phalloidin and visualized with fluorescence mi-
croscopy. The digitized fluorescence images of the
F-actin network were used to generate the mean
intensity and the fluorescence intensity profiles
(from the basal membrane to the nucleus) with
Cellsens image software. Values are presented as
the mean + SEM (n = 12-14).
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Fig. 10. (A) Effects of P2 signaling on podocyte permeability to albumin. The
influence of PKA inhibition on podocyte permeability in the presence of ATP (B)
or MRS4062 (C). Transepithelial permeability to albumin was evaluated by
measuring the diffusion of FITC-labeled BSA across the podocytes monolayers.
Podocytes were incubated with the indicated P2 ligands (A) or preincubated
with H-89 or Rp-8-Br-cAMP (10 pM, 1 h) and incubated with 100 pM ATP (B) or
10 pM MRS4062 (C). Values are the mean + SEM (n = 3-8). *p < .05 compared
to control.
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Fig. 11. A proposed mechanism of P2Y-induced regulation of podocyte cyto-
skeleton organization and filtration barrier permeability involving pleiotropic
effects on AMPK and cAMP-PKA signaling pathways.

Therefore, it seems to be possible that under pathological conditions,
TRPC6-induced production of ROS is counterbalanced by PKA and
AMPK, which suppress ROS generation. This proposed mechanism re-
quires further investigation.

5. Conclusions

In summary, the results of the present study offer evidence sup-
porting a role for purinergic signaling in regulating glomerular filtration
through podocyte cytoskeleton remodeling. We propose P2-induced
mechanisms of glomerular protection involving PKA activation, lead-
ing to regulation of RhoA signaling, rearrangement of actin microfila-
ments, and restoration of energy homeostasis through AMPK activation,
maintaining the oxidative balance through decreased ROS generation.
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AMPK signalling: Implications for
podocyte biology In diabetic

nephropathy

Maria Szrejder’ and Agnieszka Piwkowska

Mossakowski Medical Research Centre Polish Academy of Sciences, Laboratory of Molecular and Cellular Nephrology, Gdansk, Poland

Diabetic nephropathy is a major long-term complication of diabetes mellitus and one of the most common causes
of end-stage renal disease. Thickening of the glomerular basement membrane, glomerular cell hypertrophy and
podocyte loss are among the main pathological changes that occur during diabetic nephropathy, resulting in
proteinuria. Injury to podocytes, which are a crucial component of the glomerular filtration barrier, seems to play a
key role in the development of diabetic nephropathy. Recent studies have suggested that dysregulation of AMP-
activated kinase protein, which is an essential cellular energy sensor, may play a fundamental role in this process.
The purpose of this review is to highlight the molecular mechanisms associated with AMP-activated protein kinase
(AMPK) in podocytes that are involved in the pathogenesis of diabetic nephropathy.

Introduction

Diabetes mellitus, which describes a group of
metabolic disorders characterised by hyperglycemia
and usually resulting from insufficient production of
insulin (type 1 diabetes) or an ineffective cellular re-
sponse to insulin (type 2 diabetes), is a major health
problem worldwide. According to the International
Diabetes Federation, in 2017 the global prevalence
of diabetes was more than 425 million people, and it
will increase to 629 million by 2045. Furthermore,
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Abbreviations: 4E-BP1, 4E-binding protein 1; ACC, acetyl-Co carboxylase;
AICAR, 5-aminoimidazole-4-carboxamide riboside; AID, auto-inhibitory domain;
AMPK, AMP-activated protein kinase; APPL1, adaptor protein, phosphotyrosine
interacting with PH domain and leucine zipper 1; CaMKKg, Ca**/calmodulin-
dependent protein kinase kinase 8; CBS1-4, cystathionine g-synthase repeats
1-4; CPT-1, carnitine palmitoyltransferase-1; DN, diabetic nephropathy; eEF2,
eukaryotic elongation factor 2; eEF2 kinase, eukaryotic elongation factor 2
kinase; elF4E, eukaryotic initiation factor 4E; FFA, free fatty acid; FPs, foot pro-
cesses; GBD, glycogen binding domain; GBM, glomerular basement membrane;
GEC, glomerular epithelial cell; GLUTT, glucose transporter 1; GLUT4, glucose
transporter 4; LKB1, tumour-suppressor liver kinase B1; mTOR, mammalian
target of rapamycin; mTORC1, mammalian target of rapamycin complex-1;
p70S6K, p70S6 kinase; PGC-1«, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha; PTEN, phosphatase and tensin homolog; Rheb,
Ras homolog enriched in brain; ROS, reactive oxygen species; SIRT1, deacety-
lase silence information regulator T1; TAK1, transforming growth factor g-
activated kinase; TSC, tuberous sclerosis complex; ZMP, 5-aminoirnidazole-4-
carboxamide ribonucleoside monophosphate; Z0-1, zona occludens-1; «-CTD,
C-terminal domain of « subunit; g-CTD, C-terminal domain of 8 subunit.

the global diabetes-related expenditure in 2017 was
estimated to be 727 billion US dollars (International
Diabetes Federation, Diabetes Atlas. Sth ed.). Diabetic
nephropathy (DN), one of the most prevalent chronic
complications of diabetes, affects more than 40% of
people with diabetes and remains the leading cause
of end-stage renal disease in most countries [Reddy
et al., 2013; Tuttle et al., 2014}. High mortality
associated with diabetic kidney disease has been an
increasing problem globally, and searching for a new
diagnostic and therapeutic strategy for early preven-
tion and treatment of DN is a challenge for modern
science and future medicine.

Early stage DN is characterised by glomerular hy-
perfiltration and microalbuminuria. As the disease
progresses, renal function deteriorates with severe
proteinuria, declining glomerular filtration rate and
interstitial fibrosis. Albuminuria arises from impair-
ment of the glomerular filtration barrier, resulting
in an increase in its permeability and protein leak-
age into the urine. The pathogenesis of DN involves
an interaction between hemodynamic and metabolic
factors. Chronic hyperglycemia, hyperinsulinemia,
insulin resistance and hyperlipidemia contribute to
metabolic imbalance and DN initiation {Reidy et al.,
20141. Disturbed glucose and lipid metabolism initi-
ates several cellular events and activation of signalling
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pathways, which promote structural and functional
changes in the kidneys. The key histological and
pathological hallmarks of DN include glomerular
cell proliferation and hypertrophy, thickening of the
glomerular basement membrane (GBM), mesangial
expansion and tubulointerstitial fibrosis due to ac-
cumulation of extracellular matrix proteins, such as
collagens and fibronectin and podocyte loss and foot
process effacement {Reddy et al., 2013; Dai et al.,
2017}

Podocytes are critical for normal
glomerular filtration barrier function

The kidney ensures maintenance of body homeosta-
sis via selective plasma ultrafileration, which occurs
in a highly specialised structure of the nephron, the
kidney glomerulus. The glomerulus, which consti-
tutes a capillary network, is composed of three cell
types: endothelial cells at the inside of the capillary,
podocytes on the outside of the capillary and mesan-
gial cells supporting the capillary loops. Together
with the GBM, the endothelium and podocytes form
the filtration barrier {Ha, 2013}. Mature podocytes
can be divided into three structurally and function-
ally different segments: cell body, major processes
and foot processes. Podocytes wrap the glomerular
capillaries in such a way that foot processes (FPs)
are attached to the GBM, and cell bodies and ma-
jor processes float freely in the filtrate in Bowman’s
space. FPs are anchored to the GBM by transmem-
brane cell receptors such as integrins and dystrogly-
cans. The foot processes of neighbouring podocytes
are interconnected by a specialised cell—cell junction
of the podocyte, leaving the filtration slits between
them, known as the slit diaphragm. The glomerular
filerate is sieved through the fenestrated endothelial
cells, the basement membrane, and finally through
the slit diaphragm, which serves as a size-selective
barrier. The slit diaphragm constitutes a signalling
platform that contains a protein complex of nephrin,
P-cadherin, NEPH1, podocin, which play a major
role in maintaining the structural and functional in-
tegrity of the glomerular filtration barrier {Asanuma
and Mundel, 2003]. The slit diaphragm is linked
to the actin-based cytoskeleton, located in particu-
lar parts of podocytes, by adaptor proteins including,
zonula occludens-1 (ZO-1), CD2 associated protein
(CD2AP) and Nck. The major components of the cy-
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toskeleton are F-actin, myosin and a-actinin in foot
processes (Figure 1).

