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1. Wykaz publikacji bedacych podstawa rozprawy doktorskiej

Podstawa niniejszej rozprawy doktorskiej jest cykl trzech nizej wymienionych publikacji
naukowych (jedna praca przegladowa — Publikacja I i dwie prace oryginalne — Publikacja II i
Publikacja III) o tacznym wspélczynniku oddziatywania (Impact Factor — IF) rtOwnym 11,6 i
punktacji Ministerstwa Edukacji i Nauki (MEiN) wynoszacej 420.

Publikacja I (praca przegladowa)

Smereczanski N.M., Brzoska M.M.: Current levels of environmental exposure to cadmium in
industrialized countries as a risk factor for kidney damage in the general population: A
comprehensive review of available data. International Journal of Molecular Sciences, 2023, 24
(9), 8413; doi.: 10.3390/1JMS24098413

IF =5,6; MEiN =140

Suplement do Publikagji I: https://www.mdpi.com/article/10.3390/ijms24098413/s1

Publikacja II (praca oryginalna)

Smereczanski N.M., Brzoska M.M., Rogalska J., Hutsch T.: The protective potential of Aronia
melanocarpa L. berry extract against cadmium-induced kidney damage: A study in an animal
model of human environmental exposure to this toxic element. International Journal of
Molecular Sciences, 2023, 24 (14), 11647; doi.: 10.3390/ijms241411647

IF =5,6; MEiN =140

Suplement do Publikagji II: https://www.mdpi.com/article/10.3390/ijms241411647/s1

Publikacja III (praca oryginalna)

Smereczanski N.M., Brzoska M.M., Rogalska ].: Protective effect of the extract from Aronia
melanocarpa L. berries against cadmium-induced oxidative stress in the kidney: A study in an
in vivo experimental model. Acta Poloniae Pharmaceutica — Drug Research, 2023, 80 (4), praca
w druku; doi.: 10.32383/appdr/169782

IF = 0,4; MEiN =140

W Publikacji I i suplemencie do tej publikacji przedstawiono podstawy teoretyczne
podjetej tematyki badawczej w zakresie nefrotoksycznosci kadmu i ryzyka uszkodzenia nerek

w konsekwencji narazenia srodowiskowego na ten ksenobiotyk.

W Publikacji II i suplemencie do tej publikacji oraz w Publikacji III uzasadniono
celowos¢ podjecia badan bedacych przedmiotem rozprawy doktorskiej, scharakteryzowano
model do$wiadczalny, w ktérym przeprowadzono badania, omdéwiono metodyke badan i
podano szczegdétowe wyniki badan oraz przeprowadzono ich dyskusja w swietle dostepnych

danych literaturowych i sformutowano wnioski koricowe z przeprowadzonych badan.


https://www.mdpi.com/article/10.3390/ijms241411647/s1
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2. Wprowadzenie. Przeglad literatury dotyczacy tematu rozprawy

2.1. Aronia melanocarpa L. jako roslina lecznicza

Rosdliny lecznicze oraz produkty uzyskiwane na ich bazie od dawna budza
zainteresowanie zaréwno srodowiska naukowego, jak rowniez spoteczenstwa, w aspekcie
mozliwosci wykorzystania substancji w nich wystepujacych w profilaktyce i leczeniu réznych
schorzen, w tym chordb cywilizacyjnych [50, 55, 59, 64]. Ostatnio coraz wigcej uwagi poswieca
si¢ rowniez mozliwosci wykorzystania produktéw pochodzenia roslinnego w celu
zapobiegania niekorzystnym dla zdrowia skutkom wynikajacym z narazenia na substancje
toksyczne oraz fagodzenia i leczenia tych efektow [4, 7, 39]. Rosling zastugujaca na szczegdlnag
uwage, zarowno ze wzgledu na liczne wlasciwosci prozdrowotne i przydatnosé w
profilaktyce i wspomaganiu leczenia niektorych schorzen [4, 27, 44, 50, 55, 60, 68], jak rowniez
z powodu wynikow badan doswiadczalnych wskazujacych na mozliwo$¢ jej wykorzystania
w zapobieganiu skutkom dzialania toksycznego niektorych ksenobiotykow, w tym lekéw
oraz zanieczyszczen chemicznych srodowiska i zywnosci, wliczajac toksyczne metale cigezkie
[4, 5, 7-12, 14, 16, 29, 30, 39-41, 70-72], jest Aronia melanocarpa L. (Michx.) Elliott; aronia

CZ&I‘I’IOOWOCOW&).

2.1.1. Charakterystyka ogo6lna rosliny

A. melanocarpa jest krzewem liSciastym (Rycina 1) nalezacym do rodziny Rosaceae.
Roslina ta pochodzi z Ameryki Pétnocnej, ale obecnie jest rozpowszechniona na catym $wiecie
[59], ajej niskie wymagania Srodowiskowe utatwiaja uprawe [2]. Krzewy aronii moga dorastac
do okoto 2 m wysokosci. Pedy rosliny sa przylegajaco owlosione lub nagie, a naprzemianlegle
utozone liscie o barwie ciemnozielonej (jesienig czerwieniejace) osiagaja dtugos¢ do 6 cm. W
maju i czerwcu krzewy wytwarzaja baldachogrona zawierajace okoto 30 drobnych biatych
kwiatéw (Rycina 1), z ktorych dojrzewajg ciemnopurpurowe jagody (Rycina 1) o $rednicy
okoto 10 mm i stodkawym, silnie aromatycznym migzszu, pokryte szarawym nalotem [59].
Zbidr owocodw aronii odbywa sie w sierpniu i wrzesniu. Jakos¢ jagdd aronii oraz zawarto$¢ w
nich sktadnikow aktywnych biologicznie zaleza od warunkéw klimatycznych panujacych w
czasie wegetacji oraz nawodnienia, stosowania pestycydow, terminu zbioru owocow i
warunkow ich przechowywania [2]. Pomimo niskiej kumulacji w owocach aronii substancji
szkodliwych dla zdrowia, w tym pestycydow i metali ciezkich takich jak oléw czy kadm (Cd),
uprawa tej rosliny do celu wykorzystania prozdrowotnego powinna odbywac sie na terenach
o niskim poziomie industrializacji, z zachowaniem najwyzszych standardéw uprawy
ekologicznej. Surowcem uzytkowym A. melanocarpa sa przede wszystkim owoce, ale rowniez

liscie, jednak ich zastosowanie nie jest tak powszechne, jak owocéw [4, 55, 64, 69].
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Krzew Kwiatostan Owoce

Rycina 1. Krzew, kwiatostan i owoce A. melanocarpa.

2.1.2. Wlasciwosci prozdrowotne owocow A. melanocarpa i ich przetworow

Owoce aronii czarnoowocowej zawieraja wiele substancji o wlasciwosciach
prozdrowotnych i sa jednym z najbogatszych zrédet naturalnych zwiazkéw polifenolowych
charakteryzujacych sie silnymi wlasciwosciami antyoksydacyjnymi [2, 4, 50, 55, 59]. Zwiazki
polifenolowe, takie jak proantocyjanidyny, antocyjany, flawonoidy i kwasy fenolowe (Tabela
1) sa najwazniejszymi, z punktu widzenia dzialania prozdrowotnego, sktadnikami
wystepujacymi w owocach A. melanocarpa [4, 50, 55, 59]. Proantocyjanidyny sa
oligomerycznymi i polimerycznymi katechinami, ktérych obecnos$¢ nadaje owocom aronii
cierpki smak. Antocyjany wystepuja w zewnetrznych czesciach skorki owocdéw i odpowiadaja
za ich kolor. Owoce aronii sg takze Zrodtem biopierwiastkdw, witamin, triterpendw,
fitosteroli, karotenoidoéw, pektyn, alkoholi cukrowych (parasorbozyd i sorbitol), garbnikéw,
blonnika pokarmowego, kwaséw organicznych (kwas L-jabtkowy i kwas cytrynowy),
weglowodanow i biatek (Tabela 1) [4, 59].

Substancje zawarte w jagodach aronii wykazuja m.in. silne wlasciwosci
przeciwutleniajace, przeciwcukrzycowe, przeciwzapalne, przeciwdrobnoustrojowe i
antymutagenne (Rycina 2) [4, 16, 50, 55, 59]. Spozywanie produktéw z jagdd aronii, takich jak
soki, dzemy, konfitury, syropy, herbaty i nalewki oraz sproszkowane owoce w postaci
suplementéw, ma wplyw kardioprotekcyjny, gastroprotekcyjny, hepatoprotekcyjny,
radioprotekcyjny i immunomodulujacy, w zwiazku z czym moze skutecznie chroni¢ przed
rozwojem niektorych chorob przewlektych, w tym zaburzen metabolicznych, choréb uktadu
krazenia i nowotwordw, oraz jest stosowane wspomagajaco w leczeniu schorzen takich jak
cukrzyca typu II, nadcisnienie, otylos¢, infekcje bakteryjne, czy zaburzenia pracy watroby [4,
27,44, 50, 55, 59, 60, 68]. Ze wzgledu na wielokierunkowe wtasciwosci prozdrowotne owocéw
A. melanocarpa zaleca si¢ wprowadzanie produktéw na ich bazie do diety codziennej [4, 50,

