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I STRESZCZENIE

Choroby nerek sg jednym z wiodacych probleméw medycznych na §wiecie i czestym
powiktaniem przewlektych chordb, takich jak: cukrzyca, zaburzenia uktadu krazenia i choroby
serca, uktadu pokarmowego. Ponadto, uszkodzenie nerek obserwowane jest u pacjentéw
leczonych z zastosowaniem farmaceutykow o dziataniu nefrotokycznym, jak chemoterapia
podawana pacjentom onkologicznym. Jak dotad nie opracowano skutecznej terapii leczenia
choréb nerek. Dlatego, istotne jest doktadniejsze poznanie mechanizméw prowadzacych
do uszkodzenia nerek oraz poszukiwanie sposobow zapobiegania uszkodzeniu nerek
lub leczenia choréb nerek.

Stres oksydacyjny jest waznym czynnikiem uszkadzajacym nerki w przebiegu wielu
chorob m. in. w zespole metabolicznym (MetS) oraz uszkodzeniu niedokrwienno-reperfuzyjnym
(IRI). Zaburzenie réwnowagi mi¢dzy produkcja oksydantow i dziataniem enzymow, zwigzkow
1 czgsteczek o potencjale antyoksydacyjnym prowadzi do zwigkszonej ilosci reaktywnych form
tlenu (ROS) 1 azotu (RNS), ktore uszkadzajac komoérki prowadza do ich smieci. Z tego wzgledu
zastosowanie naturalnych lub syntetycznych zwigzkéw antyoksydacyjnych w celu zmniejszenia
szkodliwego dziatania ROS 1 RNS moze przyczyni¢ si¢ do ochrony nerek narazonych na ich
dzialanie w przebiegu przewlektych chordb uktadowych 1 zmniejszeniu IRI w procesie
transplantacji nerki.

Celem prezentowanej rozprawy doktorskiej ocena wptywu dziatania stresu oksydacyjnego
w wybranych patomechanizmach uszkodzenia nerki oraz zbadanie protekcyjnego dzialania
zwigzkow antyoksydacyjnych.

Cele szczegbdtowe przeprowadzonych badan to:
1. Poréwnanie dostepnych metod przechowywania nerki w procesie transplantacji

1 najnowszych doniesien na temat udoskonalenia sktadu ptynu perfuzyjnego.



2. Poréwnanie stgzen markerow stresu oksydacyjnego 1 uszkodzenia nerek
w homogenatach tkankowych nieleczonych szczuréw z zespolem metabolicznym
1 z zespotem metabolicznym leczonych wyciggiem ze skorki granatu.

3. Ocena stgzenia markerow uszkodzenia nerki, stresu oksydacyjnego i integralno$ci
mitochondrow w grupie nerek pobranych od dawcow po $mierci mézgowej (DBD)
1 od dawcow po $mierci sercowej (DCD).

4. Ocena wplywu leku antyoksydacyjnego - Mitoqunone dodawanego do ptynu
perfuzyjnego na st¢zenie markeréw uszkodzenia nerki, stresu oksydacyjnego
1 integralno$¢ mitochondriow w grupie nerek DCD.

5. Poréwnanie stezenia biatek zaangazowanych w szlak apoptozy (kaspaza 3, 9, Akt
1 pAkt) w grupach DBD, DCD i DCD + MitoQ.

Badania eksperymentalne prowadzone byty na dwéch modelach badawczych: szczurzym
modelu MetS in vivo 1 modelu ex vivo izolowanej nerki szczurzej, perfundowanej w systemie
zimnej maszynowej perfuzji. W badaniach nad zespotem metabolicznym wykorzystano szczury
Z mutacja w receptorze leptyny leczone, badz nie leczone, wyciagiem ze skorki granatu (Punica
granatum L.) 1 osobniki bez mutacji leczone wyciagiem, ktore stanowity grupe kontrolna.
W badaniu ex vivo izolowane nerki szczurze zostaty losowo przydzielone do jednej z trzech grup
badanych. Nerki w grupie dawcoéw po $mierci moézgowej (DBD) narazone byly na minimalny
czas cieptego niedokrwienia (WIT), nerki w grupie dawcow po zatrzymaniu krazenia (DCD) byty
poddane dluzszemu WIT (30 min), a nastgpnie wszystkie nerki byly perfundowane
w systemie do zimnej maszynowej perfuzji nerki przez 22 godziny buforem z dodatkiem
Mitoquinone (grupa DCD + MitoQ) lub bez leku. W pracach zastosowano testy analityczne
do oceny ilosciowej stezenia bialek, aktywnosci enzymdéw antyoksydacyjnych oraz testy
fluorymetryczne. Uzyskane wyniki badan zostaly poddane analizie statystycznej.

W celu sprawdzenia dostgpnego stanu wiedzy na temat stosowanych metod

przechowywania nerek przeznaczonych do zabiegu transplantacji i najnowszych osiggnie¢
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dotyczacych optymalizacji tego procesu dokonano przegladu literatury. Praca pogladowa
przedstawiala obecnie wykorzystywane sposoby przechowywania nerki, ktore majg zastosowanie
w praktyce klinicznej oraz sg na etapie badan eksperymentalnych. Poczatkowo przedstawiono
zarys historyczny transplantacji nerek i problem uszkodzenia niedokrwienno-reperfuzyjnego
przeszczepianych nerek. Nastepnie omowiono rodzaje dawcoéw posmiertnych, a takze wskazano
jakie sa dostepne plyny prezerwacyjne. W dalszej czgSci zaprezentowano sposoby
przechowywania nerek z wyszczegdlnieniem ich zalet i ograniczen. W ostatniej cze¢Sci omowiono
najnowsze doniesienia naukowe skupione na udoskonaleniu przechowywania nerek
z wykorzystaniem normotermicznej maszynowej perfuzji i1 terapii molekularnej oraz
komoérkowej, roéwniez z zastosowaniem mikropecherzykow pochodzenia komoérkowego.
Omawiana praca pogladowa, w doglebny sposob, przedstawila stosowane metody
przechowywania nerki oraz najnowsze kierunki badan w celu poprawy jakosci przeszczepianego
organu.

Badania eksperymentalne nad uszkodzeniem nerek w przebiegu MetS 1 dzialaniem
wyciagu z Punica granatum L. wskazaly, Ze szczury z zespotem metabolicznym charakteryzuje
zwigkszony stres oksydacyjny i zmieniona aktywno$¢ endogennego uktadu antyoksydacyjnego,
co wplywa na uszkodzenie nerek. Ponadto zastosowane leczenie wyciggiem bogatym
w polifenole, w zaleznosci od stezenia, powoduje zmniejszenie stresu oksydacyjnego lub dziala
prooksydacyjnie. W wyniku zastosowania wyciagu dochodzi rowniez do zmiany aktywnosci
niektérych enzymoéw antyoksydacyjnych i zmniejszenia uszkodzenia nerek. Uzyskane wyniki
wskazuja, ze wyciag ze skorki Punica granatum L. moze znalez¢ zastosowanie w protekcji nerek
w przebiegu MetS, w celu zapobiegnigcia progresji do ostrego i przewleklego uszkodzenia nerek.

W dalszym etapie oceniliSmy wpltyw stresu oksydacyjnego na transplantowane nerki
1 zastosowanie Mitoquinone jako suplementu dodawanego do ptynu w trakcie trwania zimne;j
maszynowe]j perfuzji nerek od dawcow DCD. Badania wykazaly, ze zwigkszony stres

oksydacyjny i uszkodzenie nerek obecne jest w przypadku nerek DCD w poréwnaniu do nerek
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DBD. Ponadto MitoQ zredukowat stres oksydacyjny i uszkodzenie nerek. Dalej ocenilis§my jak
czas WIT oraz zastosowane leczenie ptywa na aktywacj¢ apoptozy, aktywnos$¢ oksydazy
cytochromu c¢ 1 integralno§¢ mitochondréow. Stezenie bialek pro-apoptotycznych:
kaspazy 3 i kaspazy 9 bylo znaczaco wyzsze w grupie DCD w stosunku do grupy DBD,
a zastosowanie MitoQ obnizylo stezenie tych biatek. Podobne wyniki uzyskano w badaniu
stezenia fosforylowanej formy Akt (p-Akt), zaangazowanej w mechanizm apoptozy, ale takze
w proces wioknienia nerek. Badania nie potwierdzily istotnych zmian w aktywnosci oksydazy
cytochromu C oraz integralno$ci mitochondriéw. Uzyskane wyniki potwierdzaja, ze nerki DCD
sa bardziej narazone na stres oksydacyjny, zwickszong apoptoz¢ i uszkodzenie w porownaniu
z nerkami DBD. Ponadto dowiedziono, ze MitoQ jest dobrym kandydatem do nefroprotekcji
w trakcie przechowywania nerek DCD przed przeszczepieniem z zastosowaniem zimnej
maszynowej perfuzji.

Podsumowujac, prezentowana rozprawa doktorska potwierdzita istotne znaczenie stresu
oksydacyjnego w patomechanizmie uszkodzenia nerek o réznej etiologii. Ponadto, zastosowanie
antyoksydantow w protekcji nerek moze w znaczacy sposob przyczyni¢ si¢ do poprawy jakosci
transplantowanego organu oraz zahamowaniu progresji uszkodzenia nerek w przebiegu MetS.
Przedstawione wyniki moga by¢ podstawa do opracowania skutecznych terapii z wykorzystaniem
antyoksydantow, w celu poprawy zycia i zdrowia pacjentéw oraz lepszej ochrony nerek w trakcie

przechowywania przed zabiegiem transplantacji.
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IT ABSTRAKT

Kidney diseases are one of the leading medical problems in the world and a common
complication of chronic diseases such as diabetes, heart and circulatory system disorders and
gastrointestinal problems. Moreover, kidney injury is observed in patients treated with
nephrotoxic pharmaceuticals, such as chemotherapy for cancer treatment. So far, no effective
therapy for the kidney disease has been developed. Therefore, it is important to better understand
the mechanisms of kidney damage and to develop therapies that prevent kidney damage and have
a positive effect when kidney damage occurs and progresses.

Oxidative stress is an important factor in many diseases that damage kidney, including:
in metabolic syndrome (MetS) or ischemia-reperfusion injury (IRI). An imbalance between the
production of oxidants and the activity of enzymes, compounds and molecules with antioxidant
potential leads to an increased amount of reactive oxygen species (ROS) and nitrogen species
(RNS). Increased ROS and RNS damage cells and cause their death. Therefore, the use of natural
or synthetic antioxidant compounds to reduce the harmful effects of ROS and RNS may protect
kidneys in the course of chronic systemic diseases and reduce damage in the process of kidney
transplantation.

The aim of the presented doctoral dissertation was to assess renal oxidative stress
in metabolic syndrome and ischemia-reperfusion injury in the transplantation process, and the use
of antioxidant compounds.

The specific objectives of the research conducted are:

1. Comparison of available kidney storage methods in the transplantation process and the

latest reports on improving the composition of the perfusion fluid.

2. Comparison of the concentration of oxidative stress markers and kidney damage

in tissue homogenates of untreated rats with metabolic syndrome and those with

metabolic syndrome treated with pomegranate peel extract.
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3. Assessment of the concentration of markers of kidney damage, oxidative stress and
mitochondrial integrity in a group of kidneys collected from donors after brain death
(DBD) and from donors after cardiac death (DCD).

4. Assessment of the effect of the antioxidant drug Mitoqunone (MitoQ) added to the
perfusion fluid on the concentration of markers of kidney damage, oxidative stress and
mitochondrial integrity in the DCD kidney group.

5. Comparison of the concentration of proteins involved in the apoptosis pathway
(caspase 3, 9, Akt and pAkt) in the DBD, DCD and DCD + MitoQ groups.

Experimental studies were conducted on research models: an in vivo rat model of MetS
and an ex vivo model of an isolated rat kidney perfused in a cold machine kidney perfusion system.
In studies on the metabolic syndrome, rats with a mutation in the leptin receptor were used, treated
or not with pomegranate peel extract (Punica imprezaum L.), and individuals without the mutation
treated with the extract, which constituted the control group. In the ex vivo study, isolated rat
kidneys were randomly assigned to one of three study groups. Kidneys in the group of donors
after brain death (DBD) were exposed to minimal warm ischemia time (WIT), kidneys in the
group of donors after circulatory death (DCD) were subjected to longer WIT (30 min). Then all
kidneys were perfused in a cold machine perfusion system for 22 hours with a buffer with
or without Mitoquinone (DCD + MitoQ group). The work used analytical tests to quantify the
concentration of proteins, the activity of antioxidant enzymes and fluorimetric tests. The obtained
research results were subjected to statistical analysis.

In order to check the available knowledge about the methods used to store kidneys intended
for transplantation and the latest achievements in optimizing this process, a literature review was
carried out. The review paper presented the currently used methods of a kidney storage, that are
used in the clinic and are at the experimental research stage. Initially, a historical outline of kidney
transplantation was presented and the problem of ischemia-reperfusion injury of transplanted

kidneys was explained. Then, the types of deceased donors were discussed, and the available
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preservation fluids were indicated. The following section presents methods of storing kidneys,
detailing their advantages and limitations. The last part discusses the latest scientific reports
focused on improving kidney storage using normothermic machine perfusion with the addition
of molecular and cellular therapy, as well as using extracellular vesicles. The reviewed work
in-depth presented the kidney storage methods used and the latest research directions to improve
the quality of the transplanted organ.

Experimental studies on kidney damage in the course of MetS and the effect of Punica
granatum L. extract indicated that rats with metabolic syndrome are characterized by increased
oxidative stress and changed activity of the endogenous antioxidant system, which affects kidney
condition. Moreover, the treatment with an extract rich in polyphenols, reduces oxidative stress
or has a pro-oxidant effect depends on the concentration. The activity of some antioxidant
enzymes also changes, reducing kidney damage. The obtained results indicate that the extract from
Punica granatum L. peel may be used to protect the kidneys in the course of MetS, in order
to prevent the progression to acute and chronic kidney damage.

In a further step, we assessed the impact of oxidative stress on transplanted kidneys and
the use of Mitoquinone as a supplement added to the perfusate during cold machine perfusion
of kidneys from DCD donors. The study has shown that increased oxidative stress and kidney
damage are present in DCD kidneys compared to DBD kidneys. Additionally, MitoQ reduced
oxidative stress and kidney damage. We further evaluated how WIT and the treatment influenced
apoptosis, an activity of cytochrome ¢ oxidase, and the mitochondrial integrity. The concentration
of pro-apoptotic proteins: caspase 3 and caspase 9 was significantly higher in the DCD group
compared to the DBD group, and the use of MitoQ reduced the concentration of these proteins.
Similar results were obtained when examining the concentration of the phosphorylated form
of Akt (p-Akt), which is involved in the mechanism of apoptosis, but also in the process of renal
fibrosis. The studies did not confirm significant changes in cytochrome c¢ oxidase activity

or mitochondrial integrity. The results confirm that DCD kidneys are more exposed to oxidative
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stress, increased apoptosis and damage compared to DBD kidneys. Furthermore, MitoQ has been
proven to be a good candidate for nephroprotection during storage of DCD kidneys prior
to transplantation using cold machine perfusion.

To sum up, the presented doctoral dissertation confirmed the significant role of oxidative
stress in the mechanism of kidney damage to various etiologies. Moreover, the use of antioxidants
in kidney protection may significantly contribute to improving the quality of the transplanted
organ and inhibiting the progression of kidney damage in the course of MetS. The presented
results may be the basis for the development of effective therapies using antioxidants to improve

the life and health of patients and better protect the kidneys during storage before transplantation.
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11T OPIS DOROBKU NAUKOWEGO

Swoja pracg naukowa rozpoczetam w 2019 roku na studiach magisterskich, na kierunku analityka
medyczna, dzialajac w  Studenckim Kole Naukowym Cytometrii Przeptywowej
i Badan Biomedycznych (SKN nr K174). Moje zainteresowania naukowe dotyczyly chordb
nowotworowych oraz nowoczesnych technik hodowli komoérkowej 3D. Oprocz wystapien
na zjazdach naukowych, przygotowali§my i opublikowalismy dwie prace pogladowe, a w 2023
roku takze publikacj¢ oryginalng. W 2020 roku zostatam przyjeta do Szkoty Doktorskiej, gdzie
rozpoczetam prace nad swoja rozprawg w Katedrze Analityki Medycznej, Zaktadzie Chemii
Klinicznej 1 Hematologii Laboratoryjnej. Tematem moich badan s3a choroby nerek
i ich uszkodzenie w procesie transplantacji oraz rola stresu oksydacyjnego w patofizjologii
uszkodzenia nerek. W celu zebrania informacji na temat sposobow przechowywania
transplantowanej nerki i najnowszych badan w tym temacie, dokonatam przegladu literatury
1 opublikowalam pierwsza prace pt. ,,Recent methods of kidney storage and therapeutic
possibilities of transplant kidney” w czasopiSmie Biomedicines (2022, vol. 10, nr 5, art.1013).
Dalsze badania prowadzitam we wspotpracy z Katedrg Choréb Wewnetrznych z Klinikg Koni,
Psow 1 Kotow, Wydziatu Medycyny Weterynaryjnej Uniwersytetu Przyrodniczego we Wroctawiu.
Praca skupiatla si¢ na uszkodzeniu nerek w przebiegu zespotu metabolicznego. Zebrane wyniki
opublikowalismy w manuskrypcie pt. ,,Punica granatum L. polyphenolic extract as an antioxidant
to prevent kidney injury in metabolic syndrome rats” w czasopismie Oxidative Medicine and
Cellular Longevity (2023, vol. 2023, art.6144967) Dzigki finansowaniu z grantu OPUS
Narodowego Centrum Nauki (2017/27/B/NZ4/00601), prowadzitam badania nad stresem
oksydacyjnym u dawcow nerek po $mierci mozgowej i dawcoOw po zatrzymaniu krazenia oraz
z dodatkiem leku, Mitoquinone, do ptynu perfuzyjnego. Badania opublikowalam w pracy
pt.: ,,Mitoquinone Alleviates Donation after Cardiac Death Kidney Injury during Hypothermic

Machine Perfusion in Rat Model” w czasopi$mie International Journal of Molecular Sciences
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(2023, vol. 24, nr 19, art.14772). Obecnie dalsze prace koncentruja si¢ na wykorzystaniu modelu
in vitro hodowli organoidow nerkowych w ramach uzyskanego grantu Preludium
(2021/41/N/NZ3/01692) , Farmakologiczna ochrona przeszczepianej nerki przed uszkodzeniem

niedokrwienno-reperfuzyjnym”, finansowanego przez Narodowe Centrum Nauki.

IV WYKAZ DOROBKU NAUKOWEGO

. — . Punktacja
Rodzaj publikacji Liczba Impact Factor MNiSW/MEIN
Publikacje
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doktorskiej
Publikacje, ktorych
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doktorskiej
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streszczen na 4 - -
konferencjach
krajowych
Doniesienia
zjazdowe w formie
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konferencjach
migdzynarodowych
Razem 33,605 780

3 10,300 260

6 23,305 520
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VII WSTEP

1. Choroby nerek i transplantacja nerki jako metoda terapeutyczna

1.1 Ostre uszkodzenie nerek i ostra choroba nerek

Ostre uszkodzenie nerek (ang. acute kidney injury, AKI) jest definiowane jako nagle
pogorszenie pracy nerek, objawiajace si¢ ponad 1,5-krotnym zwigkszeniem st¢zenia kreatyniny
w surowicy lub jej wzrostem o przynajmniej 0,3 mg/dl w ciggu 48 godzin oraz spadkiem

objetosci wydalanego moczu ponizej 0,5 ml/kg w czasie dtuzszym niz 6 godzin ! (ryc. 1).

« 1> 1,5x stezenia kreatyniny w surowicy Terapia
e lub 1 =0,3 mg/dl kreatyniny w czasie 48h nerkozastepcza

« | wydalanego moczu < 0,5 ml/kg w czasie
ponad 6 godzin

Ostre uszkodzenie nerek
<7 dni
Ostra choroba nerek Utrzymuijace sie > 3 miesigce:

= 3 miesigce
e | eGFR <60 ml/min/1,73 m?

e albuminuria

« krwiomocz Dializoterapia

« zmiany w badaniach obrazowych

Przewlekta choroba nerek

e | eGFR <15ml/min/1,73 m?

Schytkowa niewydolnos$¢ nerek
Transplantacja nerki

Rycina 1. Schemat diagnostyki chorob nerek i postegpowania w schytkowej niewydolnosci nerek.

eGFR - szacowany wspotczynnik filtracji kiebuszkowej

23



Do przyczyn AKI naleza czynniki powodujace znaczagce odwodnienie organizmu, hipotensje,
niedotlenienie i anemig, leki nefrotoksyczne, cigzka infekcja 1 sepsa. Dodatkowo AKI moze
by¢ nastepstwem przewleklych choréb: cukrzycy, choroby nerek, watroby, serca, uktadu
pokarmowego. AKI rozwija si¢ do 7 dni od zadziatania czynnika uszkadzajacego, jednak moze
przerodzi¢ si¢ w ostra chorobg¢ nerek (ang. acute kidney disease, AKD), a nastepnie przewlekla
chorobe nerek (ang. chronic kidney disease, CKD). Wigkszos$¢ przypadkéw AKI notowana jest
u pacjentow hospitalizowanych i wigze si¢ z wydluzonym pobytem chorego w szpitalu,
niekiedy dializami, zwigkszonym ryzykiem powiklan i §mierci pacjenta . Nerki s3 narzagdem
o wysokim zapotrzebowaniu energetycznym, dlatego zaburzenia przeptywu krwi i stres
oksydacyjny sa waznymi czynnikami uszkadzajacymi °. Ponadto, uszkodzenie $roédbtonka
naczyn i zmiany w budowie glikokaliksu prowadzg do aktywacji komorek endotelialnych, ktore
poprzez zwigkszong ekspresj¢ niektérych markerow powierzchniowych promuja aktywacje
leukocytow 1 ptytek krwi. W konsekwencji dochodzi do zmian zapalnych i1 pogorszenia sieci
mikronaczyn i funkcji nerki *. Moze to nastepnie prowadzi¢ do zmian zwléknieniowych,
poprzez zwiekszong sygnalizacje transformujgcego czynnika wzrostu beta (TGF-B) °.
W odpowiedzi na nasilony stres komorek $rodbtonka i komorek nabtonkowych dochodzi
do kumulowania si¢ bialek o nieprawidlowej strukturze w obrgbie siateczki retikulum
endoplazmatycznego (ang. edoplasmatic reticulum, ER), ktora aktywuje mechanizmy
przywracajace  homeostazg, jak zwickszenie aktywno$ci biatek  opiekunczych,
odpowiedzialnych za prawidtowe zwijanie biatek i ich degradacje ®. Jednak przedtuzajacy
si¢ stres komoérkowy moze prowadzi¢ do nadmiernej aktywnosci ER i w konsekwencji

7

do dziatania profibrotycznego ‘. Gtownym organellum, odpowiedzialnym za produkcje

reaktywnych form tlenu (ang. reactive oxygen species, ROS), sa mitochondria. Najbardziej
narazone na nieprawidlowe dzialanie mitochondriéw, w przebiegu AKI, sa komorki kanalikow
8

proksymalnych Zwigkszona wtornie aktywno$§¢ ROS prowadzi do uszkodzenia
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mitochondrialnego DNA (mtDNA), a takze do zmian budowy lipidow i bialek, aktywacji
mechanizmow $mierci komoérkowej 1 odpowiedzi immunologicznej. Dlatego zwigzki
o potencjale antyoksydacyjnym cieszg si¢ obecnie duzym zainteresowaniem w poszukiwaniu
nowych terapii AKI. Ponadto, zauwazono zwigkszong biogenez¢ mitochondriéw w odpowiedzi
na uszkodzenie komorki, dzieki czemu mozliwa jest jej regeneracja. Dlatego regulacja
procesOw biogenezy mitochondriow proponowana jest jako kolejna potencjalna opcja

terapeutyczna 3,

1.2 Przewlekla choroba nerek

Wedtug klasyfikacji KDIGO (ang. Kidney Disease: Improving Global Outcomes), CKD
charakteryzuje si¢ uposledzong filtracja, wyrazong poprzez obnizenie szacowanego
wspotczynnika filtracji klebuszkowej (eGFR) ponizej 60 ml/min na 1,73 m? lub obecnos$¢
widocznych zmian wskazujacych na uszkodzenie nerek, takich jak: albuminuria, krwiomocz,
zmiany w badaniach obrazowych, utrzymujace sie dtuzej niz 3 miesigce ° (ryc. 1). Spadek
eGFR ponizej 15 ml/min na 1,73 m? okreslany jest mianem schytkowej niewydolnosci nerek
(ang. end-stage renal disease, ESRD) i wymaga wprowadzenia terapii nerkozastepczej °.
Doktadne przyczyny CKD nie zostaly do konca wyjasnione. Udowodniono, ze znaczaco
wyzsze ryzyko CKD wystepuje u pacjentow otytych, z cukrzyca, nadci$nieniem tegtniczym,
przebytym AKI oraz genetycznymi zaburzeniami dotyczacymi budowy 1 funkcjonowania
nerek °'2. Dodatkowo, zwiekszonym ryzykiem CKD obarczone sa dzieci z niska masa
urodzeniows, ze wzgledu na nieprawidtowy rozwdj nerek . Szacuje sie, Ze choroba ta dotyka
okoto 10% s$wiatowej populacji 1 do roku 2040 bedzie stanowita piata, glowng przyczyne
zgonow 1%, Nie ma obecnie dostepnych metod terapeutycznych, ktore przywroca prawidtows
prace 1 morfologi¢ zmienionych nerek, jednak zmiany w zakresie diety 1 sposobu zycia moga
spowolni¢ jej postep. Zardwno cukrzyca typu 2, jak 1 nadwaga wigza si¢ z aktywacja procesow
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zapalnych, ktore prowadza do zmian hemodynamicznych kiebuszkéw nerkowych 1314,
Zwigkszone wydzielanie insuliny prowadzi do nasilenia stresu oksydacyjnego w podocytach,
ktore na swojej powierzchni posiadaja receptory dla insuliny '°. Ponadto insulina stymuluje
wytwarzanie czynnika TGF-B1 1 kolagenu IV, ktore przyczyniajg si¢ do tworzenia zmian
zwloknieniowych. Dodatkowo dochodzi do zmian stezenia sodu w kanalikach nerkowych,
co nape¢dza resorpcje wody, hiperfiltracje, wzrost ci$nienia tetniczego 1 skutkuje zwiekszong
przepuszczalnoécig dla albumin i uszkodzeniem blony filtracyjnej '°. Zmiany jakie zachodza
u pacjentow otytych zwigzane sa z akumulacja tkanki tluszczowej i aktywacja procesow
zapalnych, ktore dalej prowadza do zmian, wczesniej opisanych, w przebiegu cukrzycy:
uszkodzenia bariery filtracyjnej i zwtoknienia nerek. Zwigkszona retencja sodu jest zwigzana
z aktywacja uktadu renina-angiotensyna-aldosteron poprzez uwalnianie adipokin przez tkanke
thuszczowa, wzrost aktywnosci uktadu wspotczulnego i zmiany hemodynamiczne '°. Zmiany
zachodzace w przebiegu przewleklej choroby nerek mozna podsumowaé jako utrate
prawidlowo funkcjonujacych nefrondéw 1 ich przerost, nieprawidtowg filtracj¢ 1 zwidknienie
w wyniku nieswoistych proceséw gojenia '!. CKD wigze sie z wieloma powiktaniami, ktore
dotycza rdznych organoéw 1 uktadow narzadéw, w tym z chorobami uktadu krazenia, anemia,
zaburzeniami gospodarki mineralnej i uktadu kostnego, wzrostem ryzyka infekcji, nefropatia

obwodowg i zaburzeniami poznawczymi oraz niedozywieniem °.

1.3 Transplantacja nerki jako metoda terapeutyczna

Pacjenci cierpigcy z powodu schytkowej niewydolnosci nerek poddawani sg dializom,
celem eliminacji metabolitoéw. Dializy sg prowadzone kilkukrotnie w ciggu tygodnia, co
znaczgco wplywa na pogorszony komfort zycia pacjentéw i ich rodzin. Ponadto dializy wigza
si¢ z wieloma powaznymi powiktaniami, wlaczajac zakazenia i zdarzenia sercowo-naczyniowe.

Pomimo rozwoju nefrologii, Smiertelnos¢ wsrdd pacjentéw dializowanych jest nadal bardzo
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wysoka 7. Inna znana opcja terapeutyczng jest transplantacja nerki. Pierwszy udany zabieg
transplantacji nerki odbyt si¢ w Chicago w 1950 r., gdzie lekarz Richard Lawler przeszczepit
nerke od dawcy z podobng grupg krwi co biorca. Pacjentka przezyta kolejne 5 lat, jednak
gléwnie dzieki funkcji jej wlasnej, drugiej nerki. Pierwszym polskim lekarzem, ktory dokonat
przeszczepienia nerki od zmarlego dawcy byt Jan Nielubowicz w 1965 roku, natomiast rok
pozniej Jozef Gasinski przeszczepit nerke od dawcy zywego '®. Chorzy ze stwierdzong
schytkowa niewydolnoscig moga by¢ kwalifikowani do zabiegu transplantacji, pod warunkiem
braku przeciwskazan, takich jak: cigzkie choroby pluc, watroby, serca, amyloidoza, szpiczak
mnogi 1 postepujaca choroba neurodegeneracyjna. Ponadto, rekomenduje si¢ opdznione
podjecie decyzji o przeszczepieniu w przypadkach: aktywnej choroby nowotworowej,
aktywnej infekcji uktadowej, w niektorych chorobach serca i tetnic, przytarczyc, ukladu
pokarmowego, niedawno przebytego udaru mozgu, czy w przypadku osoéb chorych

psychicznie, uzaleznionych lub nieprzestrzegajacych schematu leczenia '

. W procesie
dobrania odpowiedniego dawcy nalezy potwierdzi¢ zgodno$¢ grup krwi ABO pacjentow,
oznaczy¢ antygeny zgodnosci tkankowej HLA klasy I, -A,B i II -DR oraz przeprowadzi¢ probe
krzyzowa '®. W procesie leczenia biorca organu musi przyjmowaé leki immunosupresyjne
w celu zapobiegnigcia odrzuceniu przeszczepu. W terapii indukcyjnej, ktora rozpoczyna si¢
przed, w trakcie lub po przeszczepieniu nerki, wykorzystywane sa gléwnie dwa leki:
Bazyliksymab (agonista receptora dla interleukiny 2) lub ATG (globulina antytymocytowa).
Nastepnie wprowadza si¢ terapie¢ zlozong najczgsciej z  glikokortykosteroidow,
antymetabolitow (takich jak azatiopryna, mykofenolan mofetylu, mykofenolan sodu w otoczce
dojelitowej), inhibitorow kalcyneuryny (cyklosporyna A lub takrolimus), inhibitorow mTOR
(ewerolimus 1 syrolimus), blokera kostymulacji limfocytéw T (Belatacept). Zgodnie

z rekomendacja KDIGO w wigkszos$ci przypadkow zalecana jest potrdjna terapia z wlaczeniem

inhibitoréw kalcyneuryny, kortykosteroidow i antymetabolitow 2°. Po pobraniu nerki od dawcy,
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narzad zostaje przeptukany w celu usunig¢cia krwi, a nastepnie umieszczony w zimnym plynie
prezerwacyjnym, najczesciej ptynie Belzera (UW — University of Wisconsin) z utrzymaniem
temperatury miedzy 0 a 4 °C 2. Jest to najczesciej wykorzystywane rozwiazanie ze wzgledu
na niski koszt oraz tatwos¢ zastosowania w przypadku nerek pobranych od pacjentow zywych
lub zmarlych z powodu $mierci mozgowej (ang. donation after brainstem death, DBD) 2.
Jednak w przypadku nerek pobieranych od pacjentdw po zatrzymaniu krazenia (ang. donation
after circulatory death, DCD), dawcow o rozszerzonych kryteriach (ang. expanded criteria
donor, ECD) zauwazono, ze lepsza metoda przechowywania narzadu przed przeszczepieniem

jest zastosowanie maszynowej perfuzji 23

. Mianem ECD okre$la si¢ narzady pobrane
od pacjentéw po $mierci mézgowej powyzej 60 r. z. lub dawcdéw migdzy 50 a 59 r. z., ktérych
charakteryzowaty: nadcis$nienie tetnicze w wywiadzie, stezenie kreatyniny w surowicy krwi
powyzej 1,5 mg/dl lub ktoérych przyczyna $mierci bylo zdarzenie naczyniowo-mozgowe,

na przyktad udar niedokrwienny 2. Przeglady systematyczne potwierdzaja, ze perfuzja

zmniejsza ryzyko op6znionej funkcji przeszczepu (ang. delayed graft function, DGF) 2.