Podocytes express receptors for vasoactive fac-
tors, such as angiotensin II, natriuretic peptides or
prostaglandins. Therefore, foot processes may reg-
ulate cell contractility and counteract the force of
fileration, the hydrostatic pressure and modify the
properties of glomerular capillaries and the filtration
surface area [Pavenstddt, 2000]. Podocytes are highly
differentiated postmitotic cells that have a limited
capacity to divide [Lasagni et al., 2013}. They are
the target of injury in many glomerular diseases,
including DN. A number of studies have demon-
strated that a disturbance in the metabolic balance
and hemodynamic changes in diabetes contribute to
the decline in the selective filtering action of the
glomerulus, podocyte damage or loss. A decreasing
number of podocytes has been observed in patients
with diabetes. The mechanism of podocytopenia in-
cludes apoptosis, detachment from the GBM or lack
of cells to proliferate [Mundel and Shankland, 2002}.
Due to their inability to replicate, residual podocytes
seem to use different mechanisms to compensate for
the cell deficit. The surviving cells undergo changes
in size and shape [Reidy et al., 2014}. Increased cell
dimensions due to hypertrophy has been observed, as
well as foot process effacement as a result of retrac-
tion, widening, shortening and simplification of the
interdigitating foot processes {Li et al., 2007}. Mul-
tiple lines of evidence have assumed that podocyte
injury in DN is induced by multiple factors, includ-
ing mechanical stress, inflammatory reaction, oxida-
tive stress, transforming growth factor beta (TGF-£1)
induction, renin angiotensin aldosterone system ac-
tivation and advanced glycation end product (AGE)
accumulation [Dai et al., 2017}. Furthermore, disor-
ders in multiple renal signalling pathways, such as
AMP-activated protein kinase (AMPK), have been
implicated in the progression of diabetic kidney dis-
ease and proteinuria.

Structure, mechanism of action and
physiological function of AMPK

AMPK belongs to the serine-threonine protein ki-
nase family. AMPK is heterotrimeric complex con-
sisting of a catalytic o subunit and two regulatory
subunits, B and y, which help maintain the stability
of the AMPK complex. In mammals, each subunit is

www.biolcell.net | Volume (111) | Pages 1-12



AMPK signalling Review

Figure 1| Structure of the glomeruli (A). Schematic diagram of the glomerular filtration barrier (B).

The glomerulus constitutes a capillary network that is surrounded by Bowman’s space to which primary urine flows. Blood enters
the capillaries of the glomerulus by a single arteriole called an afferent arteriole and leaves by an efferent arteriole. Podocytes are
highly specialised epithelial cells of glomerulus that cover the outside of glomerular capillaries facing the Bowman’s space and
the ultrafiltrate. (B) The glomerular filter consists of three layers: podocyte, GBM and fenestrated endothelial cells. The molecular
complex of nephrin, podocin, Neph 1-2 and CD2AP forms a specialised junction between podocyte foot processes. a—Actinin-4
cross-links various actin fibres which are stabilised by synaptopodin. Adhesion complex and dystroglycans are required for
stabilisation of podocyte interaction with GBM. Transient receptor potential cation channel 6 (TRCP6) is a transmembrane
channel that interacts directly with the slit diaphragm proteins: nephrin and podocin and regulates intracellular calcium in

podocytes.
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present as multiple isoforms (¢ 1, a2, 81, 82,y 1,y 2,
¥3) encoded by unconnected genes [Hardie, 2014}.
The o subunits have conventional serine/threonine
kinase domains containing a conserved threonine
residue (Thr-172), the phosphorylation of which by
upstream kinases is absolutely required for their ac-
tivity [Hardie, 2008}. Moreover, in the middle re-
gion of the a subunit is an autoinhibitory domain
that, in the absence of AMP, associates with the ki-
nase domain and blocks the active site. The 8 subunit
contains two conservative domains; one comprises a
glycogen-binding site and the other binds with the o
and y subunits and stabilises the heterotrimer AMPK
[Hallows et al., 2010}. The y subunits contain sites
for allosteric regulation by AMP/ATP {Russo et al.,
2013} (Figure 2).

AMPK is an energy status sensor that maintains
cellular and whole-body energy homeostasis. AMPK

is activated in response to increasing concentrations
of AMP and an increased AMP/ATP ratio under con-
ditions, such as metabolic stress, hypoglycemia, hy-
poxia, ischemia and exercise, in which consumption
of ATP is enhanced. AMPK activation can be reg-
ulated through either allosteric activation by AMP
or stimulation by upstream kinases, such as the
tumour-suppressor liver kinase B1 (LKB1) [Woods
et al., 2003}, Ca™*/calmodulin-dependent protein
kinase kinase B (CaMKKp) [Hawley et al., 2005}
and transforming growth factor B-activated kinase
(TAK1) [Momcilovic et al., 2006}. Anabolic energy-
consuming pathways are inhibited as a result of
AMPK activation, whereas catabolic processes gener-
ating ATP are stimulated (Figure 3).

AMPK plays a crucial role in maintaining glucose
homeostasis, and its activation contributes to
glucose transport in a similar way as insulin. AMPK
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Figure 2| Functional domains of AMP-activated protein
kinase (AMPK) subunits

The « subunit contains conventional serine/threonine kinase
domain which is followed by the auto-inhibitory domain (AID).
The B subunit contains two conservative domains; one com-
prises a glycogen-binding site (GBD). The C-terminal domain
of B subunit (8-CTD) works as a scaffold to interact with the
a-CTD and the N-terminal of y subunit to stabilise the het-
erotrimer. The y subunits contain sites for allosteric regulation
by AMP/ATP, composed of four tandem repeats of sequence
[cystathionine B-synthase repeats 1-4 (CBS1-CBS4)] called a
CBS motif. Site 4 to have a tightly bound AMP, whereas Sites
1 and 3 may competitively bind AMP, ADP, or ATP.
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stimulates glucose uptake in skeletal muscle cells
through the translocation of glucose transporter 4
(GLUT4) to the cell membrane [Kurth-Kraczek
et al., 1999}. In addition, AMPK reduces hepatic
gluconeogenesis and glycogen synthesis in skeletal
muscles {Lage et al., 2008}. Clinical and experimen-
tal data suggest that AMPK is an essential regulator
of lipid metabolism. AMPK stimulates fatty acid
oxidation in the muscles and liver and diminishes
cholesterol and triglyceride synthesis in the liver
[Schimmack et al., 2006}. AMPK has been demon-
strated to be an important cellular mediator of the
metabolic effects of hormones released by peripheral
tissues, such as insulin, leptin, adiponectin and
resistin, which play a crucial role in metabolism and
insulin sensitivity [Lage et al., 2008].

AMPK expression in the kidney

AMPK is expressed in a number of tissues, including
the kidney, skeletal muscle, adipose tissue, liver and
hypothalamus of the brain {Kim and Park, 2016}.
The localisation of AMPK subunits varies, and their

Figure 3 | AMPK regulation

AMPK is activated by phosphorylation at Thr 172, catalysed
by three upstream kinases: LKB1, TAK1 and CaMKKg, which
is activated by arise in cytosol Ca?t. AMPK is activated when
AMP/ATP ratio increases. Phosphorylation is stimulated by
conformational changes triggered by binding of AMP to the y
subunit of AMPK.

'

inactive

active

w__

expression is tissue specific [Liu and Jiang, 2013}.
In the kidney, the a1l subunit is the predominant
catalytic isoform, though the a2 subunit is also de-
tectable. In the rat kidney, 82 is prevalent, though
investigators have found B1 to be predominant in the
mouse kidney. Both the ¥ 1 and y2 subunits are ex-
pressed at similar levels in the kidney [Hallows et al.,
2010}. AMPK is highly expressed in renal cells, in-
cluding mesangial cells, glomerular endothelial cells
and podocytes [Cammisotto and Bendayan, 2008}.

AMPK in diabetes

Given the role of AMPK in regulating energy
balance, this kinase occupies a central position in
the field of research concerning obesity, diabetes and
metabolic syndrome. Accumulating evidence sug-
gests an association between a defect in the AMPK
signalling cascade, disorders in metabolic homeosta-
sis and the development of insulin resistance and type
2 diabetes {Ruderman et al., 2013}. Many investi-
gators have indicated diminished AMPK activity in
adipose tissue in insulin-resistant humans [Xu et al.,
2012} and skeletal muscle from patients with obesity
and type 2 diabetes {Bandyopadhyay et al., 2006}. A
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number of studies have shown that pharmacological
activation of AMPK improves glucose homeostasis,
the lipid profile and insulin sensitivity [Amadort-
Licona et al., 2000}, which make this protein kinase
an attractive target in the treatment of conditions
related to hyperglycemia and insulin resistance.