55]. Na rynku dostepne sg liczne suplementy zawierajace w sktadzie te owoce (Tabela 2).
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Tabela 1. Glowne sktadniki owocodw A. melanocarpa i ich zawartosé.
Skladnik Zawartos¢ Zrédto
(mg/100 g Swiezych owocow)
Bialka 600 — 810 66
Weglowodany 13730 - 15060 66
Tluszcze 90 -170 66
Zwiazki polifenolowe 247,70 — 693,05 24
proantocyjanidyny 663,7 — 1645,64 61,74
antocyjany 150,09 — 619,2 24,73
cyjanidyno—3—-O-arabinozyd 36,72 — 544 24, 67
cyjanidino—-3-O-galaktozyd 41 -1243 37,67
cyjanidyno 3-O-glukozyd 3,41 -46,2 24, 67
cyjanidyno-3-O-ksylozyd 4,43 -73 24, 67
flawonole 7,643 - 71 61, 66
kemferol 53 61
kwercetyno-3-O-galaktozyd 8,31 - 28,3 49, 67
kwercetyno-3-O-glukozyd 4,03-20,8 49, 67
kwercetyno—diheksozyd 445,67 69, 73
kwercetyno-3-O-rutynozyd 3,9 -40,30 24,73
kwercetyno-3-O-glukuronid 56 42
kwercetyno-3-O-wicianozyd 2,36 - 8,5 49, 67
kwercetyno—-3-O-ksylozyd 0,15-0,40 18, 42
kwercetyna 0,03-7,113 18,24,73
epikatechina 0,12 — 86,250 18, 61
kwasy fenolowe 63,9 — 96 18, 36
kwas kawowy 60-75 36
kwas chlorogenowy 41,69 — 218 66, 67
kwas neochlorogenowy 32,24 -189 24, 67
kwas 4-hydroksycynamonowy 0,02-7,61 18, 36
kwas ferulowy 0,01 -2,8 18, 36
kwas elagowy 1,57 18
Biopierwiastki
sod 1,25-3,7 51, 66
potas 135,63 —497,7 51, 65
wapn 11,90 -116,7 51, 65
magnez 8,33 -57,8 51, 65
fosfor 15,9 -95,6 51, 66
cynk 0,090 - 0,840 51, 66
zelazo 0,33 -1,68 66
selen 0,021 - 0,028 51
miedz 0,035-0,211 51, 66
mangan 0,132 -1,789 51, 66
Witaminy
witamina C 1,9-31 49, 61
witamina E 1,35-1,47 66
witamina A 0,77 31
witamina K 0,017 -0,028 66
witamina B1 0,017 - 0,019 66
witamina B2 0,016 — 0,027 66
witamina B3 0,27 - 0,34 66
witamina B5 0,225 -0,382 66
witamina B6 0,024 - 0,029 66
witamina B11 0,002 - 0,004 66
Karotenoidy — p-karoten 0,495 - 0,887 66
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Zwiazki polifenolowe Antyoksydacyjne

(proantocyjanidyny,
antocyjany, flawonoidy, Przeciwzapalne
kwasy fenolowe) : .

Hipotensyjne
Biopierwiastki
(séd, potas, wapn, magn“

miedz, cynk, mangan)

Owoce A. melanocarpa\

Antyagregacyjne
iich przetwory
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Przeciwdrobnoustrojowe

Witaminy
(A,CEK, J . o
,'Q Hipolipemizujace

witaminy z grupy B) bmg e

Inne skladniki : Przeciwnowotworowe
Ger g bionelk bxa%koJ Przeciwcukrzycowe

thuszcze roslinne)

Rycina 2. Wtasciwosci prozdrowotne owocow A. melanocarpa i ich przetworow.

Skutecznos$¢ owocodw A. melanocarpa i ich przetworéw w profilaktyce i wspomaganiu
leczenia szeregu standw chorobowych zostala wykazana w wielu badaniach [4, 17, 23, 27, 43,
44, 46, 50, 55, 60, 68]. Czterotygodniowe spozywanie przez pacjentow ze zdiagnozowanym
zespotem metabolicznym standaryzowanego ekstraktu z owocoéw A. melanocarpa (Alixir 400
PROTECT, Pharmanova, Belgrad, Serbia), trzy razy dziennie po 30 mL (przed lub w trakcie
positku) [68] lub 100 mL w jednej porcji dziennie preparatu uzyskanego z czystego soku z
aronii wzbogaconego w btonnik (Nutrika d.o.o., Belgrad, Serbia) [27] przyczyniato si¢ do
obnizenia masy ciata (Srednio o 2,2 - 2,5 kg) i zmniejszenia obwodu talii ($rednio o 3,2 - 4,2
cm) [27, 68]. Ponadto wprowadzenie do diety produktéw z owocdéw aronii czarnoowocowej
(sok w ilosci 250 mL dziennie przez 12 tygodni lub 100 mL dziennie przez 4 tygodnie)
poprawiato profil lipidowy u 0séb z hipercholesterolemia, co znajdowato odzwierciedlenie w
obniZeniu stezenia trigliceryddéw, cholesterolu catkowitego i lipoprotein o niskiej gestosci
(LDL) w krwi [60] oraz obnizalo ci$nienie tetnicze krwi i zmniejszalo ryzyko epizodow
zakrzepowo - zatorowych, dzieki obnizeniu stezenia fibrynogenu [60]. Spozywanie przez
zdrowych mezczyzn 116 mg ekstraktu z owocdw lub 12 mg sproszkowanych owocoéw A.
melanocarpa dziennie przez 12 tygodni skutkowato poprawa sktadu mikroflory jelitowej oraz
funkcji srédblonka naczyniowego, zmniejszajac tym samym ryzyko epizodow sercowo -
naczyniowych [23]. U 0séb z zespotem metabolicznym picie dwa razy dziennie po 100 mL
ekstraktu z owocow A. melanocarpa przez okres 2 miesiecy spowodowato obnizenie stezenia
dialdehydu malonowego (MDA) oraz cholesterolu catkowitego i jego frakcji LDL, a takze
zwigkszylo catkowity status antyoksydacyjny (TAS) osocza [17]. Tasic i wsp. [68] stwierdzili,
iz stosowanie ekstraktu z owocdw aronii (trzy razy dziennie po 30 mL przez 4 tygodnie) przez
pacjentow z zespolem metabolicznym poprawialo profil lipidowy oraz obnizato glikemie i

ciSnienie tetnicze krwi.
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Tabela 2. Suplementy dostepne na rynku polskim sporzadzone na bazie owocow
A. melanocarpa. !

Nazwa Zawartos¢ ekstraktu
Producent ,
suplementu z owocow A. melanocarpa
Kapsulki zawierajace suchy ekstrakt (zawartos¢ w kapsulce)

Melarginol AronPharma nie podano

Aronia ekstrakt Yango 470 mg

Aronia Black Chokeberry Swansson 400 mg

Fruit

Aronia czarna Pharmovit 200 mg

Aronia Powder Pharmovit 450 mg

Aronia Gold Pharmovit 350 mg (200 mg standaryzowany suchy
ekstrakt + 150 mg wyttoki
Z OWOCOW aronii)

Blonnik + Aronia Vitama 100 mg

Aronia + Herbapol w Krakowie 200 mg

Aronia ekstrakt Bioherbs 410 mg

Immun + Aronia DoppelHerz 50 mg

Berroxin AronPharma 245 mg (mieszanka owocéw aronii
i czarnego bzu)

Rutyna Immuno+ Aura Herbals 200 mg

BioAronia Kolagenum nie podano przez producenta

Aronia Fairvital 300 mg

Aronia Organis 545 mg

Retico Aronvit Zdrowie Oczu  AronPharma 75 mg

Lutezan Premium Adamed 50 mg

Suchy ekstrakt

Organic Aronia Freezed Dried Yagoody Superfood 100%

Powder

Aronia 100% Organic This is BIO® 100%

Beta Cruenta Plus Guardian International ~ (mieszanka buraka i owocow aronii)

Witamina C z aronia Visanto mieszanka zawierajaca 100 mg ekstraktu
z owocOw aronii/1 g proszku
Aronia BrainMax Pure 100%

1 opracowano na podstawie przegladu suplementéw dostepnych na rynku (w lipcu 2023 r.)

Wykazano takze korzystny wplyw spozywania soku z owocow A. melanocarpa przez
osoby z cukrzyca typu II (3 razy dziennie po 50 mL przez 3 miesigce) [44] i
hipercholesterolemia (250 mL dziennie przez 18 tygodni) [60] na gospodarke weglowodanowa
organizmu, o czym $wiadczylo obnizenie stezenia glukozy [44] lub hemoglobiny glikowanej
(HbA1lc) [60] w krwi. Ponadto u pacjentow z cukrzyca typu II odnotowano obnizenie steZenia
kreatyniny w surowicy [44]. Stwierdzono, iz regularne picie 100 mL soku z owocow aronii
dziennie poprawiato takze funkcjonowanie watroby u 0sob z zespotem metabolicznym juz po
czterech tygodniach stosowania [68]. Spozywanie produktow z owocOéw aronii
czarnoowocowej przez osoby po zawale serca (3 razy dziennie po 85 mL ekstraktu przez 6
tygodni) obnizalo stezenie cytokin prozapalnych, takich jak czynnik martwicy nowotworéw

alfa (TNF-a) i interferon gamma (IFN-y) [46]. Podawanie pacjentom hemodializowanym, u

10
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ktorych rozwinela sie anemia, ekstraktu z owocow A. melanocarpa w ilosci 30 mL dziennie
przez miesigc obnizalo stezenie prozapalnego biatka C-reaktywnego i rodnikéw tlenowych
oraz zwigkszato stezenie glutationu zredukowanego (GSH) i aktywnos¢ katalazy (CAT) w
krwi [43]. Handeland i wsp. [20] stwierdzili, iz dzienne spozywanie przez osoby w wieku
podesztym 200 mL soku z owocow A. melanocarpa (zawierajacego 715 mg zwiazkow
polifenolowych w 100 mL) przez 3 miesigce zmniejszalo czestos¢ wystepowania infekcji
bakteryjnych drég moczowych oraz skracato czas ich przebiegu objawowego, zarowno w

trakcie spozywania soku, jak i w okresie do 3 miesigcy po zakoriczeniu jego przyjmowania.