2. Stres oksydacyjny
Stres oksydacyjny jest definiowany jako zaburzenie rownowagi miedzy produkcja
oksydantéw a odpowiedzig ze strony uktady antyoksydacyjnego, z przewaga powstawania

oksydantow (ryc. 2).

28



Oksydanty

Antyoksydant
e katalaza (CAT) yoksy y o rodnik hydroksylowy
o dysmutaza (-OH)
ponadtlenkowa (SOD) « tlenek azotu
o peroksydaza (NO")
glutoationowa (GPx) * nadtlenoazotyn
* glutation (GSH) (ONOO")
* askorbinian » kwas podchlorawy
* pirogronian (Hocl)
. Egﬁﬁggﬁy ¢ anionorodnik
 Karotenoidy |[_>|on0ad‘tlenkowy (02)
o witaminy A, C, E * he

Rycina 2. Komponenty uktadu pro- i antyoksydacyjnego.

W skiad systemu antyoksydacyjnego wchodza enzymy unieczynniajagce ROS oraz reaktywne
formy azotu (ang. reactive nitrogen species, RNS) 2>2°. W warunkach fizjologicznych ROS
1 RNS dzialajg jako czasteczki sygnatowe, jednak ich nadmierna produkcja moze prowadzi¢
do aktywacji enzymow proteolitycznych 1 uszkodzenia struktur komoérki. Wyrdézniamy dwa
mechanizmy stresu oksydacyjnego. Reaktywne formy takie jak: *OH, ONOO—1 HOCI" dziataja
bezposrednio na bialtka, lipidy i kwasy nukleinowe, prowadzac do ich uszkodzenia lub zmian,
takich jak peroksydacja lipidéw 1 karbonylacja biatek. Drugim mechanizmem jest niepoprawna
sygnalizacja redox. W odpowiedzi na dziatanie O>* 1 NO® dochodzi do produkcji nadtlenku
wodoru (H20O2) oraz ONOO— i1 uwolnienia biatkowego zelaza, co dalej moze prowadzi¢
do aktywacji czynnikdéw transkrypcyjnych oraz peroksydacji lipidéw. Nadmierna produkcja
ROS 1 RNS moze by¢ spowodowana wewnetrznymi czynnikami oraz zewne¢trznym

dziataniem 2°. Zwiekszona produkcja reaktywnych form jest zauwazalna w komorkach
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nowotworowych, w przebiegu niedokrwienia, standw zapalnych oraz wraz z poglebianiem si¢
procesow starzenia organizmu 2’. Wsrod prooksydacyjnych czynnikow zewnetrznych wyrdznia
si¢ zwigzki zawarte w dymie papierosowym, niektore leki, alkohol, rozpuszczalniki
przemystowe, toksyny pokarmowe, metale ci¢zkie oraz promieniowanie stoneczne
i jonizujace 2. W sktad uktadu antyoksydacyjnego wchodza gtéwnie: SOD, CAT i GPx, a takze
GSH. Ponadto mozemy wyr6zni¢ mate nieenzymatyczne czasteczki dzialajace
antyoksydacyjnie: askorbinian i pirogronian 2°. Dodatkowo, zwiazki o potencjale
antyoksydacyjnym takie jak flawonoidy, karotenoidy i polifenole, a takze witaminy A, C 1 E

dostarczane sa wraz z pokarmem 2%,

3. Uszkodzenie niedorkwienno-reperfuzyjne — mechanizm i wplyw stresu
oksydacyjnego

Zatrzymanie krazenia krwi w organie powoduje niedokrwienie 1 szereg zmian
metabolicznych w narzadach. Przywrdcenie krazenia krwi z kolei wiaze si¢ z naglym
doptywem tlenu i nasileniem uszkodzenia oraz aktywacja uktadu immunologicznego. Zmiany
te zostaly zdefiniowane jako uszkodzenie niedokrwienno-reperfuzyjne (ang. ischemia-
reperfusion injury, IRI), ktére moze by¢ przyczyna AKI, pojawia si¢ w trakcie zabiegdw

chirurgicznych oraz towarzyszy zabiegowi transplantacji narzadow 2°

. W przypadku
przeszczepiania narzadow faze niedokrwienia dzieli si¢ na czas cieplego niedokrwienia
(ang. warm ischemia time, WIT) oraz czas zimnego niedokrwienia (ang. cold ischemia time,
CIT). WIT rozpoczyna si¢ w momencie zatrzymania krazenia, w przypadku organow DCD lub
w momencie podwigzania i usuni¢cia nerki przez chirurga. Zanurzenie w zimnym roztworze
prezerwacyjnym lub rozpoczecie zimnej maszynowej perfuzji rozpoczyna etap CIT.

Zatrzymanie dostaw tlenu i1 zwigzkéw odzywczych prowadzi do indukcji oddychania

beztlenowego. Dochodzi do wyczerpania zapasow trifosforanow adenozyny (ang. adenosine
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triphosphate, ATP), akumulacji metabolitow, co dalej prowadzi do kwasicy i wzrostu
osmomolalno$ci  komoérek. Dysfunkcja pompy sodowo-potasowej oraz  pompy
sodowo-wapniowej prowadzi do zaburzenia homeostazy jonowej, akumulacji jonow sodu
1 wapnia w komorce, co napedza naptyw wody i obrzek komoérek. Pomimo zmniejszonej
dostgpnosci  tlenu dochodzi do syntezy ROS, w nastgpstwie zaburzenia pracy
mitochondrialnego tancucha oddechowego, uwolnienia wolnego zelaza z cytochromu P450
oraz dezaktywacji SOD. Zwigkszenie poziomu wewnatrzkomorkowego wapnia powoduje
aktywacj¢ waznych proteaz, w tym kalpain (zaleznych od wapnia proteaz cysteinowych), ktére
wplywaja na zmiany w obregbie cytoszkieletu oraz zmieniaja struktur¢ kinazy biatkowej C,
fodryny 1 kaspaz odpowiedzialnych za aktywacj¢ $mierci komorki. Pomimo, ze hipotermiczne
warunki majg na celu zmniejszenie aktywnosci metabolicznej, w tym rdwniez zapotrzebowania
komorek na tlen, zmiany zwigzane z niedokrwieniem i niskg temperaturg przypominaja zmiany
zachodzace podczas cieptego niedokrwienia. Istotny w patomechanizmie WIT anion
nadtlenoazotynowy nie bierze udzialu w patomechanizmie CIT. W trakcie trwania CIT
dochodzi takze do zmian cytoszkieletu komérki. Smieré komérek kanalikow proksymalnych

zachodzi z znacznym stopniu w procesie nekrozy 2!-%°,

4. Stres oksydacyjny w zespole metabolicznym

Zespo6t metaboliczny (ang. metabolic syndrome, MetS) definiuje si¢ jako wspotistnienie:
otylo$ci, insulinoopornosci, podwyzszonego cisnienia tetniczego krwi, zaburzen gospodarki
lipidowej (hipertriglicerydemia, obnizenie st¢zenia HDL w surowicy) 1 weglowodanowe;j
(hiperglikemia na czczo) *!22. Zgodnie z wytycznymi National Cholesterol Education
Program’s Adult Treatment Panel III, zesp6l metaboliczny charakteryzuje spetnienie
przynajmniej trzech kryteriow: obwod talii powyzej 102 cm u mezczyzn i 88 cm u kobiet,
stezenie triglicerydow przekraczajace 150 mg/dl, HDL ponizej 40 mg/dl w przypadku
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me¢zezyzn 1 50 mg/dl w przypadku kobiet, ci$nienie skurczowe > 130 mmHg lub rozkurczowe
> 85 mmHg Ilub przyjmowanie lekow na nadcisnienie, stg¢zenie glukozy na czczo
przekraczajace 100 mg/dl lub przyjmowanie lekéw na cukrzyce 3. MetS jest powaznym
problemem krajow rozwinigtych, co potwierdza badanie przeprowadzone w Stanach
Zjednoczonych, gdzie kryteria diagnostyczne spetniato 35,1% badanych Amerykanow i 34,3%
badanych Amerykanek w latach 2011 — 2016 3. Zespot metaboliczny nalezy do czynnikow
ryzyka rozwoju miazdzycy, choréb uktadu krazenia, chorob nerek, udaru mézgu i cukrzycy
typu 2. U otylych me¢zczyzn z insulinoopornoscig lub stwierdzonym MetS zauwaza si¢
zwigkszony stres oksydacyjny. Mozliwe, ze zaburzenia produkcji ROS dotycza wczesnego
etapu patofizjologii rozwoju MetS, ale takze jego progresji i powiklan 323, Markery stanu
zapalnego, takie jak interleukina 6 (IL-6) 1 wysokoczute biatko C-reaktywne
(ang. high-sensitivity C-reactive protein, hs-CRP) sg dodatnio skorelowane ze wzrostem stresu
oksydacyjnego u pacjentow z zespolem metabolicznym. Ponadto aktywno$¢ enzymow
antyoksydacyjnych takich jak: SOD, CAT i GPX jest istotnie mniejsza u pacjentow z MetS
w poréownaniu do grupy kontrolnej - zdrowych os6b niespetniajagcych kryteriow
diagnostycznych MetS **. Wzrost stgZzenia wolnych kwasow ttuszczowych (ang. fiee fatty
acids, FFAs) w surowicy krwi 1 hiperglikemia skutkuja aktywacja kinazy biatkowej C.
Prowadzi to do fosforylacji oksydazy NADPH (NOX), aktywacji oksydaz mitochondrialnych,
za posrednictwem endoteliny-1, indukcji NOX poprzez sygnalizacie MAPK-p38.
W konsekwencji dochodzi do uszkodzenia $rédbtonka w nastgpstwie nadmiernej produkcji
ROS i RNS. Zarowno FFAs i oxLDL moga by¢ przyczyna dysfunkcji mitochondriow
1 aktywacji apoptozy poprzez zaburzona fosforylacje oksydacyjng i produkcje ROS

w komérkach $rodbtonka i kardiomocytach 5.
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5. Budowa, dzialanie i zastosowanie Mitoquinonu

Mitochondria sg organellami odpowiedzialnymi za produkcje energetyczng komorki
oraz utrzymanie homeostazy oksydacyjno-redukcyjnej. Ponadto odgrywaja wazng role
w sygnalizacji metabolicznej, m.in.: biosyntezie hemu, cyklu Krebsa, B-oksydacji kwasow
thuszczowych, utrzymaniu homeostazy jonéw wapnia, termogenezie, proliferacji i aktywacji
$mierci komorkowej na drodze apoptozy 9. Rola mitochondrium w patogenezie chordb
i dysfunkcji nerek zostata poparta wieloma badaniami *’. Zaréwno ostre, jak i przewlekle stany
chorobowe nerek moga wplywac na zaburzenie integralnosci podwoéjnej blony mitochondriow
i mitochondrialnego DNA (mtDNA). Ponadto zauwazono zmiany w molekularnej kontroli
tworzenia i degradacji mitochondriow oraz zaburzenia ich homeostazy, ktore obejmujg stres
oksydacyjny i aktywacje apoptozy *”. Mitochondria sg gltdéwnym o$rodkiem powstawania ROS,
ktére fizjologicznie biorg udziat w sygnalizacji komodrkowej. W sytuacjach patologicznych,
gdzie dochodzi do gwaltownego wzrostu wolnych rodnikéw, biorg one udzial w niszczeniu
struktur komérkowych 1 materiatu genetycznego, w tym mtDNA, ktore ze wzgledu na swoja
strukture i brak histondw jest szczegdlnie narazone na degradacje *%¥. Z tego wzgledu coraz
wigksze zainteresowanie badaczy budzg zwigzki o charakterze antyoksydantow, dziatajacych
bezposrednio na mitochondria, w tym Mitoquinone (MiotQ). Btona zewnetrzna mitochondrium
charakteryzuje si¢ negatywnym tadunkiem, przez co nie wszystkie antyoksydanty z tatwosScia
przechodza do wngtrza organellum. MitoQ sktada si¢ z lipofilowego trifenylofosfoniowego

(TPP) kationu i ubichinonu o wtasciwosciach przeciwutleniajacych (ryc. 3).
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Rycina 3. Wzor strukturalny Mitoquinone *°

Dzigki obecnosci kationu TPP mozliwa jest tatwa penetracja blony mitochondrium
1 akumulacja catej czasteczki leku wewnatrz mitochondriéw. Badania wykazaty, ze dzialanie
przeciwoksydacyjne MitoQ jest okoto kilkaset razy bardziej efektywnie niz standardowych
antyoksydantow #/. Czasteczka ubichinonu zostaje zaktywowana przez kompleks II, znajdujacy
si¢ w wewnetrznej blonie mitochondrium, co pozwala na neutralizacj¢ reaktywnych form tlenu
i ponowne przejécie do formy zredukowanej, posiadajacej potencjal przeciwutleniajacy #.
Dzieki temu zachowana jest wysoka skuteczno$¢ MitoQ. MitoQ wykazywat pozytywne

dzialanie w przypadku septycznego oslabienia funkcji przepony *.

Sepsa prowadzi
do ostabienia skurczow przepony, zmniejszenia produkcji ATP i stymulowanego przez ADP
zuzycia tlenu. Podanie MitoQ poprawiato stan i aktywno$¢ metaboliczng migs$ni przepony.

Ponadto zauwazono wigkszg zawarto$¢ tancuchow ciezkich miozyny w homogenatach

tkankowych w grupie leczonej MitoQ, gdzie sepsa znaczaco obnizala ich zawartosc.
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Wykorzystanie MitoQ w terapii choréb nerek zostato zbadane na wielu modelach, jednak nie
wszystkie badania wykazaly skutecznoéé terapii #/, dlatego niezbedne jest doktadne zbadanie
tego antyoksydantu. IRI moze by¢ przyczyng rozwoju AKI. Do IRI nerek moze doj$¢ w sytuacji
wstrzasu, zabiegéw chirurgicznych z podwigzaniem aorty, czesciowej nefrektomii
i zatrzymania krazenia *°. W nastepstwie dochodzi do zwiekszonego stresu oksydacyjnego,
ktory jest waznym elementem rozwoju AKI. Podanie MitoQ myszom na 15 minut przez
indukcja niedokrwienia (45 min obustronnej okluzji naczyn nerki) spowodowato znaczne

4 Ponadto

zmniejszenie stezenia kreatyniny we krwi po 24 godzinach reperfuzji
zaobserwowano zmniejszenie si¢ stezenia karbonylowanych bialek, ktore sa markerem stresu
oksydacyjnego, po zastosowaniu MitoQ. Wzrost uszkodzonego mtDNA, charakterystycznego
dla uszkodzenia mitochondrii, jest obserwowane w fazie reperfuzji, gldéwnie w jej pézniejszym
etapie. MitoQ zmniejszyl stezenie uszkodzonego mtDNA po reperfuzji. Pozytywny efekt
zastosowania MitoQ zostal potwierdzony takze na §winskim modelu przeszczepienia nerki /%,
MitoQ dodany do ptynu prezerwacyjnego zwigkszyt aktywnos¢ kompleksu II 1 III fancucha
oddechowego, zmniejszyt uszkodzenie komorek kanalikow w korze 1 zewnetrznych obszarach

rdzenia nerek przechowywanych przez 48 godzin, jednak nie zauwazono zmian w glgbszych

partiach rdzenia */.

6. Dzialanie ekstraktu ze skorek granatu

Granat (Punica granatum L.) jest owocem pochodzacym z Iranu, ale hodowanym
w roéznych regionach $wiata. Swoja popularnos¢ zyskal dzigki wyjatkowym walorom
smakowym, a takze ze wzgledu na zawarto$¢ wielu substancji bioaktywnych, zarowno w czesci
jadalnej owocu, jak i innych partii, w skoérce granatu. Wsrdod zwigzkéw o potencjale
terapeutycznym wyroznia si¢ zwigzki fenolowe, ktore wykazujg dzialanie przeciwutleniajace.

Zwiazki fenolowe dzielimy na flawonoidy, kwasy fenolowe 1 taniny, r6znigce si¢ elementami
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strukturalnymi  1aczacymi  pierScienie benzenowe 1 liczbg przylaczonych  grup
hydroksylowych #°. Elagitaniny (nalezace do tanin), zawarte w skorce granatu, to miedzy
innymi kwas garbnikowy, punikalina, punikalagina i kwas elagowy. Punikalagina (ryc. 4) jest
zwigzkiem dominujacym, stanowigcym okoto 70% wszystkich wystepujacych elagitanin w

skorce granatu °,
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Rycina 4. Wzor strukturalny punikalaginy °'

Wyciag ze skorki granatu (WSG) wykazuje dzialanie przeciwnowotworowe, przeciwzapalne,
przeciwbakteryjne, przeciwwirusowe oraz przeciwoksydacyjne *°. Flawonoidy wyizolowane
ze skorki granatu dziatajg hamujaco na cyklooksygenaze (COX) i lipooksygenaze (LOX),
kluczowe enzymy wykazyjace aktywno$¢ w reakcji immunologicznej. Oba enzymy
odpowiadajg za metabolizm kwasu arachidonowego, prowadzac do powstania prostaglanyn
1 tromboksanu (COX) oraz leukotrienéw (LOX), biorgcych udziat w reakcjach zapalnych

i alergicznych 2. Udowodniono, Zze WSG dziala ochronnie na watrobe i nerki w terapii
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z wankomycyng. Markery uszkodzenia watroby (ALP, AST 1 ALT) oraz nerki (mocznik, kwas
moczowy i kreatynina) byty znaczaco wyzsze w surowicy szczuroOw leczonych wankomycyna.
WSG stosowany w terapii taczonej z antybiotykiem lub stosowany przed rozpoczeciem terapii
obnizyl aktywno$¢ enzymow watrobowych, a leczenie wstepne spowodowalo obnizenie
wartosci mocznika 1 kwasu moczowego. Ponadto zaobserwowano, ze wankomycyna
przyczynia si¢ do zwigkszonego stresu oksydacyjnego — zmniejszenia aktywnos$ci enzymow
antyoksydacyjnych: GSH, CAT i1 SOD oraz wzrostu syntezy malondialdehydu (MDA), markera
peroksydacji lipidow. Podanie WSG spowodowato zwickszenie aktywnosci GSH, SOD i CAT
oraz obnizenie st¢zenia MDA. WSG zredukowato wzrost st¢zenia biatka C-reaktywnego,
po podaniu wankomycyny, co wskazuje na wlasciwosci przeciwzapalne 3. Etanolowy ekstrakt
z Punica granatum L. zmniejszyl takze stres oksydacyjny w tkance sercowej wywotany przez
doksorubicyne 1 mial dziatanie kardioprotekcyjnie. WSG bogaty w zwigzki fenolowe wiaze

i redukuje ponadtlenki w tkance sercowej >*

. Podanie WSG szczurom z zespolem
metabolicznym powodowato wzrost st¢zenia biatkowych grup tiolowych (-SH) w sercu, ktore
maja zdolno$¢ neutralizacji wolnych rodnikow tlenowych, a podanie ekstraktu w dawce
100 mg/kg m.c. spowodowalo zmniejszenie catkowitego statusu oksydacyjnego (ang. total
oxidative status; TOS) *°. Dziatanie nefroprotecyjne wyciggu z Punica granatum L. zostato
zbadane na zwierzgcym modelu ostrego, toksycznego uszkodzenia nerek po podaniu cisplatyny.
Wysoka dawka WGS skutkowala zmniejszeniem stezenia kreatyniny w surowicy krwi i azotu
mocznika (ang. blood urea nitrogen, BUN), ktore byty podwyzszone w grupie leczonej samag
cisplatyna. Dodatkowo, stezenie czynnika martwicy nowotworu alfa (ang. tumor necrosis
factor, TNF-0) w surowicy zmniejszylo si¢ po podaniu ekstraktu, a badanie histopatologiczne
potwierdzito zwiekszong integralno$¢ strukturalng kanalikow nerkowych i brak cech stanu

zapalnego, w momencie leczenia cisplatyng i wyciagiem w dawce 200 mg/kg m.c. . Ekstrakt

z Punica granatum L. podawany szczurom z cukrzyca indukowana streptozotocyna powodowat
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wzrost aktywnosci lub utrzymanie aktywnosci enzyméow antyoksydacyjnych takich jak: SOD,
CAT, reduktazy glutationowej (ang. glutathione reductase; GR), S-transferazy glutationowej
(ang. glutathione-S-transferase; GST) oraz GPX w nerkach i watrobie, w porownaniu do grupy
kontrolnej bez cukrzycy. Podanie 20 mg/kg m.c. ekstraktu powodowato znaczacy wzrost
catkowitej zdolnosci przeciwutleniajacej w surowicy (ang. serum total anti-oxidant capacities,
TAC) oraz zmniejszenie peroksydacji lipidow w poroéwnaniu do nieleczonych szczuréw

z cukrzyca °’.
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VIII CEL 1 ZALOZENIA PRACY

Cel gléwny: Ocena wplywu dziatania stresu oksydacyjnego w wybranych patomechanizmach

uszkodzenia nerki oraz zbadanie protekcyjnego dziatania zwigzkoéw antyoksydacyjnych.

Cele szczegolowe:

1. Poréwnanie dostgpnych metod przechowywania nerki w procesie transplantacji

1 najnowszych doniesien na temat udoskonalenia sktadu ptynu perfuzyjnego.

2. Poréwnanie stezen markeréw stresu oksydacyjnego i uszkodzenia nerek w homogenatach
tkankowych nieleczonych szczurdw z zespotem metabolicznym i z zespolem metabolicznym

leczonych wyciagiem ze skorki granatu.

3. Ocena stezenia markerow uszkodzenia nerki, stresu oksydacyjnego 1 integralnosci
mitochondrow w grupie nerek pobranych od dawcow po $mierci médzgowej (DBD)

1 od dawcow po $mierci sercowej (DCD).

4. Ocena wptywu leku antyoksydacyjnego - Mitoqunone dodawanego do ptynu perfuzyjnego
na stezenie markerow uszkodzenia nerki, stresu oksydacyjnego i integralno$¢ mitochondriow

w grupie nerek DCD.

5. Porownanie st¢zenia bialek zaangazowanych w szlak apoptozy (kaspaza 3, 9, Akt 1 pAkt)

w grupach DBD, DCD 1 DCD + Mitoquinone.
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IX MATERIALY I METODY

Badania eksperymentalne zostaly przeprowadzone z wykorzystaniem dwoch modeli

badawczych:

1. szczurzego modelu zespotu metabolicznego;
2. 1izolowanych nerek szczurzych — perfundowanych przy uzyciu systemu do zimne;j

perfuzji maszynowe;.

1. Szczurzy model uszkodzenia nerki w zespole metabolicznym. Badania in vivo

W modelu uszkodzenia nerki w przebiegu zespotu metabolicznego wykorzystano
doroste samce szczuréw Zucker Diabetic Fatty (ZDF-Leprfa/Crl), ktére otrzymano z Sulzfeld
(Charles River Laboratories, Research Models and Services, Niemcy GmbH). Zwierze¢ta
podzielono na pie¢ grup, po szes¢ szczurow w kazdej (ryc. 5). Wszystkie zwierzeta byty
poddane tej samej diecie (Purina LabDiet 5008, Charles River Laboratories, USA). Grupg
kontrolng (MetS-kontrola) stanowity szczury z mutacja zmiany sensu receptora leptyny (ZDF
fa/fa). Grupe badang stanowily zwierzgta z mutacja w genie receptora leptyny (ZDF fa/fa),
otrzymujace ekstrakt polifenolowy ze skorek owocoéw granatu zmieszany z woda w dawce 100
lub 200 mg/kg masy ciata (MetS+100 lub MetS+ 200). Dwie grupy zdrowych szczuréw bez
MetS (ZDF fa/+) otrzymywaty ekstrakt w takich samych dawkach (HC+100 1 HC+200). Wodg
z ekstraktem podawano przez sonde zotadkowa przez 8 tygodni. Badanie zostato zatwierdzone
przez Komisje Etyczng ds. Doswiadczen na Zwierzgtach Instytutu Immunologii 1 Terapii

Doswiadczalnej im. Ludwika Hirszfelda PAN we Wroctawiu (Uchwata nr. 53/2017).
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Znieczulenie szczura
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Rycina 5. Schemat badania z wykorzystaniem szczurow MetS i HC pojonych wyciggiem ze skorki granatu lub
wodg.

MetS — zespol metaboliczny, HC — osobniki zdrowe, SOD — dysmutaza ponadtlenkowa, ROS/RNS — reaktywne
formy tlenu i azotu, CAT — katalaza, GSH — glutation, oxLDL - utlenione formy lipoptotein o malej gestosci,
KIM-1 - czgsteczka uszkodzenia nerek 1, NGAL - lipokalina zwigzana z Zzelatynazg neutrofilow, MMP-2
— metaloproteinaza macierzy pozakomorkowej 2, MMP-9 — metaloproteinaza macierzy pozakomorkowej 9.

2. Uszkodzenie niedokrwienne izolowanych szczurzych nerek. Zimna maszynowa

perfuzja nerek. Badania ex vivo

W modelu uszkodzenia niedokrwiennego, podczas przechowywania nerki przed
transplantacja, wykorzystano izolowane nerki szczurze samcow szczurdéw rasy Wistar (o wadze
300-350 g). Zwierzeta zakupiono w Centrum Badan Medycznych im. Mossakowskiego
Polskiej Akademii Nauk w Warszawie. Dwa samce w klatce trzymano w kontrolowanej
temperaturze (22+2 °C), wilgotnosci (55% +/- 10%), cyklu $wiatto/ciemnos¢ (12/12 godzin)

oraz z nieograniczonym dostepem do pokarmu i wody. Wszystkie procedury do§wiadczalne
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na zwierzetach zostaty zatwierdzone przez lokalng Komisj¢ Etyki Doswiadczen na Zwierzgtach
w Instytucie Immunologii 1 Terapii Do§wiadczalnej im. Ludwika Hirszfelda, Polskiej Akademii
Nauk we Wroctawiu. Opieka 1 wykorzystanie zwierzat do§wiadczalnych byto prowadzone
zgodnie z zaleceniami dotyczacymi opieki i wykorzystania zwierzat doswiadczalnych,
wydanymi przez Polskiego Ministra Nauki 1 Szkolnictwa Wyzszego. Zwierzgta podzielono
losowo na grupy badawcze. Szczury znieczulono buprenorfing (0,05 mg/kg masy ciala, podanie
dootrzewnowe) 1 uspiono pentobarbitalem sodu (0,5 ml/kg masy ciata), a nast¢pnie szybko
usuni¢to serce zwierzecia. Nerke prawa natychmiast wyizolowano, zakaniulowano przez
tetnice nerkowa 1 podlaczono do systemu perfuzyjnego w warunkach hipotermii (4-5 °C)
(Single Channel Perfusion System, EMKA Technologies, Paryz, Francja) (grupa DBD) lub
podwigzano na 30 minut z zachowaniem kontrolowanej temperatury (37 °C) w celu
nasladowania dawcy przeszczepu DCD, a nastgpnie wyci¢to, zakaniulowano przez tetnice
nerkowa 1 podiaczono do systemu perfuzyjnego w warunkach hipotermii (4-5 °C) (grupy
eksperymentalne: DCD 1 DCD + MitoQ) (ryc. 6 1 7). Nerki perfundowano przez godzing
buforem perfuzyjnym z heparyng w celu wyptukania komoérek krwi, a nastgpnie bufor
zastagpiono 100 ml $wiezego buforu perfuzyjnego z mesylanem mitoquinonu (grupa
DCD + MitoQ) lub bez MitoQ (grupa DBD i DCD). Bufor perfuzyjny oparto na buforze
Krebsa-Henseleita (pH = 7.4; 118 mmol/L NaCl, 4,7 mmol/L KCI, 1,2 mmol/L KH2POs,
1,2 mmol/L MgSQOs, 3,0 mmol/L CaCl, 25 mmol/L NaHCOs3, 11 mmol/L glukozy oraz
0,5 mmol/L EDTA) z dodatkiem albuminy. Nerke perfundowano zimnym buforem (4-5 °C)
przez 22 godziny ze stalg szybko$cig przeptywu (0,12 ml/min), aby utrzymac ci$nienie
w zakresie 50-120 mmHg. Dane wyj$ciowe systemu monitorowania rejestrowano za pomoca

oprogramowania [0X2 (EMKA Technologies, Paryz, Francja).
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Rycina 6. Schemat badania perfuzji nerek ex vivo.

DBD - dawcy po Smieci mozgowej, DCD — dawcy po zatrzymaniu krqzenia, MitoQ — Mitoquinone.
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Rycina 7. Zdjecie przedstawiajqce nerke szczurzq perfundowang w systemie do zimnej maszynowej perfuzji.

3. Przygotowanie homogenow tkankowych z wyekstrahowanych szczurzych nerek

Mrozona tkanka nerkowa zostala wykorzystana do przygotowania homogenatu
tkankowego przy uzyciu mozdzierza i thuczka, w cieklym azocie. Nastgpnie przygotowany
homogenat zostal poddany dalszej homogenizacji. Do okoto 100 mg sproszkowanej tkanki
dodano 400 ul buforu do homogenizacji (50 mmol/L Tris-HCI (pH 7.4), 3,1 mmol/L sacharoza,
1 mmol/L ditiotreitol, 10 mg/ml leupeptyny, 10 mg/ml sojowego inhibitora trypsyny, 2 mg/ml
aprotyniny 1 0,1% Triton X-100), a nastgpnie probki poddano trzem cyklom mrozenia
(w cieklym azocie) 1 rozmrazania (w 37 °C). Po ostatnim cyklu rozmrazania probki
umieszczono na lodzie i1 homogenizowano mechanicznie. Homogenaty odwirowano
(10 000 x g, 4 °C przez 10 minut lub 15 minut), pobrano supernatant i zamrozono (- 80 °C)

do dalszych analiz biochemicznych.
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4. Przygotowanie ekstraktu ze skorki granatu

Polifenolowy ekstrakt zostat sporzadzony ze skorek Punica granatum L. (odmiana
Mollar de Eche) pochodzacych z Hiszpani. Wysuszone skorki owocow granatu ekstrahowano
i reekstrahowano dwukrotnie 50% etanolem. Otrzymany material zostal zaggszczony
na wyparce rotacyjnej (Rotavapor, Buchi Labortechnik AG, Szwajcaria) w fazni wodnej
w temperaturze 40 °C. Ekstrakt adsorbowano na zywicy Amberlite XAD-16 (Brenntag, Essen,
Niemcy), a nastgpnie po odparowaniu etanolu zebrano frakcje i suszono w piecu prézniowym

SPT-200 (Zeamil, Krakow, Polska).