In experimental models of diabetes, AMPK activ-
ity appears to be reduced in the kidney [Lee et al.,
2007)1. Several lines of evidence have demonstrated
reduced AMPK phosphorylation and activity in
glomerular epithelial cells in diabetic conditions [Lee
et al., 2007; Eid et al., 2010; Rogacka et al., 2014,
20181. Moreover, several lines of evidence indicate
that pharmacological activation of AMPK exerts
favourable nephroprotective effects. Experiments
using hypoglycemic drug (metformin) have demon-
strated decreased albuminuria in animal models
of type 2 diabetes {Kim et al., 2012} and patients
with type 2 diabetes mellitus { Amador-Licona et al.,
2000}. Metformin (N,N-dimethylbiguanide) is the
most widely used first-line drug for treatment of type
2 diabetes and its therapeutic effects are mediated by
AMPK. Metformin inhibits mitochondrial ATP syn-
thesis by inhibiting complex I of the mitochondrial
respiratory chain, leading to an increased AMP/ATP
ratio [Owen et al., 2000}. Moreover, the generation
of reactive nitrogen species (ONOQO™) as a result of
mitochondrial respiration inhibition by metformin
is believed to be responsible for activation of AMPK
[Zou et al., 20041. One of the hypothesis assumes that
metformin might increase AMP through inhibition
of AMP deaminase [Ouyang et al., 2011}. Interest-
ingly, there are also studies suggesting that AMPK
can be activated by metformin without changes in
the AMP/ATP ratio {Fryer et al., 2002]. Recent re-
sults show that metformin activates AMPK through
promoting the formation of the v-ATPase-Ragulator-
AXIN/LKB1-AMPK complex {Zhang et al., 2016}.

Role of AMPK in oxidative stress

Oxidative stress has been postulated to be a key com-
ponent in the initiation and progression of DN. In-
creased generation of reactive oxygen species (ROS)
causes oxidation of lipids, proteins and DNA with
subsequent tissue damage. Biological consequences
of marked oxidative lesions in cells may be a loss
of proliferation potential and initiation of apoptosis,
which has been implicated in the pathogenesis of di-

Review

abetic kidney disease. Hyperglycemia-induced over-
production of ROS causes diminution of the number
of podocytes that contribute to the development of
DN {Susztak et al., 2006}.

Several groups have demonstrated potential an-
tioxidant properties of AMPK. Piwkowska et al.
{2010} indicated that activation of AMPK by met-
formin reduces superoxide anion generation in cul-
tured mouse podocytes under normoglycemic, as
well as hyperglycemic, conditions. This effect was
mediated through down-regulation of the Nox4 -
NADP)H oxidase subunit. A similar dependence
was shown by Eid et al. {2010}, assuming that
activated AMPK may have protective properties
with regard to oxidant stress, which was demon-
strated in the abolition of high glucose-induced
NADP(H) oxidase activity and Nox4 expression in
mouse podocytes. AMPK and its downstream ef-
fector Nox4 have been shown to modulate apopto-
sis through the phosphorylation and activity reg-
ulation of tumour-suppressor protein p53 in dia-
betic conditions. AMPK agonist (5-aminoimidazole-
4-carboxamide ribonucleotide, AICAR) has been
shown to ameliorate glomerular injury. AICAR is
an adenosine analogue that is taken up into cells by
adenosine transporters and converted by intracellu-
lar adenosine kinase into monophosphorylated form,
ZMP (5-aminoirnidazole-4-carboxamide ribonucleo-
side monophosphate), which binds to AMPK at the
same sites as AMP and mimics its activating effect on
AMPK [Corton et al., 1995]. Transgenic type 1 dia-
betic (OVE26) mice treated with AICAR exhibit al-
leviation of pathological features, such as renal hyper-
trophy, GBM thickening, podocyte loss and reduction
albumin excretion and normalisation of NADPH-
dependent superoxide generation. Therefore, AMPK
seems to represent the main pathway responsible for
the modulation of NADPH oxidase activity, ROS
production and oxidative stress, and may protect
against podocyte loss and glomerular injury in DN.

Surprisingly, Dugan et al. [2013] presented a novel
view on superoxide generation in diabetes. They
indicated reduced mitochondrial ROS production
in the glomeruli and podocytes of diabetic mice due
to decreased mitochondrial function caused by an
inactivation of AMPK. Activation of AMPK has
been shown to reverse changes in ROS generation.
These data indicate that renal mitochondrial-derived
superoxide is not a major source of renal oxidant
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stress in DN. As mentioned above, AMPK stimula-
tion decreases the production of cytosolic superoxide
anion via an NAD(P)H oxidase-dependent mech-
anism. Therefore, it seems likely that the AMPK
cascade exerts a favourable impact on maintaining
oxidative balance. Furthermore, pharmacological
AMPK activation not only restores mitochondrial
superoxide generation, but also normalises albumin-
uria and urine hydrogen peroxide (H,O;) excretion
in a diabetic mouse model [Dugan et al., 2013}. The
results mentioned above suggest that AMPK protects
from renal failure through the maintenance of an
appropriate level of cytosolic and mitochondrial ROS.

Impact of AMPK signalling on
mitochondrial function

Considering the central role of the mitochondria in
the utilisation and production of energy, mitochon-
drial dysfunction is considered to impact cellular
and whole-body metabolic imbalance. Mitochondria
are especially important in metabolically active or-
gans, such as the kidneys. Moreover, dysfunction has
been implicated in metabolic disease. Several lines
of evidence have shown a relationship between dis-
ordered mitochondrial function, hyperglycemia and
insulin resistance in diabetes, which is thought to
contribute to glomerular disease and podocyte injury
[Patti and Corvera, 2010}. A number of studies have
supposed a protective role of AMPK signalling in
the preservation of mitochondrial function. Dugan
et al. 2013} demonstrated that AMPK activation
promotes mitochondrial biogenesis via peroxisome
proliferator-activated receptor gamma coactivator 1-
alpha (PGC-1la) stimulation in the glomeruli and
podocytes of diabetic mice. Interestingly, Cai et al.
[2016} found that grape seed proanthocyanidin ex-
tract, a strong antioxidant, prevents high-glucose-
induced mitochondrial dysfunction and apoptosis in
podocytes via the AMPK-SIRT1-PGC-1a (SIRT1
silent information regulator T1) pathway. This ev-
idence proposed a novel potential therapeutic target
in DN through amelioration of mitochondrial func-
tion via an AMPK-mediated effect.

Role of the AMPK-mTORC1 axis in
apoptosis and hypertrophy

Under diabetic conditions, nutrient excess results
in an altered nutritional state and disturbed cel-
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lular metabolic homeostasis. Recent research has
focused on the role of nutrient-sensing signals,
such as AMPK and mammalian target of rapamycin
complex-1 (mTORCI1), in the progression of diabetic
kidney disease {[Kume et al., 2014}. Many previous
investigators have observed a correlation between
the AMPK and mTOR signalling pathways in
many cell types and their opposing roles in the
control of growth, cell proliferation and metabolism.
mTORCI is a serine/threonine protein kinase and
forms two functional complexes, mTORC1 and
mTORC2. In addition, mTOR is a downstream
pathway regulated by AMPK [Shaw, 2009}. During
energy depletion, AMPK suppresses mTORCI1
signalling through both direct phosphorylation
of the mTORC1 component Raptor and through
tuberous sclerosis complex (TSC complex). AMPK
phosphorylates TSC2 (also known as tuberin), which
manifestations GTPase activating protein properties
towards the small G protein Rheb (Ras homolog
enriched in brain). TSC2 inactivates Rheb, which has
been shown to associate with and directly activate
the mTORCI1 complex [Inoki et al., 2003; Gwinn
et al., 2008}. The AMPK-dependent cascade of
events seems to be critical for regulation of mMTORC1
signalling pathway, which mediates its downstream
effects through the p70S6 kinase (p70S6K) and
4E-binding protein 1 (4E-BP1) (Figure 4).

In agreement with these reports, Eid et al. {2013}
provided evidence that podocyte apoptosis in dia-
betic conditions is mediated by activation of the
mTOR pathway through inactivation of AMPK.
Mouse podocytes exposed to high glucose and isolated
glomeruli from OVE26 mice exhibit increased phos-
phorylation of mTOR and p70S6K and decreased
tuberin phosphorylation. These effects were reversed
in AICAR-treated cells and animals. Langer et al.
[2016} demonstrated that metformin-mediated in-
creases in the expression of AMPK and prosurvival
factor Akt and decreases in mTOR phosphoryla-
tion may be involved in the pro-survival response
of podocytes under pro-apoptotic high glucose con-
ditions. Podocyte apoptosis may constitute a charac-
teristic morphological feature of DN that is linked
to dysregulation of AMPK signalling and impaired
mTOR function.