2.2. Ekspozycja srodowiskowa na kadm jako czynnik ryzyka uszkodzenia nerek w

populacji generalnej

Kadm jest metalem ciezkim charakteryzujacym sie¢ wysoka toksycznoscig dla
organizmu czlowieka i zwierzat [6, 13, 32, 38, 48, 56, 58, 75]. Pierwiastek ten zostat zaliczony
do najbardziej niebezpiecznych ksenobiotykow, na ktore czlowiek moze by¢ narazony w
Srodowisku zycia [48]. Postep technologiczny w ostatnich dziesigcioleciach i zwigzane z nim
rosnace wykorzystanie kadmu i jego zwiazkow prowadzi do wzrostu zawartosci tego
pierwiastka w $rodowisku, co skutkuje nieuchronnym narazeniem srodowiskowym na ten
ksenobiotyk [47, 48, 75]. Gléwnym Zrdédlem narazenia populacji generalnej na ten pierwiastek
toksyczny jest zywno$¢, zwlaszcza produkty pochodzenia roslinnego [38, 47, 48, 75], a w
przypadku oséb nalogowo palacych tyton — dym tytoniowy [48, 62].

Z przegladu aktualnych danych wynika, iz narazenie srodowiskowe na kadm w
krajach uprzemystowionych jest obecnie na ogot niskie lub umiarkowane [19, 35, 38, 62, 63],
nie mniej jednak wykazuje tendencje wzrostowa [22, 58, 75]. Badania epidemiologiczne
dostarczaja coraz wiecej dowoddw na to, ze przewlekla, nawet niska, ekspozycja na ten
pierwiastek toksyczny moze skutkowac uszkodzeniem wielu narzadow i uktadéw, w tym
nerek i watroby, uktadu kostnego, uktadu sercowo - naczyniowego i uktadu nerwowego, a
takze pogorszeniem stuchu i wzroku oraz przyczynia¢ sie do rozwoju chorob
nowotworowych [26, 34, 38, 48, 54, 56, 58].

Nerka, jako glowny organ, w ktéorym kadm ulega kumulacji w organizmie, a
jednoczesnie narzad odpowiedzialny za detoksykacje i eliminacje tego pierwiastka z ustroju,
jest szczegdlnie podatna na uszkodzenie przez ten ksenobiotyk. Organ ten jest narzadem
tarczowym (narzad uszkadzany jako pierwszy) dla kadmu podczas narazenia przewleklego
[58, 62]. Poniewaz kadm jest bardzo wolno eliminowany z organizmu, pierwiastek ten
stopniowo ulega nagromadzaniu w nerce wraz z czasem narazenia [8]. Sredni okres
poltrwania kadmu w nerkach u ludzi wynosi 14 lat, ale niektére dane sugeruja, Ze moze on
siega¢ nawet 45 lat [48, 62]. Zawarto$¢ kadmu w nerkach wzrasta wraz z wiekiem osiagajac

szczyt w wieku okoto 60 lat [48].

11



Nazar M. Smereczarski Rozprawa doktorska Rozdziat 2

Jony kadmu (Cd?*), po wchtonieciu do krwioobiegu, wiaza sie z grupami tiolowymi
(grupy sulfhydrylowe, grupy -SH) biatek w blonach erytrocytow i osoczu (gldwnie z
albuminami) i w tej formie sg transportowane wraz z krwia gtownie do watroby, gdzie
indukuja synteze metalotioneiny (MT) i tworza z tym biatkiem kompleksy (Cd-MT), w formie
ktorych ulegaja kumulacji. Kompleksy Cd-MT moga by¢ stopniowo uwalniane z watroby do
krwioobiegu i sa fatwo filtrowane przez klebuszki nerkowe, a nastepnie wchtaniane zwrotnie
przez kanaliki proksymalne na drodze endocytozy lub rozkladane w komdrkach nabtonka
kanalikéw najony Cd?*i aminokwasy [53]. Nastepnie jony te indukuja synteze MT w nerkach
i tworza z tym biatkiem nietoksyczne (w przestrzeni wewnatrzkomorkowej) kompleksy (Cd-
MT), w formie ktorych ulegaja kumulacji w tym narzadzie. Wiazanie jonéow Cd? przez MT w
nerce jest procesem detoksykacji tego pierwiastka [25, 28, 53]. Kompleksy Cd-MT
charakteryzuja si¢ krotkim czasem podttrwania (okoto 3 dni) [53] i ulegaja rozktadowi z
uwolnieniem jonow Cd?, ktére indukuja synteze MT, a nastepnie wiaza si¢ z tym biatkiem.
Jednak zdolno$¢ nerek do biosyntezy MT i kumulacji kadmu w postaci nietoksycznych
kompleksdw z tym bialkiem jest ograniczona. Gdy jony Cd* nie moga by¢ juz dluzej
detoksykowane poprzez wigzanie z MT, zaczynaja wigzac sie z grupami -SH innych biatek, w
tym biatek strukturalnych i czynnosciowych oraz grupami funkcyjnymi innych
makroczasteczek, wywierajac w ten sposob dziatanie toksyczne, co w rezultacie prowadzi do
uszkodzenia kanalikow proksymalnych [53].

Wedlug aktualnej wiedzy mechanizm dziatania toksycznego kadmu na nerke jest
wielokierunkowy i obejmuje indukcje procesdw zapalnych, rozwdj stresu oksydacyjnego,
zmiany w adhezji komorek, stymulacje proliferacji komorek oraz indukcje zmian
epigenetycznych (uszkodzenie kwasu dezoksyrybonukleinowego — DNA, zahamowanie
zdolnosci naprawy DNA, metylacja gendw i zaburzenie ekspresji gendw) [53, 62].

Dziatanie nefrotoksyczne kadmu, ze szczegdlnym zwrdceniem uwagi na ryzyko
uszkodzenia nerek na skutek narazenia srodowiskowego, zostalo szeroko omoéwione w
Publikacji I wchodzacej w sklad niniejszej rozprawy doktorskiej [62]. Na podstawie
kompleksowego przegladu dostepnych danych dotyczacych ryzyka uszkodzenia nerek na
skutek aktualnego narazenia na kadm w krajach rozwinietych gospodarczo (Publikacja I)
stwierdzono, Ze najnizsze stezenie kadmu w krwi i moczu przy ktérym moze dochodzi¢ do
dysfunkgcji klebuszkow nerkowych, ktéra stanowi klinicznie istotne uszkodzenie tego narzadu
(wartos¢ LOAEL; ang. the lowest observed adverse effect level), przekracza odpowiednio 0,18 pg/L
i 0,27 pg/g kreatyniny. Wartosci te mieszcza si¢ w dolnym przedziale stezen tego pierwiastka
aktualnie notowanych w krwi (0,02 — 4,40 pg/L) i moczu (0,04 — 3,39 pg/g kreatyniny)
mieszkancow krajow uprzemystowionych [62], co wskazuje iz ekspozycja srodowiskowa na
kadm stanowi czynnik ryzyka dysfunkcji nerek. Ryzyko uszkodzenia tego narzadu na skutek
niskiego i umiarkowanego narazenia nie zostalo jednak w pelni oszacowane, a mechanizm
tego dziatania jest niewystarczajaco poznany [62]. Przeglad dostepnej literatury (Publikacja

I) wykazat, iz aktualne narazenie srodowiskowe na kadm moze stwarzac¢ ryzyko nie tylko
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uszkodzenia kanalikoéw nerkowych, ale takze istotnego klinicznie zaburzenia, ktérym jest
dysfunkcja ktebuszkéw nerkowych, co rzucito nowe swiatto na ten ksenobiotyk jako mozliwy
czynnik etiologiczny przewleklej niewydolnosci nerek. Narazenie srodowiskowe na kadm w
krajach uprzemystowionych stanowi zatem istotny problemem zdrowia publicznego. W
zwigzku z tym powinno by¢ ono uwaznie monitorowane i nalezy prowadzi¢ dalsze badania
w celu doktadniejszej oceny ryzyka uszkodzenia nerek w przypadku niskiego narazenia na

kadm i poznania mechanizmu nefrotoksycznego dziatania tego pierwiastka.

2.3. Owoce A. melanocarpa i ich przetwory jako potencjalna strategia w zapobieganiu
niekorzystnym dla zdrowia skutkom narazenia na ksenobiotyki lub ich tagodzeniu

Wielokierunkowy korzystny wptyw przetworéw z owocdw A. melanocarpa na zdrowie
czlowieka [4, 20, 23, 27, 31, 43, 44, 46, 50, 55, 60, 68], w tym zwlaszcza ich wysoki potencjat
antyoksydacyjny i zdolnos¢ kompleksowania jonéw metali ciezkich [4, 24, 43, 59, 64, 66, 74]
spowodowaly, ze zwrdcono uwage rowniez na mozliwos¢ wykorzystania tych produktow w
przeciwdziataniu niekorzystnym skutkom narazenia na substancje szkodliwe dla zdrowia.
Chociaz badania w tym zakresie sa dotychczas nieliczne, to ich wyniki sq bardzo obiecujace.
Wykazano bowiem skuteczno$¢ soku i ekstraktu z owocdw aronii czarnoowocowej w
zapobieganiu dziataniu toksycznemu niektorych zanieczyszczen chemicznych srodowiska i
lekéw lub tagodzeniu skutkéw tego dziatania [4, 5, 7-12, 14, 16, 29, 30, 39-41, 70-72].