5. Ocena i analiza skladu zwiazkéw polifenolowych zawartych w otrzymanym ekstrakcie

Ekstrakt ze skoérek granatu rozpuszczono w MeOH/H>O/kwas askorbinowy
(30:68:1v/v/m) z dodatkiem 1% mieszaniny 37% kwasu chlorowodorowego 1 nastgpnie
przeprowadzono separacj¢ chromatograficzng na aparacie ACQUITY Ultra Performance
Liquid Chromatography (UPLC). System jest wyposazony w detektor z matrycg fotodiodowa
(PDA; Waters Corporation, Milford, MA) sprz¢zony z kwadrupolowg spektrometrig masowa
w czasie przelotu (QTOF-MS, Waters, Manchester, Wielka Brytania), z jonizacja przez
elektrorozpylanie (ESI) jako Zrédlem dziatajacym w trybach jondow ujemnych i dodatnich
z widmami uzyskanymi w zakresie mas od m/z 100 do 1800. Rozdzial chromatograficzny
przeprowadzono przy uzyciu kolumn UPLC BEH CI8 (1,7 um, 2,1 mm x 100 mm; Waters
Corporation, Milford, USA). Do elucji zastosowano nat¢zenie przeptywu fazy ruchome;j
wynoszace 0,42 ml/min w calym gradiencie. Jako fazy ruchome zastosowano wode
(zakwaszong 0,1% kwasem mréwkowym, 1:1) i1 acetonitryl z 0,1% kwasem mréwkowym
(odpowiednio A i1 B). Gradient rozpocz¢to od 99% A w warunkach izokratycznych przez
1 minutg, nastgpnie zastosowano 11-minutowy gradient liniowy od 1% do 40% B. Wartos¢
B zwigkszono do 100% po 12-14 minutach i na koniec przywrocono do warunkow

poczatkowych (99% A) na 2 minuty w ramach etapu ponownego réwnowazenia. Optymalna
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wstrzyknigta objetos¢ wynosita 10 uL. Eksperymenty QTOF-MS przeprowadzono w trybie
negatywnym przed i po fragmentacji. Poszczegdlne polifenole charakteryzowano na podstawie
czasu retencji 1 masy czasteczkowej. Doswiadczenia z fragmentacja wywotang kolizjami
przeprowadzono przy uzyciu argonu jako gazu kolizyjnego. Optymalne warto$ci parametrow
UPLC i QTOF-MS przyjety napiecie kapilary 1 stozka odpowiednio 2500 V 1 30 V. Temperaturg
kapilary ustawiono na 300 °C, a temperatur¢ podgrzewacza zrodita na 100 °C, przy szybkosci

przeplywu gazu suszacego (azotu) wynoszacej 300 L/h.
6. Ocena aktywnosci dysmutazy ponadtlenkowej w homogenatach tkankowych

Catkowita aktywno$¢ dysmutazy miedziowo-cynkowej (SODI1) mierzono
w homogenatach tkankowych za pomocg zestawu Superoxide Dismutase Assay Kit (nr kat.
706002, Cayman Chemicals, Ann Arbor, MI, USA), ktory wykorzystuje sol tetrazolowa
do wykrywania rodnikow ponadtlenkowych przy uzyciu oksydazy ksantynowej i hipoksantyny.
Przygotowane wczesniej homogenaty rozcienczono 100-krotnie i1 postgpowano zgodnie
z zaleceniami w tescie. Zmierzono absorbancje przy dlugosci fali 450 nm (Spark Multimode
Microplate Reader, Tecan Trading AG, Szwajcaria). Aktywnos¢ SOD1 w probkach okre§lono
na podstawie krzywej wzorcowej, sporzadzonej przy uzyciu oczyszczonego enzymu SODI1
z erytrocytow bydlecych. Jednostke aktywnosci SODI1 definiuje si¢ jako ilo$¢ enzymu
potrzebng do katalizy dysmutacji 50% dostepnych rodnikéw ponadtlenkowych. Aktywnos¢
SOD1 wyrazono w U/ml, a nastgpnie przeliczono na miligramy biatka catkowitego obecnego

w homogenatach 1 wyrazono jako U/mg bialka.
7. Ocena aktywnosci katalazy w homogenatach tkankowych

Aktywnos¢ katalazy w homogenatach nerek oznaczono metodg spektrofotometryczng
Aebi w $wietle ultrafioletowym (UV) %, Probki homogenatéw rozcienczono 501-krotnie

(10 pul probki zmieszano z 5 ml buforu fosforanowego i trzymano na lodzie). Bufor
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sodowo-potasowy (50 mM, pH 7,4) przygotowano przez rozpuszczenie 6,81 g KHoPOg (nr kat.
117420202, Chempur, Polska) i 8,90 g Na,HPO4 (nr kat. 117992801, Chempur, Polska)
w 1000 ml wody destylowanej. Roztwory mieszano w proporcji 1: 1,5 (objgtosci). Do kuwety
kwarcowej, zawierajagcej 1000 pl rozcienczonego homogenatu nerki, dodano 500 pl
20 mM H>0; w buforze fosforanowym i odczytano spadek absorbancji przy 240 nm przez
30 sekund w spektrofotometrze (UV-Vis Double Beam HALO DB-20 Spektrofotometr,
Dynamica GmbH, Szwajcaria). Roztwor 20 mM H>O; zostal §wiezo przygotowany z 3% H20O»
(Galfarm, Polska) i1 standaryzowany przy uzyciu molowego wspolczynnika ekstynkcji
(e =43.6 M ' cm! przy 240 nm). Roztwor ten wykorzystano do okreslenia aktywnosci CAT.
Wszystkie probki oceniano w trzech powtorzeniach. Jedna jednostka CAT rozklada
1,0 mikromola nadtlenku wodoru na tlen i wod¢ na minute przy pH 7,0 i temperaturze 25 °C

przy stezeniu substratu nadtlenku wodoru 20 mM.
8. Ocena stezenia glutationu w homogenatach tkankowych

Do pomiaru st¢zenia glutationu w nerkach szczurzych wykorzystano zestaw o nazwie
Glutathione Assay Kit (nr kat. 703002, Cayman Chemical Company, Ann Arbor, MI, USA).
Probki rozcienczono 100-krotnie. W wyniku reakcji migdzy grupami sulfhydrylowymi GSH
1 odczynnikiem Ellmana (DTNB, kwas 5,5-ditio-bis-2-nitrobenzoesowy) powstaje zotty
produkt, kwas 5-tio-2-nitrobenzoesowy (TNB). Absorbancj¢ TNB zmierzono przy uzyciu
spektrofotometru (Spark Multimode Microplate Reader, Tecan Trading AG, Szwajcaria) przy

dhugosci fali 410 nm. Stezenie GSH wyrazono w uM/mg bialka.
9. Ocena stresu oksydacyjnego w izolowanych nerkach i w organoidach nerkowych

W celu dokonania oceny stresu oksydacyjnego w tkance nerkowej zmierzono catkowitg
zawarto$¢ ROS/RNS w probkach, uzywajac testu OxiSelect™ in Vitro ROS/RNS Assay Kit

(Cell Biolabs, San Diego, USA). W obecnosci ROS/RNS  odczynnik
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dichlorodihydrofluoresciny DiOxyQ zostaje utleniony do silnie fluorescencyjnej
2" 7'-dichlorodihydrofluoresceiny. Odczytu fluorescencji dokonano przy fali dtugosci 480 nm
(wzbudzenie) 1 530 nm (emisja) za pomocg czytnika mikroptytek (Spark Multimode, Tecan
Trading AG, Szwajcaria). Odczytana fluorescencja byta proporcjonalna do stezenia ROS/RNS,

a wyniki zostaly znormalizowane wzgledem biatka catkowitego i wyrazone w nM/pg biatka.

10. Pomiar st¢zenia utlenionej formy LDL w tkance nerkowej

Oceng st¢zenia utlenionej formy LDL w homogenatach nerek dokonano przy uzyciu
komercyjnego testu ELISA (numer kat. E0527r, Human OxLDL ELISA Kit, EIAab Science
Inc., Wuhan, Chiny). Na ptytke wstepnie pokryta przeciwciatem anty-ox LDL naniesiono probki
oraz przeciwciala specyficzne dla antygenu, skoniugowane z biotyng, a nast¢pnie dodano
awidyne skoniugowang z peroksydazg chrzanowa. Kolejno do kazdej studzienki dodano
3,3,5,5-tetrametylobenzydyn¢ (TMB). Reakcje enzym-substrat zatrzymano poprzez dodanie
roztworu  kwasu  siarkowego.  Absorbancj¢ = uzyskanego  produktu = zmierzono
spektrofotometrycznie przy dlugosci fali 450 nm (Spark Multimode Microplate Reader, Tecan

Trading AG, Szwajcaria). Stg¢zenie oxLDL wyrazono w ng/mg biatka.

11. Ocena st¢zenia metaloproteinaz tkankowych MMP-2 i MMP-9 w izolowanej nerce

Stezenia MMP-2 1 MMP-9 w homogenatach nerek zmierzono za pomocg ilosciowego
testu Quantikine ELISA dla catkowite] MMP-2 1 szczurzej catkowite) MMP-9 (Total MMP-2
Quantikine ELISA Kit, kat. MMP200; Rat Total MMP-9 Quantikine ELISA Kit, kat. RMP900
R&D Systems, Minneapolis, MN, USA) zgodnie z instrukcjami producenta. Absorbancje
zmierzono przy dlugosci fali 450 nm przy pomocy spektrofotometru (Spark Multimode
Microplate Reader, Tecan Trading AG, Szwajcaria). Stezenie MMP-2 1 MMP-9 obliczono

na podstawie krzywej wzorcowej 1 wyrazono w jednostce ng/mg biatka.
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12. Pomiar stezenia markerow uszkodzenia nerki: lipokalina zwigzanej z zelatynazg
neutrofili (ang. neutrophil gelatinase-associated lipocalin; NGAL) i KIM-1 w tkance

nerkowej

Stezenia NGAL 1 KIM-1 w homogenatach nerek zmierzono za pomocg ilo$ciowego
testu ELISA dla NGAL i KIM-1 (NGAL numer kat. E1388r ; KIM-1 numer kat. EO785r, EIAab
Science Inc., Wuhan, Chiny) zgodnie z instrukcjami producenta. Absorbancj¢ zmierzono przy
dhugosci fali 450 nm przy pomocy spektrofotometru (Spark Multimode Microplate Reader,
Tecan Trading AG, Szwajcaria). St¢zenie NGAL i KIM-1 obliczono na podstawie krzywe;j

wzorcowej 1 wyrazono w jednostce ng/mg biatka.
13. Ocena calkowitego stezenia bialtka

Catkowite st¢zenie biatka w materiale badanym (homogenaty tkankowe 1 supernatant
komoérkowy) oznaczono za pomocg metody Bradforda > stosujac odczynnik Bio-Rad Protein

Assay Dye Reagent (kat. 5000006, Bio-Rad).
14. I1zolacja mitochondriow

Do wyizolowania nienaruszonych mitochondrow z tkanki nerkowej wykorzystano
zestaw MinuteTM Mitochondria Isolation Kit for Muscle Tissues/Cultured Muscle Cells
(kat. MM-038, Invent Biotechnologies, Plymouth, USA). Okoto 30 pg rozdrobnionej tkanki
1 kulek dysocjacyjnych umieszczono na powierzchni wktadu filtra. Nastepnie dodano gotowy
bufor 1 roztarto powstatg paste na filtrze. Kolejno przeprowadzono w sumie czterokrotne
wirowanie w celu uzyskania osadu frakcji mitochondrialnej. Mitochondria rozpuszczono

w 50 pul buforu do homogenizacji i zmierzono catkowite stezenie biatka.
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15. Okreslenie aktywnos$ci oksydazy cytochromu C i integralno$ci blony zewnetrznej

mitochondrii

Aktywnos$¢ oksydazy cytochromu C i integralno$¢ zewngtrznej btony mitochondriow
zmierzono w  izolowanych  mitochondriach za  pomoca testu  oksydazy
cytochromu C (kat. CYTOCOXI, Sigma-Aldrich). Cytochrom C jest ditiotreitolem i jest
utleniany przez oksydaze cytochromu c. Réznica wspotczynnikow ekstynkcji (AemM) miedzy
zredukowanym 1 utlenionym cytochromem ¢ wynosi 21,84 przy fali o dlugosci 550 nm.
Zredukowany ferrocytochrom c¢ jest utleniany w dwufazowej reakcji przez oksydaze
cytochromu C z poczatkowym wybuchem aktywno$ci. Absorbancje przy diugosci fali
550 nm zmierzono w reakcji kinetycznej po 5 sekundach 1 60 sekundach reakcji. Aktywno$¢
oksydazy cytochromu C zostatla wyrazona w jednostkach arbitralnych i znormalizowana
wzgledem biatka catkowitego w probce wyizolowanych mitochondriow — U/mg biatka.
Integralno$¢ zewnetrznej btony mitochondriow jest reprezentowana jako aktywnos¢
mitochondrialnej oksydazy cytochromu ¢ w obecnosci 1 nieobecnosci detergentu n-dodecylo-
B-D-maltozydu. Obliczono stosunek pomiarow probek z dodatkiem detergentu 1 bez detergentu
w celu wyrazenia integralno$ci zewnetrznej btony mitochondrialnej. Integralno$¢ zewnetrzne;j

btony mitochondrii wyrazono jako procent mitochondriéow z nieuszkodzong btong zewnetrzng.

16. Pomiar stezenia kaspazy 3 i kaspazy 9 w homogenatach nerek

Stezenie kaspazy 3 i1 kaspazy 9 zmierzono w homogenatach nerkowych zgodnie
z instrukcja producenta testu ELISA (Rat Caspase 3, kat. E1648Ra, zestaw CASP3 ELISA; Rat
Caspase 9, kat. E1898Ra, zestaw CASP9 ELISA, BT Lab, Birmingham, Wielka Brytania).
Zmierzono absorbancje proporcjonalng do stezenia kaspaz w probee przy dtugosci fali 450 nm
przy uzyciu spektrofotometru (Spark Multimode Microplate Reader, Tecan Trading AG,
Szwajcaria). Uzyskane stezenie znormalizowano wzglgdem biatka catkowitego w probce

1 wyrazono w jednostce ng/mg biatka.
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17. Ocena stezenia calkowitego bialka Akt i fosforyzowanej formy Akt (p-Akt)

Catkowitg zawarto§¢ Akt w homogenacie nerki okre§lono za pomocg testu ELISA
(kat. PEL-Akt-S473-T-2, RayBio® Human, Mouse and Rat Phospho-AKT (Ser473); Total AKT
ELISA Kit), a stezenie fosforylowanej formy Akt (Ser473) okreslono za pomoca Rat
Phospho-AKT(S473) ELISA Kit (kat. E2452Ra, BT Lab), zgodnie z zaleceniami producentow
testu. Stezenie fosfo-Akt zostalo znormalizowane wzgledem biatka catkowitego w probcee.
Nastepnie obliczono stosunek fosfo-Akt do catkowitego Akt, celem odzwierciedlenia st¢zenia

aktywnej formy Akt.

18. Analiza statystyczna

Analiza statystyczna zostata przeprowadzona w programie GraphPad Prism 8.0.1
(GraphPad Software, San Diego, California USA). Do oceny normalno$ci rozkladu
zastosowano test Shapiro-Wilka. W celu wykonania analizy zmiennych pomig¢dzy dwoma
grupami zastosowano test t studenta (dla prob niezaleznych o rozktadzie normalnym) lub test
Mann—Whitney’a (dla préb niezaleznych o rozkladzie nie spetlniajacym zatozen rozkladu
normalnego). Do poréwnania trzech grup badanych zastosowano test jednostronny ANOVA
(dla prob niezaleznych o rozktadzie normalnym) lub nieparametryczny odpowiednik — test
Kruskala-Wallis’a (dla prob niezaleznych niespetniajacych kryteriow rozktadu normalnego),
a nastgpnie wykonano test post hoc — dla testow parametrycznych wykonano test Tukey’a,
natomiast w przypadku testow nieparametrycznych wykonano test Dunn’a w celu poréwnania
pomiedzy grupami badanymi. Za poziom istotno$ci statystycznej przyjeto wartos¢ p < 0,05.
Wyniki przedstawiono jako warto$¢ srednig + standardowy btad pomiaru (ang. standard error

of measurement, SEM).
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X OMOWIENIE WYNIKOW PUBLIKACJI WCHODZACYCH

W SKLAD ROZPRAWY DOKTORSIEJ

Rozprawa doktorska sktadata si¢ z cyklu trzech powigzanych tematycznie prac (dwie
oryginalne 1 jedna pogladowa). Prace zostaly opublikowane w czasopismach o zasiegu
miedzynarodowym posiadajacych Impact Factor i/lub punkty MEIN. Laczny wspétczynnik
Impact Factor cyklu wynosi 10,300. Publikacje wchodzace w sktad rozprawy dotycza metod
ochrony nerki w zespole metabolicznym i podczas transplantacji, z podkresleniem potencjatu
terapii  antyoksydacyjnej. Ponizej przedstawiono krotkie podsumowanie wynikow
zaprezentowanych w pracach wchodzacych w sklad rozprawy doktorskiej. Omawiane

publikacje umieszczono w formie zatacznika 1.
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Publikacja 1. Anna Radajewska, Anna Krzywonos-Zawadzka, Iwona Bil-

Lula. Recent Methods of Kidney Storage and Therapeutic Possibilities of
Transplant  Kidney. Biomedicines. 2022 Apr 28;10(5):1013.  doi:

10.3390/biomedicines10051013.

IF =4.700, MEiN = 100 pkt

Kazdego roku z powodu przewleklej choroby nerek oraz schylkowej niewydolnosci
nerek umiera kilkaset tysigcy chorych. Transplantacja nerki jest jednym ze sposobdw
terapeutycznych, ktora w znaczacy sposob poprawia komfort zycia dializowanych pacjentow.
Nerka pobrana od biorcy jest narazona na uszkodzenie zwigzanie z zatrzymaniem krazenia
(niedokrwienie) i ponownym przywrdceniem przeptywu krwi (reperfuzja) w organizmie biorcy.
Pobrany organ jest nastgpnie przechowywyany w warunkach hipotermicznych w celu
zmniejszenia aktywnos$ci metabolicznej 1 ochrony nerki. Jednak dtugotrwale utrzymujaca si¢
niska temperatura jest czynnikiem uszkadzajacym. W pracy przedstawiliSmy dotychczasowe
osiaggnigcia w zakresie ochrony nerki przed przeszczepieniem oraz rozwigzania terapeutyczne
zaproponowane przez naukowcow, majace zmniejszy¢ skutki IRI oraz zwigkszenie puli
dostepnych organow.

Na poczatku pracy krotko omowiono temat transplantacji nerek jako rozwigzania
terapeutycznego. Przedstawiono opis rozwoju transplantologii nerek oraz wykorzystania
perfuzji maszynowej do poprawy kondycji przechowywanych nerek.

Cze$¢ glowna rozpoczgto od opisania dotychczas poznanych mechanizméow
w patofizjologii uszkodzenia niedokrwiennego-reperfuzyjnego przechowywanego organu.
Niedokrwienie zwigzane z zatrzymaniem krazenia powoduje zmniejszenie ilo$ci dostepnego
tlenu 1 zwigzkow odzywczych, co prowadzi do zmian biochemicznych oraz indukuje $mier¢

komorkek. W nastgpstwie uruchomione oddychanie beztlenowe skutkuje zmniejszeniem
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produkcji ATP 1 inaktywacja pompy sodowo-potasowej. W poczatkowej fazie dochodzi
do inaktywacji SOD, ktora fizjologicznie wykazuje dziatanie antyoksydacyjne. Inaktywacja
SOD prowadzi do wzrostu stezenia ROS, a dalej uszkodzenia mitochondriow
1 aktywacji szlakow $mierci komorkowej. Dochodzi do akumulacji produktow oddychania
beztlenowego — kwasu mlekowego, ktéry powoduje kwasice komorkowa. Dochodzi
do zaburzen jonowych, takich jak akumulacja jonéw sodu 1 wody wewnatrz komorki 1 wzrost
wewnatrzkomorkowego wapnia. Wapn moze nastepnie aktywowac proteazy, ktore dodatkowo
uszkadzaja nerke 1 aktywuja produkcje ROS. Nastepnie krotko opisano roézne typy $mierci
komoérkowej: apoptoze, nekrozg 1 autofagie. Zarowno apoptoza, jak i nekroza moga prowadzié¢
do aktywacji mechanizméw zapalnych. Autofagia odgrywa wazna rol¢ w utrzymaniu zycia
komorek, jednak dlugi okres IRI moze powodowaé, ze autofagia bedzie etapem $mieci
komorki. Aktywacja mechanizméw zapalnych na etapie reperfuzji moze prowadzié
do odpowiedzi immunologicznej, poprzez wydzielane chemoatraktantéw i cytokin zapalnych.
Aktywowane sg mechanizmy swoistego 1 wrodzonego uktadu odporno$ciowego. Dochodzi
do aktywacji gendw kodujacych prozapalne cytokiny, prezentacji antygendow przez komorki
dendrytyczne i1 aktywacji komorek T uktadu odporno$ciowego, ktora moze si¢ odbywac
poprzez zwiazanie z antygenem, ale takze poprzez aktywacje ze strony ROS.

W kolejnym akapicie opisano zagadnienie rozszerzonych kryteriow przeszczepienia
nerki. Dawniej grupe po$miertnych dawcow stanowili jedynie pacjenci DBD. Obecnie w wielu
krajach dopuszcza si¢ przeszczepienie organu DCD, a takze organy od tak zwanych dawcow
o rozszerzonych kryteriach przeszczepienia, do ktérych zalicza si¢ dawcow w wieku 50-60 lat,
z nadci$nieniem tetniczym 1 stezeniem kreatyniny w surowicy powyzej 1,5 mg/dL. Pozwala
to na zwigkszenie liczby dostgpnych organéw do transplantacji, jednak niesie zwigkszone

ryzyko DGF. Ponadto organy od dawcow DCD sg zwigzane z wydtuzonym czasem cieptego
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niedokrwienia (ktory jest czynnikiem mogacym prowadzi¢ do DGF), jednak sg mniej narazone
na wplywy sktadu hormondéw i zapalenia niz nerki DBD.

W dalszej cz¢sci pracy omdwiono badania nad opracowaniem ptynu prezerwacyjengo
oraz poréwnano rézne sposoby przechowywania nerki, zaczynajac od statycznej hipotermii
organu, po maszynowa perfuzj¢ w warunkach hipo-, subnormo- i normotermicznych.
Poczatkowo celem badan z zakresu transplantologii byto opracowanie odpowiedniego ptynu
prezerwacyjnego czy perfuzyjnego. W 1969 roku Collins 1 wspotpracownicy zaproponowali
bufor, ktéry umozliwial przechowywanie nerki w hipotermii do 30 godzin. Po kilku latach
dokonano modyfikacji i stworzono ptyn o nazwie Euro-Collins. Kilka lat pdzniej, w 1980 roku,
na Uniwersytecie w Wisconsin stworzono ptyn o nazwie UW, ktory do dzisiaj jest
wykorzystywany w transplantologii. Obecnie dostgpnych jest wiele preparatow zardwno typu
wewngtrzkomorkowego (o niskim stezeniu Na* i wysokim K) i zewnatrzkomdrkowego, takich
jak: Collins Solution, UW, HTK (roztwor histydyna-tryptofan-ketoglutaran), Celsior, HC-A
(hipertoniczna adenina cytrynianowa) and IGL-1 (Instytut Georges Lopez-1). Preparaty
sa wzbogacone $rodkami zapobiegajacymi obrzgkowi komorki, antyoksydantami oraz
substratami do produkcji ATP. Badania wykazaty, Zze szybsze dziatanie, w doprowadzeniu
organu do odpowiednio niskiej temperatury, mialty preparaty UW 1 PS, natomiast HTK
wykazywal si¢ najmniejsza skuteczno$cig. Porownano rowniez preparaty wykorzystywane
w perfuzji takie jaki UW 1 Blezer czy MPS. Obecnie najczesciej wykorzystywanym ptynem
do perfuzji nerki jest KPS-1, ktory bazuje na znanym UW i1 zawiera mig¢dzy innymi syntetyczny
koloid. Inne kryteria ustalono dla plynow wykorzystywanych do normotermicznej perfuzji
maszynowej, gdzie niezb¢dne jest dostarczenie tlenu. Poczatkowo wykorzystywano preparat
krwinek czerwonych i1 §wiezo mrozone osocze. Jednak ze wzglgdu na ryzyko przenoszenia

zakazen oraz reakcji immunologicznej zaproponowano nowy preparat, ktory zawiera sztuczne
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transportery tlenu, tzw. Hemopure (spolimeryzowany nosnik tlenu na bazie hemoglobiny
bydlecej, ang. a polymerized bovine hemoglobin-based oxygen carrier, HBOC).

Zimne statyczne przechowywanie organu ma najdtuzsza histori¢ i jest nadal stosowane,
ze wzgledu na niski koszt 1 nieskomplikowang procedure. Temperatura powinna by¢
utrzymywana miedzy 4 °C a 8 °C. Pozwala to na utrzymanie niskiej aktywnosci metaboliczne;j
komorek 1 niskie zuzycie ATP. Jednak technika ta czegsto obarczona jest zbyt wolnym
obnizaniem temperatury organu lub zbyt niskg temperaturg, nawet ponizej 2 °C, co wptywa
negatywnie na narzad. CS jest dobrym rozwigzaniem dla organéw DBD 1 tych krotko
przechowywanych. W przypadku nerek DCD wykazano znaczny wzrost ryzyka pierwotnej
niewydolnos$ci nerki (ang. primary non-function, PNF) (9% vs. 1-2% przy dawcach DBD) oraz
DGF (22—-84% DCD 1 7-25% DBD), kiedy nerki byly przechowywane statycznie.

Perfuzja maszynowa zostala opracowana i opisana przez Carrela i Lindbergha w 1935
roku. Perfuzja pozawala na utrzymanie statego przeptywu ptynu przez nerke i dostarczenie
do niej zwigzkéw odzywczych oraz lekow. Urzadzenie do zimnej maszynowej perfuzji
(ang. hympthermic machine perfusion, HMP), stosowane w praktyce klinicznej, sklada si¢
z komory z lodem i zakaniulowanym organem, pompy, czujnikdw cisnienia i przeptywu oraz
pulapki na pecherzyki powietrza. Hipotermia umozliwia spowolnienie waznych reakcji
biochemicznych, przez co zmniejsza zapotrzebowanie energetyczne komorek. Obecnie
znanych jest wiele maszyn do HMP w tym: LifePort® (Organ Recovery System, Itasca, Illinois)
1 Waters RM3® kidney perfusion system (Rochester, Minnesota). Pomimo wyzszego kosztu
zwigzanego z uzyciem HMP zauwazalne sa dodatkowe korzysci z wykorzystania urzadzenia,
w tym zmniejszenie przypadkow DGF i1 PNF (szczegdlnie w przypadku nerek DCD),
mozliwo$¢ pobierania probek i ich analizy w trakcie trwania perfuzji. Ponadto mozliwe jest
utrzymanie tumoru naczyn krwionos$nych i zapobieganie kumulacji toksyn i metabolitow.

Negatywnym skutkiem HMP moga by¢ zmiany cytoszkieletu komodrkowego 1 utrata
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fosfolipidow powierzchniowych. Przeanalizowana literatura nie wskazuje jednoznaczne
czy pulsacyjna zimna maszynowa perfuzja (ang. pulsatile cold machine perfusion, PP) bardziej
efektywnie chroni organ przed uszkodzeniem w stosunku do niepulsacyjnej metody HMP.
Jednak PP wykazuje, blizsze fizjologicznemu, parametry przeptywu ptynu przez nerke
W sposob pulsacyjny. Metaanaliza wykazata, ze w przypadku dawcow posmiertnych znaczaco
zmniejszyty si¢ przypadki DGF, kiedy stosowano pulsacyjna zimng maszynowa perfuzje
w poréwnaniu do CS. Zmniejszyta si¢ rowniez czesto§¢ PNF, jednak jedynie w przypadku
DBD. Jednak nie zauwazono istotnej roznicy w zakresie st¢zenia kreatyniny lub klirensu
kreatyniny po 3 miesigcach od przeszczepienia. Atutem zimnej maszynowej perfuzji jest
mozliwo$¢ wprowadzenia dodatkowego leczenia organu w trakcie perfuzji. Wykazano, ze takie
srodki jak doksycyklina czy dehydrogenaza aldehydowa-2 mogg zmniejszy¢ negatywne skutki
niedokrwienia, co widoczne bylo w badaniu st¢zenia markeréw uszkodzenia m.in. NGAL
1 dehydrogenazy mleczanowej (ang. lactate dehydrogenase, LDH) oraz wskaznikéw nasilenia
stresu oksydacyjnego i proceséw zapalnych.

Kolejng odmiang maszynowej perfuzji jest subnormotermiczna perfuzja (SNMP), ktéra
bazuje na utrzymywaniu organu w temperaturze migdzy 20 °C a 25 °C. Pozwala
to na ograniczenie zmian strukturalnych organu w poréwnaniu do warunkéw hipotermicznych.
Ponadto zmniejszone jest zuzycie ATP 1 uszkodzenie mitochondriow w porownaniu do NMP.
Dodatkowa przewaga jest brak konieczno$ci zapewnienia no$nikéw tlenu, jak w przypadku
NMP. Przeprowadzono badania z wykorzystaniem SNMP do stopniowego ogrzewania organu
po zimnym statycznym przechowywaniu. Wykorzystanie SNMP przez 3 godziny zwigkszyto
klirens kreatyniny i mocznika oraz poprawito kondycje mitochondriow. Jednak wykorzystanie
perfuzji do powolnego zwickszenia temperatury do warunkéw normotermicznych
prawdopodobnie wymaga uzycia no$nikow tlenu. Zauwazono wyzszy GFR i1 zwigkszong

resorpcje sodu (marker funkcji kanalikow nerkowych), kiedy HBOC bylo wykorzystywane
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jako ptyn perfuzyjny, w pordwnaniu do perfuzji bez no$nikow tlenu. Jednak niektore badania
z wykorzystaniem SNMP wskazuja na jej negatywne skutki lub brak efektu.

Normotermiczna perfuzja pozwala na wyeliminowanie lub zmniejszenie wptywu czasu
zimnego niedokrwienia, ktéry jest jednym z czynnikow ryzyka DGF. W trakcie perfuzji
z wykorzystaniem preparatow zawierajacych nosniki tlenu, mozliwe jest zachowanie
odpowiednej wymiany gazowej. Ponadto mozliwa jest lepsza kontrola funkcji nerki, poniewaz
warunki przechowywanie przypominajg warunki wewnatrz organizmu. Normotermia zapewnia
prawidtowe dostarczenie lekow do perfundowanego organu. Pierwsze badania kliniczne nad
NMP wskazywaty na bezpieczenstwo tej techniki 1 zmniejszenie odsetka przypadkow DGEF,
kiedy NMP bylo prowadzone po CS przez godzing przed zabiegiem transplantacji. Godzina
perfuzji metoda NMP, po wcze$niejszym statycznym przechowywaniu nerki, pozwolita
na uzyskanie fizjologicznego przeptywu. Badania pilotazowe wykonane na ludzkich nerkach
odrzuconych w procesie transplantacji wykazaly, ze NMP pozwolito na przywrdcenie
prawidtowych parametrow funkcji nerek, prawidtowy wyglad, przeptyw i produkcje moczu.
Przeszczepione nerki zachowywaty prawidlowe funkcje po okresie 3 miesigcy od zabiegu.
Kolejne badania z programu Eurotransplant Senior Program wskazywaty na bezpieczenstwo
stosowania NMP i ponownie mniejszy odsetek DGF. Obecnie prowadzone s3 intensywne
badania nad lepszymi technikami obrazowania do oceny funkcjonowania perfundowanego
organu oraz nad bezpieczenstwem uzycia NMP.

Na podstawie przegladu literatury wskazano kierunki badafh z wykorzystaniem NMP.
Przeszczepienie organu wigze si¢ z dozywotnim podawaniem lekéw immunosupresyjnych
biorcy, ktoére jest obcigzajace i niesie ryzyko wielu powiktan. Jednym z badanych trendow
w transplantologii jest wykorzystanie dojrzatych, multipotentnych komoérek progenitorowych
(ang. multipotent adult progenitor cells, MAPC) oraz mezenchymalnych komorek zrebu

(ang. mesenchymal stromal cells, MSC), ktore wykazuja dziatanie przeciwzapalne
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1 immunomodulujace. Podanie MAPC lub MSC w trakcie perfuzji NMP moze przynies¢
pozytywny efekt po przeszczepieniu, taki jak zmniejszenie produkcji cytokin prozapalnych
1 wzrost cytokin przeciwzapalnych. Jednak badania wskazuja, ze podane MSC kumulujg si¢
w S$wietle naczyn wilosowatych kiebuszkéw nerkowych. Kolejng proponowang terapig
z wykorzystaniem NMP jest dodanie do plynu perfuzyjnego pecherzykow
zewnatrzkomorkowych pochodzacych np. z komoérek macierzystych (ang. extracellular
vesicles, EV). Wcze$niejsze badania wykazaty pozytywny efekt podania EV w modelach AKI
1 CKD. EV zawieraja w swoim wnetrzu liczne lipidy, biatka, mRNA i microRNA 1 mogg stuzy¢
takze jako nowe biomarkery uszkodzenia i funkcji nerki, dzigki analizie mikropgcherzykow
pochodzenia nerkowego. Badania nad podaniem EV w trakcie perfuzji byly prowadzone
w warunkach hipotermicznych 1 wykazaty pozytywny efekt na kondycj¢ nerki. Spekulujemy,
ze warunki normotermiczne moglyby przynies$¢ lepsze rezultaty i na pewno jest to kierunek
warty zbadania. Normotermiczna perfuzja maszynowa byla wykorzystywana do badania
skuteczno$ci terapii molekularnych. Mate czasteczki oligonukleotydow z powodzeniem moga
by¢ podawane w potaczeniu z NMP, bez konieczno$ci uzycia wektorow, ze wzgledu na zblizone
do fizjologicznych warunki, w ktérych pobierany jest lek.