Multiple lines of research have indicated an associ-
ation between reduced AMPK activity, upregulation
of the mTOR pathway and renal hypertrophy in the
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Figure 4|Schematic of AMPK regulation in mTOR sig-
nalling pathway

AMPK suppresses mTORC1 signalling through both direct
phosphorylation of the mTORC1 component Raptor and
through TSC complex. AMPK phosphorylates TSC2, which
manifestations GTPase activating protein properties towards
the small G protein Rheb (Ras homolog enriched in brain).
TSC2 inactivates Rheb associate with and directly activate the
mTORC1 complex. The AMPK-dependent cascade of events
seems to be critical for regulation of mTORC1 signalling
pathway, which mediates its downstream effects through the
p70S6 kinase (p70S6K) and 4E-binding protein 1 (4E-BP1).
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diabetic kidney. Accumulation of extracellular matrix
proteins and hypertrophy, manifesting as a loss of kid-
ney function in diabetes, is dependent on the increase
in protein synthesis, which requires substantial en-
ergy expenditure. Therefore, it is not surprising that
AMP kinase is considered to be a regulating factor
in this process. Consistent with these assumptions,

Review

Lee et al. {2007} demonstrated significant inhibi-
tion of high-glucose-induced protein synthesis dur-
ing AMPK activation in glomerular epithelial cells
(GECs). The rate of protein synthesis is the result
of the regulation of gene expression during mRNA
translation. Several key events in the initiation and
elongation phase of mRNA translation are under the
control of mMTORC1. mTORCI-induced phosphory-
lation of 4E-BP1 and p70S6 kinase results in changes
in the phosphorylation of eukaryotic initiation factor
4E (eIF4E) and eukaryotic elongation factor 2 ki-
nase (eEF2 kinase) and eukaryotic elongation factor
2 (eEF2), which control the initiation and elongation
phase of mRINA translation, respectively [Lee et al.,
2012}. AMPK has been recognised to control these
processes in GECs through regulation of 4E-BP1 and
eEF2 phosphorylation. Moreover, renal hypertrophy
has been observed in a streptozotocin-induced model
of diabetes and correlated with decreased AMPK
phosphorylation in the renal cortex and glomeruli,
whereas administration of metformin and AICAR
abolished these changes {Lee et al., 2007}.

Recently, there has been growing interest in other
agents that activate AMPK. Lee et al. [2010} showed
that resveratrol, which is known to stimulate AMPK,
prevents high glucose-dependent de novo protein syn-
thesis and incremental matrix protein fibronectin in
GECs. Inaddition, resveratrol abolished the high glu-
cose effect on the phosphorylation of proteins affect-
ing the initiation and elongation phase of mRNA
translation, such as eIF4E, eEF2, eEF2 kinase and
p70S6K. Interestingly, this effect was mediated by
upstream kinase AMPK — LKB1. The mTOR sig-
nalling pathway plays a central role in the regula-
tion of mRNA translation, but the above evidence
establishes AMPK interactions with this pathway.
Therefore, upregulation of AMPK may ameliorate
the injurious effects of high glucose in podocytes and
have an inhibitory impact on renal hypertrophy and
diabetic kidney disease progression.

Role of AMPK in insulin resistance

There is a growing body of evidence confirming the
relationship between glomerular filtration barrier
injury and hyperinsulinemia and insulin resistance.
Podocytes are insulin-dependent cells and able
to absorb glucose via translocation of the glucose
transporters GLUT1 and GLUT4 to the plasma
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membrane [Coward et al., 2005}. Several groups
have demonstrated a loss of podocyte and glomerular
insulin signalling in the early stages of diabetic
kidney disease [Brosius and Coward, 2014}. The
association between insulin signalling and AMPK
activity has been proven in insulin-sensitive cells,
including podocytes. Numerous studies have found
that AMPK mediates insulin-dependent glucose
transport in podocytes {Piwkowska et al., 2012;
Rogacka et al., 2014}. It has been proposed that
development of insulin resistance in podocytes
in diabetes can be achieved by interference with
AMPK signalling pathway [Rogacka et al., 2014].
Insulin resistance in hyperglycemia has also been
demonstrated to correlate with decreased AMPK
phosphorylation.

AMPK-SIRT1

Another study has indicated that reduced insulin re-
sponsiveness in cultured rat podocytes exposed to
high glucose is associated with decreased deacety-
lase silence information regulator T1 (SIRT1) activ-
ity and protein expression and a reduced degree of
AMPK phosphorylation [Rogacka et al., 2016}. In-
creased AMPK activation by the administration of
metformin results in enhanced SIRT1 activity in the
above-mentioned conditions {Rogacka et al., 2018}.
SIRT1 is known to activate AMPK by deacetylating
its upstream kinase LKB1 [Lan et al., 2008}. Many
studies have presented that SIRT1 exerts similar ef-
fects as AMPK on diverse processes, such as cellular
metabolism, inflammation and mitochondrial func-
tion {Ruderman et al., 2010}. Furthermore, mount-
ing evidence supports a role of SIRT1 in lipid, glucose
and energy metabolism and insulin resistance. The
renoprotective effects of SIRT1 are found in various
models of renal disorders with metabolic impairment,
such as DN {Liu et al., 2014}. Thus, the interplay
between AMPK and SIRT1 may play a key role in
podocyte insulin responsiveness and the maintenance
of normal glomerular function.

AMPK-adiponectin

Insulin resistance has been shown to be closely
associated with plasma adiponectin levels, which are
reduced in obese and diabetic rhesus monkeys {Hotta
et al., 2001} and humans with obesity and type 2
diabetes [Weyer et al., 2001]. The insulin-sensitising
effect of adiponectin seems to be mediated by the
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stimulation of glucose utilisation and fatty acid ox-
idation by the activation of AMPK {Yamauchi et al.,
2002}. Moreover, a negative correlation between the
albumin excretion rate and plasma adiponectin level
in patients with type 2 diabetes has been observed
[Ljubic et al., 2015}. Therefore, reduced adiponectin
may be a causative factor underlying the deteriora-
tion of kidney function in diabetes. Podocytes are
thought to be a direct target of adiponectin action. In
accordance with this evidence, Sharma et al. {2008}
demonstrated that adiponectin administration pre-
vents a reduction of AMPK phosphorylation in high
glucose-treated podocytes. These data suggest that
adiponectin may improve glucose uptake by stim-
ulating the AMPK pathway. Adiponectin-knockout
(Ad™'7) diabetic mice treated with adiponectin
exhibit normalisation of albuminuria similar to
the effect of AICAR. In addition, adiponectin has
been shown to reverse foot process effacement in
Ad™'~ mice. Thus, adiponectin is likely a key
regulator of albuminuria, acting through the AMPK
pathway.

Role of AMPK in abnormal lipid
metabolism

Many studies have indicated a link between DN,
disturbed lipid metabolism and renal accumu-
lation of lipids. Moreover, increased triglyceride
deposits in the kidney are related to reduced
AMPK activity in diabetic kidney disease {Guo and
Zhao, 2007}. Suppressed AMPK activity stimulates
acetyl-Co carboxylase (ACC) and inhibits carnitine
palmitoyltransferase-1 (CPT-1), which in turn extin-
guishes fatty acid oxidation and leads to accumula-
tion of toxic free fatty acids (FFAs). The increased
renal accumulation of lipids results in increased
renal abundance of profibrotic factors, leading to
glomerulosclerosis and proteinuria in streptozotocin-
induced diabetic rats {Guo and Zhao, 2007}. Sat-
urated FFAs elicit insulin resistance in human
podocytes {Lennon et al., 2009} and provoke apopto-
sis in mouse podocytes [Sieber et al., 2010}. Kampe
et al. {2014} observed that activation of AMPK pre-
vents lipotoxicity-related podocyte death. These re-
searchers suggested that interference of the AMPK-
ACC-CPT-1 pathway plays a key role in eliciting
endoplasmic reticulum stress-induced apoptosis due
to an increased plasma level of saturated FFAs.
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Figure 5| Summary of AMP-activated protein kinase function in podocytes

The diabetic condition affects inhibitory activity, resulting in morphological and functional disorders of podocytes. Treatment
with AMPK activators reduces pathological changes and restores functions.

diabetes

natural compounds
(resveratrol)
pharmacological activators

L

(metformin, AICAR)