Valcheva-Kuzmanova i wsp. [71] prawie 20 lat temu opublikowali wyniki badan
wskazujace, iz podawanie soku z owocow A. melanocarpa (5, 10 lub 20 mL/kg masy ciata — m.c.
dziennie przez 4 dni) znosilo indukowane przez tetrachlorek wegla ostre uszkodzenie
watroby u szczuréw, o czym swiadczyt powrdt do wartosci prawidlowych aktywnosci
biomarkeréw hepatotoksycznosci, takich jak aminotransferaza asparaginianowa (AST) i
aminotransferaza alaninowa (ALT) w osoczu oraz stezenia MDA i GSH w watrobie.
Stwierdzono rowniez, iz sok podawany w dawce 10 mL/kg m.c. przez 28 dni catkowicie
chronit pluca szczuréw przed negatywnymi skutkami stosowania amiodaronu, takimi jak
wzrost liczby limfocytow, stezenia prozapalnej interleukiny 6 (IL-6) i aktywnosci ALP w
popluczynach oskrzelowo - pecherzykowych oraz stezenia MDA w tkance plucnej [72].
Nalezy podkresli¢, iz dotychczasowe badania na ogot ograniczaly si¢ do oceny wplywu
przetworow z owocow aronii na wybrane efekty dziatania toksycznego ksenobiotykow [16,
29, 70-72]. Pierwsze, i jedyne, jak dotychczas, kompleksowe badania w zakresie mozliwosci
wykorzystania przetwordw z owocdéw aronii czarnoowocowej w ochronie przed skutkami
narazenia na ksenobiotyki dotycza kadmu i zostaly podjete przez zespdt badaczy z
Uniwersytetu Medycznego w Bialymstoku [5, 8-12, 14, 30, 40, 41].

Uwage na mozliwo$¢ wykorzystania substancji zawartych w owocach aronii w
zapobieganiu skutkom narazenia na kadm po raz pierwszy zwrécili Kowalczyk i wsp. [29].

Autorzy w swoich badaniach ograniczyli si¢ jednak do oceny wpltywu na watrobe i nerki.

13



Nazar M. Smereczarski Rozprawa doktorska Rozdziat 2

Wykazali, ze podanie antocyjandéw zjagdd A. melanocarpa w dawce 10 mg/kg m.c. podczas 30-
dniowego narazenia na chlorek kadmu (CdCl: x 2,5 H:0) w dawce 4 pug/kg m.c. zmniejszato
kumulacje kadmu w nerkach i watrobie (odpowiednio o okoto 68% i 31%) oraz zapobiegato
wzrostowi stezenia mocznika i aktywnosci ALT w surowicy, nie chronito natomiast przed
indukowanym przez ten ksenobiotyk wzrostem aktywnosci AST oraz stezenia bilirubiny i
kreatyniny w surowicy. Poza badaniami przeprowadzonymi przez Kowalczyka i wsp. [29]
oraz badaczy z Uniwersytetu Medycznego w Biatymstoku [5, 8-12, 14, 30, 40, 41] w dostepnym
piSmiennictwie brak jest badan dotyczacych mozliwosci wykorzystania przetworow z
owocow A. melanocarpa w tagodzeniu skutkdw narazenia na kadm. Brak jest rOwniez danych
wskazujacych na skuteczno$¢ tych produktéw w odniesieniu do uszkodzenia nerek
indukowanego przez inne ksenobiotyki. W badaniach na zdrowych komodrkach nerki (linia
HEK293T) stwierdzono jednak, ze sok z owocow A. melanocarpa (w stezeniu 0,011 0,05 mg/mL)
zmniejszatl cytotoksycznosé cisplatyny wobec tych komorek [70].

W badaniach realizowanych w Zaktadzie Toksykologii Uniwersytetu Medycznego w
Bialymstoku podjeto ocene mozliwosci wykorzystania ekstraktu z owocow A. melanocarpa
jako czynnika ochronnego podczas narazenia przewleklego na kadm. W tym celu stworzono
model do$wiadczalny na samicach szczura odzwierciedlajacy aktualne niskie i umiarkowane
narazenie cztowieka na ten ksenobiotyk w krajach uprzemystowionych (odpowiednio 1i5 mg
Cd/kg paszy przez okres do 24 miesiecy), w ktérym oceniono wplyw ekstraktu z owocoéw
aronii czarnoowocowej, podawanego w formie 0,1% roztworu wodnego, w odniesieniu do
roznych efektow dziatania toksycznego kadmu. W dotychczas przeprowadzonych badaniach
wykazano, ze podawanie tego ekstraktu podczas niskiej (1 mg Cd/kg paszy) i umiarkowanej
(6 mg Cd/kg paszy) ekspozycji na ten ksenobiotyk znaczaco poprawialo enzymatyczng i
nieenzymatyczng bariere antyoksydacyjna, obnizato stezenie zwigzkéw o wtasciwosciach
prooksydacyjnych, chronitlo przed rozwojem stresu oksydacyjnego i jego nastepstwami,
takimi jak uszkodzenia oksydacyjne lipidow, biatek i DNA w watrobie oraz zmianami w
strukturze morfologicznej tego narzadu, a takze normalizowato aktywnos¢ wskaznikowych
enzymOow watrobowych w surowicy [40, 41]. Ponadto, ekstrakt z owocow A. melanocarpa
tagodzit wywotane przez kadm zmiany w ekspresji kolagenu typu I i IIl na poziomie
matrycowego kwasu rybonukleinowego (mRNA) i biatka, a takze zwigkszal stezenie
metaloproteinaz macierzy pozakomorkowej 1 i 2 (MMP-1 i MMP-2) i ich inhibitorow
tkankowych (TIMP-1 i TIMP-2) w watrobie, co $wiadczy o ochronie przed zaburzeniem
homeostazy kolagenu indukowanym przez ten pierwiastek toksyczny w tym narzadzie [30].
Podawanie ekstraktu z owocoéw aronii podczas narazenia na kadm w obu badanych
stezeniach chronito przed wywotanym przez ten ksenobiotyk stresem oksydacyjnym i
peroksydacja lipidow oraz uszkodzeniami oksydacyjnymi biatek i DNA réwniez w tkance
kostnej, a takze przed zaburzeniami w metabolizmie kostnym i zmianami zawartosci
mineraléw w kosciach [10, 11]. Ponadto ekstrakt poprawiat biosynteze kolagenu kostnego i

wlasciwosci biomechaniczne kosci [12]. Podawanie ekstraktu z owocdéw A. melanocarpa
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przeciwdzialalo rozwojowi stresu oksydacyjnego i modyfikacjom oksydacyjnym
makroczasteczek komdrkowych nie tylko w watrobie [40, 41] i tkance kostnej [11], ale réwniez
w $liniankach podjezykowych [14]. Suplementacja ekstraktem z owocow aronii zmniejszata
kumulacje kadmu w organizmie i zapobiegata lub przynajmniej czesciowo chronita przed
wiekszoscia indukowanych przez ten pierwiastek toksyczny zmian w metabolizmie cynku [5],
miedzi [5] i manganu [9], a takze lagodzila zmiany w aktywnosci zaleznej od manganu
dysmutazy ponadtlenkowej (Mn-SOD) i stezeniu tego biopierwiastka oraz chronita przed

kumulacja kadmu w mitochondriach, gléwnie w watrobie [9].
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3. Cel pracy z uzasadnieniem podjetej tematyki badawczej bedacy odniesieniem do

publikacji stanowiacych rozprawe doktorska

Dostepne wyniki badan dostarczaja coraz wigcej wiarygodnych dowodow
$wiadczacych o mozliwosci skutecznego stosowania substancji pochodzenia roslinnego w
terapii i profilaktyce wielu schorzen, w tym chordb cywilizacyjnych [4, 20, 23, 27, 31, 43, 44,
46, 50, 55, 60, 68]. W zwiazku z tym coraz wigksza uwaga naukowcoéw koncentruje si¢ na
mozliwosci wykorzystania surowcdw roslinnych o dobrze znanym dziataniu prozdrowotnym
rowniez w zapobieganiu zagrozeniom dla zdrowia wynikajacym z narazenia na ksenobiotyki.
Surowcem roslinnym zastugujacym na szczegdlna uwage w aspekcie mozliwosci
wykorzystania w minimalizowaniu skutkdw narazenia na kadm sa owoce A. melanocarpa,
ktore sa cennym i powszechnie dostepnym surowcem farmaceutycznym.

Liczne wlasciwosci prozdrowotne przetworéw z owocow aronii czarnoowocowej, w
tym zwlaszcza ich wysoki potencjal antyoksydacyjny oraz obecnos¢ zwiazkéw
polifenolowych, ktére moga kompleksowac jony metali dwuwarto$ciowych [4, 24, 43, 59, 64,
66, 74], zwrdcilty uwage zespotu badaczy z Zaktadu Toksykologii Uniwersytetu Medycznego
w Bialymstoku na mozliwos¢ wykorzystania tego surowca w zapobieganiu skutkom
narazenia na kadm [5, 8-12, 14, 30, 40, 41]. Ekspozycja na ten pierwiastek jest obecnie
nieunikniona w krajach uprzemystowionych, a prognozy wskazuja, iz bedzie ona wzrastata
[22, 58, 75]. Z przegladu wynikéw dostepnych badan epidemiologicznych wynika natomiast,
iz aktualne narazenie srodowiskowe na kadm w krajach uprzemystowionych moze zwigkszac
ryzyko Kkliniczne istotnego uszkodzenia nerek (dysfunkcja kiebuszkow nerkowych) i
prowadzi¢ lub przyczynia¢ si¢ do rozwoju przewlektej niewydolnosci tego narzadu
(Publikacja I) [35, 48, 58, 62]. Ze wzgledu na role, jaka nerki odgrywaja w organizmie,
prawidlowa ich funkcja warunkuje ogdlny stan zdrowia [3, 45]. Przewlekta niewydolnos¢ tego
narzadu jest jedna z gldéwnych przyczyn zgondéw zaréwno w krajach rozwinietych, jak i
rozwijajacych sie [33, 52]. Biorac pod uwage rosnaca czestos¢ wystepowania chordb nerek [21,
33, 52] nalezy rozpoznac¢ wszystkie czynniki etiologiczne, a w swietle najnowszych danych
epidemiologicznych kadm moze by¢ jednym z nich (Publikacja I) [3, 6, 19, 35, 45, 57, 62].
Dlatego tez konieczne jest zar6wno poznanie ryzyka uszkodzenia nerek na skutek aktualnego
narazenia na kadm, jak réwniez znalezienie skutecznego czynnika, ktory bedzie mogt zostac
wykorzystany w profilaktyce uszkodzenia tego narzadu.