Podsumowujac, praca stanowi przeglad literatury na temat obecnie dostgpnych metod
przechowywania nerki w procesie transplantacji 1 najnowsze doniesienia w obszarze
prowadzonych badan nad ulepszeniem procesu przechowywania 1 perfuzji narzadu.
Przedstawiono takze interesujace doniesienia na temat terapii z wykorzystaniem znanych
lekow, antyoksydantow, terapii komorkowej oraz molekularnej. Dodatkowo przedstawiono
prawdopodobne kierunki rozwoju i wykorzystania ré6znych technik maszynowej perfuz;i,

w zalezno$ci od przypadku medycznego.
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Publikacja 2. Anna Radajewska, Jakub Szyller, Joanna Niewiadomska,

Agnieszka Noszczyk-Nowak, Iwona Bil-Lula. Punica granatum L. Polyphenolic
Extract as an Antioxidant to Prevent Kidney Injury in Metabolic Syndrome Rats.

Oxid Med Cell Longev. 2023 Jan 5; 2023:6144967. doi: 10.1155/2023/6144967.

MEiN = 20 pkt

Nadwaga 1 zwigzane z nig zaburzenia metaboliczne s3 uznawane za chorobe
cywilizacyjna dwudziestego pierwszego wieku. MetS, nazywany rowniez zespotem
insulinoopornosci, jest czynnikiem ryzyka wielu chorob, w tym AKI 1 CDK. W przebiegu MetS
zauwaza si¢ zwiekszong ilo$¢ FFAs, ktore nastepnie poddawane sg estryfikacji do triglicerydow
1 wydzieleniu przez watrobe w postaci lipoprotein o bardzo niskiej gestosci (ang. very low-
density lipoproteins VLDL). Ponadto MetS wigze si¢ ze zwigkszong produkcjag ROS, ktore
utleniajg LDL, powoduja uszkodzenia $rodbtonka, agregacje ptytek i aktywacje czynnikow
prozapalnych. Moze to wplywa¢ na uszkodzenie organow, w tym nerek. MetS jest uznawany
jako predyktor wczesnej dysfunkcji nerek. Zwiazki o wiasciwosciach antyoksydacyjnych
zmniejszajg stezenie ROS 1 moga przyczyni¢ si¢ do ochrony nerek w przebiegu MetS. Z tego
wzgledu postanowitam zbada¢ wptyw polifenolowego ekstraktu ze skorek granatu, ktory
zawiera zwiazki o potencjale antyoksydacyjnym, na uszkodzenie nerki w przebiegu MetS.

W badaniach wykorzystano szczurzy model zespolu metabolicznego, ktérym przez
8 tygodni podawano ekstrakt ze skorek granatu. Doroste szczury ptci meskiej Zucker Diabetic
Fatty posiadaja mutacj¢ zmiany sensu w genie receptora leptyny (ZDF fa/fa). Grupe¢ kontrolng
stanowily osobniki z mutacja (ZDF fa/fa), ktorym podawano czysta wodg bez ekstraktu. Grupy
badane stanowily osobniki z mutacja (ZDF fa/fa), ktérym podawano ekstrakt w stezeniu
odpowiednio 100 lub 200 mg/kg masy ciata. Grupe zdrowych osobnikow stanowity szczury

bez mutacji w genie receptora leptyny (ZDF fa/+), ktore otrzymywaty ekstrakt w tych samych
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stezeniach tj. 100 lub 200 mg/kg masy ciata. Nastepnie pobrano po$miertnie nerki i poddano
je analizom.

W pracy wykazano istotny wptyw MetS na uszkodzenie nerek i stopien nasilenia stresu
oksydacyjnego w tym organie. Ponadto zauwazono pozytywne dzialanie polifenolowego
ekstraktu ze skorek granatu na redukcje stresu oksydacyjnego i aktywno$¢ enzymow
antyoksydacyjnych. Aktywno$§¢ SOD byla mniejsza w grupie badanej, ktorej podawano
ekstrakt i najnizsza w grupie zdrowych osobnikéw pojonych ekstraktem. Ponadto niska dawka
ekstraktu (100 mg/kg masy ciata) spowodowata znaczng redukcje stezenia reaktywnych form
tlenu 1 azotu w tkance. Wysoka dawka powodowala znaczaco wyzsze warto§ci ROS/RNS,
co moze by¢ spowodowane prooksydacyjnym dziataniem wysokich st¢zen -ekstraktu.
Udowodniono, ze aktywnos¢ CAT jest wyzsza u osobnikéw leczonych ekstraktem
w poréwnaniu do grupy nieleczonych osobnikéw MetS. Nie wykazano zmiany w st¢zeniu GSH
(pomiedzy grupa MetS a grupa MetS + ekstrakt). Jednak osobniki z mutacja, ktérym podawano
ekstrakt wykazywaly wyzsze st¢zenie GSH niz zdrowe osobniki pojone ekstraktem. SteZenie
KIM-1, ktore jest markerem uszkodzenia nerek, bylo znacznie nizsze w przypadku zdrowych
osobnikow w poréwnaniu do grupy badanej MetS + ekstrakt. Wskazuje to na istotny wptyw
zespolu metabolicznego w procesie uszkodzenia nerek. Zauwazono nizsze stezenie KIM-1
w grupie MetS + ekstrakt w pordwnaniu do nieleczonych MetS, jednak ro6znica nie byta istotna
statystycznie. Stgzenie utlenionej formy LDL (oxLDL) bylo znaczaco wyzsze u osobnikow
MetS + ekstrakt w poréwnaniu do zdrowych osobnikow (HC + ekstrakt). Ponadto wysokie
stezenie ekstraktu spowodowalo istotny wptyw na stg¢zenie oxLDL u chorych osobnikow (grupy
MetS). Moze to mie¢ znaczenie w procesie powstawania komorek piankowatych i1 blaszki
miazdzycowej, a w konsekwencji w uszkodzeniu kigbuszkoéw nerkowych. Oceniono takze
wplyw ekstraktu na st¢zenie metaloproteinaz macierzy pozakomoérkowej (MMP-2 i MMP-9),

ktére maja wptyw na progresje choroby nerek i ich wldknienie. Nasze badanie wskazato
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znaczaco wyzsze stezenie MMP-2 w tkance nerkowej szczurow MetS + 200 mg/kg m.c.
w porownaniu do zdrowych odpowiednikow (HC + 200 mg/kg m.c.). Moze to by¢ sygnat
ostrzegawczy progresji zmian u szczurOw z zespolem metabolicznym, jednak wymaga
to poszerzenia badan.

Podsumowujac, badania zaprezentowane w niniejszej publikacji wskazujg, ze zespot
metaboliczny moze wplywa¢ na zwigkszony stres oksydacyjny w tkance nerkowe;,
a w konsekwencji uszkodzenie nerek. WykazaliSmy, ze ekstrakt z Punica granatum L. moze
mie¢ dzialanie antyoksydacyjne i prooksydacyjne, w zaleznosci od stezenia. Przyjmowanie
ekstraktu ze skorek granatu moze obniza¢ stezenie wolnych rodnikéw i1 modyfikowac
wewnetrzny system enzymow antyoksydacyjnych. Sugerujemy, ze Punica granatum L. moze
by¢ wykorzystywany jako potencjalny srodek leczniczy w przebiegu zespotu metabolicznego,

w konteks$cie ochrony nerek przed AKI i progres;ji choroby.
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Publikacja 3. Anna Radajewska, Jakub Szyller, Agnieszka Olejnik, Anna

Krzywonos-Zawadzka, Grzegorz Sawicki, Iwona Bil-Lula. Mitoquinone
Alleviates Donation after Cardiac Death Kidney Injury during Hypothermic
Machine Perfusion in Rat Model; Int. J. Mol. Sci. 2023, 24, 14772.

https://doi.org/10.3390/1jms241914772.

IF =5.600, MEiN = 140 pkt.

Schytkowa niewydolno$¢ nerek jest finalnym etapem progresji przewleklej choroby
nerek 1 wymaga natychmiastowej interwencji medycznej. Pacjenci cierpiacy na ESRD
sa poddawani leczeniu nerkozastepczemu, dializoterapii lub transplantacji nerki, ktora
ze wzgladu na poprawe jakoS$ci zycia pacjentdw oraz zmniejszang $miertelno$¢ w poréwnaniu
do dhugoletnich dializ, jest uznawana za preferowang metod¢ leczenia. W wielu krajach
dozwolona jest obecnie transplantacja nerek od dawcéw DCD oraz ECD, co pozwala
na zwigkszenie puli dostgpnych organdéw, jednak wykazano, ze nerki od dawcow DCD
sg bardziej narazone na skutki IRI oraz w konsekwencji PNF oraz DGF. IRI rozpoczyna si¢
w momencie zatrzymania przeptywu krwi w transplantowanej nerce, czyli WIT. CIT
rozpoczyna si¢ umieszczeniem organu w zimnym buforze do prezerwacji nerki. Reperfuzja,
czyli ponowne przywrocenie krazenia w nerce przeszczepionej do organizmu biorcy, wiaze si¢
z postepem uszkodzenia nerki, czego czeSciowa przyczyng jest produkcja zwigkszonej ilosci
ROS. Obecnie nerki DCD s3 poddawane HMP, co pozwala na eliminacj¢ toksycznych
metabolitow oraz umozliwia wprowadzenie dodatkowej terapii w trakcie trwania perfuzji. Stres
oksydacyjny jest uznawany za wazny czynnik uszkadzajacy w przebiegu transplantacji. Stres
oksydacyjny powoduje fragmentacje DNA oraz uwolnienie cytochromu C do cytoplazmy,

co aktywuje apoptoze. Wykazano, ze niski poziom stresu oksydacyjnego i apoptozy koreluje
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z lepszym funkcjonowaniem przeszczepu nerki. W celu zmniejszenia stresu oksydacyjnego
podczas HMP wykorzystaliSmy lek MitoQ, silny antyoksydant dziatajacy bezposrednio na
mitochondria — gtowne zrédto ROS. MitoQ ma posta¢ lipofilowego kationu, ktory przenika
przez podwdjng blong mitochondriéw, a zawarte w jego strukturze ugrupowanie ubichinonowe
jest aktywowane do ubichinolu przez kompleks II, ktory redukuje ROS i wraca do postaci
zredukowanej, wykazujac wysokg aktywnos$¢ antyoksydacyjna.

W omawianej publikacji numer 3 wykorzystano szczurzy model badawczy (szczury
rasy Wistar, ptci meskiej). Nerki zostaly pobrane posmiertnie, przeptukane i perfundowane
buforem Krebsa z dodatkiem albuminy przez 22 godziny. Ptyn perfuzyjny zostat wzbogacony
w MitoQ, w przypadku grupy badanej z lekiem. Szczury zostaty randomowo zaklasyfikowane
do jednej z trzech grup: nerki DBD, nerki DCD 1 nerki DCD z dodatkiem MitoQ. Nerki DBD
zostaty pobrane i zakaniulowane w najkrétszym mozliwym czasie po ustaniu krazenia (ponizej
10 min), gdzie tak jak w przypadku dawcow DBD czas cieptego niedokrwienia jest bardzo
krotki. Nerki DCD pobrano i zakaniulowano, a nastgpnie utrzymywano w kontrolowanej
temperaturze 37 °C przez 30 minut, w celu odwzorowania dawcoéw po $mierci spowodowane;j
ustaniem krazenia, z odpowiednio wydtuzonym WIT. Nerki zostaly podtaczone do systemu
perfuzyjnego 1 perfundowane przez 22 godziny w warunkach hipotermii (4 °C), a po uptywie
tego czasu, natychmiast umieszczone w cieklym azocie 1 przechowywane w -80 °C do dalszych
analiz. Z pobranej tkanki przygotowano homogenaty tkankowe i przeprowadzono oznaczenia,
takie jak catkowite st¢zenie bialka, stgzenie KIM-1, ROS/RNS, kaspazy 3 1 9, st¢zenie p-Akt
1 Akt. Nastgpnie z cze$ci zamrozonej tkanki wyizolowano mitochondria i przetestowano
aktywno$¢ oksydazy cytochromu C oraz okreslono procent mitochondridow z nieuszkodzong
btong komdrkowa, co okre§lono mianem integralno$ci mitochondriow.

Wykazano ochronne dziatanie MitoQ na nerki DCD poddane zimnej, maszynowej

perfuzji. Nerki DCD wykazywaty zwigkszone stezenie markeréw uszkodzenia (KIM-1), stresu
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oksydacyjnego (ROS/RNS) 1 apoptozy (kaspaza 3 1 kaspaza 9) w poréwnaniu z nerkami DBD.
Dodatek MitoQ zmniejszyt stezenie wymienionych parametréw do poziomu wykazanego
w homogenatach tkankowych nerek DBD. Ponadto zbadane st¢zenie aktywnej formy Akt oraz
stosunku formy aktywnej do catkowitego stezenia Akt byl znaczaco wyzszy w nerkach DCD
w poréwnaniu do DBD, a MitoQ obnizyl ten stosunek. Wykazano, ze Akt dziata hamujaco
na aktywnos$¢ kaspazy 9 1 3, wykazuje wiec dziatanie promujace przezycie komorki, moze by¢
roOwniez powigzane z progresja choroby i rozwojem zwltoknienia w CKD. W naszym badaniu
nie potwierdziliSmy znaczacych réznic w aktywno$ci oksydazy cytochromu C oraz
integralno$ci mitochondridw pomiedzy badanymi grupami.

Podsumowujac wykazano, ze wydluzony czas cieptego niedokrwienia wplywa
negatywnie na nerkg, promujac uszkodzenie perfundowanej nerki przed procesem
transplantacji. Ponadto MitoQ jest dobrym kandydatem do poprawy kondycji nerek DCD

poddanych zimnej maszynowej perfuzji.

65



XI PODSUMOWANIE I WNIOSKI

Stres oksydacyjny jest waznym czynnikiem uszkadzajacym w przebiegu chordb nerek.
Obserwowane jest zwigkszone stezenie oksydantow i zmieniona aktywno$¢ enzymow
antyoksydacyjnych w przebiegu zespotu metabolicznego. Ponadto nasilony stres oksydacyjny
wystepuje w przypadku nerek pobranych od dawcéw DCD. Dlatego poszukiwanie nowych
form terapii jest niezwykle wazne zarowno w konteks$cie prewencji rozwoju choréb nerek, jak
1 zmniejszenia powiktan zwigzanych z przeszczepieniem nerki.

W niniejszej rozprawie doktorskiej zaprezentowano wyniki badan potwierdzajace teze,
ze stres oksydacyjny jest istotnym czynnikiem uszkadzajagcym nerki w przebiegu zespotu
metabolicznego i w procesie transplantacji nerki. Ponadto, zastosowanie zwiazkoéw o potencjale
antyoksydacyjnym pozwala na zmniejszenie stresu oksydacyjnego i uszkodzenia. Zespot
metaboliczny jest rosngcym problemem w krajach rozwinigtych i jest zwigzany z siedzacym
trybem zycia, potagczonym z konsumpcja wysoko kalorycznych positkow, z niskg zawartoscia
btonnika. Ponadto MetS przyczynia si¢ do rozwoju chordb stanowigcych powazne zagrozenie
dla zycia, takich jak: choroby sercowo-naczyniowe, udar moézgu 1 uszkodzenie nerek.
Przedstawione w rozprawie badania potwierdzity, ze w przebiegu MetS dochodzi do zmian
w obrgbie uktadu antyoksydacyjnego 1 wzrostu stezenia reaktywnych form tlenu i azotu,
co moze przyczynic si¢ do uszkodzenia nerek 1 rozwoju AKI oraz CKD. Dalszym powiktaniem
CKD moze by¢ koniecznos¢ wprowadzania terapii nerkozastepcze; w schytkowej fazie
niewydolnosci nerek. Jednoczesnie, badanie wskazuje na ochronne dziatanie niskiego st¢zenia
wyciggu ze skorki granatu, bogatego w polifenole, ze wzgledu na wlasciwosci
antyoksydacyjne.

Drugim aspektem rozprawy byt stres oksydacyjny w uszkodzeniu niedokrwienno-
reperfuzyjnym w przebiegu transplantacji nerek. Przedstawiono obecnie stosowane techniki

przechowywania nerki w procesie transplantacji 1 ich ograniczenia. Pomimo rozwoju
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transplantologii 1 szerokiej gamy komercyjnych ptynéw prezerwacyjnych i perfuzyjnych, nadal
istotne jest udoskonalenie sposobu przechowywania nerki narazonej na uszkodzenie
niedokrwienno-reperfuzyjne. Jednym 2z komponentow uszkodzenia niedokrwienno-
reperfuzyjnego jest nasilony stres oksydacyjny, szczegolnie w fazie reperfuzji. Opisane
w rozprawie badania wskazujg na zwigkszony poziom ROS 1 RNS w perfundowanych nerkach
od dawcow DCD w poréwnaniu do nerek DBD. Dodatkowo wykazano, ze nerki DCD
sa bardziej narazone na zwickszong aktywacje apoptozy i w konsekwencji uszkodzenie.
Prezentowane wyniki potwierdzajg skuteczne dziatanie leku antyoksydacyjnego, Mitoquinone,
dodawanego do ptynu perfuzyjnego w grupie nerek DCD. MitoQ obnizyt st¢zenie reaktywnych
form tlenu i azotu, kaspazy 3 1 9 — enzymow bioracych udzial w apoptozie komorki, oraz
markerow uszkodzenia nerki 1 biatka Akt.
Na podstawie przeprowadzonych badan wyciagnieto nastepujace wnioski:
e zwickszona aktywno$¢ oksydacyjna komorek nerki wplywa na pogorszenie stanu
narzadu w przebiegu zespotu metabolicznego 1 w nerkach pobranych do transplantacji,
e zastosowanie zwigzkoéw antyoksydacyjnych w postaci naturalnych zwiazkow (wyciag
ze skorki granatu) oraz syntetycznych $rodkéw farmakologicznych (MitoQ) wiagze sie

z redukcja nasilonego stresu oksydacyjnego 1 dziataniem nefroprotekcyjnym.
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XII WYKAZ SKROTOW I DEFINICJI

Skrot

*OH
AKD
AKI
ALP
ALT
AST
ATG
ATP
BUN
Ca2*
CAT
CIT
CKD
COX
CS
DBD
DCD
DGF
DNA
DTNB

ECD

Definicja

rodnik hydroksylowy

(ang. acute kidney disease), ostra choroba nerek

(ang. acute kidney injury), ostre uszkodzenie nerek

fosfataza alkaliczna

aminotransferaza alaninowa

aminotransferaza asparaginianowa

globulina antytymocytowa

(ang. adenosine triphosphate), trojfosforanu adenozyny

(ang. blood urea nitrogen), azot mocznika

jony wapnia

(ang. catalsae), katalaza

(ang. cold ischemia time), czas zimnego niedokrwienia

(ang. chronic kidney disease), przewlekta choroba nerek
cyklooksygenaza

(ang. cold static storage), zimne statyczne przechowywanie organu
(ang. donor after brainstem death), dawcy po $§mieci moézgowej
(ang. donor after circulatory death), dawcy po zatrzymaniu krazenia
(ang. delayed graft function), opdznione podjecie funkcji przeszczepu
kwas deoksyrybonukleinowy

kwas 5,5-ditio-bis-2-nitrobenzoesowy

(ang. expanded Criteria Donor), dawcy o rozszerzonych kryteriach
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eGFR (ang. estimated glomerular filtration rate), szacowany wspotczynnik filtracji

ktgbuszkowej
ER (ang. edoplasmatic reticulum), retikulum endoplazmatyczne
ESRD (ang. end-stage renal disease, ESRD), schytkowa niewydolno$¢ nerek
ESI elektrorozpylanie
EV (ang. extracellular vesicles), pecherzyki zewnatrzkomorkowe
FFAs (ang. free fatty acids), wolne kwasy tluszczowe
GFR (ang. glomerular filtration rate), wspotczynnik filtracji kigbuszkowej
GPX (ang. gluthation peroxidase), peroksydaza glutationowa
GR (ang. glutathione reductase), reduktaza glutationowa
GSH (ang. glutathione), glutation
GST (ang. glutathione-S-transferase), S-transferaza glutationowa
H20:2 nadtlenek wodoru
HBOC (ang. polymerized bovine hemoglobin-based oxygen carriers), polimeryzowany

no$nik tlenu na bazie hemoglobiny bydlece;j

HC (ang. healthy control), zdrowa kontrola

HDL (ang. high density lipoprotein), lipoproteina o wysokiej gestosci

HIV (ang. human immunodeficiency virus), ludzki wirus niedoboru odpornosci
HKT ptyn perfuzyjny, roztwor histydyny-tryptofanu-ketoglutaranu

HMP (ang. hympthermic machine perfusion), zimna maszynowa perfuzja
HOCI- kwas podchlorawy

hs-CRP (ang. high-sensitivity C-reactive protein), wysokoczule biatko C-reaktywne
IGL-1 ptyn perfuzyjny z organizacji Instytut Georges Lopez-1

IL-6 interleukina 6
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IPSC

IRI

KDIGO

KH2PO4
KIM-1
KPS-1
LDH
LDL
LOX

MAPC

MDA
MetS
microRNA
MitoQ
MMP-2
MMP-9
MRNA
MSC
MtDNA
NaxHPO4

NGAL

(ang. incuced pluripotent stem cell) indukowane pluripotencjalne komorki
macierzyste

(ang. ischemia/reperfusion injury), uszkodzenie niedokrwienno-reperfuzyjne

(ang. Kidney Disease: Improving Global Outcomes), Choroby nerek: poprawa
globalnych wynikow

diwodorofosforan potasu

(ang. kidney injury molecule 1), czasteczka uszkodzenia nerek 1

(ang. Kidney Perfusion Solution 1), ptyn do perfuzji nerki 1

(ang. lactate dehydrogenase), dehydrogenaza melczanowa

(ang. low-density lipoproteins), lipoptoteiny o matej gestosci

lipooksygenaza

(ang. multipotent adult progenitor cells), multipotentne doroste komorki
progenitorowe

malondialdehyd

(ang. metabolic syndrom), zesp6t metaboliczny

(ang. micro ribonucleic acid), mate czasteczki kwasu rybonukleinowego

mesylan mitochinonu

(ang. matrix metalloproteinase 2), metaloproteinaza macierzy pozakomorkowej 2
(ang. matrix metalloproteinase 9), metaloproteinaza macierzy pozakomorkowej 9
(ang. messenger ribonucleic acid), matrycowy kwas rybonukleinowy

(ang. mesenchymal stromal cells), mezenchymalne komorki zrgbu

mitochondrialne DNA

wodorofosforan sodu

(ang. neutrophil gelatinase-associated lipocalin), lipokalina zwigzanej z zelatynaza

neutrofiléow
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NMP

NO*

ONOO-
oxLDL
PNF

PP
QTOF-MS
ROS
ROS/RNS
SEM
SNMP
SOD
SOD1
TAC
TGF-B
TMB
TNB
TNF-a
TOS

TPP

UPLC

uv

Uuw

(ang. normothermic machine perfusion), normotermiczna perfuzja maszynowa
tlenek azotu

anionorodnik ponadtlenkowy

nadtlenoazotyn

utlenione formy lipoptotein o matej gegstosci

(ang. primary non-function), pierwotna niewydolnos¢ przeszczepu

(ang. pulsatile cold machine perfusion), pulsacyjna zimna maszynowa perfuzja
kwadrupolowa spektrometria masowa czasu przelotu

(ang. reacive oxygane species), reaktywne formy tlenu

(ang. reactive oxygen/nitrogen species), reaktywne formy tlenu i azotu

(ang. standard error of measurement), standardowy btad pomiaru

(ang. subnormothermic machine perfusion), subnormotermiczna perfuzja maszynowa
(ang. manganese superoxide dismutase), dysmutaza ponadtlenkowa manganu
dysmutaza miedziowo-cynkowa

(ang. serum total anti-oxidant capacities), catkowita zdolno$¢ przeciwutleniajaca
transformujacy czynnik wzrostu beta

3.,3,5,5-tetrametylobenzydyna

kwas 5-tio-2-nitrobenzoesowy

(ang. tumor necrosis factor), czynnik martwicy nowotwordw alfa

(ang. total oxidative status), catkowity status oksydacyjny

kation trifenylofosfoniowy

(ang. Ultra-Performance Liquid Chromatography), ultrasprawna chromatografia
cieczowa

$wiatto ultrafioletowe

ptyn prezerwacyjny University of Wisconsine

71



VLDL (ang. very low-density lipoproteins), lipoproteiny o bardzo niskiej gestosci

WIT (ang. warm ischemia time), czas cieptego niedokrwienia
WSG wyciag ze skorki granatu
ZDF szczury rasy Zucker Diabetic Fatty z mutacjg zmiany sensu w receptorze leptyny

72



XIII PISMIENNICTWO

10.

11.

12.

13.

14.

Ronco, C. & et al. Acute kidney injury. The Lancet 394, 1949-1964 (2019).

Kellum, J. A. et al. Acute kidney injury. Nat. Rev. Dis. Primer 7, 1-17 (2021).

Zuk, A. & Bonventre, J. V. Acute Kidney Injury. Annu. Rev. Med. 67:1, 293-307 (2016).
Basile, D. P. ef al. Renal ischemic injury results in permanent damage to peritubular
capillaries and influences long-term function. Am. J. Physiol.-Ren. Physiol. 281, F887—
F899 (2001).

Molitoris, B. A. Therapeutic translation in acute kidney injury: the epithelial/endothelial
axis. J. Clin. Invest. 124, 2355-2363 (2014).

Hetz, C. The unfolded protein response: controlling cell fate decisions under ER stress and
beyond. Nat. Rev. Mol. Cell Biol. 13, 89—-102 (2012).

Pallet, N. et al. Endoplasmic reticulum stress: an unrecognized actor in solid organ
transplantation. 7Transplantation 88, 605 (2009).

Li, Z. et al. The pathological role of damaged organelles in renal tubular epithelial cells in
the progression of acute kidney injury. Cell Death Discov. 8, 1-12 (2022).
Kalantar-Zadeh, K. ef al. Chronic kidney disease. The Lancet 398, 786—-802 (2021).

Abdul Wahab, R. et al. Recent advances in the treatment of patients with obesity and
chronic kidney disease. Ann. Med. 55, 2203517 (2023).

Romagnani, P. ef al. Chronic kidney disease. Nat. Rev. Dis. Primer 3, 1-24 (2017).
Chawla, L. S. & Kimmel, P. L. Acute kidney injury and chronic kidney disease: an
integrated clinical syndrome. Kidney Int. 82, 516-524 (2012).

Wahba, [. M. & Mak, R. H. Obesity and obesity-initiated metabolic syndrome: mechanistic
links to chronic kidney disease. Clin. J. Am. Soc. Nephrol. 2, 550 (2007).

Saulnier, P.-J. & Bjornstad, P. Renal hemodynamic changes in patients with type 2 diabetes

and their clinical impact. Presse Médicale 52, 104175 (2023).

73



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Zhang, X. & Lerman, L. O. Obesity and renovascular disease. Am. J. Physiol. - Ren.
Physiol. 309, F273-F279 (2015).

Yang, M. et al. Complications of Progression of CKD. Adv. Chronic Kidney Dis. 18, 400—
405 (2011).

Himmelfarb, J. et al. The current and future landscape of dialysis. Nat. Rev. Nephrol. 16,
573-585 (2020).

Cierpka, L. D. Transplantacja nerki. in Transplantacje narzqdowe : podrecznik dla
studentow medycyny i lekarzy w trakcie specjalizacji (ed. Cierpka Lech Daniel) Slgski
Uniwersytet Medyczny w Katowicach 50-53 (2011).

Chadban, S. J. et al. KDIGO Clinical practice guideline on the evaluation and management
of candidates for kidney transplantation. Transplantation 104, S11 (2020).

Neuwirt, H. ef al. Immunosuppression after renal transplantation. Memo - Mag. Eur. Med.
Oncol. 12,216-221 (2019).

Kosieradzki, M. & Rowinski, W. Ischemia/reperfusion injury in kidney transplantation:
mechanisms and prevention. Transplant. Proc. 40, 3279-3288 (2008).

Hosgood, S. A. et al. Advances in kidney preservation techniques and their application in
clinical practice. Transplantation 105, €202 (2021).

Deng, R. et al. Machine perfusion versus cold storage of kidneys derived from donation
after cardiac death: a meta-analysis. PLOS ONE 8, €56368 (2013).

Filiopoulos, V. & Boletis, J. N. Renal transplantation with expanded criteria donors: Which
is the optimal immunosuppression? World J. Transplant. 6, 103—114 (2016).
Demirci-Cekig, S. et al. Biomarkers of oxidative stress and antioxidant defense. J. Pharm.
Biomed. Anal. 209, 114477 (2022).

Forman, H. J. & Zhang, H. Targeting oxidative stress in disease: promise and limitations of

antioxidant therapy. Nat. Rev. Drug Discov. 20, 689709 (2021).

74



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Liguori, 1. et al. Oxidative stress, aging, and diseases. Clin. Interv. Aging 13, 757-772
(2018).

Li, S. et al. Research progress of natural antioxidants in foods for the treatment of diseases.
Food Sci. Hum. Wellness 3, 110-116 (2014).

Salvadori, M. et al. Update on ischemia-reperfusion injury in kidney transplantation:
Pathogenesis and treatment. World J. Transplant. 5, 52—67 (2015).

Chen, C.-C. et al. Ischemia-reperfusion injury in kidney transplantation. Front. Biosci. 7,
134-154 (2015).

Dobrowolski, P. et al. Zespdt metaboliczny — nowa definicja i postgpowanie w praktyce.
Stanowisko PTNT, PTLO, PTL, PTH, PTMR, PTMSZ, Sekcji Prewencji i Epidemiologii
PTK, ,,Klubu 30” PTK oraz Sekcji Chirurgii Metabolicznej 1 Bariatrycznej TChP. Lek. POZ
8, (2022).

Roberts, C. K. & Sindhu, K. K. Oxidative stress and metabolic syndrome. Life Sci. 84, 705—
712 (2009).

Hirode, G. & Wong, R. J. Trends in the prevalence of metabolic syndrome in the United
States, 2011-2016. JAMA 323, 25262528 (2020).

Chen, S.-J. et al. Relationships between inflammation, adiponectin, and oxidative stress in
metabolic syndrome. PLOS ONE 7, 45693 (2012).

Vona, R. et al. Biomarkers of oxidative stress in metabolic syndrome and associated
diseases. Oxid. Med. Cell. Longev. 2019, 8267234 (2019).

Duann, P. & Lin, P.-H. Mitochondria damage and kidney disease. in Mitochondrial
Dynamics in Cardiovascular Medicine (ed. Santulli, G.) 529-551 (Springer International

Publishing, Cham, 2017).

75



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Eirin, A. et al. The emerging role of mitochondrial targeting in kidney disease. in
Pharmacology of Mitochondria (eds. Singh, H. & Sheu, S.-S.) 229-250 (Springer
International Publishing, Cham, 2017).

Williamson, J. et al. The mitochondria-targeted antioxidant MitoQ, attenuates exercise-
induced mitochondrial DNA damage. Redox Biol. 36, 101673 (2020).

Lobb, I. et al. Hydrogen sulfide protects renal grafts against prolonged cold ischemia—
reperfusion injury via specific mitochondrial actions. Am. J. Transplant. 17, 341-352
(2017).

PubChem. Mitoquinone. https://pubchem.ncbi.nlm.nih.gov/compound/11388332. Dostep:
27.03.2024 .

Smith, R. A. J. et al. Delivery of bioactive molecules to mitochondria in vivo. Proc. Natl.
Acad. Sci. U. S. A. 100, 5407-5412 (2003).

James, A. M. et al. Interaction of the mitochondria-targeted antioxidant MitoQ with
phospholipid bilayers and ubiquinone oxidoreductases. J. Biol. Chem. 282, 14708-14718
(2007).

Supinski, G. S. et al. Mitoquinone mesylate (MitoQ) prevents sepsis-induced diaphragm
dysfunction. J. Appl. Physiol. 131, 778-787 (2021).

Gottwald, E. M. et al. The targeted anti-oxidant MitoQ causes mitochondrial swelling and
depolarization in kidney tissue. Physiol. Rep. 6, €13667 (2018).