Nomalisation:

hormone —t A MP K =t albuminuria
(adiponectin) impr ent
apoptosis,
hypertrophy,
SIRT1 mTORC1 ACC NAD(P)H foot process
oxidase effacement,
/ l l insulin resistance
"
insulin- PGC1a extracellular CPT1 ROS
dependent matrix (ECM)
glucose uptake protein l
synthesis
mitochondrial FFAs oxidative
biogenesis accumulation  stress

|

hypertrophy

Impact of AMPK on podocyte actin
cytoskeleton

Disorders in slit diaphragm associated proteins are
a precisely related to the disorganisation actin cy-
toskeleton and interference with the podocyte-GBM
interaction and subsequent proteinuria. Numerous
studies have proved that AMPK may be a protective
factor against DN and F-actin derangement. Acti-
vation of AMPK in cultured rat podocytes increases
activity and phosphorylation the small GTPase- Racl
that is a major regulator of actin remodelling {Rachu-
bik et al., 2018}. Sharma et al. {2008} indicated re-
duced podocyte permeability to albumin as a result of
AMPK stimulation. AICAR has been demonstrated
to restore the translocation of ZO-1 in high glucose-
treated podocytes. ZO-1 is a tight junction protein
that is highly expressed in the slit diaphragm of the
foot process and links slit diaphragm proteins to the
actin cytoskeleton {Schnabel et al., 1990}. In line
with this finding, another study demonstrated en-
hanced permeability of the podocyte monolayer in
cells exposed to high glucose concentrations and a
significant decrease after activation of AMPK by met-
formin {Rogacka et al., 2018]. Evidence suggests that

AMPK inhibition in diabetes may influence the in-
crease in glomerular filtration and reorganisation of
the podocyte actin cytoskeleton.

An interesting study by Ji et al. {2015} identi-
fied a role for intracellular adaptor protein APPL1
(adaptor protein, phosphotyrosine interacting with
PH domain and leucine zipper 1) that seems to be
a pivotal link in adiponectin signalling pathway be-
tween receptor AdipoR1 and AMPK and plays an
essential role in glucometabolism. These researchers
showed that overexpression of APPL1 inhibits high-
glucose-induced podocytes apoptosis. Overexpression
of APPL1 abolished effect of high glucose on nephrin
expression and AMPK and p-AMPK levels.

The activity of AMPK has been closely related
to adaptor protein pl130Cas that is located in the
foot process of podocytes. Ha et al. {2016} found
that AICAR and metformin restore distributional
and quantitative changes of p130Cas provoked by
ANG 1I in cultured mouse podocytes. p130Cas pro-
tein serves as protein linking SD proteins to actin
cytoskeleton and therefore may play an important
role in actin cytoskeleton reorganisation and preser-
vation the glomerular permeability. P130Cas is likely
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to be involved in integrin-mediated signalling and
cell adhesion to extracellular matrix. Integrins seems
to be key link between foot process of podocytes and
GBM. Recently, AMPK has been shown to inhibit
integrin activity dependent on tensins {Georgiadou
et al.,, 2017]. Tensin that contains integrin bind-
ing region is known as cytoskeleton linker protein
and signal transducer {Lo et al., 1997]. Growing
body of evidence has shown that tensin2 is a rele-
vant for the maintenance of normal kidney func-
tion {Lo et al., 1997; Cho et al., 2006} Moreover,
tensin mutation or deficiency in mice have been in-
dicated to alterate of actin remodelling in podocytes,
which results in foot process effacement and mas-
sive albuminuria {Marusugi et al., 2016; Takahashi
etal., 2018}. Tensins are close relatives of phosphatase
and tensin homolog (PTEN). Interestingly, PTEN
expression has been observed to be down-regulated
in the podocytes of diabetic db/db mice and patients
with DN. In cultured podocytes, PTEN inhibition
caused actin cytoskeletal rearrangement and this reac-
tion was associated with impaired activation of small
GTPases Rac1/Cdc42 and RhoA which behave as
molecular switches and watch over dynamic regula-
tion of the actin cytoskeleton. Furthermore, increased
albumin excretion has been observed in mice treated
with the PTEN inhibitor [Lin et al., 2015}. AMPK
and PTEN participate together in controlling in-
sulin sensitivity in podocytes {[Rogacka et al., 2014},
in turn insulin signalling directs actin remodelling
in order to glucose uptake {Piwkowska et al., 2015}.
The current understanding of the AMPK as prin-
cipal modulator of cytoskeleton organisation brings
new opportunities and hopes in DN therapy.

In summary, AMPK protein has been shown to play
an essential role in maintaining metabolic homeosta-
sis in multiple cellular mechanisms in glomerular
epithelial cells and the preservation of normal renal
function (Figure 5).

Funding
This work was supported by grant from the National
Science Center (2014/14/E/NZ4/00358).

References

Amador-Licona, N., Guizar-Mendoza, J., Vargas, E.,
Sanchez-Camargo, G. and Zamora-Mata, L. (2000). The short-term
effect of a switch from glibenclamide to metformin on blood

M. Szrejder and A. Piwkowska

pressure and microalbuminuria in patients with type 2 diabetes
mellitus. Arch. Med. Res. 31, 571-575

Asanuma, K. and Mundel, P. (20083). The role of podocytes in
glomerular pathobiology. Clin. Exp. Nephrol. 7, 255-259

Bandyopadhyay, G.K., Yu, J.G., Ofrecio, J. and Olefsky, J.M. (2006).
Increased malonyl-CoA levels in muscle from obese and type 2
diabetic subjects lead to decreased fatty acid oxidation and
increased lipogenesis; thiazolidinedione treatment reverses these
defects. Diabetes 55, 2277-2285

Brosius, F.C. and Coward, R.J. (2014). Podocytes, signaling
pathways, and vascular factors in diabetic kidney disease. Adv.
Chronic Kidney Dis. 21, 304-310

Cai, X., Bao, L., Ren, J., Li, Y. and Zhang, Z. (2016). Grape seed
procyanidin B2 protects podocytes from high glucose-induced
mitochondrial dysfunction and apoptosis via the
AMPK-SIRT1-PGC-1« axis in vitro. Food Funct. 7, 805-815

Cammisotto, P.G. and Bendayan, M. (2008). Adiponectin stimulates
phosphorylation of AMP-activated protein kinase alpha in renal
glomeruli. J. Mol. Histol. 39, 579-584

Cho, A.R., Uchio-Yamada, K., Torigai, T., Miyamoto, T., Miyoshi, |.,
Matsuda, J., Kurosawa, T., Kon, Y., Asano, A., Sasaki, N. and Agui,
T. (2006). Deficiency of the tensin2 gene in the ICGN mouse: an
animal model for congenital nephrotic syndrome. Mamm. Genome
17, 407-416

Corton, J.M., Gillespie, J.G., Hawley, S.A. and Hardie, D.G. (1995).
5-Aminoimidazole-4-carboxamide ribonucleoside. A specific
method for activating AMP-activated protein kinase in intact cells?
Eur. J. Biochem. 229, 558-565

Coward, R.J., Welsh, G.1., Yang, J., Tasman, C., Lennon, R., Koziell,
A., Satchell, S., Holman, G.D., Kerjaschki, D., Tavaré, J.M.,
Mathieson, PW. and Saleem, M.A. (2005). The human glomerular
podocyte is a novel target for insulin action. Diabetes 54,
3095-3102

Dai, H., Liu, Q. and Liu, B. (2017). Research Progress on Mechanism
of Podocyte Depletion in Diabetic Nephropathy. J. Diabetes Res.
2017, 1-10

Dugan, L.L., You, Y.H., Ali, S.S., Diamond-Stanic, M., Miyamoto, S.,
DeCleves, A.-E., Andreyev, A., Quach, T., Ly, S., Shekhtman, G.,
Nguyen, W., Chepetan, A, Le, T.P, Wang, L., Xu, M., Paik, K.P,,
Fogo, A., Viollet, B., Murphy, A., Brosius, F., Naviaux, R.K. and
Sharma, K. (2013). AMPK dysregulation promotes diabetes-related
reduction of superoxide and mitochondrial function. J. Clin. Invest.
123, 4888-4899

Eid, A.A., Ford, B.M., Bhandary, B., de Cassia Cavaglieri, R., Block,
K., Barnes, J.L., Gorin, Y., Choudhury, G.G. and Abboud, H.E.
(2013). Mammalian target of rapamycin regulates Nox4-mediated
podocyte depletion in diabetic renal injury. Diabetes 62,
2935-2947.