Ryzyko dysfunkgji poszczegolnych narzadéw i uktadéw, w tym nerek, w warunkach
niskiego narazania populacji generalnej na kadm jest trudne do oceny ze wzgledu na
prawdopodobienstwo wspolwystepowania wielu czynnikéw, ktére moga wptywac na stan
zdrowia. Wplyw ten mozna natomiast dobrze oszacowa¢ w modelach eksperymentalnych,
ktére pozwalaja na wykluczenie czynnikow zakldcajacych. Modele takie s rowniez
odpowiednie do poszukiwania skutecznych strategii ochronnych przed skutkami dziatania

toksycznego kadmu. W Zakladzie Toksykologii Uniwersytetu Medycznego w Bialymstoku
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stworzono model doswiadczalny na szczurach niskiego i umiarkowanego narazania populacji
generalnej na kadm pozwalajacy oceni¢ nie tylko szkodliwy wplyw tego ksenobiotyku na
zdrowie, ale réwniez mozliwo$¢ wykorzystania ekstraktu z owocdw A. melanocarpa w
ochronie przed skutkami narazenia na ten ksenobiotyk. W dotychczas przeprowadzonych
badaniach wykazano, iz podawanie ekstraktu z tych owocoéw chroni przed kumulacja kadmu
w organizmie, w tym nagromadzaniem si¢ tego pierwiastka w nerkach i watrobie oraz jego
dziataniem uszkadzajacym na watrobe, ukltad kostny i élinianki, jak rowniez zaburzeniem
metabolizmu miedzi, cynku i manganu [5, 8-12, 14, 30, 40, 41]. Wyniki dotychczasowych
badan pozwalaja sadzié, iz przetwory z owocoéw aronii moga by¢ skuteczng strategia w
ochronie przed skutkami narazenia srodowiskowego na kadm. Zastosowanie ich w
profilaktyce u ludzi wymaga jednak wczesniejszego kompleksowego poznania wpltywu na
rozne efekty dziatania toksycznego kadmu, w tym zwtaszcza nerki, ktére na ogdt jako

pierwsze ulegaja uszkodzeniu w wyniku narazania przewlektego na ten ksenobiotyk.

HIPOTEZA BADAWCZA

Biorac pod uwage dotychczasowe wyniki badan przeprowadzonych w modelu
doswiadczalnym in vivo niskiego i umiarkowanego narazenia populacji generalnej na kadm
oraz wielokierunkowe dziatanie prozdrowotne owocoéw A. melanocarpa, postawiono hipoteze,
iz dlugotrwate, nawet niskie, narazenie na ten pierwiastek toksyczny moze prowadzi¢ do
uszkodzenia nerek, bedacych narzadem tarczowym dla tego ksenobiotyku, a podawanie
ekstraktu z owocOw aronii moze chroni¢ przed jego dziataniem nefrotoksycznym. Ponadto,
uwzgledniajac silne wlasciwosci prooksydacyjne kadmu oraz wysoki potencjat
antyoksydacyjny ekstraktu z owocdw aronii czarnoowocowej uznano, iz uszkadzajacy wptyw
tego ksenobiotyku na nerki moze by¢ spowodowany stresem oksydacyjnym, a ewentualny
efekt ochronny tego ekstraktu moze wynikac¢ z zapobiegania dziataniu prooksydacyjnemu

kadmu.

CEL PRACY
Celem pracy byto:

U zbadanie, w modelu doswiadczalnym in vivo, czy narazenie na kadm stanowiace
odpowiednik niskiej i umiarkowanej ekspozycji sSrodowiskowej populacji generalnej
w krajach uprzemyslowionych moze prowadzi¢ do uszkodzenia struktury i funkcji
nerek, a podawanie ekstraktu z owocow A. melanocarpa podczas narazenia na ten
pierwiastek toksyczny moze chroni¢ przed uszkodzeniem tego narzadu

U wyjasnienie, czy uszkodzenie nerek przez kadm moze wynika¢ z dzialania
prooksydacyjnego tego ksenobiotyku, a potencjalny efekt ochronny ekstraktu z
owocow A. melanocarpa moze by¢ spowodowany jego wlasciwosciami

antyoksydacyjnymi.
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Cele szczegolowe badan

Aby zrealizowac¢ cele badawcze i rozstrzygnaé postawiona hipoteze sformutowano

nastepujace cele szczegotowe badan:

v' ocena wpltywu kadmu i/lub ekstraktu z owocoéw A. melanocarpa na funkcje kanalikow i
klebuszkéw nerkowych w oparciu o pomiar w moczu i surowicy biomarkeréw

uszkodzenia tego narzadu (Publikacja II)

v' ocena wplywu kadmu i/lub ekstraktu z owocdw aronii na obraz morfologiczny nerki
(Publikacja II)

v' ocena wplywu podawania ekstraktu z owocdéw aronii na wydalanie kadmu z moczem
dobowym (Publikacja II)

v" ocena wplywu kadmu i/lub ekstraktu z owocdéw A. melanocarpa na wybrane biomarkery

stanu zapalnego w nerce (Publikacja II)

v ocena wplywu narazenia na kadm i/lub podawania ekstraktu z owocdéw aronii na
rownowage oksydacyjno - redukcyjna i stopien nasilenia stresu oksydacyjnego w nerce
(Publikacja III)

v' ocena zaleznosci pomiedzy biomarkerami funkcji nerek a markerami stanu zapalnego i
rownowaga oksydacyjno - redukcyjna w nerce oraz badanymi parametrami a stezeniem
kadmu w krwi, moczu i nerce oznaczonym we wczesniejszych badaniach (Publikacja IT i
Publikacja III).

Badan bedacych przedmiotem niniejszej rozprawy doktorskiej dotychczas nie prowadzono.
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4. Realizacja celow naukowych, zwiezle omodwienie materialow i metod
badawczych, wyniki badan, podsumowanie i dyskusja bedaca odniesieniem do
publikacji stanowiacych rozprawe z podaniem perspektyw dalszego rozwoju

tematu

4.1. Model badawczy

Na przeprowadzenie badan z wykorzystaniem zwierzat laboratoryjnych uzyskano
zgode Lokalnej Komisji Etycznej do Spraw Doswiadczen na Zwierzetach w Bialymstoku
(zgoda nr 60/2009 z dnia 21 wrze$nia 2009 r.).

Badania przeprowadzono w stworzonym w Zakladzie Toksykologii Uniwersytetu
Medycznego w Biatymstoku modelu doswiadczalnym narazenia $rodowiskowego czlowieka
na kadm. Mlodym samicach szczura szczepu Wistar podawano kadm w paszy (Wytwodrnia
Pasz ,Morawski", Kcynia, Polska) w stezeniu 1 mg Cd/kg (odpowiednik niskiego narazenia
Srodowiskowego czlowieka) lub 5 mg Cd/kg (odpowiednik umiarkowanego narazenia
czlowieka) i/lub 0,1% wodny roztwor ekstraktu z owocow A. melanocarpa (firmy Adamed,
Tuszyn, Polska, ktory wg procenta zawierat 65,74% zwiazkéw polifenolowych i 18,65%
antocyjandéw) przez okres od 3 do 24 miesiecy. Zwierzeta z grupy kontrolnej zywiono pasza
standardowgq i woda pitna, ktore byly pozbawione zanieczyszczen.

Stezenie kadmu w krwi, moczu i nerce szczuréw narazanych na ten pierwiastek
toksyczny miescilo si¢ w zakresie stezen obecnie notowanych w populacji generalnej krajow
uprzemystowionych [62] i wynosilo 0,1030 — 0,3240 pg Cd/L krwi, 0,0852 — 0,2820 ug/g
kreatyniny w moczu i 0,2626 — 2,8322 ug/g nerki u zwierzat narazanych na 1 mg Cd/kg paszy
oraz 0,7350 — 1,3320 pg Cd/L krwi, 0,2839 - 0,6949 ug/g kreatyniny w moczu i 0,9739 — 14,8705
ug/g nerki w przypadku narazenia na 5 mg Cd/kg paszy [8]. Spozycie przez zwierzeta
zwigzkow polifenolowych, oszacowane na podstawie spozycia ekstraktu (63,1 — 154,7 mg/kg
m.c.), wynosito 41,5 — 101,7 mg/kg m.c. [8] i bylo kilkakrotnie wyZsze niz przecietne spozycie
tych zwigzkéw w populacji generalnej (1000 mg/dobe, czyli 14,29 mg/kg m.c., przy zatozeniu
masy ciata 70 kg) [15]. 24-miesieczne badanie na szczurach stanowi odzwierciedlenie
kilkudziesigcioletniego okresu zycia cztowieka. Wedtug danych dostepnych w literaturze,
wiek szczura po 3 miesigcach doswiadczenia stanowil odpowiednik okoto 18 lat zycia
czlowieka, po 10 miesigcach odpowiadal wiekowi okolo 30 lat, po 17 miesigcach
odzwierciedlatl wiek okoto 45 lat, natomiast okres 24 miesiecy jest odpowiednikiem okoto 60
lat Zycia cztowieka [1]. Zastosowany model badawczy jest zatem wtasciwy zaréwno do oceny
wplywu narazenia odzwierciedlajacego przewlekla ekspozycje populacji generalnej na kadm,
jak rowniez potencjalnego efektu ochronnego ekstraktu z owocow A. melanocarpa. Model ten
zostat szczegdtowo opisany we wcezesniejszych publikacjach [5, 8-12, 14, 30, 40, 41], jak
rowniez jest omowiony w Publikacji II i Publikacji III, ktore sa podstawa niniejszej rozprawy
doktorskiej.
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Materialem do badan wtasnych byta surowica i nerki uzyskane po 3, 10, 17 i 24
miesiacach doswiadczenia, a takze mocz pobrany zaréwno po 3, 10, 17 i 24 miesiacach, jak
rowniez uzyskany od 8 zwierzat z kazdej grupy przed rozpoczeciem do$wiadczenia i co drugi
miesiagc w ciagu 24-miesigcznego badania. Schemat modelu doswiadczalnego wraz z

zakresem wykonanych badan przedstawiono na Rycinie 3.