Chatauret, N. et al. Ischemia-reperfusion: From cell biology to acute kidney injury. Prog.
En Urol. 24, S4-S12 (2014).

Dare, A. J. et al. Protection against renal ischemia—reperfusion injury in vivo by the
mitochondria targeted antioxidant MitoQ. Redox Biol. 5, 163—168 (2015).

Parajuli, N. ef al. MitoQ blunts mitochondrial and renal damage during cold preservation

of porcine kidneys. PLoS ONE 7, 48590 (2012).

76



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Hamed, M. et al. Mitochondria-targeted antioxidant MitoQ ameliorates ischaemia—
reperfusion injury in kidney transplantation models. Br. J. Surg. 108, 1072—1081 (2021).
Singh, B. ef al. Phenolic compounds as beneficial phytochemicals in pomegranate (Punica
granatum L.) peel: A review. Food Chem. 261, 75-86 (2018).

Cerda, B. et al. Evaluation of the bioavailability and metabolism in the rat of punicalagin,
an antioxidant polyphenol from pomegranate juice. Eur. J. Nutr. 42, 18-28 (2003).
PubChem. Punicalagin. https://pubchem.ncbi.nlm.nih.gov/compound/44584733. Dostep:
27.03.2024 .

S., S., K., S. & James, J. A novel chalcone derivative from Punica granatum peel inhibits
LOX/COX enzyme activity. Beni-Suef Univ. J. Basic Appl. Sci. 7, 593-597 (2018).

El Bohi, K. M. et al. The efficiency of pomegranate (Punica granatum) peel ethanolic
extract in attenuating the vancomycin-triggered liver and kidney tissues injury in rats.
Environ. Sci. Pollut. Res. 28, 7134-7150 (2021).

Patel, I. B. et al. Punica granatum peel extract ameliorates doxorubicin induced
cardiotoxicity. Anal. Chem. Lett. 9, 835-844 (2019).

Niewiadomska, J. et al. Punica granatum L. extract shows cardioprotective effects
measured by oxidative stress markers and biomarkers of heart failure in an animal model
of metabolic syndrome. Antioxidants 12, 1152 (2023).

Karwasra, R. et al. Antioxidant and anti-inflammatory potential of pomegranate rind extract
to ameliorate cisplatin-induced acute kidney injury. Food Funct. 7,3091-3101 (2016).
Althunibat, O. Y. et al. Protective role of Punica granatum L. peel extract against oxidative
damage in experimental diabetic rats. Process Biochem. 45, 581-585 (2010).

Aebi, H. Catalase. in Methods of enzymatic analysis (second edition) (ed. Bergmeyer, H.

U.) 673—684 (Academic Press, 1974).

77



59. Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248-254

(1976).

78



XIV SPIS RYCIN

Rycina 1. Schemat diagnostyki chordb nerek i1 postepowania w schytkowej niewydolnos$ci

TIETEK . 1.ttt 23
Rycina 2. Komponenty uktadu pro- i antyoksydacyjnego. ........cccucveririiieciiiniininenieniiennn 29
Rycina 3. Wzor strukturalny MItOQUINONE ..........cccviieiiiiiiiiieiiieiiniesieere e 34
Rycina 4. Wzor strukturalny punikalaginy .........ccccoveiiiiiiiniiiiieeeesee e 36

Rycina 5. Schemat badania z wykorzystaniem szczurow MetS i HC pojonych wyciagiem ze
skorki granatu TuUb WOdg. ......ooviiiiiiiic s 41
Rycina 6. Schemat badania perfuzji nerek eX Vivo. ......cccccviiieiiiiinienieie e 43
Rycina 7. Zdjecie przedstawiajace nerke szczurza perfundowang w systemie do zimnej

MASZYNOWE] PETTUZIL. +.evvveuiiiiiiiiieii sttt nne s 44

79



XV ZALACZNIKI

Zalacznik 1. Publikacje wchodzace w sklad rozprawy doktorskiej.

80



' [ ] [ ] [ ]
W' hiomedicines
[=]==]=]

Review

Recent Methods of Kidney Storage and Therapeutic
Possibilities of Transplant Kidney

Anna Radajewska, Anna Krzywonos-Zawadzka

check for
updates

Citation: Radajewska, A.;
Krzywonos-Zawadzka, A.; Bil-Lula, I
Recent Methods of Kidney Storage
and Therapeutic Possibilities of
Transplant Kidney. Biomedicines 2022,
10,1013. https://doi.org/10.3390/
biomedicines10051013

Academic Editor: Gener Ismail

Received: 17 March 2022
Accepted: 25 April 2022
Published: 28 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Iwona Bil-Lula *

Department of Medical Laboratory Diagnostics, Division of Clinical Chemistry and Laboratory Hematology,
Faculty of Pharmacy, Wroclaw Medical University, Borowska 211A, 50-556 Wroclaw, Poland;
anna.radajewska@student.umw.edu.pl (A.R.); anna.krzywonos-zawadzka@umw.edu.pl (A.K.-Z.)

* Correspondence: iwona.bil-lula@umw.edu.pl; Tel.: +48-71-784-0628

Abstract: Kidney transplantation is the standard procedure for the treatment of end-stage renal dis-
ease (ESRD). During kidney storage and before implantation, the organ is exposed to damaging factors
which affect the decline in condition. The arrest of blood circulation results in oxygen and nutrient
deficiency that lead to changes in the cell metabolism from aerobic to anaerobic, damaging organelles
and cell structures. Currently, most kidney grafts are kept in a cold preservation solution to pre-
serve low metabolism. However, there are numerous reports that machine perfusion is a better
solution for organ preservation before surgery. The superiority of machine perfusion was proved
in the case of marginal donor grafts, such as extended criteria donors (ECD) and donation after
circulatory death (DCD). Different variant of kidney machine perfusions are evaluated. Investigators
look for optimal conditions to protect kidneys from ischemia-reperfusion damage consequences by
examining the best temperature conditions and comparing systems with constant or pulsatile flow.
Moreover, machine perfusion brings additional advantages in clinical practice. Unlike cold static
storage, machine perfusion allows the monitoring of the parameters of organ function, which gives a
real possibility to make a decision prior to transplantation concerning whether the kidney is suitable
for implantation. Moreover, new pharmacological therapies are sought to minimize organ damage.
New components or cellular therapies can be applied, since perfusion solution flows through the
organ. This review outlines the pros and cons of each machine perfusion technique and summarizes
the latest achievements in the context of kidney transplantation using machine perfusion systems.

Keywords: machine perfusion; kidney transplantation; kidney graft

1. Introduction

Chronic kidney disease (CKD) might lead to end-stage renal disease. In 2017, 1.2 million
people died because of chronic kidney disease [1]. There are two therapeutic options for
ESRD, namely dialysis and transplantation. The development of organ preservation is
indisputably a big advantage of medicine and transplantology. The main goal of the
customarily used method (hypothermia) is to suppress the metabolism and reduce ATP
depletion. Increasing the pool of organs for transplantation is still an important objective
because of the long waiting list for organ transplants [2]. With the increase in the number
of patients qualified for transplantation, scientists are forced to find a way to increase the
organ pool. Currently, it is possible to obtain a kidney from a living donor, after brain death
and after cardiac death. There is also a group of donors called extended criteria donors
that are approved to be organ donors. This change was a big step for transplantology,
but it is also a challenge for clinicians and scientists to ensure the best function of the
organ. The composition of a storage fluid and the preservation method seem to be crucial.
One of the first preservation solutions used for cold static storage was plasma and later,
cryoprecipitate plasma (CPP). The problem with the possibility of disease transmission
was the reason for the production of a commercial product supporting organ preservation.
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The construction of machine perfusion devices and the development of a constant perfusion
method were significant in the case of donation after cardiovascular determination of death.
It is known that DCD organs are more prone to ischemia-reperfusion injury (IRI). IRI is the
main cause of delayed graft function (DGF) or primary nonfunction (PNF) of the graft. That
is why a new method of preservation, in combination with solution composition, should
be considered [3-6]. According to the study of Opelz et al., during the years 1995-2005,
machine perfusion constituted only 2.0-3.4% of all preserved kidneys [5]. Fortunately, the
popularity of machine perfusion is increasing, so we can expect that it will completely
supersede cold static storage (CSC) of the kidney [7]. The standardization of machine
perfusion methods and the improvement of perfusing solutions should be the next step.

2. What Occurs in the Kidney during the Storage?

After organ removal from a donor’s body and before transplantation, a graft needs to
be stored for different periods of time. The duration of organ preservation is proportional
to the time of ischemia and the degree of the damage that occurs. Ischemia results in
oxygen and nutrition deficiency and promotes cell apoptosis or necrosis. Inside the cell,
numerous biochemical changes occur. Anaerobic respiration is promoted, which leads to
adenosine triphosphate (ATP) depletion and inactivation of the Na*/K* ATPase pump.
ATP is rapidly transformed into hypoxanthine, which can be subsequently metabolized
because of anaerobic conditions (Figure 1). The first phase of ATP depletion is associated
with the inactivation of manganese superoxide dismutase (SOD). Because of the inhibition
of its antioxidative properties, mitochondria are destroyed by reactive oxygen species
(ROS), and some apoptotic pathways are launched. Moreover, lactate dependent ATP
production leads to acidosis because of lactic acid accumulation inside the cell and intersti-
tium. These conditions affect lysosome membranes and hydrolase leaking, destroying cell
membrane structure [8,9]. Because of the Na*/K* ATPase failure, increasing intracellular
Na* ion concentration and water accumulation yield edema. Further, Ca** accumulation is
caused by Na*/Ca?* pump arrest. High amounts of calcium activate calcium-dependent
proteases, such as calpains (active after reperfusion), and initiate reactive oxygen species
production [8,10]. These changes are proportional to the time of ischemia duration. Due
to IR, injured cells activate different types of cell death: apoptosis, necrosis or autophagy.
Apoptosis is determined by caspase complex activation and can be classified as a self-
limiting death program. It was thought that apoptosis is less immunogenic than necrosis,
but ATP release might attract phagocytes and initiate inflammation. Necrosis, on the other
hand, is initiated by cellular swelling and membrane breakage. Injured cells stimulate the
immune system, infiltration of the neutrophils and a cytokine cascade reaction. Autophagy
is a genetically regulated process in which cells start to digest organelles and intracellular
proteins inside their own lysosomes, which can be considered as a temporary survival
mechanism. However, prolonged ischemia time might result in the cellular death process
rather than in survival action [10]. When the blood flow is restored, white blood cells release
cytokines and chemoattractant, which injures endothelial and tubular epithelial cells [9].
During the immune response, the activation of both pathways of the innate and adaptive
immune system are observed. The transcription of nuclear factor kinase B, by activating
toll-like receptors, leads to the transcriptional activation of inflammatory genes. Dendritic
cells have a crucial role in immune response. They present an antigen to T cells and might
activate the complement system. Usually, T cells are activated by binding with antigens;
however, it has been shown that they might be activated by ROS. In the pathophysiology
of the immune system response in the case of kidney transplantation, CD4* lymphocytes
are of particular importance. During cold preservation, there is increased expression of
P-selectin, ICAM-1 and MHC class II antigen on renal endothelial and proximal tubular
cells before CD4* T-cell infiltration. Increased expression of the MHC class II antigen is
associated with release of interleukin 2 (IL-2) and interferon gamma (INF-v). This suggests
an innate connection and an adaptive immune system in the immune reaction [11].
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Figure 1. The effect of ischemia on cell metabolism. Legend: SOD—superoxide dismutase; ATP—
adenosine 5'-triphosphate; ROS—reactive oxygen species.

3. Expanded Criteria in Kidney Graft Transplantation

There is still increasing disproportion between organs available for transplantation
and the number of waiting recipients (Table 1) [12,13]. Previously, kidney transplants were
carried out after the donor’s brain stem death. Currently, neurosurgery is more effective,
and we can observe the reduction of postsurgical trauma. This fact caused the need to
expand the criteria for organs that can be used [12]. Eventually, new criteria for donors
were approved and included ECD and DCD. For the ECD group, one can obtain grafts
from deceased donors over sixty, or 50—-60-year-old donors with two other criteria: arterial
hypertension, creatine levels over 1.5 mg/dL and DCD grafts [14]. The overriding standard
is the organ’s condition. This means that broad structural lesions, functional disorders
or active infection of the organ does not allow it to be used during transplantation [15].
DGEF is a common condition occurring after renal transplantation. It enlarges the risk of
transplant rejection in the future and requires the implementation of hemodialysis, which
also increases the total cost and affects the patient’s quality of life [16]. Studies have shown
that DCD grafts are associated with a higher risk of DGF compared to kidneys recovered
after brain death donation (DBD), likely because of extended warm ischemic time [17],
although a DCD kidney is less likely to affect the hormonal and inflammatory milieu
than a DBD kidney [18]. However, in both cases, kidneys are exposed to ischemia during
preservation, causing injuries that might be an important factor leading to DGF or graft
rejection. This necessitates the improvement of graft storage to stop destructive processes
from occurring during cold ischemia time [19].
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Table 1. Kidney transplant and waiting patient statistics for 2018 and 2019 [13]. Those 2018 and 2019
data are based on the Global Observatory on Donation and Transplantation (GODT) data, produced
by the WHO-ONT collaboration. Legend: DCD—donors after circulatory death; DBD—donors after
brain death; WL—waiting list.

Country

Poland Germany USA UK Australia Brazil

Year

2018 2019 2018 2019 2018 2019 2018 2019 2018 2019 2018 2019

Total kidney transplants

946 983 2291 2132 22,003 24,273 3642 3649 1135 1095 5975 @ 6298

Deceased kidney transplants

906 931 1653 1612 15,561 17,406 2608 2627 897 857 4942 5227

Actual DBD

494 503 955 932 8589 9152 1000 964 400 376 3529 3767

Actual DCD

4 1 n/d n/d 2133 2718 619 689 154 172 n/d n/d

Total number of patients
active on the WL during
whole year

2745 2747 10,616 10,325 88,595 96,830 9072 8984 1979 2027 33,201 36,371

Waiting list (Patients
awaiting a transplant—only
active candidates—on
31/12/201.)

1196 1165 7526 7148 60,901 60,566 5000 5030 982 1076 22,736 25,146

Patients who died while on
the WL during the
whole year

73 75 453 387 3934 3754 283 240 6 n/d 1402 2156

4. Preservation Solutions

At the beginning of transplantology development, researchers and clinicians were
focused mainly on the improvement of surgical techniques, immunosuppression and
finally, appropriate storage and obtaining the best preservation solution [19-21]. In 1969,
Collins et al. obtained a preservation solution that was able to maintain the cold storage
of kidney grafts for up to 30 h [22]. A few years later, the solution was modified to better
protect the graft from prolonged ischemia injury. The new solution was called Euro-Collins.
In the 1980s, the University of Wisconsin (UW) solution was released to the market, and it is
still used to preserve abdominal organs. It is an intracellular fluid (ICF)-type solution with
a low Na* and high K* concentration. This maintains the appropriate ion environment
and helps to avoid cellular edema [22,23]. Currently, we can find many commercial
preservation solutions, such as the Collins Solution, UW, HTK (histidine-tryptophan-
ketoglutarate solution), Celsior, HC-A (Hypertonic citrate adenine) and IGL-1 (Institute
Georges Lopez-1). Among them, there are intra- and extracellular solutions [21]. Perfusate
solution contains multiple ingredients that maintain the good condition of the kidney. To
prevent interstitial edema, hydroxyethyl starch is added; moreover, preservation solutions
are enriched with glutathione as an antioxidant, as well as adenosine and phosphate to
stimulate ATP production [24]. Schreinemachers et al. have compared three well-known
preservation solutions [25]. The immediate cooling down of a graft is necessary to slow
down the metabolism. According to the study, HTK solution showed the least effectiveness,
and UW and PS solutions worked faster. For the appropriate washout of red blood cells, it
was thought that the preservation solution should present colloid as one of the ingredients,
and it should also have low viscosity. This shows the advantage of the PS over the rest.
Additionally, the histological analysis of the tissue indicated that the highest edema was
observed for the group washed out in HTK. This explains the fact that kidneys after HTK
washout gained weight, in contrast to kidneys in PS and UW [25]. The advancement in
the production of appropriate solutions was also achieved for mechanical perfusion. The
comparison of UW solution and Belzer MPS solution showed that UW solution better
protected DCD grafts exposed to 75 min of warm ischemia [26]. Better protection was
noticeable with machine perfusion compared to simple cold static storage for both solutions.
However, there was no distinction between MPS and UW when the warm ischemia time
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(WIT) was up to 60 min; the significant difference was stated for 75 min of WIT. The MPS
solution was not effective enough, as high serum creatine values were found, and the
animal survival was 25% (while for 60 min of WIT, the survival was 100%). The UW
solution protected grafts more successfully. The serum creatinine values were lower than
for the MPS solution, and animal survival was significantly higher—86% [26]. Presently, the
most widely used preservation solution for the machine perfusion of kidneys is KPS-1. This
solution is a variation of the UW solution and contains, among other ingredients, gluconate
as a main anion and hydroxyethyl starch (HES), a synthetic colloid [27]. For normothermic
machine perfusion (NMP), solutions must contain the ingredient that allows oxygen to be
carried. For this reason, the red blood cells (RBC) and fresh frozen plasma (FFP) were used
for NMP at the beginning [27,28]. However, the problem with the potential risk of infection
and immune reaction of RBC led to the search for a new solution. Furthermore, we observe
the red blood cells deficiency in the biobanks [29]. As an alternative to blood products,
an artificial oxygen carrier was put into service. A polymerized bovine hemoglobin-based
oxygen carrier (HBOC), called Hemopure, has parameters of oxygen exchange similar to
RBC, is less immunogenic and can be used for NMP [30,31]. The comparison of RBC and
HBOC was carried out for 6 h NMP perfusion of a kidney graft [31]. The results of blood
flow, urine production, creatinine clearance and oxygen consumption were similar for both
oxygen carriers [31]. A similar effect was obtained for liver perfusion [32]. This suggested
that HBOC might be effectively used as a substitute for RBC for NMP.

5. Cold Static Storage

Cold static storage as a graft preservation method has the longest history in trans-
plantology, and it is still the most common strategy for kidney transplants. It seems to be
the most cost efficient and easiest way to provide hypothermal environments. For many
years, the main goal was to create the best preservation solution to protect cells from ionic
instability, edema, the toxic impact of ROS and risks. Low temperature during the hypother-
mic organ preservation is significant and should be established between 4 and 8 °C [33].
Unfortunately, this classic technique of cold preservation usually does not secure accurate
conditions, because the temperature drops down under 2 or even 0 °C. Besides, the cooling
process can run too slowly to be protective. While 4-8 °C maintains cellular metabolism
at a low level, ensuring high energetic ATP savings, temperatures under 2 °C might lead
to protein denaturation and damage of the cell structure [33,34]. Cold static storage is
effective in short-term preservation and in conjunction with DBD and living donor organs.
Since the expanded criteria for donors were approved, the classic preservation method is
no longer adequate. It was found that CS-stored organs from DCD had higher rates of
primary non-function of up to 9%, compared to only 1-2% in cases of donation after brain
death. Similar situations occurred in delayed graft function: 22-84% (DCD) and 7-25%
(DBD) [34,35]. This yields the conclusion that researchers and clinicians need to obtain
better storage methods to reduce ischemia effects and increase the pool of organs available
for transplantation [34].

6. Machine Perfusion

The history of dynamic organ preservation started in 1935, when Carrel and Lindbergh
invented and described the first machine for organ perfusion [36]. Since that time, the idea
has grown, and currently, different devices are produced for various techniques, starting
with HMP, followed by SNMP and ending with NMP. Machine perfusion allows for the
maintenance of the flow and supply of the perfusion solution with the pharmacological
and biological components used as an IRI therapy (Table 2). The clinically used device
for HMP contains of a chamber for ice and the cannulated organ, a pump and sensors
(pressure sensor and flow sensor) and the bubble trap (Figure 2) [37].
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Table 2. Comparison of different machine perfusion techniques. Legend: HMP—hypothermic

machine perfusion; SNMP—subnormothermic machine perfusion; NMP—normothermic machine
perfusion; KPS®—Kidney Perfusion Solution; BELZER MPS® UW—BELZER MPS® solution.

Machine Perfusion Method

Parameter HMP SNMP NMP
Temperature range 2-8°C 20-25°C 37°C
- BELZER MPS® UW machine
Perfusion solution -KPS® perfusion solution - Solution with oxygen carrier
(examples) - BELZER MPS® UW machine - solution with oxygen carrier (natural and artificial ex.

[22,23,29-31]

perfusion solution

(natural and artificial ex.
(HBOC)-201)

(HBOC)-201)

Equipment

- ORS (organ recovery system)
LifePort
- RM3 Kidney Perfusion System

- Organ
Assist, Groningen, The

- Organ
Assist (XVIVO), Groningen,
the Netherlands

specifications [37—42] (Water Medical System) Netherlands- Modified RM3 - PerKidney®, San Giovanni in
P - Organ Assist, Groningen, Kidney Perfusion System (Water Persiceto, Italy
the Netherlands Medical System) - Ark system EBERS,
- Waves IGL (Lissieu, France) Zaragoza, Spain
Oxygen No/ .Yes (for most devices, it is Yes Yes
possible to use oxygen)
. Ipltcochf)nd}‘lal ULy - similar nutrition and oxygen
. . minimalization S o
- reduction of cellular metabolism . level as in vivo condition
. . - decreased ATP depletion s
- reduction of ATP depletion AN - possibility to control graft
. . - minimalization of the .
- reduction of neutrophil and N . function
latelet activity vacuolization and cell necrosis - adequate drug uptake when
plateiet a . - possibility of using the SNMP as 2
- possibility to obtain perfusate o administrated
Advantages a resuscitation platform for graft . .
sample for constant graft o - reduction of free radical
L - possibility for drug .
monitoring . . mediated damage
s administration and graft o .
- possibility for drug monitorin - possibility of using the NMP
administration e as a resuscitation platform
. - collection of waste products
- collection of waste products . for graft
- no compulsion to use oxygen .
) . - collection of waste products
carriers to provide gas exchange
- some cytoskeletal changes
- induction of stress protein - do not fully protect the graft - high level of ATP depletion
- increased ROS production after ~ from reperfusion injury - high metabolism level
Disadvantages reoxygenation - impairment of the physiological —S 21152 (t):lc:st of a perfusion

- loss of cellular phospholipids

- the inability to accurately assess
certain activities of the organ:
urine production

functions of the organ (in case of
liver transplantation, decreased
bile production)

- risk of infection (while
blood-based solution is used)

Ice box

Bubble trap

Reservoir

Pressure
sensor

Pump

|

Figure 2. The scheme of hypothermic machine perfusion of a kidney.



Biomedicines 2022, 10, 1013

7 of 15

6.1. Hypothermic Machine Perfusion and Pulsatile Cold Machine Perfusion

Hypothermic machine perfusion has a long history, and many investigations have
been completed. Currently, transplant clinics utilizes two main types of perfusion machines:
LifePort® (Organ Recovery System, Itasca, Illinois) and the Waters RM3® kidney perfusion
system (Rochester, Minnesota) [43]. Since ischemia injury occurs during organ storage be-
fore transplantation, it is crucial to reduce it. The concept of using hypothermia is the basis
for both the CS and HMP techniques (pulsatile and non-pulsatile perfusion). Hypothermia
changes cellular metabolism and slows down the majority of biochemical reactions, thus
decreasing energy demand. HMP additionally reduces the activity of the neutrophils and
platelets during reperfusion, so the inflammatory response is decreased [7]. Cell depo-
larization, which is an effect of anoxia and ischemia, can be limited by pharmacological
prevention and/or cooling down the graft. Special perfusion fluids have been developed.
The addition of some chemical substances, such as glutathione, may control the production
of free radicals due to its free radical scavenger properties. The ion imbalance during is-
chemia causes cellular edema. The clinically used solution maintains appropriate ion levels.
Admittedly, HMP is related to higher machine cost; however, prospective economic benefits
redeem it. The reduction of DGF and PNF incidents, as well as a higher percentage of one-
year graft survival, reduce the total cost of hospitalization and dialysis. Machine perfusion
facilitates samples collection and hence, the reliable functional and conditional control of
the perfused organs. Constant flow removes toxic and metabolic products and provides
good patency of the vascular bed. However, the disadvantages are cytoskeletal changes
and the induction of stress proteins or the loss of cellular phospholipids [44-46]. Prolonged
hypothermia might lead to the destruction of the organ structure [47,48]. However, HMP
and its modification, pulsatile cold machine perfusion, (PP) have positive effects on kidney
grafts. PP seems to be a more physiological option because it reflects better blood flow in the
vessels. It has been shown that vascular endothelium reacts to mechanical stimuli, incusing
flow-dependent vasoprotective genes, such as Kriippel-like Factor 2 (KLF2) that regulate
the endothelial transcription of genes connected with inflammatory, innate immunity and
vascular tone. The transcription is much lower during cold static storage. KLF2 positively
regulates endothelial nitric oxide synthase (eNOS), consequently leading to the production
of nitric oxide (NO), which is responsible for vascular conductance during reperfusion [49].
Moreover, animal models showed that there was no significant difference for the two
techniques (HMP and PP) when the pulsatile mode was used. However, nonpulsatile
treatment had no renoprotective effect, while pulsatile did have a good impact on a porcine
graft [49]. It is speculated that PP perfusion reduces the risk of HCV transmission [50].
According to Matsuoka'’s research, kidneys subjected to PP procedures had around a 10%
lower rate of DGF than CS kidneys, but there was no significant difference in the case of
primary nonfunction. At the same time, the DGF frequency was higher in CS grafts, while
a later percentage of rejection (after 6 months and after one year) was almost at the same
level between CS and PP [24]. Kwiatkowski et al. observed that the early graft function of
CS and PP was similar as well, as was the rate of acute rejection (within 6 months). DGF
occurred more frequently in case of CS storage, and there was more often a need for patient
dialysis after transplantation (CS = 50% vs. PP = 25%) and after long term observation. The
biopsy of kidneys confirmed that chronic rejection and interstitial fibrosis frequently result
in cold storage grafts [50]. The meta-analysis performed by Arcos et al. indicated that
there was less incidence of DGF in all type of grafts from cadaver donors in the PP group.
Nevertheless, there was no significant difference between the PP and CS methods in terms
of creatinine or creatinine clearance levels after the 3rd month. Furthermore, PP decreased
the PNF phenomenon level, but only in reference to the DBD studies [14]. Additionally,
researches on pharmacological protection during kidney perfusion are conducted [48,51].
Moser et al. proved that the administration of doxycycline (an inhibitor of matrix metal-
loproteinases) to the perfusion solution (KPS-1) reduced kidney injury. Markers of injury,
such as NGAL concentration and LDH activity, were significantly decreased [48]. Lin
et al. suggested that aldehyde dehydrogenase 2 (ALDH2) might mitigate kidney IRI [51].
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They also confirmed that HMP is more efficient than CS in protecting the kidney graft.
ALDH2 takes part in metabolizing aldehydes in the mitochondria and lipid peroxides, as
well as resists ROS production [52]. Moreover, the investigated groups, HMP + Alda-1
(agonist) and HMP + CYA (inhibitor), have allowed for the examination of the protective
effect of ALDH2. The expression of mRNA and the proteins ALDH2 were the highest
after Alda-1 addition. Consequently, the lowest levels of markers of oxidative stress, injury
and inflammation were observed for the HMP + Alda-1 group and the highest for the
HMP + CYA group. The study indicated that the ALDH2-Akt-mTOR pathway may be a
therapeutic target to protect kidneys from IRI [51].

6.2. Subnormothermic Machine Perfusion

The second machine-perfusion technique, subnormothermic machine perfusion (SNMP),
is based on temperature settings under normothermia conditions. The temperature is
between 20 and 25 °C. This is another suggestion for controlling cellular metabolism and
protecting organ structures against damages arising from cold preservation [53]. Compared
to NMP, lower temperatures can minimize mitochondrial injury and reduce the rate of de-
pletion of ATP and the rate of energy changing. Unfortunately, liver transplant studies have
shown that the reduction of glutathione was higher using this method, and that hepatocytes
cells could not produce glutathione, probably because of the massive accumulation of cyto-
toxic 5-oxoproline. This may lead to metabolic acidosis and hemolytic anemia and threaten
the rejection of the transplanted liver [54]. A big advantage of SNMP seems to be that there
is no need to use oxygen carriers to provide gas exchange, such as the supplementation
of perfusion fluid with red blood cells (RBC) or artificial substitutes. This reduces costs,
as well as rising potassium levels when RBC is added [53,55,56]. During SNMP, higher
pressure can be used compared to HMP, and the endothelial and vascular impartment
is not observed [57]. It has been demonstrated that subnormothermic conditions might
show an advantage over hypothermic storage and perfusion. Parameters such as creatinine
clearance (lower in HMP) and yGT (the lowest in SNMP group) correlate positively with
the kidney injury [57]. Schoop et al. subjected tissue to SNMP for 3 h after cold storage and
right before reperfusion. The aim of this study was to document if the gradual heating of a
graft has a positive effect on the functional parameters of the kidney. After SNMP, creati-
nine and urea clearance were significantly higher. It was noticed that the mitochondrial
recovery was better after a short-term of SNMP treatment than in a control group and the
oxygen consumption was higher. The conclusion was that controlled rewarming might
have a positive impact on graft function [58]. It has been proven that gradual rewarming
has a positive impact on graft viability, comparing to sudden temperature change from
hypothermia to normothermia [59]. However, gradual rewarming is associated with the
supplementation of oxygen carriers, which must be artificial due to the hemolysis of red
blood cells used for NMP [60]. Mahboub et al. showed that the gradual rewarming of the
kidney graft with HBOC after 2 h of CS improved its viability and function. The higher
GFR and ultrafiltrate production had been noticed when HBOC was applied. Moreover,
the reabsorption of sodium (the parameter of renal tubular function) was superior for the
HBOC group compared to the control group (rewarming without oxygen carriers) [61].
One of the main problems with HMP is the time-related vascular resistance increase. It has
been shown that subnormothermic conditions might be a solution to this problem, without
exposing the graft to higher metabolism. Comparisons of CS and SNMP suggested that
after 120 min of storage/perfusion, the vacuolization was lower in the case of SNMP, as
was the necrosis. It was observed that during CS, the necrosis had been extensive, while
SNMP protected the organ, and there had been only isolated necrosis in a liver study [56].
However, the protective effect of subnormothermia is still uncertain [62]. Adams et al.
have compared one hour of machine perfusion after 23h of CS, using both a normothermic
(37 °C) condition and with the temperature lower than normothermia (32 °C—which is not
the temperature normally used in SNMP). The protective effect was observed for NMP,
but not for SNMP. The creatinine clearance was lower for SNMP than the control group
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(without machine perfusion) and NMP. Renal damage was greater for the subnormothermic
group than for the others (higher level of LDH and AST). This study suggested that only
normothermic conditions are able to improve graft function after cold storage [62]. Sub-
normothermic and normothermic machine perfusion are proposed as recovery techniques
to be utilized after cold preservation. The positive effect on liver grafts were reported in
the preliminary study [63]. Ciria et al. maintained DCD grafts in a hypothermic condition
and after prolonged CIT, used SNMP as a recovery method. It was shown that the rise of
temperature supported graft efficiency improvement. They postulated to use devices with
adjustable temperature settings (between 4 °C and 37 °C) to obtain a better condition of
marginal grafts [63]. The SNMP might also reduce mitochondrial damage and free radical
production [64].