Eid, A.A., Ford, B.M., Block, K., Kasinath, B.S., Gorin, VY.,
Ghosh-Choudhury, G., Barnes, J.L. and Abboud, H.E. (2010).
AMP-activated protein kinase (AMPK) negatively regulates
Nox4-dependent activation of p53 and epithelial cell apoptosis in
diabetes. J. Biol. Chem. 285, 37503-37512

Fryer, L.G., Parbu-Patel, A. and Carling, D. (2002). The anti-diabetic
drugs rosiglitazone and metformin stimulate AMP-activated protein
kinase through distinct signaling pathways. J. Biol. Chem. 277,
25226-25232

Georgiadou, M., Lilja, J., Jacquemet, G., Guzman, C., Rafaeva, M.,
Alibert, C., Yan, Y., Sahgal, P, Lerche, M., Manneville, J.B., Makel3,
T.P. and Ivaska, J (2017). AMPK negatively regulates
tensin-dependent integrin activity. J. Cell Biol. 216,

1107-1121

Guo, Z. and Zhao, Z. (2007). Effect of N-acetylcysteine on plasma
adiponectin and renal adiponectin receptors in
streptozotocin-induced diabetic rats. Eur. J. Pharmacol. 558,
208-213

10

www.biolcell.net | Volume (111) | Pages 1-12



AMPK signalling

Gwinn, D.M., Shackelford, D.B., Egan, D.F., Mihaylova, M.M., Mery,
A., Vasquez, D.S., Turk, B.E. and Shaw, R.J. (2008). AMPK
phosphorylation of raptor mediates a metabolic checkpoint. Mol.
Cell 30, 214-226

Ha, T.-S. (2013). Roles of adaptor proteins in podocyte biology.
World J. Nephrol. 2, 1-10

Ha, T.-S., Park, H.Y., Seong, S.B. and Ahn, H.Y. (2016). Angiotensin ||
modulates p130Cas of podocytes by the suppression of
AMP-activated protein kinase. J. Korean Med. Sci. 31, 535-541

Hallows, K.R., Mount, P.F., Pastor-Soler, N.M. and Power, D.A.
(2010). Role of the energy sensor AMP-activated protein kinase in
renal physiology and disease. Am. J. Physiol. Physiol. 298,
F1067-F1077

Hardie, D.G. (2008). AMPK: a key regulator of energy balance in the
single cell and the whole organism. Int. J. Obes. (Lond). 32 (Suppl
4), S7-S12

Hardie, D.G. (2014). AMP-activated protein kinase: a key regulator of
energy balance with many roles in human disease. J. Intern. Med.
276, 543-559

Hawley, S.A., Pan, D.A., Mustard, K.J., Ross, L., Bain, J., Edelman,
A.M., Frenguelli, B.G. and Hardie, D.G. (2005).
Calmodulin-dependent protein kinase kinase-f is an alternative
upstream kinase for AMP-activated protein kinase. Cell Metab. 2,
9-19

Hotta, K., Funahashi, T., Bodkin, N.L., Ortmeyer, H.K., Arita, Y.,
Hansen, B.C. and Matsuzawa, Y. (2001). Circulating concentrations
of the adipocyte protein adiponectin are decreased in parallel with
reduced insulin sensitivity during the progression to type 2
diabetes in rhesus monkeys. Diabetes 50, 1126-1133

Inoki, K., Zhu, T. and Guan, K.L. (2003). TSC2 mediates cellular
energy response to control cell growth and survival. Cell 115,
577-590

Ji, Z., Hu, Z. and Xu, Y. (2015). APPL1 acts as a protective factor
against podocytes injury in high glucose environment. Int. J. Clin.
Exp. Pathol. 8, 6764-6771

Kampe, K., Sieber, J., Orellana, J.M., Mundel, P. and Jehle, A.W.
(2014). Susceptibility of podocytes to palmitic acid is regulated by
fatty acid oxidation and inversely depends on acetyl-CoA
carboxylases 1 and 2. Am. J. Physiol. Renal Physiol. 306,
F401-F409

Kim, J., Shon, E., Kim, C.-S. and Kim, J.S. (2012). Renal podocyte
injury in a rat model of type 2 diabetes is prevented by metformin.
Exp. Diabetes Res. 2012, 1-9

Kim, Y. and Park, C.W. (2016). Adenosine monophosphate-activated
protein kinase in diabetic nephropathy. Kidney Res. Clin. Pract. 35,
69-77

Kume, S., Koya, D., Uzu, T. and Maegawa, H. (2014). Role of
nutrient-sensing signals in the pathogenesis of diabetic
nephropathy. Biomed Res. Int. 2014, 315494

Kurth-Kraczek, E.J., Hirshman, M.F., Goodyear, L.J. and Winder,
W.W. (1999). 5 AMP-activated protein kinase activation causes
GLUT4 translocation in skeletal muscle. Diabetes 48, 1667-1671

Lage, R., Diéguez, C., Vidal-Puig, A. and Lopez, M. (2008). AMPK: a
metabolic gauge regulating whole-body energy homeostasis.
Trends Mol. Med. 14, 539-549

Lan, F.,, Cacicedo, J.M., Ruderman, N. and Ido, Y. (2008). SIRT1
modulation of the acetylation status, cytosolic localization, and
activity of LKB1. Possible role in AMP-activated protein kinase
activation. J. Biol. Chem. 283, 27628-27635

Langer, S., Kreutz, R. and Eisenreich, A. (2016). Metformin modulates
apoptosis and cell signaling of human podocytes under high
glucose conditions. J. Nephrol. 29, 765-773

Lasagni, L., Lazzeri, E., Shankland, S.J., Anders, H.-J. and
Romagnani, P. (2013). Podocyte mitosis—a catastrophe. Curr. Mol.
Med. 13, 13-23

Review

Lee, H.J., Mariappan, M.M., Feliers, D., Cavaglieri, R.C.,
Sataranatarajan, K., Abboud, H.E., Choudhury, G.G. and Kasinath,
B.S. (2012). Hydrogen sulfide inhibits high glucose-induced matrix
protein synthesis by activating AMP-activated protein kinase in
renal epithelial cells. J. Biol. Chem. 287, 4451-4461

Lee, M.J., Feliers, D., Mariappan, M.M., Sataranatarajan, K.,
Mahimainathan, L., Musi, N., Foretz, M., Viollet, B., Weinberg, J.M.,
Choudhury, G.G. and Kasinath, B.S. (2007). A role for
AMP-activated protein kinase in diabetes-induced renal
hypertrophy. Am. J. Physiol. Renal Physiol. 292, F617-F627

Lee, M.J., Feliers, D., Sataranatarajan, K., Mariappan, M.M., Li, M.,
Barnes, J.L., Choudhury, G.G. and Kasinath, B.S. (2010).
Resveratrol ameliorates high glucose-induced protein synthesis in
glomerular epithelial cells. Cell. Signal. 22, 65-70

Lennon, R., Pons, D., Sabin, M.A., Wei, C., Shield, J.P., Coward, R.J.,
Tavaré, J.M., Mathieson, PW., Saleem, M.A. and Welsh, G.I. (2009).
Saturated fatty acids induce insulin resistance in human
podocytes: implications for diabetic nephropathy. Nephrol. Dial.
Transplant 24, 3288-3296

Li, J.J., Kwak, S.J., Jung, D.S., Kim, J.J., Yoo, T.H., Ryu, D.R., Han,
S.H., Choi, H.Y,, Lee, J.E., Moon, S.J., Kim, D.K., Han, D.S., Kang,
S.W. (2007). Podocyte biology in diabetic nephropathy. Kidney Int.
Suppl. 72, S36-S42

Lin, J., Shi, Y., Peng, H., Shen, X., Thomas, S., Wang, Y., Truong,
L.D., Dryer, S.E., Hu, Z. and Xu, J. (2015). Loss of PTEN promotes
podocyte cytoskeletal rearrangement, aggravating diabetic
nephropathy. J. Pathol. 236, 30-40

Liu, R., Zhong, Y., Li, X., Chen, H., Jim, B., Zhou, M.-M., Chuang, P.Y.
and He, J.C. (2014). Role of transcription factor acetylation in
diabetic kidney disease. Diabetes 63, 2440-2453

Liu, W.Y. and Jiang, R.S. (2013). Advances in the research of AMPK
and its subunit genes. Pak. J. Biol. Sci. 16, 1459-1468

Ljubic, S., Jazbec, A., Tomic, M., Piljac, A., Jurisic Erzen, D., Novak,
B., Kastelan, S., Lovrencic, M.V. and Brkljacic, N. (2015). Inverse
levels of adiponectin in type 1 and type 2 diabetes are in
accordance with the state of alouminuria. Int. J. Endocrinol. 2015,
372796