192 mtode samice szczura szczepu Wistar

24 szczury z kazdej grupy
Sekcja (z pobraniem (

| 8szczuréw z kazdej grupy

zbidrka moczu

materiatu do badan) —
8 szczuréow ForNS = dobowego
z kazdej grupy po Grupy eksperymentalne (32 szczury w kazdejz grup) co drugi miesigc
3 Kontrola
0,1% ekstraktz owocéw Aronia melanocarpal. (AM) —0
10 1 mg Cd/kg paszy (Cd,) :i
1 mg Cd/kg paszy + AM (Cd,+AM) P
5 mg Cd/kg paszy (Cd;) g
17 5 mg Cd/kg paszy + AM (Cds+AM) 10
miesigcach —12
& L 2 13 —14
MOCZ SUROWICA NERKA — 16
K — 18
— 20
: — 22
— 24
o =, s miesigce
1 : A
7, I \ sekcja
} \
Z o
A Ma’k?’y uszkodzenia Kreatynina Parametry bariery antyoksydacyjnej
K kanalikéw nerkowych  y\yas moczowy CAT, SOD, GR, GPx, GSH, TRx, TAS
KIM-1, B2-MG, NAG, ALP :
E b mocznik Wskazniki stanu oksydacyjnego
S Markery uszkodzenia H,0,, MPO, XOD, GSSG, TOS, OSI
kiebuszkéw nerkowych
B ACR, PCR Markery stanu zapalnego
‘3 kwas moczowy, mocznik chemeryna, MIP1a, Bax
7 kreatynina, klirens kreatyniny
' Ocena histopatologiczna

[ -

Stezenie kadmu (tylko po 24 miesigcach) )

Zwierzetom podawano kadm w paszy w stezeniu 0, 115 mg Cd/kg (grupa kontrolna, grupa Cdi i grupa Cds) i/lub
0,1% wodny roztwor ekstraktu z owocow A. melanocarpa L. (grupa AM, grupa Cdi+AM i grupa Cds+AM) przez 3,
10, 17 i 24 miesiace. Poszczegolne parametry, z wyjatkiem stezenia kadmu, zostaly oznaczone w surowicy, moczu
lub nerce po 3, 10, 17 i 24 miesigcach. Ponadto 2-MG, NAG, ALP, ACR i PCR, jak rowniez stezenie kadmu,
oceniano w moczu pobranym przed rozpoczeciem doswiadczenia i co dwa miesiace jego 24-miesiecznego trwania.
KIM-1, biatko uszkodzenia nerek-1; 32-MG, beta2-mikroglobulina; NAG, N-acetylo-f3-D-glukozaminidaza; ALP,
fosfataza alkaliczna; ACR, stezenie albuminy w moczu wyrazone w przeliczeniu na kreatynine; PCR, stezenie
biatka catkowitego w moczu wyrazone w przeliczeniu na kreatyning; CAT, katalaza; SOD, dysmutaza
ponadtlenkowa; GR, reduktaza glutationowa; GPx, peroksydaza glutationowa; GSH, glutation zredukowany; TRx,
tioredoksyna; TAS, calkowity status antyoksydacyjny; H20z, nadtlenek wodoru; MPO, mieloperoksydaza; XOD,
oksydaza ksantynowa; GSSG, glutation utleniony; TOS, catkowity status oksydacyjny; OSI, indeks stresu
oksydacyjnego; MIP1a, bialko zapalne makrofagéw-1; Bax, biatko z rodziny biatek Bcl-2.

Schemat stanowi modyfikacje schematu przedstawionego w Publikagji II, polegajaca na uzupetnieniu o badania,
ktérych wyniki przedstawiono w Publikagji II1.

Rycina 3. Schemat przedstawiajacy zastosowany model doswiadczalny oraz zakres
przeprowadzonych badan.
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4.2. Zakres przeprowadzonych badan

Aby zrealizowac cele szczegotowe badan i rozstrzygna¢ postawiona hipoteze
przeprowadzono badania, ktére obejmowaty:

O ocene stanu funkcjonalnego nerek w oparciu o pomiar biomarkerow uszkodzenia

kanalikow i klebuszkéw nerkowych, w tym czulych biomarkeréw nefrotoksycznosci
kadmu (Publikacja II)

v' markery uszkodzenia kanalikow nerkowych

o stezenie bialka uszkodzenia nerek-1 (KIM-1) w moczu — zestawem KIM-1 ELISA Kit
firmy MyBioSource, Inc. (San Diego, USA)

o stezenie P2-microglobuliny (B2-MG) w moczu — zestawem B2M ELISA Kit firmy
EIAAB Science Inc. (Wuhan, Chiny)

» aktywnos¢ N-acetylo-B-D-glukozaminidazy (NAG) w moczu - zestawem Rat N-
acetyl-beta-D-glucosaminidase ELISA Kit firmy EIAAB Science Inc. (Wuhan, Chiny)

o aktywnos¢ fosfatazy zasadowej (ALP) w moczu — zestawem firmy BioMaxima (Lublin,
Polska)

v markery uszkodzenia klebuszkéw nerkowych

o stezenie albuminy w moczu wyrazone w przeliczeniu na stezenie kreatyniny (ACR)
— stezenie albuminy oznaczono zestawem firmy BioMaxima (Lublin, Polska)

» stezenie bialka calkowitego w moczu wyrazone w przeliczeniu na stezenie
kreatyniny (PCR) - stezenie biatka catkowitego oznaczono zestawem firmy BioMaxima
(Lublin, Polska)

 stezenie kreatyniny w surowicy i moczu oraz klirens kreatyniny — stezenie kreatyniny
oznaczono zestawem firmy BioMaxima (Lublin, Polska)

o stezenie mocznika w surowicy i moczu — zestawem BioMaxima (Lublin, Polska)
» stezenie kwasu moczowego w surowicy i moczu - zestawem BioMaxima (Lublin,
Polska)

O ocene struktury histologicznej nerki (Publikacja II)
v ocena makroskopowa podczas badania sekcyjnego
v ocena mikroskopowa (barwienie hematoksylina - eozyna i barwienie Massona)

U ocene markerow stanu zapalnego w nerce (Publikacja II)
v stezenie chemeryny — zestawem Rat Chemerin ELISA kit firmy MyBioSource, Inc. (San
Diego USA)
v stezenie bialka zapalnego makrofagow-1 alfa (MIP1la) — zestawem ELISA Kit for

Macrophage Inflammatory Protein 1 Alpha (MIP1a) firmy Cloud-Clone Corp. (Katy,
USA)

v stezenie bialka z rodziny bialek Bcl-2 (Bax) — zestawem ELISA Kit for Bcl2 Associated
X Protein (Bax) firmy Cloud-Clone Corp. (Katy, USA)
O ocene rownowagi oksydacyjno - redukcyjnej w tkance nerkowej (Publikacja III)

v'calkowity status antyoksydacyjny (TAS) — zestawem ImAnOx (TAS) ELISA kit firmy
Immundiagnostik AG (Bensheim, Niemcy)
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v aktywnos¢ enzymow antyoksydacyjnych
» dysmutaza ponadtlenkowa (SOD) — zestawem SOD Assay kit firmy Cayman Chemical
Company (Ann Arbor, USA)

« katalaza (CAT) —metoda spektrofotometryczna wg Aebi (Methods Enzymol., 1984, 105,
121-126)

» peroksydaza glutationowa (GPx) — zestawem Bioxytech GPx-340 kit firmy Percipio
Biosciences (Burlingame, USA)

o reduktaza glutationowa (GR) - zestawem Bioxytech GR-340 kit firmy Percipio
Biosciences (Burlingame, USA)

v stezenie antyoksydantow nieenzymatycznych

o glutation zredukowany (GSH) - zestawem Glutathione Assay Kit firmy Cayman
Chemical Company (Ann Arbor, USA)

o tioredoksyna (TRx) — zestawem Rat (Trx) ELISA KIT, firmy SunRed (Szanghaj, Chiny)

v stan oksydacyjny

o stezenia glutationu utlenionego (GSSG) — zestawem Glutathione Assay Kit firmy
Cayman Chemical Company (Ann Arbor, USA) oraz stosunek stezenia GSH i GSSG

o stezenie nadtlenku wodoru (H20:2) — zestawem Bioxytech H20:-560 kit firmy Percipio
Biosciences (Burlingame, USA)

o stezenie oksydazy ksantynowej (XOD) - zestawem Rat (XOD) ELISA KIT firmy
SunRed (Szanghaj, Chiny)

» stezenie mieloperoksydazy (MPO) - zestawem Rat (MPO) ELISA KIT firmy SunRed
(Szanghaj, Chiny)

o calkowity status oksydacyjny (TOS) — zestawem PerOx (TOS) ELISA kit firmy
Immundiagnostik AG (Bensheim, Niemcy)

v stopien nasilenia stresu oksydacyjnego w oparciu o indeks stresu oksydacyjnego
(OSI=TOS/TAS)

Pomiary z wykorzystaniem zestawoéw komercyjnych wykonano zgodnie z zaleceniami

producentow.