6.3. Normothermic Machine Perfusion

The kidney outside the human body is exposed to damage associated with a lack of
oxygen and nutrition. The degree of injury is associated with the time of storage before
transplantation, called cold ischemic time (CIT). Since CIT is known as an independent risk
factor for DGF and graft failure, it is important to reduce it. NMP, with the use of specific
perfusates based on natural or artificial oxygen carriers, can provide appropriate nutrition
levels and gas exchange. Kidney function can be monitored during machine perfusion when
the condition is the closest to the condition of the human body. Additionally, normothermia
ensures the adequate uptake of specific substances and drugs administered to perfusate
fluid during machine perfusion [65]. Early studies on a short period (60 min) of NMP, right
before the ECD kidney transplantation, decreased DGF. There was no incident of PNF, and
the graft survival after 12 months was similar for study and control groups (CS kidneys) [66].
The results of this first human clinical study proved that NMP might be considered safe
and probable. It has been shown that NMP provides better early graft and rapid tubular
function [67]. Urbanellis et al. compared three techniques of kidney preservation [67].
After 30 min of warm ischemia, kidneys were perfused (HMP or NMP) or immersed in
the cold preservation solution for 16 h. The renal flow and intrarenal vascular resistance
were measured in real time. NMP kidneys had lower resistance results, and the blood flow
progressively increased during 16 h of perfusion. The creatinine clearance was impaired
in both CS and HMP compared to NMP. The fractional excretion of sodium (the marker
of tubular function) was the lowest in the case of NMP. However, injury markers (NGAL
and TUNEL staining) were increased only for CS kidneys, as was the histopathological
damage score. This suggests that normothermic machine perfusion can protect kidney
grafts from injury and improve the initial functioning of the transplant [67]. Kaths et al.
compared different times of NMP applied after CS or right after warm ischemia [68]. It
was shown that the flow rate reached physiological levels after 1 h of rewarming, and
the intrarenal resistance decreased during NMP. The creatinine and blood urea nitrogen
level (BUN) were significantly lower for the 16 h NMP group (NMP after warm ischemia
without previous CS), and a smaller concentration of the serum NGAL level was decreased
in groups of 16 h and 8 h in the NMP compared to control group (16 h of CS) [68]. In
the pilot study of Hosgood et al., normothermic machine perfusion was used for the
resuscitation of previously rejected grafts for transplantation. Research has shown that
two kidneys that could not have been used because of inadequate in situ perfusion, after
normothermic machine perfusion, were good enough for transplantation. The kidneys
changed appearance from purple colored (signifying the damage of organ) to natural pink,
the level of renal blood flow increased and a large volume of urine was produced. After this
procedure, kidneys were transported in ice and transplanted. The kidneys had initial graft
function and had a good level of renal function 3 months after surgery [69]. Another pilot
study of 2 h of NMP of kidneys from the Eurotransplant Senior Program (ESP) confirmed
the safety of this procedure. The study compared, among others, the DGF and PNF rates,
creatinine levels and eGFR of the NMP kidney group, and both the ESP patient and the
contralateral kidneys as a control group. DGF incidents were less frequent for the NMP
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group, although there were limitations of the study, such as a small sample size and no
statistical differences between the study group and the control. The main conclusion was
that the NMP technique is safe for the ESP group, and the kidney function after NMP was
similar to that after using the standard procedure (HMP and cold storage). In the future,
NMP may show the possibility of improving the storage technique with IRI therapy and the
constant monitoring of relevant biomarkers of viability [2]. Studies have proven that NMP
is a safe technique, and even a short period of normothermic perfusion might improve
kidney function. It is important that this effect be observed before transplantation, and
then it can be used to successfully resuscitate grafts. The investigation for additional graft
repair methods is one of the main goals. Centers all over the world are focused on refining
the NMP technology to define the ideal time of kidney normothermic perfusion and the
best composition of perfusing fluid. First, solutions for NMP were based on packets of RBC
and fresh frozen plasma, obtained from a local blood bank. Later, there were attempts to
use a hemoglobin-based oxygen carrier (HBOC)-201. It is possible that NMP conditioning
by itself can reduce IRI and at the same time, it might be a good platform for additional
treatment [70,71]. The magnetic resonance imaging (MRI) used for the evaluation of NMP
kidney perfusion indicated the differences between the distribution of perfusate flow inside
the kidney. This suggests that the establishment of good imaging techniques might be
necessary to evaluate the kidney before transplantation [72]. Still, NMP should be carefully
investigated in the case of marginal donors to increase the safety of this procedure and
establish one well-described protocol for transplantation centers worldwide. It seems to be
crucial to substitute previously detected viability markers with imaging of actual perfusion
flow and distribution inside the organ.

7. Novel Possibilities for the Treatment of Low-Quality Grafts and Immune-Response
Modulation via NMP

Normothermic machine perfusion is the youngest technique for the storage of kidney
graft and currently, the most carefully investigated. The advantage of this method were
previously mentioned, and in this paragraph, we want to sum up new studies on NMP as
a platform for kidney preconditioning. The greatest benefit of NMP is probably that this
platform might, in the future, allow provide additional treatment for poor-quality grafts.
Because of the physiological temperature and oxygen carriers, it is easier to predict cellular
metabolism and drug uptake.

One of the major problems, in addition to ischemia-reperfusion injury, is that the im-
mune response is partly downregulated by immunosuppressive drugs. However standard
therapy is burden for a patient. Therefore, one of the current trends, in combination with
normothermic machine perfusion, is cell-based therapy with multipotent adult progenitor
cells (MAPC) and mesenchymal stromal cells (MSC) [73-78]. Both show anti-inflammatory
and immunomodulatory effects and thanks to low levels of MHC II and MHC I molecules
and costimulatory molecules, they are thought to be safe for the graft recipient [78]. Several
studies were driven with MAPC or MSC obtained from different tissues, usually bone
marrow and adipose tissue [79]. Pool et al. conducted NMP using a porcine graft while
human MSCs were infused. They proved that it is possible to detect the living MSCs
inside the kidney graft, but this is limited to the lumen of glomerular capillaries. There
were no hemodynamics changes in the graft; however, the distribution of MSCs inside the
well-perfused kidney were very diverse and hard to predict [74]. Thompson et al. described
an immunomodulatory effect and a decrease of IRI markers, such as urine concentration of
NGAL, and higher urine output after MAPCs infusion during human kidney NMP [77].
Besides, they noted a lower level of pro-inflammatory cytokine IL-1 and an increase in IL-
10, known as an anti-inflammatory cytokine. The activity of indolamine-2, 3-dioxygenase
(IDO), which modulates the effective T cells response, was also significantly higher for the
NMP + MAPC group compared to the NMP control group. Similar to the results of other
researchers, the staining of MAPC and kidney sections showed the increased concentration
of MAPCs within the glomeruli [77]. Another study with MSCs derived from adipose
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(A-MSC) and bone marrow (BN-MSC) tissue showed similar results in the context of injury
markers, as shown previously, such as higher levels of IL-6 and IL-8 cytokines for MSCs
groups, and did not detect significant differences between the A-MSC and BM-MSC in-
fused groups [76]. The secretion of IL-6 and IL-8 were observed only when the kidney was
connected to the circuit, and the MSCs alone did not produce the mentioned interleukins.
Therefore, the production of interleukin is stimulated by the injured graft. However, the
origin of this product is not clearly defined; it is possible that the MSC produced interleukin,
or that the kidney cells produced it upon contact with the MSCs [76]. Another cell-based
therapy currently being investigated is the use of stem cell-derived extracellular vesicles
(EV). EVs are secreted by cells and they take part in cellular communication because they
carry small molecules like mRNA, miRNA, proteins and lipids [80]. The ability to modulate
an immune response and tissue repair has been proved on AKI and CKD models of kidney
injury [81]. So far, the utilization of EVs as a therapy in the context of NMP was noted for
liver graft perfusion, with a satisfactory effect [82]. Kidney-derived EVs are mostly studied
as novel biomarkers [80]. The possibility of EVs application during machine perfusion was
studied by groups using hypothermic oxygenated machine perfusion, and they proved
that even without a perfect condition of vesicles for cellular uptake (low temperature), the
endocytosis occurred, and the condition of the discarded human ECD kidney significantly
improved [83]. We speculate that the positive effect may be even more noticeable with NMP.
Normothermic machine perfusion has been proposed as a good platform for molecular
therapy to deliver small RNA fragments like microRNA antagonists [84]. MicroRNAs are
non-coding oligonucleotides which, by binding to specific fragments of messenger RNA
(mRNA), lead to the degradation or inhibition of the translation of that mRNA. Moreover,
microRNA and other RNA-type products are small enough to be taken and filtered by the
glomerulus. However, this kind of therapy is challenging because in the past, it required
the delivery of small oligonucleotide encapsuled in the viral vector or small vehicles with
cationic charge. However, NMP allows for the retention of physiological temperature and
drug uptake; therefore, it is possible to deliver gymnotic, or naked, oligonucleotides. This
method is cheaper and has less side effects. Thompson et. all used NMP to deliver an an-
tagomir targeting mir-24-3p and recorded the positive effect on protective gene expression,
such as heme oxygenase-1 and sphingosine-1-phosphate receptor 1. Besides, the tracking
of the antagomir provides information about its localization in the tubular epithelial cells
and endothelial cells. This confirmed the suggestion that small oligonucleotides can be
used for the improvement of the condition of tubular cells, which are the most vulnerable
to ischemia reperfusion injury [84].

8. Conclusions

The history of kidney transplantation can be dated to 1954, when the first successful
transplants was carried out by American clinicians. Since that time, many changes have
taken place in transplantology [85]. All this effort is supposed to lead to better organ
preservation, the reduction in a ischemia-reperfusion injury and the possible extension of
the time that the graft can remain outside the body. Machine perfusion was detected as a
suitable method to reduce the risk of DGF and PNF, especially with DCD grafts [44-46,50].
Moreover, the constant control of graft function is possible during perfusion and, addition-
ally, NMP allows for the control of the actual values of some parameters, thanks to the
maintenance of physiological temperature. The technique of NMP or SNMP might also be a
way for the preconditioning of the organ before transplantation by gradually increasing its
temperature [63]. It is required to refine machine perfusion and elaborate repeatable rules
for the procedure to create better standards for transplantology. Currently, hypothermic
machine perfusion is recommended for DCD grafts in many countries. We follow this
opinion, since the positive effects of HMP have been well-documented. We believe it
might be the best technique for long-term organ storage, but the possibility of additional
treatment should be taken into consideration to prevent distress caused by subsequent
reoxygenation and rewarming. In our opinion, in the future, NMP techniques might be
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perfect to modify the immune system of the perfused graft if the cellular or EV therapies are
proven to be safe. It would be possible to support subsequent immunosuppressive therapy
at the stage of perfusion of the isolated organ. That might be extremely advantageous for
ECD grafts, especially from donors already affected with immune or hormonal irregularity.
Moreover, it is possible that in the future, the best kidney graft preservation method will
be the combination of all three perfusion techniques, with gradual rewarming and oxy-
genation with the therapy “on pump.” For now, the biggest challenge is to optimize known
preservation systems to make them low cost, safe and more effective. Understanding the
physiopathology of IRI will allow researchers to obtain a solution containing inhibitors for
enzymes and processes that might cause cell damage. All these will allow better protection
of the graft and increase the pool of organs in order to increase the rate of transplantations.
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Introduction. Obesity and metabolic syndrome (MetS) constitute a rapidly increasing health problem and contribute to the
development of multiple comorbidities like acute and chronic kidney disease. Insulin resistance, inappropriate lipolysis, and
excess of free fatty acids (FFAs) are associated with glomerulus hyperfiltration and atherosclerosis. The important component
of MetS, oxidative stress, is also involved in the destabilization of kidney function and the progression of kidney injury.
Natural polyphenols have the ability to reduce the harmful effect of reactive oxygen and nitrogen species (ROS/RNS). Extract
derived from Punica granatum L. is rich in punicalagin that demonstrates positive effects in MetS and its associated diseases.
The aim of the study was to investigate the effect of bioactive substances of pomegranate peel to kidney damage associated
with the MetS. Methods. In this study, we compared biomarkers of oxidative stress in kidney tissue of adult male Zucker
Diabetic Fatty (ZDF) rats with MetS and healthy controls that were treated with Punica granatum L. extract at a dose of 100 or
200 mg/kg. Additionally, we evaluated the effect of polyphenolic extract on kidney injury markers and remodeling. The
concentration of ROS/RNS, oxLDL, glutathione (GSH), kidney injury molecule-1 (KIM-1), neutrophil gelatinase-associated
lipocalin (NGAL), metalloproteinase 2 and 9 (MMP-2, MMP-9), and the activity of superoxide dismutase (SOD) and catalase
(CAT) were measured. Results. The data showed significant differences in oxidative stress markers between treated and untreated
MetS rats. ROS/RNS levels, oxLDL concentration, and SOD activity were lower, whereas CAT activity was higher in rats with
MetS receiving polyphenolic extract. After administration of the extract, markers for kidney injury (NGAL, KIM-1) decreased.
Conclusion. Our study confirmed the usefulness of pomegranate polyphenols in the treatment of MetS and the prevention of
kidney damage. However, further, more detailed research is required to establish the mechanism of polyphenol protection.

1. Introduction

Metabolic syndrome (MetS) and obesity are an epidemic
and are huge medical problems throughout the world. About
one-third of US adults suffer from MetS [1]. In Europe, MetS
has in general a 24.3% prevalence (23.9% in men and 24.6%
in women) that increases with age (3.7% in people aged 20-
29 years to >30% in those 70 years and older) [2]. MetS, also
known as insulin resistance syndrome or syndrome X, is a
cluster of risk factors for the development of renal disease,

atherosclerotic cardiovascular disease, type 2 diabetes melli-
tus, and stroke [3-6]. It is defined as glucose intolerance,
hypertension, dyslipidemia, and central (intra-abdominal)
obesity with insulin resistance and a proinflammatory state
[7-9]. MetS is present if three or more of the following cri-
teria are met: waist circumference over 102 cm (40 inches,
men) or 89cm (35 inches, women), blood pressure over
130/85mmHg, fasting triglyceride level over 150 mg/dL,
fasting high-density lipoprotein (HDL) cholesterol level less
than 40mg/dL (men) or 50mg/dl (women), and fasting


https://orcid.org/0000-0003-1639-3155
https://orcid.org/0000-0002-1320-4112
https://orcid.org/0000-0001-7899-3936
https://orcid.org/0000-0002-2769-0166
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/6144967

blood sugar above or equal 100 mg/dL [8]. Obesity (espe-
cially visceral) plays an important role in the complex patho-
mechanism of MetS and raises the risk of chronic kidney
disease (CKD) by 4-fold [10]. The most widely accepted
hypothesis for the underlying pathophysiology of MetS is
that insulin resistance is a consequence of visceral obesity,
inappropriate lipolysis, excess of free fatty acids (FFAs),
and the action of adipokines [11]. FFAs are produced during
the hydrolysis of fats and released from adipose tissue during
lipolysis. The insulin resistance of adipose tissue impairs the
insulin-mediated inhibition of lipolysis, leading to an
increase in circulating FFAs that subsequently inhibit the
effects of insulin. Lipids and FFAs accumulation in the
muscle and insulin resistance result in a reduction in glyco-
gen synthesis and glucose transport due to the inhibition of
insulin-dependent glucose uptake. The liver esterifies the
fatty acids to triglycerides and secretes them as very low-
density lipoproteins (VLDLs). Additionally, fatty acids pro-
mote the increased production of glucose and lipogenesis.
In the setting of insulin resistance, the rate of lipolysis will
increase, resulting in increased fatty acid production [11,
12]. Insulin resistance also causes an increase in serum
viscosity which contributes to an increased risk of cardiovas-
cular diseases [12]. Also, there is a positive correlation
between fat accumulation, oxidative stress, and inflamma-
tion. Obesity and insulin resistance are associated with
increased activity of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase leading to the production of
reactive oxygen species (ROS) [13]. ROS have many effects
related to LDL oxidation, endothelial damage, platelet aggre-
gation, and activation of proinflammatory factors, which
initiate a vicious cycle of chronic inflammation, endothelial
damage, and fibroblast proliferation that further contributes
to the development of hypertension, dyslipidemia, diabetes,
and cardiovascular diseases [14]. Patients with MetS have a
2-3 fold higher risk of increased albumin excretion [15].
Thus, MetS is an important predictor of early renal dysfunc-
tion [16]. This information provides an essential rationale to
verify whether components of MetS can prevent the devel-
opment and progression of renal damage. CKD is a signifi-
cant public health problem and is one of the major risk
factors for cardiovascular disease (e.g., acute myocardial
infarction, heart failure, and arrhythmias) and premature
death [17, 18]. MetS may also contribute to the development
of acute kidney injury (AKI) [19]. AKI is defined as a sudden
decrease in kidney function. It is a broad clinical syndrome
encompassing various etiologies, including specific kidney
diseases and nonspecific conditions (e.g., toxic injury and
ischemia) as well as extrarenal pathology. Criteria for AKI
include an increase in serum creatinine (sCr) by >50%
within 7 days, an increase in sCr by >0.3mg/dL
(26.5 umol/L) within 2 days, or oliguria for >6hours [20].
The major signaling pathways involved in AKI, among
others, are the renin-angiotensin-aldosterone (RAA) axis,
tumor necrosis factor alpha (TNF-«), transforming growth
factor beta (TGF-f), NF-«B, hypoxia inducing factor
(HIF1w), and oxidative stress similar to MetS [21]. Oxidative
stress and lipid peroxidation, characteristics for MetS, corre-
late with the biomarkers of glomerular and tubular damage
in AKI and are the main pathophysiological factor in the
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initiation and progression of AKI through depletion of prox-
imal renal tubular antioxidant capacity and induction of free
radicals, leading to tubular and epithelial cell dysfunctions
[22]. ROS may also influence hemodynamics and inflamma-
tion. Inflammatory process and infiltrating leukocytes with
high levels of NADPH oxidase activity represent a further
source of superoxide during AKI [23]. A role of xanthine
oxidase activity in AKI has also been suggested, but the
results are not conclusive. Oxidative stress as an conse-
quence of mitochondrial dysfunction and mitochondrial
electron transport chain dysfunction during MetS, may
represent significant source of ROS contributing to AKI.
Also, hypoxic environment reduces renal SOD expression
and increases sensitivity to AKI [23].

Adipose tissue is not only a fat reservoir, but it is also a
site of adiponectin, leptin, resistin, angiotensin-II (ANG-
II), TNF-a, and TGF- production [24]. The pathophysiol-
ogy of CKD during the course of MetS is very complex,
and the relationship is bidirectional. Injury of podocytes,
an increase in glomerular size, and sclerosis of the mesan-
gium are early and key manifestations of MetS and nephrop-
athy in rat models [25]. In humans, obesity is associated
with CKD, glomerulomegaly, and proteinuria, which is the
first clinical symptom [19, 20, 24-26]. Obesity-related
increases in renal tubular sodium reabsorption, hyperfiltra-
tion (associated with increased blood pressure), sympathetic
nervous system activation, hyperleptinemia, hyperinsulin-
emia, fatty acids levels, ANG-II, and baroreceptor reflex
alterations result in kidney damage and reduced glomerular
filtration rate (GFR) [26-28]. An excess of fatty acids leads
to a compensatory increase in oxidation and release of lipid
peroxidation products [29, 30]. These compounds can lead
to apoptosis and fibrosis [31, 32]. Systemic oxidative stress
is considered to be the most important underlying patho-
physiologic mechanism of MetS. Thus, oxidative stress can
be an important link between MetS and kidney damage.

Polyphenols, derived from plants, represent a very large
group of at least 10,000 different compounds that possess
aromatic rings, one or more ligand groups, and antioxidant
properties [33, 34]. Polyphenols can reduce fat deposition
via the y-adiponectin pathway [35], reduce the prevalence
of coronary heart disease [36], significantly improve fasting
insulinemia, decrease the homeostatic model assessment of
insulin resistance (HOMA-IR), and reduce the levels of
blood glucose and hemoglobin HbAlc [37]. In the kidneys,
polyphenols reduce glomerular mesangial matrix dilation
and fibrosis [38], inflammatory factors in diabetic and obese
nephropathy [39], urea, creatinine, and plasma neutrophil
gelatinase-associated lipocalin (NGAL) levels in rats with
CKD [40]. They reduce the excretion of albumin in urine
and increase creatinine clearance in rats with MetS [41].
The natural bioactive compounds can also prevent the devel-
opment of AKI [42]. Oxidative stress also regulates the
expression of matrix metalloproteinases (MMPs). Many
studies have shown a significant relationship between poly-
phenols and the inhibition of MMPs [43-45]. MMPs are
involved in the remodeling of the extracellular matrix and
play an important role in renal diseases, including CKD
and AKI. Taking into account the pathophysiological
mechanisms of MetS and MetS-associated renal diseases,
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polyphenols are considered to be a very interesting poten-
tial protective and/or therapeutic candidate. Hence, the
purpose of this research is the determination of the effect
of polyphenolic extract from pomegranate peel on kidney
damage in MetS.

2. Materials and Methods

2.1. Experimental Animals. Adult male Zucker Diabetic
Fatty (ZDF-Leprfa/Crl) rats were obtained from Sulzfeld
(Charles River Laboratories, Research Models and Services,
Germany GmbH). The animals were divided into five
groups of six rats each (Figure 1). All animals were fed the
same diet (Purina LabDiet 5008, Charles River Laboratories,
USA). The control group (MetS-Control) was rats with a
leptin receptor missense mutation (ZDF fa/fa). The study
group consisted of individuals with a mutation in the leptin
receptor gene (ZDF fa/fa) and received polyphenol extract
from pomegranate fruit peels mixed with water at a dose
of 100 or 200mg/kg body weight (MetS+100 or MetS
+200). Two groups of healthy rats without MetS (ZDF fa/+)
received the extract in the same doses (HC+100 and HC
+200). The water with the extract was administered through
a gastric tube for 8 weeks. The study was approved by the
Ethics Committee for Experiments on Animals at the
Ludwik Hirszfeld Institute of Immunology and Experimen-
tal Therapy, Polish Academy of Sciences, Wroclaw, Poland
(Resolution 53/2017).

2.2. Kidney Isolation. Rats were sedated using a mixture of
intramuscular anesthetics as follows: ketamine at a dose of
60 mg/kg and medetomidine at a dose of 0.3 mg/kg at week
8 of the experiment. The rats were euthanized via intraperi-
toneal injection of pentobarbital. The kidneys were rapidly
excised from the animals. Organs were weighed and frozen
in liquid nitrogen before preparing the homogenates.

2.3. Preparation of Kidney Homogenates. Frozen rat kidneys
were crushed using a mortar and pestle in liquid nitrogen.
Then, the kidneys underwent three cycles of freezing (in
liquid nitrogen) and thawing (at 37°C) in a homogenization
buffer (50 mmol/L Tris-HCl (pH7.4), 3.1 mmol/L sucrose,
1 mmol/L dithiothreitol, 10mg/mL leupeptin, 10 mg/mL
soybean trypsin inhibitor, 2 mg/mL aprotinin, and 0.1% Tri-
ton X-100). After that, the kidney tissue was homogenized
mechanically in an ice-cold homogenization buffer. The
homogenate was centrifuged (10000xg at 4°C for
15 minutes). Supernates were collected and stored at -80°C
for further biochemical experiments.

2.4. Plant Material and Extract Preparation. Pomegranate
(Punica granatum L.) is a rich source of polyphenols (mainly
punicalagin) and has been widely used in traditional medi-
cine. The polyphenolic extract was prepared from Punica
granatum L. peels (cultivar Mollar de Eche) delivered from
Spain. Dried peels of pomegranate fruit were extracted and
reextracted twice with 50% ethanol. The obtained material
was concentrated by a rotary evaporator (Rotavapor, Buchi
Labortechnik AG, Switzerland) in a water bath at 40°C.
Subsequently, the extract was adsorbed using Amberlite

XAD-16 (Brenntag, Essen, Germany) resin, and after etha-
nol evaporation, the collected fraction was dried in an
SPT-200 (Zeamil, Krakow, Poland) vacuum oven.

2.5.  Identification and Quantification of Phenolic
Compounds Using the LC-PDA-MS QTOF and UPLC-PDA
Methods. Previously obtained polyphenol extracts from
pomegranate peel were dissolved in MeOH/H,O/ascorbic
acid (30:68:1v/v/m) with 1% of a 37% hydrochloric acid
mixture and performed on the ACQUITY Ultra Perfor-
mance Liquid Chromatography (UPLC) system equipped
with a photodiode array detector (PDA; Waters Corpora-
tion, Milford, MA) coupled to a quadrupole time-of-flight-
mass spectrometry (QTOF-MS, Waters, Manchester, UK)
with electrospray ionization (ESI) as a source operating in
negative and positive ion modes with spectra acquired over
a mass range from m/z 100 to 1800. Chromatographic sepa-
ration was performed using UPLC BEH C18 columns
(1.7 ym, 2.1 mm x 100 mm; Waters Corporation, Milford,
USA). A mobile phase flow rate of 0.42 mL/min throughout
the gradient was used for elution. Water (acidified with 0.1%
formic acid, v/v) and acetonitrile with 0.1% formic acid were
used as mobile phases (A and B, respectively). The gradient
was started with 99% of A in isocratic conditions for 1
minute, then an 11-minute linear gradient of 1% to 40% of
B was applied. The B was increased to 100% at 12 to 14
minutes, and finally, returned to the initial conditions
(99% of A) for 2 min as the reequilibration step. The optimal
injected volume was 10 yL. QTOF-MS experiments were
performed in negative mode before and after fragmentation.
Individual polyphenols were characterized by retention
times and molecular masses. Collision-induced fragmenta-
tion experiments were performed using argon as the colli-
sion gas. The optimum values of the UPLC and QTOF-MS
parameters were a capillary and cone voltage of 2500V
and 30V, respectively. The capillary temperature was set to
300°C and the source heater temperature at 100°C with a
drying gas (nitrogen) flow rate of 300 L/h. The results are
presented in Table 1.

2.6. Measurement of Total Protein Concentration. The con-
centration of total protein in the kidney homogenates was
measured by the Bradford method using Bio-Rad Protein
Assay Dye Reagent (Bio-Rad) and a Spark Multimode
Microplate Reader (Tecan Trading AG, Switzerland). Bovine
serum albumin (BSA, heat shock fraction, >98%, Sigma-
Aldrich) served as the protein standard.

2.7. Assessment of Superoxide Dismutase Activity. Total
copper-zinc superoxide dismutase activity (SOD1) was mea-
sured in tissue homogenates with the help of the Superoxide
Dismutase Assay Kit (Item no. 706002, Cayman Chemicals,
Ann Arbor, MI, USA), which uses tetrazolium salt for detec-
tion of superoxide radicals. It is produced using xanthine
oxidase and hypoxanthine. Collected homogenates were
diluted 100-fold and assayed following the assay protocol.
Absorbance was measured at 450nm (Spark Multimode
Microplate Reader, Tecan Trading AG, Switzerland). All
measurements were performed in duplicate. Units of SOD1
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FIGURE 1: Scheme of the experiment, created with http://BioRender.com/.

TABLE 1: Mass spectrometry (MS) characteristics and the content of phenolic compounds in pomegranate peel extract. Ranked by retention

time (Rt).
Rt MS [M-H] (m/z) MS/MS [M-H] (m/z) Name of compound Polyphenol content
1.67 331 271/169 Galloyl-glucose 2.00+0.03
1.73 781 721/601 Punicalin a/A 3.11£0.06
2.02 1083 611/331/146 HHDP-gallagyl-hexoside (punicalagin) 4.20+0.09
2.12 1083 781/622/301 Punicalagin isomer 14.82 +1.04
2.33 933 631/450/301 Ellagitannin 4.71 £ 0.40
2.87 1083 781/301 HHDP-gallagyl-hexoside (punicalagin) 93.91 £2.05
3.12 1085 907/783/301 Ellagic acid derivative 2.49+0.53
3.69 1083 781/301 HHDP-gallagyl-hexoside (punicalagin) 157.0 £2.65
3.89 799 301 Granatin A 4.74+0.32
5.08 783 481/301 Ellagitannin 25.86+1.53
6.20 1085 933/301 Digalloyl-gallagyl-hexoside 10.37 £ 0.65
6.25 783 481/301 Ellagitannin 13.51 +0.99
6.38 463 301 Ellagic acid-hexoside 33.63+1.23
6.89 951 907/635/301 Galloyl-HHDP-DHHDP-hex (granatin B) 2.68+0.11
Total (mg/g dw) 373.05

activity were calculated from a standard curve using purified
bovine erythrocyte SOD1 enzyme. The activity of SOD1 was
expressed in U/mL. One unit of SOD1 activity is defined as
the amount of enzyme needed to dismutase 50% of available
superoxide radicals. The activity of SODI in kidney homog-
enate was converted to milligrams of total protein and
expressed as U/mg protein.

2.8. Determination of Catalase Activity. Catalase (CAT)
activity in kidney homogenates was determined by the
ultraviolet (UV) spectrophotometric method of Aebi. Each
sample of tissue lysate was diluted 501-fold (10 L sample
was mixed with 5mL of phosphate buffer and kept on ice).
A sodium, potassium phosphate buffer (50 mM, pH?7.4),
was prepared by dissolving 6.81g of KH,PO, (Cat. no.
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117420202, Chempur, Poland) and 8.90 g of Na,HPO, (Cat.
no. 117992801, Chempur, Poland) in 1000 mL of distilled
water. The solutions were mixed using the proportion of
1:1.5 (v/v). In a quartz cuvette containing 1000 uL of diluted
kidney homogenate, 500 uL of 20mM H,0O, in phosphate
buffer was added, and the decrease in absorbance was read
at 240 nm for 30 seconds in a spectrophotometer (UV-Vis
Double Beam HALO DB-20 Spectrofotometer, Dynamica
GmbH, Switzerland). The 20mM H,O, solution was
freshly prepared from 3% H,O, (Galfarm, Poland) and
standardized using a molar extinction coefficient (¢ =43.6
M cm™ at 240 nm). This solution was used to determine
CAT activity. All samples were assessed in triplicate. One
unit of CAT will decompose 1.0 micromole of hydrogen
peroxide to oxygen and water per minute at a pH of 7.0
and temperature of 25°C with a hydrogen peroxide sub-
strate concentration of 20 mM.

2.9. Determination of Glutathione Concentration. A Gluta-
thione (GSH) Assay Kit (Item no. 703002, Cayman Chemi-
cal Company, Ann Arbor, MI, USA) was used to measure
GSH levels in kidney homogenate. The reaction between
sulthydryl groups of GSH and Ellman’s reagent (DTNB,
5,5'-dithio-bis-2-nitrobenzoic acid) results in the yellow-
colored product 5-thio-2-nitrobenzoic acid (TNB). Samples
were diluted 100-fold. The absorbance of TNB was
measured at 410 nm using a microplate reader (Spark Multi-
mode Microplate Reader, Tecan Trading AG, Switzerland).
All measurements were performed in duplicate. The GSH
concentration was expressed in yM/mg protein.

2.10. Reactive Oxygen and Nitrogen Species in Kidney
Homogenates. The OxiSelect™ In Vitro ROS/RNS Assay
Kit (Cell Biolabs, San Diego, USA) was used to determine
the oxidative stress in kidney homogenates. The assay mea-
sures total ROS and RNS, including hydrogen peroxide
(H,0,), nitric oxide (NO), peroxyl radical (ROO®), and per-
oxynitrite anion (ONOO’), using a fluorogenic probe,
dichlorodihydrofluorescin DiOxyQ (DCFH-DiOxyQ). The
probe was primed with a quench removal reagent for the
highly reactive DCFH form. In this reactive state and in
the presence of ROS and RNS, the DCFH is rapidly oxidized
to the highly fluorescent 2',7'-dichlorodihydrofluorescein
(DCEF). Fluorescence intensity is proportional to total ROS/
RNS levels within the sample. The total ROS/RNS level
was normalized to the total protein concentration.

2.11. Oxidized LDL (OxLDL) Concentration. OxLDL con-
centrations in tissue homogenates were determined using
the ELISA method (Item no. E0527r, Human OxLDL ELISA
Kit, EIAab Science Inc., Wuhan, China). Analysis was con-
ducted in duplicate. The microplate was precoated with an
anti-oxLDL antibody. Samples were added to the wells with
a biotin-conjugated antibody preparation specific for the
antigen, and then, avidin conjugated to horseradish peroxi-
dase was added. Then, a 3,3'5,5-tetramethylbenzidine
(TMB) was added to each well. The enzyme-substrate reaction
was terminated by the addition of a sulphuric acid solution.
The color change was measured spectrophotometrically at a

wavelength of 450 nm (Spark Multimode Microplate Reader,
Tecan Trading AG, Switzerland). The oxLDL concentration
was expressed in ng/mg protein.

2.12. MMP-2 and MMP-9 Concentrations in Kidney
Homogenates. MMP-2 and MMP-9 concentrations in
kidney homogenates were measured using quantitative
Quantikine ELISA Assay for Total MMP-2 and Rat Total
MMP-9 (R&D Systems, Minneapolis, MN, USA) according
to the manufacturer’s instructions. MMP-2 and MMP-9
were immobilized with monoclonal antibodies specific to
the protein and were detected with the use of an anti-
Total-MMP-2 and anti-Total-MMP-9 polyclonal antibody
conjugated to streptavidin-horseradish (HRP) peroxidase.
Next, TMB substrate solution was added to the reaction.
As a stop solution, sulphuric acid was used. The minimum
detectable dose of the test was 0.033ng/mL for MMP-2
and 0.013 ng/mL for MMP-9.