Lo, S.H., Yu, Q.C., Degenstein, L., Chen, L.B. and Fuchs, E. (1997).
Progressive kidney degeneration in mice lacking tensin. J. Cell
Biol. 136, 1349-1361

Marusugi, K., Nakano, K., Sasaki, H., Kimura, J., Yanobu-Takanashi,
R., Okamura, T. and Sasaki, N. (2016). Functional validation of
tensin2 SH2-PTB domain by CRISPR/Cas9-mediated genome
editing. J. Vet. Med. Sci. 78, 1413-1420

Momcilovic, M., Hong, S.P. and Carlson, M. (2006). Mammalian TAK1
activates Snf1 protein kinase in yeast and phosphorylates
AMP-activated protein kinase in vitro. J. Biol. Chem. 281,
25336-25343

Mundel, P. and Shankland, S.J. (2002). Podocyte biology and
response to injury. J. Am. Soc. Nephrol. 13, 3005-3015

Ouyang, J., Parakhia, R.A. and Ochs, R.S. (2011). Metformin
activates AMP kinase through inhibition of AMP deaminase. J.
Biol. Chem. 286, 1-11

Owen, M.R., Doran, E. and Halestrap, A.P. (2000). Evidence that
metformin exerts its anti-diabetic effects through inhibition of
complex 1 of the mitochondrial respiratory chain. Biochem. J. 348
Pt 3, 607-614

Patti, M.E. and Corvera, S. (2010). The role of mitochondria in the
pathogenesis of type 2 diabetes. Endocr. Rev. 31, 364-395

Pavenstadt, H. (2000). Roles of the podocyte in glomerular function.
Am. J. Physiol. Physiol. 278, F173-F179

Piwkowska, A., Rogacka, D., Angielski, S. and Jankowski, M. (2012).
Hydrogen peroxide induces activation of insulin signaling pathway
via AMP-dependent kinase in podocytes. Biochem. Biophys. Res.
Commun. 428, 167-172

© 2019 Société Francaise des Microscopies|and Société)de)Biologie Cellulaire de France. Published by John Wiley & Sons Ltd

1"



Biolo
of the ngil

Piwkowska, A., Rogacka, D., Audzeyenka, |., Angielski, S. and
Jankowski, M. (2015). Combined effect of insulin and high glucose
concentration on albumin permeability in cultured rat podocytes.
Biochem. Biophys. Res. Commun. 461, 383-389

Piwkowska, A., Rogacka, D., Jankowski, M., Dominiczak, M.H.,
Stepinski, J.K. and Angielski, S. (2010). Metformin induces
suppression of NAD(P)H oxidase activity in podocytes. Biochem.
Biophys. Res. Commun. 393, 268-273

Rachubik, P., Szrejder, M., Rogacka, D., Audzeyenka, ., Rychtowski,
M., Angielski, S. and Piwkowska, A. (2018). The TRPC6-AMPK
pathway is involved in insulin-dependent cytoskeleton
reorganization and glucose uptake in cultured rat podocytes. Cell.
Physiol. Biochem. 51, 393-410

Reddy, M.A., Tak Park, J. and Natarajan, R. (2013). Epigenetic
modifications in the pathogenesis of diabetic nephropathy. Semin.
Nephrol. 33, 341-353

Reidy, K., Kang, H.M., Hostetter, T. and Susztak, K. (2014). Molecular
mechanisms of diabetic kidney disease. J. Clin. Invest. 124,
2333-2340

Rogacka, D., Audzeyenka, I., Rychtowski, M., Rachubik, P., Szrejder,
M., Angielski, S. and Piwkowska, A. (2018). Metformin overcomes
high glucose-induced insulin resistance of podocytes by
pleiotropic effects on SIRT1 and AMPK. Biochim. Biophys.
Acta—Mol. Basis Dis. 1864, 115-125

Rogacka, D., Piwkowska, A., Audzeyenka, I., Angielski, S. and
Jankowski, M. (2014). Involvement of the AMPK-PTEN pathway in
insulin resistance induced by high glucose in cultured rat
podocytes. Int. J. Biochem. Cell Biol. 51, 120-130

Rogacka, D., Piwkowska, A., Audzeyenka, |., Angielski, S. and
Jankowski, M. (2016). SIRT1-AMPK crosstalk is involved in high
glucose-dependent impairment of insulin responsiveness in
primary rat podocytes. Exp. Cell Res. 349, 328-338

Ruderman, N.B., Carling, D., Prentki, M. and Cacicedo, J.M. (2013).
AMPK, insulin resistance, and the metabolic syndrome. J. Clin.
Invest. 123, 2764-2772

Ruderman, N.B., Xu, X.J., Nelson, L., Cacicedo, J.M., Saha, A.K.,
Lan, F. and Ido, Y. (2010). AMPK and SIRT1: a long-standing
partnership? Am. J. Physiol. Endocrinol. Metab. 298,

E751-E760

Russo, G.L., Russo, M. and Ungaro, P. (2013). AMP-activated protein
kinase: a target for old drugs against diabetes and cancer.
Biochem. Pharmacol. 86, 339-350

Schimmack, G., DeFronzo, R.A. and Musi, N. (2006). AMP-activated
protein kinase: role in metabolism and therapeutic implications.
Diabetes, Obes. Metab. 8, 591-602

Schnabel, E., Anderson, J.M. and Farquhar, M.G. (1990). The tight
junction protein ZO-1 is concentrated along slit diaphragms of the
glomerular epithelium. J. Cell Biol. 111, 1255-1263

Sharma, K., Ramachandrarao, S., Qiu, G., Usui, H.K., Zhu, Y., Dunn,
S.R., Ouedraogo, R., Hough, K., McCue, P., Chan, L., Falkner, B.

M. Szrejder and A. Piwkowska

and Goldstein, B.J. (2008). Adiponectin regulates albuminuria and
podocyte function in mice. J. Clin. Invest. 118, 1645-1656

Shaw, R.J. (2009). LKB1 and AMP-activated protein kinase control of
mTOR signalling and growth. Acta Physiol. 196, 65-80

Sieber, J., Lindenmeyer, M.T., Kampe, K., Campbell, K.N., Cohen,
C.D., Hopfer, H., Mundel, P. and Jehle, A.W. (2010). Regulation of
podocyte survival and endoplasmic reticulum stress by fatty acids.
Am. J. Physiol. Physiol. 299, F821-F829

Susztak, K., Raff, A.C., Schiffer, M. and Béttinger, E.P. (2006).
Glucose-induced reactive oxygen species cause apoptosis of
podocytes and podocyte depletion at the onset of diabetic
nephropathy. Diabetes 55, 225-233

Takahashi, Y., Sasaki, H., Okawara, S. and Sasaki, N. (2018). Genetic
loci for resistance to podocyte injury caused by the tensin2 gene
deficiency in mice. BMC Genet. 19, 24

Tuttle, K.R., Bakris, G.L., Bilous, R.W., Chiang, J.L., de Boer, I.H.,
Goldstein-Fuchs, J., Hirsch, |.B., Kalantar-Zadeh, K., Narva, A.S.,
Navaneethan, S.D., Neumiller, J.J., Patel, U.D., Ratner, R.E.,
Whaley-Connell, A.T. and Molitch, M.E. (2014). Diabetic kidney
disease: a report from an ADA consensus conference. Diabetes
Care 37, 2864-2883

Weyer, C., Funahashi, T., Tanaka, S., Hotta, K., Matsuzawa, Y.,
Pratley, R.E. and Tataranni, PA. (2001). Hypoadiponectinemia in
obesity and type 2 diabetes: close association with insulin
resistance and hyperinsulinemia. J. Clin. Endocrinol. Metab. 86,
1930-1935

Woods, A., Johnstone, S.R., Dickerson, K., Leiper, F.C., Fryer, L.G.D.,
Neumann, D., Schlattner, U., Wallimann, T., Carlson, M. and
Carling, D. (2003). LKB1 Is the upstream kinase in the
AMP-activated protein kinase cascade. Curr. Biol. 13, 2004-2008

Xu, X. J., Gauthier, M.S., Hess, D. T., Apovian, C.M., Cacicedo, J.M.,
Gokce, N., Farb, M., Valentine, R.J. and Ruderman, N.B. (2012).
Insulin sensitive and resistant obesity in humans: AMPK activity,
oxidative stress, and depot-specific changes in gene expression in
adipose tissue. J. Lipid Res. 53, 792-801