4.3. Aparatura

Podczas oznaczen spektrometrycznych i immunoenzymatycznych (ELISA)
biomarkeré6w nefrotoksycznosci, markeréw stanu zapalnego oraz parametrow stanu
oksydacyjo - redukcyjnego wykorzystano spektrofotometry MULTISCAN GO (Thermo
Scientific, Vantaa, Finlandia), Epoch (Bio Tek Instruments Inc, Winooski, USA) oraz Specord
50 Plus (Analityk Jena, Jena, Niemcy). Oznaczenie stezenia kadmu w moczu przeprowadzono
przy uzyciu spektrometru atomowo - absorpcyjnego Hitachi Z-5000 (Tokio, Japonia). Podczas
badan histopatologicznych wykorzystano poétautomatyczny mikrotom rotacyjny Histocore
Multicut 1860 (Leica Biosystems, Nufsloch, Niemcy) i mikroskop Axiolab 5 (Carl Zeiss
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Microscopy GmbH, Jena, Niemcy), a zdjecia preparatow histologicznych wykonano z uzyciem

aparatu Axiocam i oprogramowania ZEN 2.0 (Zeiss, Halle, Niemcy).

4.4. Analiza statystyczna

Wszystkie obliczenia statystyczne przeprowadzono przy uzyciu oprogramowania
Statistica 13.3 (StatSoft; Tulsa, USA). Normalnos$¢ rozkladu danych sprawdzono testem
Shapiro-Wilka. W zwiazkiem z brakiem rozkladu normalnego danych, celem stwierdzenia,
czy wystepuja rdéznice statystycznie znamienne (p < 0,05) pomiedzy grupami
doswiadczalnymi przeprowadzono nieparametryczny test Kruskala-Wallisa z testem
mediany. Wykonano takze nieparametryczny test Friedmana w celu sprawdzenia, czy w
poszczegdlnych grupach wystepuja réznice w wynikach pomiaréw powtarzanych u tych
samych zwierzat co drugi miesigc w trakcie 24 miesiecy doswiadczenia. Gdy test Friedmana
wykazal statystycznie istotne rdznice (p < 0,05) pomiedzy punktami czasowymi,
przeprowadzono test Wilcoxona w celu poréwnania danych sparowanych.

W celu oceny wystepowania zaleznosci pomiedzy wartosciami mierzonych
parametréw przeprowadzono analize regresji liniowej, ktorej wyniki przedstawiono jako
wspotczynnik B (procent zmiany zmiennej zaleznej na kazda jednostke zmiany zmiennej
niezaleznej), R? (procent jednej zmiennej odpowiedzialny za zmiennos¢ drugiej zmiennej) i
poziom istotnosci statystycznej (p). Oceniano réwniez zaleznosci pomiedzy parametrami
oznaczonymi w badaniach wtlasnych, ktérych wyniki przedstawiono w Publikacji II i
Publikacji III a stezeniem kadmu w krwi, moczu i nerce oznaczonym we wczesniejszych
badaniach [8]. Zalezno$¢ pomiedzy dwiema zmiennymi uznano za statystycznie istotna przy

wartosci wspotczynnika 3, dla ktorego p < 0,05.

4.5. Wyniki badan

4.5.1. Wplyw narazenia na kadm i/lub podawania ekstraktu z owocéw A. melanocarpa na

strukture i funkcje nerek

Szczegdtowe wyniki oceny wplywu niskiego i umiarkowanego narazenia na kadm
i/lub podawania ekstraktu z owocéw A. melanocarpa na strukture i funkcje nerek
przedstawiono w Publikacji II i Suplemencie do Publikacji II oraz podsumowano w Tabeli
3i4.

Ocena funkcji nerek, przeprowadzona w oparciu o pomiar wielu biomarkeréw
uszkodzenia kanalikéw i ktebuszkéw nerkowych, w tym czute biomarkery nefrotoksycznosci
kadmu, wraz z oceng struktury histologicznej tego narzadu wykazaly, iz powtarzana,
zaréwno umiarkowana (5 mg Cd/kg paszy), jak rowniez niska (1 mg Cd/kg paszy) ekspozycja

samic szczura na kadm prowadzita do uszkodzenia funkgji i rozwoju zmian patologicznych
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w strukturze morfologicznej kanalikow i ktebuszkéw nerkowych. Do uszkodzenia kanalikow
nerkowych dochodzilo wczesniej, niz do dysfunkcji kiebuszkéw nerkowych, a pierwsze
oznaki szkodliwego wplywu kadmu na nerki stwierdzono juz po 3 miesigcach niskiego
narazenia (Tabela 3 i 4). Po 24 miesigcach narazenia na 1i 5 mg Cd/kg odnotowano zmiany
patologiczne w kanalikach nerkowych, takie jak wakuolizacja i poszerzenie swiatla kanalikow
(obie zmiany wystapily tylko na skutek narazenia na 1 mg Cd/kg paszy), hialinizacja
(zwyrodnienie szkliste), hiperplazja (rozrost) i hipertrofia (przerost) nabtonka kanalikow
kretych oraz proliferacja tkanki srodmigZzszowej nerek, jak rowniez zapalenie klebuszkow
nerkowych i przekrwienie na granicy kora - rdzen oraz obrzgk okotonaczyniowy (obrzek

wystapit tylko na skutek narazenia na 5 mg Cd/kg paszy).

Tabela 3. Podsumowanie wynikdw oceny wptywu narazenia na kadm (1i 5 mg Cd/kg paszy)
oraz podawania 0,1% wodnego roztworu ekstraktu z owocdw A. melanocarpa
podczas narazenia na ten pierwiastek toksyczny na wartosci biomarkeréw
uszkodzenia kanalikow i kfebuszkéw nerkowych w moczu i surowicy szczurdw.

Miesigce doswiadczenia Miesigce doswiadczenia
Parametr  Grupa 3 10 17 2 Parametr  Grupa 3 10 17 24
Biomarkery uszkodzenia kanalikéw nerkowych Biomarkery uszkodzenia ktebuszkéw nerkowych
Cd, 9P 9p 9p © Cd, & o qp qp
Cdi+tAM & N SN SOSON &N Cdi+AM & & T SN
ML o, 7 S U N ACR W o o N N
Cds+AM & N SN &SN &N Cds+tAM & &N N N
Cd; < © T T Cd, © T T T
B2-MG Cd;+AM L4 L SN &N PCR Cdi+tAM & &N N N
Cds < © T T Cds © T T T
Cds+AM L4 L SN &N Cds+tAM & &N N &N
Cd; © © T T Cd, & e © ©
Cdi+AM & & N ©VN Klirens  Cdi+AM & & & ©
NAG Cds & qr qr 1t kreatyniny Cds TR TR b b
Cds+AM x4 SN SN &N Cds+AM & o A A
Cd, & P P 1 Cd 1 < < <
Cdi+tAM & PR o o Kwas Cdi+tAM 1P PEN PEN
ALP Cds © T T T wm:lcrimzy Cds o e © 4P
Cds+AM © ON SN N Cd:+AM & © © ©
Cd, & s L d L4
Mocznik Chi+tAM & © o
W surowicy Cds o © N N
Cd:+AM & © © SN

1 — wzrost, J — obnizenie w stosunku do grupy kontrolnej

A —wzrost, N — obnizenie w stosunku do odpowiedniej grupy narazanej na kadm (Cdi lub Cds)

4> — brak zmiany wzgledem grupy kontrolnej

> — brak zmiany wzgledem grupy kontrolnej i odpowiedniej grupy narazanej na kadm (Cdi lub Cds)

Indukowane przez kadm uszkodzenie kanalikdw, stwierdzone w oparciu o pomiar
czutych biomarkeréw (podwyzszone stezenie KIM-1 i 32-MG oraz zwigkszona aktywnos¢

NAG i ALP w moczu) stopniowo postepowato wraz z czasem ekspozycji, szczegdlnie przy
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wyzszym narazeniu (Tabela 3 i 4). Chociaz odnotowano brak réznic w wartosciach
biomarkeréw uszkodzenia kanalikoéw w zaleznosci od poziomu narazenia na kadm, to zmiany
wartosci tych parametrow (z wyjatkiem KIM-1) nastepowaly wczesniej w przypadku
narazenia na 5 mg Cd/kg paszy. Ponadto dodatnie zaleznosci stwierdzone pomiedzy prawie
wszystkimi wskaznikami uszkodzenia kanalikow nerkowych a stezeniem kadmu w krwi,
moczu i nerkach zwierzat narazanych na ten pierwiastek wskazuja, iz stopien uszkodzenia
kanalikow nerkowych zwigkszal sie wraz ze wzrostem obcigzenia organizmu tym
ksenobiotykiem. Rdéwniez badania histologiczne wykazaly, Ze zmiany w strukturze
morfologicznej kanalikow (z wyjatkiem wakuolizacji i poszerzenia $wiatta kanalikow, ktérych
nie stwierdzono w przypadku narazenia na 5 mg Cd/kg paszy) byly bardziej zaawansowane

na skutek ekspozycji umiarkowanej niz niskiego narazenia.

Tabela 4. Podsumowanie wynikdw oceny wptywu narazenia na kadm (1 i 5 mg Cd/kg paszy)
oraz podawania 0,1% wodnego roztworu ekstraktu z owocdéw A. melanocarpa
podczas narazenia na ten pierwiastek toksyczny na warto$ci biomarkerow
uszkodzenia kanalikow i kltebuszkéw nerkowych w moczu szczurdw oceniane co
dwa miesiace w trakcie 24-miesiecznego doswiadczenia.