2.13. NGAL in Kidney Homogenates. NGAL concentrations
in kidney homogenates were measured using the quantita-
tive ELISA Assay for NGAL (EIAab Science Inc., Wuhan,
China) according to the manufacturer’s instructions. NGAL
immobilized with a monoclonal antibody specific to this
protein was detected using a biotin-conjugated anti-NGAL
polyclonal antibody. Then, avidin conjugated to horseradish
peroxidase was added. Next, TMB substrate solution was
added to develop the reaction. As a stop solution, sulphuric
acid was used. The minimum detectable dose of the test was
0.460 ng/mL.

2.14. Kidney Injury Molecule-1 Concentration. Kidney injury
molecule-1 (KIM-1) concentrations in kidney homogenates
were measured using the quantitative ELISA Assay for
KIM-1 (EIAab Science Inc., Wuhan, China) according to
the manufacturer’s instructions. Similar to the NGAL assay,
KIM-1 was immobilized with a monoclonal antibody
specific to this protein and was detected with the use of a
biotin-conjugated anti-NGAL polyclonal antibody. Then,
avidin conjugated to horseradish peroxidase was added.
Next, TMB substrate solution was added to develop the reac-
tion. As a stop solution, sulphuric acid was used. The mini-
mum detectable dose of the test was 0.089 ng/mL.

2.15. Statistical Analysis. The experimental data were
analyzed using GraphPad Prism 8.0.1 for Windows (Graph-
Pad Software, San Diego, California USA). The Shapiro-
Wilk normality test was used to assess the normality of
variance changes. The Student’s t-test or Mann-Whitney
U test was used for comparisons between two groups of
measurement data. Results were expressed as mean + SEM,
and a p value of < 0.05 was regarded as statistically significant.

3. Results

3.1. The Influence of Polyphenolic Extract on Oxidative
Status in Kidney Tissue. Pomegranate peel polyphenols have
a pronounced effect on the activity of SOD (Figure 2) and
the concentration of ROS/RNS in kidney tissue (Figure 3).
SOD activity in the kidneys of rats receiving 100 mg/kg
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FIGURE 2: SOD activity in kidney tissue (*p < 0.05 and **p < 0.01).
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and 200mg/kg of polyphenolic extract was significantly
lower than in subjects with MetS and receiving a standard
diet (4.89+0.80U/mg, p=0.0087 and 4.53+1.41, p=
0.0043 vs. 7.38 £1.21 U/mg, respectively). There were no
differences between the doses. Healthy animals receiving
the extract in identical doses had lower SOD activities than
animals with a mutation in the leptin gene treated with poly-
phenols; however, the difference was statistically significant
only in the group receiving 100mg/kg of extract
(3.51+0.51 U/mg vs. 4.89 £0.80 U/mg, p=0.015 and 3.44
+0.64U/mg vs. 4.53+1.41, p=0.420 for 200mg/kg of
polyphenols, respectively). This indicates that the polyphe-
nolic extract (200mg/kg and 100mg/kg) significantly
reduces SOD activity.

Lower extract doses led to a significant reduction in
ROS/RNS concentration (Figure 3) (0.58 £ 0.11 nM/ug vs.
1.03£0.18nM/ug, p=0.008). The dose of 200mgkg
reduced the ROS/RNS concentration, but the reduction
was greater at the lower dose (0.79 £ 0.12nM/ug vs. 1.03 +
0.18 nM/ug, p = 0.055). No differences in ROS/RNS concen-
trations were found between healthy and MetS animals after
the use of polyphenols (0.53 £0.12nM/ug vs. 0.58 +0.11
nM/ug, p=0.421 for HC+100 vs. MetS+100 and 0.57 +
0.22nM/ug vs. 0.79 £0.12nM/ug, p=0.222 for HC+200
vs. MetS+200). MetS rats had significantly higher kidney
ROS/RNS concentrations (0.79 +0.12nM/ug vs. 0.58 +

0.11nM/ug, p=0.039) after using the higher dose of the
extract. This shows that a low dose of the extract has an antiox-
idant effect, and a high dose may have prooxidative properties.

CAT activity was higher in rats with MetS receiving
polyphenolic extract than in animals only with MetS, but
only subjects in the MetS+100 group had a borderline value
of statistical significance (3.62 +0.93kU/mg vs. 2.79 + 0.61
kU/mg, p=0.051 for MetS+100 group and 3.31 + 0.86 kU/
mg vs. 2.79+0.61kU/mg, p=0.421 for MetS+200 group,
Figure 4). There was no significant difference in CAT activ-
ity at the polyphenol doses between MetS and healthy ani-
mals (3.62 +0.94kU/mg and 3.90 + 0.29kU/mg for MetS
+100 vs. HC+100, p=0.609 and 3.31+0.86kU/mg and
3.51+0.85kU/mg for MetS+200 vs. HC+200, p=0.547).
However, there is a tendency for decreased CAT activity
after using a higher dose of the extract.

No differences in GSH concentrations were found after
polyphenol administration in MetS animals (12.17 + 4.69
pM/mg vs. 12.42 +2.09 uM/mg, p = 0.548 and 12.15+ 1.41
yM/mg vs. 12.42 +2.09 uM/mg, p=0.841 for 100 mg/kg
and 200 mg/kg of polyphenols, respectively, Figure 5). In
the group of animals treated with polyphenols, a lower con-
centration of GSH was observed in healthy rats compared to
animals with MetS after the use of the extract at a dose of
100 mg/kg (8.82 +2.10 uM/mg vs. 12.17 £ 4.69 uM/mg, p =
0.151) and a statistically significant lower concentration of
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GSH at the dose of 200mg/kg (8.36 + 1.25uM/mg vs.
12.15 + 1.41 uM/mg, p = 0.016).

3.2. The Influence of Polyphenolic Extract on Lipid
Peroxidation. Polyphenolic extract at a dose of 200 mg/kg
significantly decreased the concentration of oxLDL in ani-
mals with MetS (36.77 £ 3.62ng/mg vs. 58.49 +20.62 ng/
mg, p=0.016, Figure 6). However, this effect was not
observed at the dose of 100 mg/kg (50.63 + 26.98 ng/mg vs.
58.49 + 20.62 ng/mg, p = 0.662). Significant differences were
also observed between healthy animals receiving the extract
and those with MetS. Healthy rats had significantly lower
oxLDL concentrations (18.04 £2.29ng/mg vs. 50.63
26.98ng/mg, p=0.009 for HC+100 vs. MetS+100 and
22.06 +7.24ng/mg vs. 36.77 +3.62ng/mg, p=0.016 for
HC+200 vs. MetS+200).

3.3. The Influence of Polyphenolic Extract on KIM-1 and
NGAL. Polyphenol extract did not lower the concentration
of kidney damage markers (KIM-1 and NGAL) in MetS
kidneys. However, the level of KIM-1 was higher in the MetS
group. There were no statistically significant changes in the
concentration of KIM-1 in rats treated with the polyphenol
extract compared to the untreated group (Figure 7). How-
ever, there was a trend in the reduction of KIM-1 concentra-
tion for both doses of the extract (75.54 + 33.98 ng/mg vs.
134.54 +93.23 ng/mL, p=0.310 for MetS+100 vs. MetS-

Control and 73.92 +22.85ng/mL vs. 134.54 + 93.23 ng/mL,
p=0.421 for MetS+200 vs. MetS-Control). Healthy animals
from the HC+100 group had a significantly lower concentra-
tion of KIM-1 than those in the MetS+100 group
(28.26 £ 7.04ng/mg vs. 73.92 + 22.85 ng/mL, p =0.032).
Pomegranate peel extract did not significantly change
the concentration of NGAL, regardless of the dose
(101.67 + 48.40ng/mg vs. 119.88 +46.09 ng/mg, p =0.691
MetS+100 vs. MetS-Control and 97.77 + 13.62 ng/mg Vvs.
119.88 +46.09ng/mg, p=0.841 for MetS+200 vs. MetS-
Control, Figure 7). Healthy animals have a slightly lower
concentration of NGAL, especially in the HC+100 group.

3.4. The Influence of Polyphenolic Extract on MMPs. The
administration of polyphenol extract to MetS animals did
not affect the concentrations of MMP-2 and MMP-9 in
kidney tissue (Figure 8). Only healthy rats had a lower
concentration of MMP-2 compared to MetS animals receiv-
ing an extract dose of 200mg/kg (1.04 +0.14ng/mg vs.
1.43 +0.03 ng/mg, p = 0.008).

4. Discussion

The use of Punica granatum L. extract has gained interest
thanks to its antioxidative and anti-inflammatory properties
(Figure 9) [46-51]. Almost half of a pomegranate fruit’s
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weight is from the peel. The peel is rich in bioactive
substances such as vitamins, flavonoids, phenolics, ellagitan-
nins, and minerals [52]. Different products derived from
pomegranates such as extracts, oils, and juices have been
confirmed to positively affect MetS, diabetes, and comorbid
diseases [53]. Pomegranate has the ability to reduce insulin
resistance via the peroxisome proliferator-activated receptor
gamma (PPARy) and therefore regulates abnormal oxidative
stress in macrophages and inhibits pathological cardiac
changes. In addition, pomegranate and punicalagin improve
lipid metabolism [53, 54]. Pomegranate extract administra-
tion can reduce total cholesterol and triglyceride levels

[53]. Treatment with the extract has a positive effect on the
pathologic accumulation of atherosclerotic lesions by reduc-
ing macrophage oxLDL uptake [54]. Punicalagin has been
proven to activate the forkhead box O1 (FoXO1) pathway,
which is thought to prevent mitochondrial loss and vascular
disturbance. Moreover, punicalagin downregulates the
expression of IL-6 and MMP-1 which contributes to inflam-
mation [55]. Punicalagin is proved to regulate cell death in
particular apoptosis and pyroptosis. The treatment with
punicalagin decreases Bax (proapoptotic factor) and upregu-
lates Bcl-2 (antiapoptotic factor) which led to downregula-
tion of caspases involved in apoptotic cell death—caspase
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3,8 and 9 [50]. Besides, punicalagin mitigate pyroptosis via  study, we evaluated the positive effects of Punica granatum
HMGB-1/TLR4/NF-«B signaling pathway by downregula- L. polyphenol-rich extract on oxidative stress and kidney
tion of the expression of involved proteins [46]. In this  injury in MetS. We showed that MetS contributes to kidney


http://BioRender.com/

10

injury, and antioxidants can reduce this damage. Moreover,
we confirmed that the administration of Punica granatum L.
extract has positive effects on the reduction of oxidative
stress and changes in the activity of antioxidative enzymes.
Previously, it has been reported that MetS correlates with
increased oxidative stress and lower antioxidative defense
capacity due to the reduction of antioxidant enzyme levels
[37]. Obesity and diabetes influence kidney functioning
and may induce AKI [56, 57]. So far, pathophysiological
mechanisms are not well defined; however, multiple factors
have been proposed as predictors of the development of
AKI and its progression into CKD. Among these, glomeru-
lopathy, inflammation, dysfunction of the endothelium,
activation of the sympathetic nervous system, and renin-
angiotensin-aldosterone system (RAAS) are mentioned
[58]. Hemodynamic changes such as an increased GFR and
albumin excretion accompanied by glomerulopathy led to
podocyte cell damage and mesangial enlargement [58].
Obese patients and patients suffering from diabetes often
demonstrate hypertension that disturbs the normal blood
flow through the kidneys [57]. Besides, oxidative stress is
proposed as an important risk factor for AKI development
and its progression [58]. Downregulation of the endogenous
antioxidant system and increased production of ROS corre-
late with the levels of kidney injury markers (KIM-1, NGAL)
and renal tubular cell injury [50]. For this reason, naturally
existing polyphenols have been investigated as a potential
protector from AKI and CKD, due to their ability to reduce
inflammation and oxidative stress which are the main trig-
gers of kidney dysfunction [50, 59].

SOD is an enzyme that catalyzes the conversion of
superoxide into molecular oxygen and hydrogen peroxide.
We observed that higher SOD activity was found in the
kidneys of MetS animals, and treatment with Punica grana-
tum L. extract reduced the activity. Punicalagin reduces ROS
generation and exhibits strong superoxide radical scaveng-
ing activity [60]. We have found that a low concentration
of pomegranate extract can reduce ROS/RNS levels in
kidney tissue. Reducing oxidative stress by the direct
scavenging of ROS/RNS in the kidneys can lead to a decrease
in SOD activity. A number of MetS risk factors, such as fast-
ing glucose levels, waist circumference, triglycerides, high-
density lipoprotein cholesterol (HDL-C) serum levels, high
blood pressure, and previous treatment for hypertension
might affect the antioxidant enzyme systems. The LIPGENE
study showed that patients with 3, 4, or 5 MetS factors had
higher SOD levels than those with only two [61]. Therefore,
SOD can be upregulated by high concentrations of ROS and
increased oxidative stress. This could explain our findings,
that SOD activity was the highest in the MetS groups which
correlate with higher ROS/RNS concentrations. Surprisingly,
many of the ellagitannins exhibited a relatively high prooxi-
dant activity. Punicalagin shows antioxidative activity in the
prooxidant activity test [62]. In our study, the higher con-
centration of the extract corresponded with higher ROS/
RNS levels compared to the lower concentration in the MetS
rates. This indicates the prooxidative effects of the extract
when used at higher doses. In another study, a polyphenol-
rich diet has been confirmed to positively affect SOD activity
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and the expression of NF-E2-related factor 2 (Nrf2) which is
a transcription factor that regulates antioxidant enzyme
activities. Besides, the kidneys of animals with MetS on a
blueberry-enriched diet demonstrated fewer pathological
changes and organ fibrosis [63]. Interestingly, the diet signif-
icantly increased both SOD and CAT activity, indicating a
beneficial antioxidant effect in MetS animals [63]. In our
study, the use of polyphenols was associated with a decrease
in SOD activity and ROS/RNS concentrations.

CAT is the second most important enzyme in the antiox-
idative system. CAT plays a crucial role in the reduction of
hydrogen peroxide. In our study, CAT activity in the kidney
tissue homogenates was higher in both groups treated with
polyphenolic extract, but a significant increase was only
found after using the concentration of 100 mg/kg. There is
a tendency for pomegranate extract to upregulate CAT
activity, but the higher dose was less effective. This showed
an increase in antioxidant activity to values close to those
occurring in healthy rats receiving the extract.

The dysregulation of ROS is well-known in diabetic
kidney disease (DKD). DKD impairs normal mitochondrial
function, including mitochondrial biogenesis, fission, and
fusion [64]. But also metabolic changes and the above-
mentioned Nrf2 play a major role in the etiology and path-
ogenesis of DKD. Renal exposure to high blood glucose
levels is associated with an overproduction of ROS and a
reduction of antioxidants. Hyperglycemia-induced ROS
production leads to the increased formation of advanced
glycation end products (AGEs) and activation of nuclear
factor kB (NFxB) pathways which lead to abnormal endo-
thelial and vascular cell activity [65]. Oxidative stress
induces cellular apoptosis, glomerular distortion, and the
regression of foot processes in podocytes, with consequent
loss of integrity of the glomerular barrier. These abnor-
malities overlap other vascular alterations associated with
persistently high levels of ROS [66].

We did not detect any significant changes in GSH con-
centrations in the kidneys of rats with MetS, not treated
and treated with polyphenol-rich extract, indicating that
the extract did not affect GHS concentrations in MetS ani-
mals. However, we observed a higher concentration of
GSH in kidneys treated with extract in MetS in compari-
son to HC. An adequate supply of GSH in the kidneys
is very important to maintain normal functioning and
protection against oxidative stress. It is associated with
an increased aerobic metabolism and kidney exposure to
high concentrations of various oxidants [67]. Renal GSH
metabolism is one of the most important aspects in the
study of kidney function in MetS. Downregulation of
GSH biosynthesis contributes to oxidative stress and
kidney injury. Intracellular thiol concentrations, which
control key molecular mechanisms of cells, are especially
important in patients suffering from CKD [68]. One study
indicated that GSH significantly suppressed the diabetes-
induced increase in urinary 8-hydroxy-2'-deoxyguanosine,
albumin, and creatinine levels. The authors concluded that
GSH treatment can beneficially affect diabetic rats and
suggests the usefulness of dietary GSH treatment to reduce
diabetic complications [69].
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A high concentration of ROS/RNS leads to the oxidation
of proteins and lipids. OxLDL is an indicator of abnormal
lipid modification and oxidative stress. The high concentra-
tions of LDL and oxLDL, found in MetS, may induce path-
ological changes in the glomerulus [70]. The accumulation
of circulating LDL in the glomeruli provokes mesangial cell
proliferation and renal impairment followed by glomerulo-
sclerosis [70]. OxLDL activates apoptosis and the progres-
sion of renal damage [71]. Also, it stimulates the oxLDL
receptor, CD36 expression, and activation of Nrf2, which
initiates the prooxidative pathway and contributes to kidney
fibrosis [70, 72]. Our findings confirmed that oxLDL con-
centrations were higher in the groups with MetS compared
to the corresponding healthy groups. Furthermore, treat-
ment with high-concentration pomegranate polyphenolic
extract significantly reduced the tissue levels of oxLDL.
Pomegranate juice has previously been shown to reduce
the uptake of oxLDL by macrophages and the biosynthesis
of cholesterol [63, 73]. Reduced oxidative stress and its
consequences regulate the formation of foam cells and
atherosclerosis [63, 73]. High levels of LDL and oxLDL
may induce pathological changes in the glomerulus, the
most vulnerable part of the nephron [70].

KIM-1 is a biomarker of kidney injury since its expression
is very low in healthy kidneys and is expressed by cells of the
proximal tubule. It is a transmembrane glycoprotein that is
rapidly upregulated and secreted into the urine after the dam-
aging acts [74]. However, the progression of diabetes-related
kidney disease and kidney fibrosis results in a reduction in
KIM-1 expression and urinary levels [10]. NGAL is a small
protein that belongs to the lipocalin family. It is physiologi-
cally produced at a low level by various organs, such as the kid-
neys, lungs, trachea, stomach, and colon [61]. Harmful
conditions such as ischemic and toxic AKI as well as diabetic
nephropathy increase both the expression of KIM-1 and
NGAL [22, 61, 75]. KIM-1 and NGAL expression and serum
levels are also elevated in diabetic nephropathy [50]. We found
a tendency for animals given the polyphenolic extract in both
doses had a lower concentration of KIM-1. In addition, signif-
icantly lower concentrations of KIM-1 were found in the
kidney tissue homogenates of healthy rats treated with
100 mg/kg of extract compared to the corresponding group
of rats with MetS (MetS+100 mg/kg). We noticed no signifi-
cant difference in NGAL concentrations between the groups.
In other studies, treatment with pomegranate extract in AKI
reduces the expression and serum concentration of KIM-1
and NGAL. Pomegranate due to its antioxidative effects can
reduce serum levels of injury markers during gentamicin-
associated nephrotoxicity, which corresponded to the histo-
logical changes in the kidney structure [75]. Curcumin, a
natural strong antioxidant has been proven to positively affect
kidney functioning by reducing cell death [59]. However,
curcumin reduces the expression of kidney injury markers
and their levels in the urine of diabetic rats [59]. It has been
demonstrated that high punicalagin concentrations cause liver
injury and fibrosis [51], as well as damage to the kidney struc-
ture in cattle following Terminalia oblongata combustion [76].
This could explain our findings that high concentrations of
pomegranate extract were associated with higher levels of
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kidney injury markers in the healthy group treated with
200 mg/kg of extract.

MMPs are a class of proteins that degrade extracellular
matrix components and contribute to the physiological and
pathophysiological remodeling of tissues including the kid-
ney [76]. MMPs are thought to play an important role in
the progression of kidney disease leading to kidney fibrosis
and inflammation. Gelatinases (MMP-2 and MMP-9) are
members of the MMP family that degrades collagen and
other structural proteins frequently found in kidney cells.
The activity is controlled at several stages including protein
expression, posttranslational modifications, and through
specific inhibitors [77]. High expression and activation of
the gelatinases MMP-2 and MMP-9 lead to the epithelial-
mesenchymal transition of tubular cells and changes in the
basement membrane. As a result, mesenchymal cells migrate
and form an abnormal fibrotic core [78]. MMP-2 and MMP-
9 activity can also be activated by increased oxidative stress
which plays an important role in the pathogenesis of CKD
[79]. Inhibition of MMP-2 has been demonstrated to have
positive effect on heart ischemia-reperfusion injury [80].
Tang et al. demonstrated that punicalagin can reduce the
activity of MMP-2 and MMP-9 in HelLa cells while increas-
ing the expression of tissue inhibitors of metalloproteinases
1 (TIMP-1) and TIMP-3 [81]. In our study, we noted that
MMP-2 concentrations in the kidney were significantly higher
in the MetS group treated with high concentrations of poly-
phenol extract (200 mg/kg) compared to the corresponding
healthy group. This might be a warning sign for the progres-
sion of abnormal changes in the kidneys of rats with MetS.

It has been reported that patients with MetS have a
higher blood viscosity [82]. In MetS, oxidative stress and
chronic systemic inflammation increase blood viscosity by
decreasing erythrocyte deformability and the rheological
properties of blood [83]. Obese patients with metabolic
disorders are at great risk of developing hyperviscosity
syndrome (HVS) which alters tissue perfusion and can lead
to complications such as nephropathy, AKI, and glucose
intolerance [82]. Impaired kidney function and AKI are gen-
erally an effect of tubular obstruction and renal ischemia.
The use of natural antioxidants, e.g., punicalagin or berber-
ine, may be of benefit in the treatment of AKI [22, 84].

5. Limitations

Our study has a few limitations. First, there is no control
group of healthy rats, which should be watered only with
pure water without polyphenolic extract. Second, the sample
size was limited since there are only 6 animals in each group.
Moreover, we suggest that further study should be per-
formed to provide information about kidney morphological
changes and various parameters in the urine, and blood
should be evaluated.

6. Conclusions

This study provides evidence about the increased oxidative
stress in MetS kidneys. We detected that Punica granatum
L. extract may have two opposite effects: antioxidative and
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prooxidative, and the effect is related on the extract concen-
tration. Moreover, we showed that Punica granatum L.
extract has a positive effect on the kidneys by regulating
ROS/RNS production and modifying the endogenous anti-
oxidative system. This experiment allowed us to investigate
the effect of different bioactive substances of pomegranate
peel and not just one particular polyphenol to kidney dam-
age associated with the metabolic syndrome. Treatment with
polyphenolic extract may be beneficial for MetS kidneys
prone to AKI and structural damage.
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Abstract: Transplanted organs are subjected to harmful conditions through stopping blood flow,
hypothermic storage of the graft, and subsequent reperfusion. In particular, kidneys donated from
patients after cardiac arrest (DCD) are classified as more vulnerable to ischemia-reperfusion injury
(IRI). Hypothermic machine perfusion is proposed as a solution for better kidney storage before
transplantation, and it is a good platform for additional graft treatment. Antioxidants have gained
interest in regenerative medicine due to their ability to scavenge reactive oxygen species (ROS), which
play a key role in IRI. We evaluated the effect of Mitoquinone (MitoQ), a strong mitochondria-targeted
antioxidant, administered directly to the perfusing buffer. Rat kidneys were isolated, randomly
classified into one of the following groups, donation after brainstem death (DBD), DCD, and DCD
with MitoQ, and perfused for 22 hours with a hypothermic machine perfusion system. Subsequently,
we detected levels of kidney injury (KIM-1) and oxidative stress (ROS/RNS, cytochrome C oxidase,
and mitochondrial integrity) markers. We compared the activation of the apoptosis pathway (caspase
3 and 9), the concentration of phosphorylated Akt (pAkt), and the pAkt/total Akt ratio. MitoQ
reduces KIM-1 concentration, total ROS/RNS, and the level of caspases. We observed a decrease
in pAkt and the pAkt/total Akt ratio after drug administration. The length of warm ischemia time
negatively impacts the graft condition. However, MitoQ added to the perfusing system as an ‘on
pump’ therapy mitigates injury to the kidney before transplantation by inhibiting apoptosis and
reducing ROS/RNS levels. We propose MitoQ as a potential drug for DCD graft preconditioning.

Keywords: kidney graft; hypothermic machine perfusion; MitoQ; ischemia—reperfusion injury;
oxidative stress

1. Introduction

End-stage renal disease (ESRD) is the final stage of chronic kidney disease (CKD)
that needs an urgent intervention, of which kidney transplantation is preferred. Com-
pared to other therapeutic opinions, both hemodialysis and peritoneal dialysis, kidney
transplantation increases the patient’s quality of life and reduces the mortality rate [1].
Multiple countries are allowed to use expanded criteria donor (ECD) kidneys in order
to increase the pool of kidney grafts suitable for donation. Despite the greater number
of possible graft donors, there arises a problem because ECD or kidneys donated after a
cardiovascular cause of death (DCD) are more vulnerable to ischemia-reperfusion injury
(IRI), and consequently primary nonfunction (PNF) or delayed graft function (DGF) [2].

IRI that occurs right after cardiac arrest, called warm ischemia time (WIT), continues
during organ preservation, known as cold ischemia time (CIT) [3]. Reperfusion injury is
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related to the restoration of blood flow and paradoxically causes strong damage through
oxidative stress and massive reactive oxygen species production [4]. IRI reduces the
quality of a kidney transplant and is related to delayed graft function, which requires
repeating a dialysis treatment [5]. In addition, transplanted kidneys are at risk of damage
due to a reduction in active nephrons, acute injury, and constant toxic injury caused by
immunosuppressive drugs. Mechanical perfusion is a recently used solution for DCD
kidneys, where the graft is kept in a hypothermic condition and the flow of the buffer
provides vascular patency and excises the toxic wastes [6]. Moreover, it is a perfect solution
for additional treatment ‘on pump’ during the unavoidable time of running the surgical
procedures. Therefore, preconditioning a kidney graft during machine perfusion is one of
the possible ways to improve the kidney’s condition.

Oxidative stress is defined as an imbalance between the generation of free radicals
or oxidants and the intercultural antioxidative mechanisms that reduce the highly reac-
tive particles [4]. Recently, the adverse effect of oxidants has been thoroughly studied
because it is proposed as an important factor for the reactivity of the immune system in
diseases like acute and CKD, cardiovascular disease, diabetes, and metabolic syndrome [7].
CKD and dialysis are associated with elevated levels of oxidative stress markers and pro-
inflammatory cytokines [8,9]. The whole process of kidney transplantation, starting with
surgical intervention, organ storage, reperfusion, and further immunosuppressive treat-
ment, causes massive production of oxidants and insufficient efficiency of the antioxidant
system [10,11]. Oxidative stress induces DNA fragmentation and cytochrome C release
that trigger the activation of apoptosis [12]. La Manna et al. showed that a low oxidation
level and apoptosis 6 months after kidney transplantation correlate with better functioning
of the kidney graft. Moreover, they noticed a correlation between IL-10 level and DNA
oxidation, and between both IL-6 and IL-10 and the level of fragmented DNA [13].

In this study, we compared the differences in oxidative stress and apoptosis activation
between donation after brainstem death (DBD) and DCD kidney grafts subjected to 22 h of
hypothermic machine perfusion. Furthermore, we evaluated Mitoquinone (MitoQ) organ
preconditioning. We proposed to use a mitochondria-targeted antioxidant, MitoQ, with
high antioxidative properties. MitoQ) is a lipophilic cation that easily penetrates the mito-
chondrial membrane barrier and accumulates internally [14]. The additional advantage
of MitoQ is the ubiquinone moiety in the structure, which is activated by Complex II to
the ubiquinol, reduces ROS, and is recycled back to the form that can be reused, which
provides a high antioxidant capacity [14]. Mitoquinone mesylate was previously clinically
tested for the treatment of hepatitis C [15], non-alcoholic fatty liver disease [16], and insulin
resistance [17]. Nowadays, a few clinical studies have been performed: for antiviral treat-
ment, dilated cardiomyopathy [18], and diastolic dysfunction [19]. MitoQ was also shown
to reduce the oxidative damage associated with clinical acute kidney injury (AKI) [20].
Therefore, we chose MitoQ as a good candidate for ameliorating ischemia-reperfusion
injury, which is strongly associated with oxidative stress.

2. Results
2.1. The Influence of MitoQ Administration on the Level of Kidney Injury Markers

KIM-1 is known as a marker of kidney injury. We showed elevated concentrations of
KIM-1 in the DCD group (113.51 = 63 ng/mL vs. 260.03 & 40.72 ng/mL, p = 0.012 for DBD
vs. DCD) compared to DBD. The administration of the MitoQ into the perfusate buffer
reduced the level (260.03 £ 40.72 ng/mL vs. 117.10 & 25.49 ng/mL, p = 0.033 for DCD vs.
DCD + MitoQ) (Figure 1).
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Figure 1. Concentration of KIM-1 in kidney homogenates (data represent mean &= SD (n =7), * p < 0.05
DBD vs. DCD, # p < 0.05 DCD vs. DCD + MitoQ).

2.2. Oxidative Status of Perfused Kidneys

Total ROS/RNS concentrations in kidney tissue homogenates were determined to
evaluate the intensity of oxidative stress after the hypothermic machine perfusion of the
rat kidneys. We found that the quantity of ROS/RNS was elevated in DCD grafts in
comparison to DBD grafts (17.53 £ 7.10 nM/ ug protein vs. 52.73 &+ 13.63 nM/ ug protein,
p = 0.0368 for DBD vs. DCD). The group with MitoQ had significantly reduced ROS/RNS
levels compared to the DCD group (52.73 + 13.63 nM/ ug protein vs. 10.97 & 2.84 nM /g
protein, p = 0.0134 for DCD vs. DCD + MitoQ) (Figure 2).

ROS/RNS
= 100~
E
S 80-
Q *
2 60+
s
= 40
2
X 20 #
n
0
(14 0-
Y o
& &
ox
$

Figure 2. Concentration of ROS/RNS in kidney homogenates (data represent mean + SEM (n = 6),
*p <0.05 DBD vs. DCD, # p < 0.05 DCD vs. DCD + MitoQ).

2.3. Caspase 3 and Caspase 9 Concentrations Are Reduced after MitoQ Administration

Caspase 9 initiates the apoptosis process that further activates caspases 3, 6, or 7,
known as apoptosis-executing caspases [21]. Here, we observed the increased concen-
tration of caspase 9 (A) and caspase 3 (B) in the DCD group compared to DBD (casp 9:
7.31 £ 0.43 ng/mg protein vs. 14.86 & 2.61 ng/mg protein, p = 0.028 for DBD vs. DCD;
casp 3: 15.86 &+ 1.23 ng/mg protein vs. 39.07 £ 5.76 ng/mg protein, p = 0.002 for DBD vs.
DCD). MitoQ significantly reduced both initialing and executing caspase concentrations in
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kidney tissue (casp 9: 14.86 & 2.61 ng/mg protein vs. 7.15 &+ 1.53 ng/mg protein, p = 0.019
for DCD vs. DCD + MitoQ); casp 3: 39.07 &+ 5.76 ng/mg protein vs. 14.82 + 2.81 ng/mg
protein p = 0.002 for DCD vs. DCD + MitoQ) (Figure 3).
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Figure 3. (a) Caspase 9 and (b) caspase 3 concentration in kidney tissue (data represent mean + SEM
(n=6),*p<0.05 *p<0.01 DBD vs. DCD, #p < 0.05, ## p < 0.01 DCD vs. DCD + MitoQ).