Yamauchi, T., Kamon, J., Minokoshi, Y., Ito, Y., Waki, H., Uchida, S.,
Yamashita, S., Noda, M., Kita, S., Ueki, K., Eto, K., Akanuma, Y.,
Froguel, P, Foufelle, F.,, Ferre, P.,, Carling, D., Kimura, S., Nagai, R.,
Kahn, B.B. and Kadowaki, T. (2002). Adiponectin stimulates
glucose utilization and fatty-acid oxidation by activating
AMP-activated protein kinase. Nat. Med. 8, 1288-1295

Zhang, C.S., Li, M., Ma, T., Zong, Y., Cui, J., Feng, J.W., Wu, Y.Q.,
Lin, S.Y. and Lin, S.C. (2016). Metformin activates AMPK through
the lysosomal pathway. Cell Metab. 24, 521-522

Zou, M.H., Kirkpatrick, S. S., Davis, B. J., Nelson, J.S., Wiles, W.G.,
Schlattner, U., Neumann, D., Brownlee, M., Freeman, M.B. and
Goldman, M.H. (2004). Activation of the AMP-activated protein
kinase by the anti-diabetic drug metformin in vivo. Role of
mitochondrial reactive nitrogen species. J. Biol. Chem. 279,
43940-43951

Received: 6 November 2018; Revised: 26 January 2019; Accepted: 28 January 2019; Accepted article online: 31 January 2019

12

www.biolcell.net | Volume (111) | Pages 1-12



11. Pisemne o$wiadczenia autoréow prac tworzgcych zbior

11.1. Oswiadczenia kandydata okreslajgce jego indywiduwalny wkiad w powstanie kazdej z

prac tworzqcych zbior
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02-106 Warszawa
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O$wiadczam, ze w pracy ,,Szrejder M, Rachubik P, Rogacka D, Audzeyenka I, Rychtowski
M, Kreft E, Angielski S, Piwkowska A; Metformin reduces TRPC6 expression through
AMPK activation and modulates cytoskeleton dynamics in podocytes under diabetic
conditions, Biochim Biophys Acta Mol Basis Dis, 2020 1;1866(3):165610” mo¢j udziat
polegal na uczestniczeniu w koncepcji projektu, wykonaniu czesci doswiadczen, obliczen i
analizy statystycznej wynikow, a takze interpretacji wynikéw oraz wspoétudziale w pisaniu

manuskryptu, w tym opisu metod 1 wstepu.
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M, Angielski S, Piwkowska A, Extracellular ATP modulates podocyte function through P2Y
purinergic receptors and pleiotropic effects on AMPK and cAMP/PKA signaling pathways,
Arch Biochem Biophys, 2020 Nov 30;695:108649. doi: 10.1016/j.abb.2020.108649. Epub
2020 Oct 22.” moj udzial polegal na uczestniczeniu w koncepcji projektu, zaplanowaniu oraz
wykonaniu wiekszosci doswiadczen, wykonaniu obliczen i1 analizy statystycznej wynikow,
interpretacji wynikow, przygotowaniu wiekszo$ci rycin, napisaniu manuskryptu, a nastepnie

dyskusji z recenzentami i edycji ostatecznej wersji manuskryptu.
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Oswiadczenie

Oswiadczam, ze w pracy ,,Szrejder M, Piwkowska A, AMPK signalling: Implications for
podocyte biology in diabetic nephropathy, Biol Cell,2019 111(5):109-120.” moj udzial
polegal na stworzeniu koncepcji oraz redakcji manuskryptu, a nastepnie dyskusji z

recenzentami i edycji ostatecznej wersji manuskryptu.
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11.2. Oswiadczenia pozostaltych wspotautorow prac tworzgcych zbior, w ktorych wyrazajg
oni zgode na wykorzystanie wspolnych publikacji w przewodzie doktorskim kandydata oraz

okreslajg swoj indywidualny wktad w ich powstanie
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02-106 Warszawa

Oswiadczenie

Oswiadczam, ze w pracy ,,Szrejder M, Rachubik P, Rogacka D, Audzeyenka I, Rychtowski
M, Kreft E, Angielski S, Piwkowska A; Metformin reduces TRPC6 expression through
AMPK activation and modulates cytoskeleton dynamics in podocytes under diabetic
conditions, Biochim Biophys Acta Mol Basis Dis, 2020 1;1866(3):165610” mdj udziat
polegat na sprawowaniu opieki nad zwierzgtami wykorzystywanymi do do$wiadczen, a takze
przeprowadzeniu eksperymentéw na zwierzgtach dotyczacych wyidukowania cukrzycy przy
uzyciu streptozotocyny, pomiaru stgzenia glukozy we krwi oraz albuminy w moczu, a takze
pomiaru przepuszczalnosci dla albuminy na izolowanych ktebuszkow nerkowych. Wyrazam

zgodg na wykorzystanie publikacji w przewodzie doktorskim mgr Marii Szrejder.
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02-106 Warszawa

Oswiadczenie

Oswiadczam, ze w pracy ,.Szrejder M, Rachubik P, Rogacka D, Audzeyenka I, Rychtowski
M, Kreft E, Angielski S, Piwkowska A; Metformin reduces TRPC6 expression through
AMPK activation and modulates cytoskeleton dynamics in podocytes under diabetic
conditions, Biochim Biophys Acta Mol Basis Dis, 2020 1;1866(3):165610” moj udzial
polegal na wspéluczestnictwie w przygotowaniu manuskryptu oraz jego dyskusji

merytorycznej. Wyrazam zgod¢ na wykorzystanie publikacji w przewodzie doktorskim mgr

Marii Szrejder.
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Oswiadczenie

Oswiadczam, ze w pracy ,,Szrejder M, Rachubik P, Rogacka D, Audzeyenka I, Rychtowski
M, Kreft E, Angielski S, Piwkowska A; Metformin reduces TRPC6 expression through
AMPK activation and modulates cytoskeleton dynamics in podocytes under diabetic
conditions, Biochim Biophys Acta Mol Basis Dis, 2020 1;1866(3):165610” méj udzial
polegal na wykonaniu czesci doswiadczen, ktdre obejmowaly izolacje mRNA oraz
zaprojektowanie i przeprowadzenie reakcji real-time PCR. Wyrazam zgode na wykorzystanie

publikacji w przewodzie doktorskim mgr Marii Szrejder.
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Oswiadczenie

Oswiadczam, ze w pracy ,Szrejder M, Rachubik P, Rogacka D, Audzeyenka I, Rychtowski
M, Kreft E, Angielski S, Piwkowska A; Metformin reduces TRPC6 expression through
AMPK activation and modulates cytoskeleton dynamics in podocytes under diabetic
conditions, Biochim Biophys Acta Mol Basis Dis, 2020 1;1866(3):165610” moj udziat
polegal na sformutowaniu hipotezy badawczej, zaplanowaniu i kierowaniu projektem
badawczym, wykonaniu czgéci do$wiadczen, opracowaniu analizy statystycznej uzyskanych
wynikéw oraz ich interpretacji, a takze przygotowaniu manuskryptu oraz edycji jego

ostatecznej wersji. Wyrazam zgode na wykorzystanie publikacji w przewodzie doktorskim

mgr Marii Szrejder.
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Oswiadczenie

O$wiadczam, ze w pracy ,,Szrejder M, Rachubik P, Rogacka D, Audzeyenka I, Rychltowski
M, Kreft E, Angielski S, Piwkowska A, Metformin reduces TRPC6 expression through
AMPK  activation and modulates cytoskeleton dynamics in podocytes under diabetic
conditions, Biochim Biophys Acta Mol Basis Dis, 2020 1;1866(3):165610” udzial

pozostatych autoréw polegat na:

Imig i nazwisko Udzial

i dr Michat Rychtowski Analiza preparatow barwionych
Zaktad Biologii Molekularnej Wirusow immunofluorescencyjnie pod
Miedzyuczelniany Wydzial Biotechnologii mikroskopem konfokalnym.
UG i GUMed

Ul. Abrahama 58
80-307 Gdansk

2. dr n. farm. Ewelina Kreft Ocena klirensu radioaktywnej
Zaktad Chemii Klinicznej inuliny oraz przeptywu krwi
Gdanski Uniwersytet Medyczny przez kore nerki metodg laser-
Ul Debinki 7 Doppler.

80-211 Gdansk

3. prof. dr hab. med. Stefan Angielski Uczestniczenie w koncepcji
Pracownia Molekularnej i Komérkowej Nefrologii | projektu oraz nadzor
Instytut Medycyny Doswiadczalnej i Klinicznej merytoryczny nad wykonaniem
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