2.4. MitoQ Mitigate the Ratio of Phosphorylated Akt and Total Akt in Kidney Tissue

An ELISA assay was performed to assess the concentration of phosphorylated Akt
(p-Akt) in kidney tissue. The concentration was significantly higher in the DCD group
compared to the DBD group (0.15 £ 0.03 ng/mg protein vs. 0.42 & 0.06 ng/mg protein,
p = 0.005 for DBD vs. DCD) (a). Moreover, MitoQQ administration resulted in p-Akt
downregulation (0.42 &= 0.06 ng/mg protein vs. 0.20 £ 0.05 ng/mg protein, p = 0.02 for
DCD vs. DCD + MitoQ). Subsequently, we calculated the p-Akt to total Akt (tAkt) ratio
(b) to show the relative changes of the active form for DBD and DCD kidney grafts, and
the impact of MitoQ treatment. Here, we observed the same dependence: the p-Akt/tAkt
ratio was higher for DCD grafts (1.48 4 0.33 arbitrary units vs. 3.72 & 0.69 arbitrary
units, p = 0.014 for DBD vs. DCD), and the significant depletion was noticed after MitoQ
supplementation (3.72 £ 0.69 arbitrary units vs. 1.79 £ 0.41 arbitrary units, p = 0.035 for
DCD vs. DCD + MitoQ) (Figure 4).
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Figure 4. (a) p-Akt concentration and (b) ratio of p-Akt/tAkt in kidney tissue (data represent
mean £ SEM (n =7), * p < 0.05, ** p < 0.01 DBD vs. DCD, # p < 0.05 DCD vs. DCD + MitoQ).
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2.5. MitoQ Mitigate the Ratio of Phosphorylated Akt and Total Akt in Kidney Tissue

We did not observe significant differences for cytochrome ¢ oxidase activity (CcO)
(A) between DBD and DCD groups (0.04 £ 0.01 Units/mL vs. 0.15 & 0.05 Units/mL,
p =0.091 for DBD vs. DCD) and between the DCD group and the DCD + MitoQ group
(0.15 £ 0.05 Units/mL vs. 0.09 £ 0.04 Units/mL, p = 0.391 for DCD vs. DCD + MitoQ). We
found a slight increase in CcO activity for the DCD group compared to the DBD group, but
Mitoquinone administration had no effect on CcO activity. Moreover, we evaluated the
mitochondrial outer membrane integrity (B), and this result did not confirm the positive
effect of MitoQ administration on the percentage of mitochondria with an undamaged outer
membrane (55.71 =+ 11.82% vs. 68.60 & 11.24%, p = 0.728 for DBD vs. DCD; 68.60 =+ 11.24%
vs. 29.43 £ 14.18%, p = 0.115 for DCD vs. DCD + MitoQ) (Figure 5).
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Figure 5. (a) Cytochrome C oxidase activity (CcO) and (b) mitochondrial outer membrane integrity
in isolated mitochondria from kidney tissue (data represent mean + SEM (n = 6)).

3. Discussion

Mitoquinone was previously studied in different animal models of kidney transplan-
tation [22] and tested in clinical trials, demonstrating its safety [23]. However, none of
these studies combined long-term hypothermic perfusion (22 h) and the model of kidneys
donated after cardiovascular causes of death with prolonged WIT. We focused on the
comparison of DBD and DCD rat kidney grafts and the positive effect of MitoQ on DCD
grafts. Direct MitoQ administration into the perfusion buffer helps to avoid different drug
interactions and poorer MitoQ bioavailability when given orally or intravenously [24].
Additionally, kidney preconditioning might improve graft viability and minimize patient
burden. This hypothesis has been illustrated in Figure 6.

In the present study, we showed that Mitoquinone, a mitochondria-targeted antioxi-
dant, reduces ROS/RNS production and prevents the increased apoptosis of kidney cells
during the ischemic phase of the IRI of transplanted kidneys. Moreover, we detected
decreased concentrations of phosphorylated Akt and the pAkt/tAkt ratio after drug appli-
cation. We detected an increased level of the early injury marker KIM-1 when the warm
ischemia time was longer (like in DCD grafts) compared to DBD grafts, where the warm
ischemia time is minimal. The preconditioning of the kidney graft with MitoQ reduced the
concentration of the injury marker in DCD kidneys. Our results suggest that Mitoquinone
is a possibly good candidate for preconditioning a perfused kidney graft before surgery.
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Figure 6. Scheme of caspase activation and Akt signaling during kidney injury. During ischemia-
reperfusion, an increase in mitochondrial calcium is observed. This leads to electron transporter
chain hyperactivity and increased ROS production. ROS causes the peroxidation of membrane
lipids. Changes of ETC activity and mitochondrial membrane potential effects decrease complex V
activity and ATP production. Additionally, cytochrome C leakage from mitochondrial space into
the cytosol activates caspase 9, which plays an important role in caspase 3 activation and apoptosis.
Phosphorylated Akt inhibits caspase 9 activation. Ca 2+—calcium, ROS—reactive oxygen species,
Cyt C—cytochrome C, I——complex I (NADH-ubiquinone oxidoreductase), II—complex II (succinate
dehydrogenase), Ill—complex III (CoQ-cytochrome c reductase), IV—complex IV (cytochrome c
oxidase), V—complex V (F1F0 ATP synthase), ATP—adenosine triphosphate, P—phosphate groups,
Akt—AKT serine/threonine kinase 1, ETC—electron transporter chain, Apaf-1—apoptotic protease
activating factor 1.

Mitochondria are the main source of energy and reactive oxygen species production.
ROS are important in cell signaling, but they also play a significant role in numerous
diseases and the aging process [25]. Previous studies have shown that ROS are massively
produced during prolonged cold storage of the organ, and during the reperfusion stage [26].
Moreover, the analysis of perfusates collected after human DCD and DBD kidney graft per-
fusion showed elevated injury markers (NGAL and LDH) for DCD compared to DBD [27].
Our study also proved that longer warm ischemia associated with DCD grafts resulted in
increased KIM-1 protein concentrations in kidney tissue. Moreover, 30 min of WIT resulted
in a higher ROS/RNS concentration compared to kidneys with minimal WIT. We detected
the positive effect of MitoQ administration on injury and oxidative stress marker levels.
Increased oxidative stress causes cell apoptosis through the opening of the mitochondrial
permeability transition pore (PTP), and subsequently the leakage of cytochrome c, which
activates the caspase-dependent apoptosis pathway [28].

In our study, we detected a significant reduction in the concentration of the important
apoptosis proteins caspase 3 and caspase 9 when MitoQ was added. Mitoquinone was
proven to protect gentamicin-treated kidneys from increased cell death via the depletion
of caspase 3 and 7 activity [29]. The increased mitochondrial ROS production correlates
with organ fibrosis and the activation of apoptosis [30]. MitoQ administration reduces the
expression of liver fibrosis proteins such as Col1A1 and the active form of caspase 3, which
represents the executive apoptosis protease [30].
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PI3K/ Akt signaling plays an important role in redox balance, apoptosis activation,
and autophagy [31,32]. Akt is the serine/threonine kinase that controls various cell biology
pathways, such as apoptosis, proliferation, autophagy, and metabolism. The active form of
Akt probably has a dual effect on pathologic pathways and disease progression. Although
Akt is proposed as an anti-apoptotic signaling molecule [33] that inhibits caspase 9 and
caspase 3 activation [34], and therefore promotes cell survival, it is also suggested that high
Akt activity results in disease progression. Moreover, Akt contributes to kidney fibrosis in
CKD [35]. CKD is related to cell proliferation and the accumulation of extracellular matrix
deposits in the glomeruli and the interstitial space. The transforming growth factor beta 1
(TGF-p1) is proposed as an important inducer of kidney fibrosis and an activator of the
Akt protein [36,37]. Here, we detected a higher ratio of pAkt to total Akt connected to
an increased level of the activated form in the DCD group compared to the DBD group.
A long period of warm ischemia is associated with a higher phosphorylation of Akt.
Moreover, MitoQ administration significantly downregulated the pAkt/total Akt ratio.
The hyperactivation of Akt contributes to DNA damage and cell proliferation in polycystic
kidney disease [38]. Conduit et al. propose Akt inhibitors as good candidates for PKD
treatment [38].

Cytochrome C oxidase (CcO) is an important transmembrane protein located in the
mitochondrion’s membrane. CcO is involved in ATP production and is part of the respira-
tory electron transport chain known as complex IV. Electrons are transferred from reduced
cytochrome C to cytochrome C oxidase, which transfers them into molecular oxygen that
is reduced to water [39,40]. The activity of CcO changes with pathologies. During brain
ischemia-reperfusion, CcO becomes hyperactive and dramatically drops as mitochondrial
injury progresses in the late reperfusion phase [40]. Ischemia is caused by oxygen and,
therefore, energy depletion, which results in calcium accumulation, which provokes the de-
phosphorylation of mitochondrial proteins. The calcium signaling pathway highly activates
the ETC complex, and during the reperfusion phase it demonstrates hyperpolarization of
the mitochondrial membrane potential (A¥m) and massive ROS production [41]. However,
the study of See et al. did not confirm any significant changes in CcO activity during
different times of heart cold storage [42]. We did not detect any significant change in CcO
activity between DBD and DCD kidneys. In addition, MitoQ administration did not have
an impact on this enzyme’s activity. We also did not confirm the positive effect of the
mitochondria-targeted drug on mitochondrial membrane integrity.

4. Material and Methods
4.1. Reagents

All the reagents used in this work are listed in Table 1.

Table 1. Information of reagents.

Name of the Product Source Identifier
Aprotinin é(;cs};‘f Switzerland) 10236624001
Bovine Serum Albumin (Ssigirlr:fLouis, MO, USA) A3294-100G
Buprenorphine 83:;252?3;3}3 mg/ml N/A

CaCly (SSIEE? Louis, MO, USA) 1016
Dithiothreitol Roche 10708984001

(Basel, Switzerland)
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Table 1. Cont.

Name of the Product Source Identifier
DMSO E)Ar;gsetzi, Texas) CP-50
EDTA (Pikary Saskic, Poland) 18798103
Glucose g’}ifl?;f;rélaskie, Poland) 114595600
Kcl ((113}11:12}1‘); rSlqskie, Poland) 117397402
KH2PO, ?slglrﬂf Louis, MO, USA) P0662
Leupeptin :(Sslflrgf Louis, MO, USA) L8511
MgSO, (Sslgll;l‘? Louis, MO, USA) M7506
Mitoquinone éﬁ?}?ﬁ dge, United Kingdom) ab285406
NaCl %gs;lce/ Poland) BA4121116
NaHCO, ((Ij’}::lz}r); rSlaskie, Poland) 428105306
Gibco™
DPBS (Thermo Fisher Scientific, Inc., A2644601
Waltham, MA, USA)
Sodium pentobarbital Flilolgsjy,(ll’?fl/: nf(;l)g +26,7 mg)/ml N/A
Soybean trypsin inhibitor (S.Sigirlr:fLouiS, MO, USA) P8340
Sucrose (Sslflrgf Louis, MO, USA) 50389
Tris-HCI {;‘;Cs};f Switzerland) 10812846001
Triton X-100 (Sslglr;lf Louis, MO, USA) X100

4.2. Experimental Animals

Adult, pathogen-free, male Wistar rats weighing 300-350 g were purchased from

the Mossakowski Medical Research Center, Polish Academy of Sciences, Warsaw, Poland.
Two animals per cage were kept under a controlled temperature (22 + 2 °C), humidity
(55% +/— 10%), light/dark cycle (12/12 h), and with unlimited food and water provided.
All animal experimental procedures were approved by the local Ethics Committee for Ex-
periments on Animals at the Ludwik Hirszfeld Institute of Immunology and Experimental
Therapy, Polish Academy of Sciences, Wroclaw, Poland, and carried out in accordance with
the Guide of the Polish Ministry of Science and Higher Education for the Care and Use of
Experimental Animals. Animals were randomly categorized into study groups (7 animals

per group).
4.3. Hypothermic Machine Perfusion of Rat Kidney

Rats were desensitized with buprenorphine (0.05 mg/kg, i.p.) and anesthetized with
sodium pentobarbital (0.5 mL/kgi.p.). Then, the heart was excised from the animal, which
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initiated warm ischemia. The right kidney was immediately excised, cannulated by the
renal artery, and connected to the hypothermic machine perfusion system (Single Channel
Perfusion System, EMKA Technologies, Paris, France) (DBD group) or tied for 30 min with
controlled temperature (37 °C) to mimic DCD graft donation and subsequently excised,
cannulated by the renal artery, and connected to the hypothermic machine perfusion system
(experimental groups: DCD and DCD + MitoQ) (Figure 7). Kidneys were perfused for an
hour with a perfusion buffer to wash out blood cells, and then disposed of and replaced
with 100 mL of fresh perfusion buffer with Mitoquinone (DCD + MitoQ group) or without
MitoQ (DBD and DCD group). The final MitoQ concentration was 18 pmol/l. It was
selected based on the safe and effective dose studied by Dare et al. on a mouse renal
ischemia—reperfusion injury model (in vivo study) [20]. The perfusion buffer was based
on Krebs—-Henseleit buffer (pH = 7.4; 118 mmol/L NaCl, 4.7 mmol/L KCI, 1.2 mmol/L
KH;POy4, 1.2 mmol/L MgSO;, 3.0 mmol/L CaCl,, 25 mmol/L NaHCO3, 11 mmol/L
glucose, and 0.5 mmol/L EDTA) with albumin. The kidney was perfused with cold buffer
(4 °C) for 22 h with a constant flow rate (0.12 mL/min) to maintain the pressure between
50 and 120 mmHg. The output of the monitoring system was recorded using IOX2 software
(EMKA Technologies, Paris, France).

W ) &

Warm ischemia &x%

time <10 min l—’
RN
extraction

- no Hypothermic
‘in{{&"‘ ‘ —>  machine
perfsuin ~
Warm ischemia
time 30 min ‘ )

b

Perfusing buffer with

A Nec or without MitoQ
Pressure
‘J_.I:‘? / control
Warm ischemia T
time 30 min

Figure 7. Scheme of the kidney preparation and perfusion. Right kidney was excised, flashed with
pure buffer, and perfused for 22 h with or without MitoQ in the hypothermic condition (4 °C) with
controlled pressure (50-120 mmHg).

4.4. Preparation of Kidney Homogenates

Kidneys were kept at -80°C and subsequently crushed in liquid nitrogen. Kidney tissue
was homogenized with a manual homogenizer in cold homogenization buffer (50 mmol/L
Tris-HC1 (pH 7.4), 3.1 mmol/L sucrose, 1 mmol/L dithiothreitol, 10 mg/mL leupeptin,
10 mg/mL soybean trypsin inhibitor, 2 mg/mL aprotinin, and 0.1% Triton X-100). The
homogenates were centrifuged for 10 min at 14,000 RPM, and the supernatants were
collected and stored at —80 °C.

4.5. Assessment of Kidney Injury Marker (KIM-1)

Kidney injury marker 1 is an early marker of kidney cell injury, especially of proximal
tubule cells [43]. KIM-1 concentration in kidney homogenates was determined with an
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ELISA kit (cat. EO785r, EIAab Science Inc., Wuhan, China). To determine KIM-1 protein
concentration, we used 100 pL of kidney homogenates diluted 1000 times. The detected
concentration of KIM-1 in the sample was then normalized to the total protein concen-
tration in the homogenate. Briefly, the primary antibodies bound to KIM-1. Then, KIM-1
was detected with anti-KIM-1 secondary antibodies conjugated with biotin and enzyme-
conjugated avidin. The substrate solution was added and a color proportional to the protein
concentration was detected using a Spark Multimode Microplate Reader (Tecan Group Ltd.,
Miénnedorf, Switzerland) at 450 nm.

4.6. Detection of Total Protein Concentration

The Bradford method was used to detect the total protein concentration in the kidney
homogenate samples. Briefly, Bio-Rad Protein Assay Dye Reagent (cat. 5000006, Bio-
Rad, Hercules, CA, USA) was used and BSA (heat shock fraction, >98%, Sigma-Aldrich,
Saint Louis, MO, USA) was used as a standard. The absorbance measured at 595 nm is
proportional to the protein concentration. Absorbance was measured on Spark multimode
microplate reader (Tecan Trading AG, Ménnedorf, Switzerland).

4.7. Assessments of ROS/RNS in the Kidney Tissue

To evaluate the oxidative stress in kidney tissue, the OxiSelect™ In Vitro ROS/RNS
Assay Kit (cat. STA-347 Cell Biolabs, San Diego, CA, USA) was used. In the presence of
ROS and RNS, dichlorodihydrofluorescein DiOxyQ (DCFH-DiOxyQ) is oxidized to the
fluorescent 2/,7'-dichlorodihydrofluorescein (DCF). The fluorescence signal was measured
at 480 nm (excitation) and 530 nm (emission) with a Spark Multimode Microplate Reader
(Tecan Trading AG, Mannedorf, Switzerland). The total ROS/RNS concentration is pro-
portional to the fluorescent signal. The detected concentration was normalized to the total
protein concentration.

4.8. Mitochondria Isolation

Intact mitochondria were isolated from frozen kidney tissue with the MinuteTM Mi-
tochondria Isolation Kit for Muscle Tissues/Cultured Muscle Cells (cat. MM-038, Invent
Biotechnologies, Plymouth, MA, USA). This kit allows for the isolation of mitochondria,
cytosol, and nuclei. Approximately 30 pg of minced tissue and dissociation beads was
placed on the surface of the filter cartridge. The buffer was added, and the tissue paste was
ground and centrifuged for 30 s (16,000 x g). The filter was discarded, and the supernatant
was vortexed and centrifuged for 5 min (1000x g). Next, the obtained supernatant was
transferred to a new microtube and centrifuged for 20 min (11,000 g). Then, the super-
natant was discarded, and the pellet was resuspended in 200 pL of the provided buffer and
vortexed. The tube was centrifuged for 10 min (11,000x g) and the obtained supernatant
was transferred to a fresh tube with ice-cold DPBS and vortexed. Subsequently, the tube
was centrifuged for 20 min (16,000 x g) to obtain the pellet of the mitochondrial fraction.
Mitochondria were dissolved in 50 uL of the homogenization buffer (50 mmol/L Tris-HCI
(pH 7.4), 3.1 mmol/L sucrose, 1 mmol/L dithiothreitol, 10 mg/mL, leupeptin, 10 mg/mL
soybean trypsin inhibitor, 2 mg/mL aprotinin, and 0.1% Triton X-100), and the total protein
concentration was measured.

4.9. Measurements of Cytochrome C Oxidase Activity and Outer Mitochondrial
Membrane Integrity

Cytochrome C oxidase activity and outer mitochondrial membrane integrity were
measured in isolated mitochondria with the Cytochrome C Oxidase Assay Kit (cat. CYTO-
COX1 Sigma-Aldrich). Reduced ferrocytochrome c is oxidized in a two-phased reaction
by cytochrome ¢ oxidase with a sudden burst of activity [44]. Briefly, in the quart cu-
vette, we mixed 950 puL of assay buffer, 100 uL enzyme dilution buffer, and 20 pL of
isolated sample. By adding 50 pL of ferrocytochrome c substrate solution, the reaction
was started. The absorbance at 550 nm was kinetically measured after 5 and 60 s of the
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reaction. To subtract the background values, we measured the change in absorbance in
a mix of 950 pL of assay buffer, 120 uL enzyme dilution buffer, and 50 pL of ferrocy-
tochrome c substrate solution. Subsequently, CcO activity was calculated using the equa-
tion: Units/mL = é‘:};ﬁg&gée‘;ﬂx X211_814 (where AA/min = A/minute (sample) — A/minute
(blank); dil = dilution factor of enzyme or sample; 1.1 = reaction volume in ml; vol of
enzyme = volume of enzyme or sample in ml; 21.84 = Ae™ mM between ferrocytochrome
¢ and ferricytochrome c at 550 nm). The activity of the sample was normalized based on
total mitochondrial protein concentration. To determine the outer mitochondrial membrane
integrity, the activity of CcO was measured in the presence and absence of n-dodecyl 3-D-
maltoside. To detect intact mitochondria, 0.1 mg protein/mL of mitochondrial suspension
was mixed with 1x enzyme dilution buffer. For total cytochrome c oxidase activity detection,
the same amount of the same sample was mixed with Enzyme Dilution Buffer containing
1 mM n-dodecyl 3-D-maltoside. Both prepared samples were incubated for 10 min on
ice. A total of 1 ug of mitochondrial protein was used, following the CcO activity assay
described above. The calculated ratio between measurements of samples with and without
detergent stands for the integrity of the outer mitochondrial membrane and is presented as
a percentage of mitochondria with an undamaged outer membrane:

(% = (ad(total) ;AA(:?)(;’S“CQ) x 100, AA(intact) = AA(intact sample) — AA(blank);
AA(total) = AA(total sample) — AA(blank)). The measurements were performed on a spec-
trophotometer (UV-Vis Double Beam HALO DB-20 Spectrofotometer, Dynamica GmbH,
Ziirich, Switzerland) in the Laboratory of Elemental Analysis and Structural Research of

Wroclaw Medical University.

4.10. Caspase 3 and Caspase 9 Concentration Measurement

Caspase 3 and caspase 9 concentrations were measured in kidney homogenates ac-
cording to company instructions (cat. E1648Ra, Rat Caspase 3, CASP3 ELISA kit and cat.
E1898Ra, Rat Caspase 9, CASP9 ELISA kit, BT Lab, Birmingham, UK). Briefly, caspase 3
or caspase 9, respectively, binds to the pre-coated plate. A biotinylated antibody is added
and binds to the protein. Streptavidin-HRP antibody is added, and, after incubation, the
substrate solution demonstrates a developing color that is proportional to caspase concen-
tration. The absorbance is then determined using a Spark multimode microplate reader
(Tecan Trading AG, Switzerland) at 450 nm. We used 100 pL of kidney homogenate diluted
200 times. The results were normalized to the total protein level.

4.11. Total Akt and Phosphorylated Akt Concentration

Total Akt was detected using ELISA (cat. PEL-AKT-5473-T-1, RayBio® Human, Mouse
and Rat Phospho-AKT (Ser473) and Total AKT ELISA Kit), and the phosphorylated Akt
form (Ser473) concentration was determined using the Rat Phospho-AKT(5473) ELISA Kit
(cat. E2452Ra, BT Lab). Phospho-Akt concentration was normalized with the total protein
level. Later, we calculated the ratio of phospo-Akt and total Akt, which better reflects the
active form level than pAkt concentration.

4.12. Statistical Analysis

The data were collected and further analyzed using GraphPad Prism 8.0.1 for Win-
dows (GraphPad Software, San Diego, CA, USA). The normality of variance changes was
determined using the Shapiro-Wilk normality test. ANOVA or nonparametric equivalent
tests were performed, and post hoc tests were used for comparisons between groups.
The obtained results were expressed as mean £ SEM, and a p value of < 0.05 stands for
significant change.

5. Study Limitations

Our study has a few limitations. Firstly, we did not perform the kidney transplantation
procedure; therefore, we were not able to evaluate the post-surgical effect of MitoQ graft
preconditioning. Secondly, due to technical limitations, we were able to detect the input
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pressure of the canula and maintain it around 50-120 mmHg, although different pressures
might be detected inside the organ. We believe the next step should be the evaluation of
MitoQ'’s positive effect on kidney injury and apoptosis after the reperfusion phase, where
the ROS/RNS burst occurs.

6. Conclusions

Our study showed that warm ischemia time might play an important role in the
condition of kidney grafts that undergo hypothermic machine perfusion. We showed that
a longer WIT, like for DCD kidneys, increases the levels of oxidative stress and injury
markers, resulting in a higher concentration of pro-apoptotic caspases in kidney tissue.
Moreover, we propose MitoQ), a mitochondria-targeted antioxidant, as a good candidate
to reduce the harmful effect of prolonged WIT, and the following CIT, via a reduction in
oxidative stress and apoptotic cell death.
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OSWIADCZENIE AUTORKI ROZPRAWY DOKTORSKIEJ

Oswiadczam, ze w publikacji:

Anna Radajewska, Anna Krzywonos-Zawadzka, Iwona Bil-Lula. Recent Methods of Kidney
Storage and Therapeutic Possibilities of Transplant Kidney. Biomedicines. 2022 Apr
28:10(5):1013. doi: 10.3390/biomedicines10051013.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

méj udziat polegal na analizie dostgpnej literatury, przygotowania manuskryptu,
przygotowaniu grafik, rycin i tabel, edycji tekstu publikacji.
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O$wiadczam, ze w publikacji:

Anna Radajewska, Jakub Szyller, Joanna Niewiadomska, Agnieszka Noszczyk-Nowak, Iwona
Bil-Lula. Punica granatum L. Polyphenolic Extract as an Antioxidant to Prevent Kidney Injury
in Metabolic Syndrome Rats. Oxid Med Cell Longev. 2023 Jan 5; 2023:6144967.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udziat polegat na opracowaniu mtodologii badan, pobraniu i przygotowaniu materiatu
badanego, dobraniu testéw analitycznych oraz wykonaniu czgsci testow, analizie statystycznej
czesci uzyskanych wynikow, wizualizacji wynikow, przygotowaniu publikacji, grafik i rycin
do publikacji.
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O$wiadczam, ze w publikacji:

Anna Radajewska, Jakub Szyller, Agnieszka Olejnik, Anna Krzywonos-Zawadzka, Grzegorz
Sawicki, Iwona Bil-Lula. Mitoquinone Alleviates Donation after Cardiac Death Kidney Injury
during Hypothermic Machine Perfusion in Rat Model; Int. J. Mol. Sci. 2023, 24, 14772.

(autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony)

méj udzial polegal na opracowaniu metodologii badan, opiece nad zwierzgtami
laboratoryjnymi, izolacji i kaniulacji nerki szczurzej do badan, przygotowaniu materiatu do
badaf, dobraniu odpowiednich testéw analitycznych i wykonaniu czgsci testow, stworzeniu
bazy wynikow, przygotowaniu publikacji, przygotowaniu grafik i rycin do publikacji, edycji
tekstu publikacji.
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Wroctaw, 30.04.2024 r.
miejscowos¢, data
dr Anna Krzywonos-Zawadzka
tytul, imig i nazwisko

Uniwersytet Medyczny we Wroctawiu

Katedra Analityki Medycznej,

Zaklad Chemii Klinicznej i Hematologii Laboratoryjnej,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, Zze w pracy:

Anna Radajewska, Anna Krzywonos-Zawadzka, Iwona Bil-Lula. Recent Methods of Kidney
Storage and Therapeutic Possibilities of Transplant Kidney. Biomedicines. 2022 Apr
28;10(5):1013. doi: 10.3390/biomedicines10051013.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

mdj udzial polegat na edycji tekstu publikacji i dokonaniu korekty jezykowej przygotowanego
manuskryptu.
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miejscowos¢, data
dr hab. Iwona Bil-Lula, prof. uczelni
tytul, imie i nazwisko

Uniwersytet Medyczny we Wroclawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjne;j,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Anna Krzywonos-Zawadzka, Iwona Bil-Lula. Recent Methods of Kidney
Storage and Therapeutic Possibilities of Transplant Kidney. Biomedicines. 2022 Apr
28;10(5):1013. doi: 10.3390/biomedicines10051013.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

mdj udziat polegal na ocenie merytorycznej pracy, edycji manuskryptu oraz dokonaniu korekty
j¢zykowej przygotowanego manuskryptu, zatwierdzeniu ostatecznej wersji pracy.
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dr Jakub Szyller
tytut, imig i nazwisko

Uniwersytet Medyczny we Wroctawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjnej,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Joanna Niewiadomska, Agnieszka Noszczyk-Nowak, Iwona
Bil-Lula. Punica granatum L. Polyphenolic Extract as an Antioxidant to Prevent Kidney Injury
in Metabolic Syndrome Rats. Oxid Med Cell Longev. 2023 Jan 5; 2023:6144967. doi:
10.1155/2023/6144967.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udziat polegal na pozyskaniu srodkéw na badania, wykonaniu czgsci testow technika
ELISA i opisaniu metody: Ocena i analiza sktadu zwigzkéw polifenolowych zawartych w
otrzymanym ekstrakcie oraz edycji tekstu publikacji.

/Lufo gaﬂﬂ@

podpzs wspotautora

M‘%AUM

podpls promotora

-_—



Wroctaw, 09.05.2024 r.
miejscowosé, data
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pl. Grunwaldzki 47,
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miejsce zatrudnienia

OSWIADCZENIE WSPOLAUTORA

Oéwiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Joanna Niewiadomska, Agnieszka Noszczyk-Nowak,
Iwona Bil-Lula. Punica granatum L. Polyphenolic Extract as an Antioxidant to Prevent
Kidney Injury in Metabolic Syndrome Rats. Oxid Med Cell Longev. 2023 Jan 5;
2023:6144967. doi: 10.1155/2023/6144967.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udziat polegat na opiece nad zwierzgtami, podawaniu i przygotowaniu preparatu Punica
granatum L., pozyskaniu wyciggu do badan oraz wykonywaniu procedur na zwierzgtach.
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prof. dr hab. Agnieszka Noszczyk-Nowak
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Uniwersytet Przyrodniczy we Wroctawiu

Katedra Choréb Wewnetrznych z Klinikg Koni, Psow i Kotow,
Wydziat Medycyny Weterynaryjnej,
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50-366 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Joanna Niewiadomska, Agnieszka Noszczyk-Nowak, Iwona
Bil-Lula. Punica granatum L. Polyphenolic Extract as an Antioxidant to Prevent Kidney Injury
in Metabolic Syndrome Rats. Oxid Med Cell Longev. 2023 Jan 5; 2023:6144967.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udzial polegal na uzyskaniu zgody komisji etycznej, nadzorowaniu procedur
wykonywanych na zwierzetach oraz edycji tekstu manuskryptu.

Signed by /
Podpisano przez:

Agnieszka
Noszczyk-Nowak

Date / Data:
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dr hab. Iwona Bil-Lula, prof. uczelni
tytul, imig i nazwisko

Uniwersytet Medyczny we Wroclawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjnej,
ul. Borowska 211A

50-556 Wroclaw

miejsce zatrudnienia

OSWIADCZENIE WSPOELAUTORA

Os$wiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Joanna Niewiadomska, Agnieszka Noszczyk-Nowak, Iwona
Bil-Lula. Punica granatum L. Polyphenolic Extract as an Antioxidant to Prevent Kidney Injury
in Metabolic Syndrome Rats. Oxid Med Cell Longev. 2023 Jan 5; 2023:6144967.

(autorzy, rok wydania, tytuf, czasopismo lub wydawca, tom, strony)

moj udzial polegal na udziale w konceptualizacji pracy, nadzorze prac prowadzonych przez
doktorantkeg i zespot badawczy, ocenie merytorycznej manuskryptu, edycji tekstu pierwotnego,
dokonaniu korekty jezykowej przygotowanego manuskryptu, zatwierdzeniu ostatecznej wersji
publikacji.
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dr Jakub Szyller
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Uniwersytet Medyczny we Wroctawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjnej,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOEAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Agnieszka Olejnik, Anna Krzywonos-Zawadzka, Grzegorz
Sawicki, Iwona Bil-Lula. Mitoquinone Alleviates Donation after Cardiac Death Kidney Injury
during Hypothermic Machine Perfusion in Rat Model; Int. J. Mol. Sci. 2023, 24, 14772.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udziat polegat na wykonaniu czesci testow metoda ELISA i testéw fluorymetrycznych,
czgsciowego opracowania metodologii badan, opracowania statystycznego czesci wynikow,
obstudze programu komputerowego do perfuzji nerki.
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dr Agnieszka Olejnik
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Uniwersytet Medyczny we Wroctawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjnej,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Agnieszka Olejnik, Anna Krzywonos-Zawadzka, Grzegorz
Sawicki, Iwona Bil-Lula. Mitoquinone Alleviates Donation after Cardiac Death Kidney Injury
during Hypothermic Machine Perfusion in Rat Model; Int. J. Mol. Sci. 2023, 24, 14772.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udziat polegat na opracowaniu metodologii, pomocy przy doborze testow oraz wykonaniu
czesci testow metodg ELISA.
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Uniwersytet Medyczny we Wroclawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjnej,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOELAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Agnieszka Olejnik, Anna Krzywonos-Zawadzka, Grzegorz
Sawicki, Iwona Bil-Lula. Mitoquinone Alleviates Donation after Cardiac Death Kidney Injury
during Hypothermic Machine Perfusion in Rat Model; Int. J. Mol. Sci. 2023, 24, 14772.

(autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony)

moj udziat polegat na uzyskaniu zgody komisji etycznej na prace z wykorzystaniem zwierzat,
konceptualizacji badan, edycji tekstu manuskryptu, zarzadzaniu projektem, pozyskaniu
finansowania.
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prof. dr hab. Grzegorz Sawicki
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Uniwersytet Medyczny we Wroctawiu

Katedra Analityki Medycznej,

Zaktad Chemii Klinicznej i Hematologii Laboratoryjne;j,
ul. Borowska 211A

50-556 Wroctaw

miejsce zatrudnienia

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy:

Anna Radajewska, Jakub Szyller, Agnieszka Olejnik, Anna Krzywonos-Zawadzka, Grzegorz
Sawicki, Iwona Bil-Lula. Mitoquinone Alleviates Donation after Cardiac Death Kidney Injury
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