Miesigce doswiadczenia

Parametr Grupa

2 4 6 8 10 12 14 16 18 20 22 24
Cd; R R ) & © © Mt T T T T T
Chi+AM & & &N &N © &Y o SN ON ©ON oSN oV

B2-MG Cds S o o P & 0N 0N 0 0 0 (N (N
Cd:+AM & & & SN o SN ON ON SN SN ON oV
Cd; R R ) & Mt Mt T T T T T T
Chi+AM & © & o © © © © © © © ©

AP s o+ 1 ) 0 0 0 T T T T
Cds+AM & & 1 SN ON SN OSN SN ON SN YN oN
Cd o & O © © T T T T T 0N N
Cdhi+AM & © & © © SN ©OYN OY ©ON ©OYN ©OYN oV

R R T T T T T S S N N S SR
Cd:+AM & © & S ON OSN ON SN ON SN YN oN
Cd; & e 0N & & & © © Mt T T T
Ci+AM & & &N © © © © © SN SN YN oV

ACR Cds o 6o e © © © © Mt T T T T
C:+AM © © ©N ©ON ©ON ©ON &N ©OY ©N ©N ©YN ©VN
Cd,; & o T T T T T T T T T T
CditAM © © ©N ©ON ©N ©ON &N ©OY ©N ©N &N ©VN

PR as PEPEE N N N N N T 2> 2> 2>
Cd:+AM © ©  © SN OV OY ©ON N ON ©ON ©N oV

1 — wzrost w stosunku do grupy kontrolnej

N — obnizenie w stosunku do odpowiedniej grupy narazanej na kadm (Cd: lub Cds)
4> — brak zmiany wzgledem grupy kontrolnej
> — brak zmiany wzgledem grupy kontrolnej i odpowiedniej grupy narazanej na kadm (Cdi lub Cds)

Wzrost ACR i PCR oraz stezenia kwasu moczowego i mocznika w surowicy, a takze

obnizenie klirensu kreatyniny (co $wiadczy o zmniejszeniu filtracji klebuszkowej)

25



Nazar M. Smereczarski Rozprawa doktorska Rozdziat 4

odzwierciedla uposledzenie funkcji ktebuszkdéw nerkowych (Tabela 3 i 4). Narazenie na kadm
nie mialo wplywu na zawartos¢ kwasu moczowego i mocznika w moczu dobowym
(Suplement do Publikacji II). Chociaz nie stwierdzono réznic w wartosciach poszczegélnych
markerow uszkodzenia kiebuszkéw nerkowych pomiedzy grupami narazanymina 1i5 mg
Cd/kg (z wyjatkiem nizszego stezenia kwasu moczowego w surowicy po 3 miesiacach i
wyzszego stezenia mocznika po 17 miesigcach w grupie Cds), to fakt, ze dtugotrwata, niska
ekspozycja na ten pierwiastek toksyczny nie miata wptywu na klirens kreatyniny, a takze
stezenie kwasu moczowego i mocznika wskazuje, ze szkodliwy wptyw tego ksenobiotyku na
funkcje klebuszkéw nerkowych byl silniejszy w przypadku narazenia umiarkowanego
(Tabela 3 i 4). Ponadto w badaniach histologicznych wykazano bardziej zaawansowane
zapalenie kiebuszkoéw nerkowych przy wyzszej ekspozycji na kadm.

Suplementacja ekstraktem z owocdw A. melanocarpa podczas narazenia na 115 mg
Cd/kg paszy zapobiegata wszystkim powodowanym przez kadm zmianom w stezeniu KIM-
11 B2-MG oraz aktywnosci NAG i ALP w moczu z wyjatkiem wzrostu aktywnosci ALP po 6
miesigcach narazenia umiarkowanego. Poza tym jednym wyjatkiem, wartosci wszystkich
biomarkerow uszkodzenia kanalikdw nerkowych u zwierzat, ktérym podczas narazenia na
kadm podawano ekstrakt z owocow aronii czarnoowocowej miescily si¢ w zakresie wartosci
oznaczonych w grupie kontrolnej (Tabela 3 i 4).

Podawanie ekstraktu z owocow aronii czarnoowocowej chronilo réwniez przed
powodowanym przez kadm zaburzeniem funkcji klebuszkéw nerkowych. Wartosci
wszystkich ocenianych biomarkeréw uszkodzenia klebuszkéw nerkowych, tj. ACR, PCR,
stezenie kreatyniny w surowicy i moczu (Suplement do Publikacji II) oraz klirens kreatyniny,
a takze stezenie kwasu moczowego i mocznika w surowicy oraz ich zawartos¢ w moczu
dobowym u zwierzat, ktorym podczas narazenia na kadm podawano ekstrakt z owocow
aronii miescily sie¢ w zakresach wartosci oznaczonych w grupie kontrolnej, z wyjatkiem ACR
w grupie Cdi+AM po 17 miesigcach oraz stezenia kwasu moczowego po 3 miesigcach, ktore
byly podwyzszone w pordwnaniu z grupa kontrolng, ale nie réznity si¢ w poréwnaniu z
grupa Cdi. Ponadto stezenie kreatyniny w surowicy w grupie Cds+AM po 3, 171 24 miesigcach
bylo nizsze niz w grupie Cds (Suplement do Publikacji II).

U zwierzat, ktore podczas narazenia na kadm suplementowano ekstraktem z owocow
A. melanocarpa intensywnos¢ zmian patologicznych w obrazie morfologicznym nerki bylta
tagodniejsza w poréwnaniu z odpowiednimi grupami, ktoére nie otrzymywaty ekstraktu
podczas ekspozycji na ten pierwiastek toksyczny. Podawanie ekstraktu z owocédw aronii
zwierzetom eksponowanym na 1 mg Cd/kg paszy catkowicie chronito przed wakuolizacja i
hialinizacja kanalikow nerkowych, poszerzeniem swiatta kanalikow oraz hiperplazjq i
przerostem nabtonka kanalikow kretych, a takze ostabiato proliferacje tkanki sSrédmiazszowe;j
nerki. Podawanie ekstraktu w czasie narazenia na 5 mg Cd/kg paszy zapobiegalo hiperplazji
nabtonka kanalikow kretych i ostabiato inne zmiany w strukturze histologicznej kanalikow,

takie jak hialinizacja, przerost nabtonka kanalikow kretych i proliferacja srodmiazszowa.

26



Nazar M. Smereczanski Rozprawa doktorska Rozdziat 4

Stosowanie ekstraktu z owocoéw aronii podczas narazenia na kadm zapobiegato rozwojowi
klebuszkowego zapalenia nerek lub ostabialo stopient jego nasilenia oraz zmniejszato
przekrwienie na granicy kora - rdzen nerki. Suplementowanie ekstraktem podczas ekspozycji
na 5 mg Cd/kg paszy skutkowalo takZze zmniejszeniem obrzeku okolonaczyniowego w nerce.
W przypadku zastosowania ekstraktu podczas niskiego narazenia zmiane tego rodzaju
odnotowano u 25% zwierzat, ktérych nerke poddano ocenie mikroskopowej, podczas gdy w
grupie zwierzat otrzymujacych jedynie kadm zmiana ta nie wystapita. Ponadto u 50%
zwierzat, ktorym podawano jednoczesnie 5 mg Cd/kg paszy i ekstrakt z owocdw aronii,
stwierdzono niewielkiego stopnia poszerzenie $wiatla kanalikéw nerkowych, podczas gdy u
osobnikdéw nie otrzymujacych ekstraktu zmiana tego rodzaju nie zostata odnotowana.
Podawanie ekstraktu z owocow A. melanocarpa zwierzetom, ktore nie byly narazane na
kadm nie miato wptywu na wartosci oznaczanych biomarkerow uszkodzenia kanalikdéw i
klebuszkéw nerkowych. W obrazie morfologicznym nerki tych zwierzat stwierdzono
wprawdzie zmiany takie jak wakuolizacja i poszerzenie swiatla kanalikow, rozrost nablonka
kanalikéw kretych i zapalenie klebuszkdéw nerkowych. Zmiany te byly jednak nieznaczne i
wystepowaty jedynie u pojedynczych osobnikdw. Mogly by¢ one zwigzane ze zmianami

starczymi zachodzacymi w tym narzadzie.

4.5.2. Wplyw podawania ekstraktu z owocow A. melanocarpa na stezenie kadmu w moczu

Szczegdtowe wyniki oceny wptywu podawania ekstraktu z owocow A. melanocarpa na
stezenie kadmu w moczu szczuréw przedstawiono w Publikacji II i Suplemencie do

Publikacji II oraz podsumowano w Tabeli 5.

Stezenie kadmu w moczu (gléwny wskaznik narazenia przewleklego na ten
pierwiastek toksyczny) u zwierzat narazanych na 1 i 5 mg Cd/kg przez okres od 2 do 24
miesiecy miescilo si¢ odpowiednio w zakresie 0,1114 — 0,6386 ug/g kreatyniny i 0,1664 — 0,9785
ug/g kreatyniny.

Tabela 5. Podsumowanie wynikéw oceny wplywu podawania 0,1% wodnego roztworu

ekstraktu z owocow A. melanocarpa podczas narazenia na kadm (1 i 5 mg Cd/kg
paszy) na stezenie tego pierwiastka toksycznego w moczu szczuréw.

Miesigce doswiadczenia

Parametr Grupa

2 4 6 8 10 12 14 16 18 20 22 24

Cd; 04 > Mt x4 x4 x4 x4 x4 x4 x4 x4

Cd;+AM P (x4 (x4 P L 1 1 L L d L d P L d

¢ g Y N N S N N N N NN N T
CstAM A 1+ A A A 4 A D A A A2

1 — wzrost w stosunku do grupy kontrolnej

A —wzrost w stosunku do grupy Cds

4> — brak zmiany wzgledem grupy kontrolnej

> — brak zmiany wzgledem grupy kontrolnej i grupy Cd1
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Podawanie ekstraktu z owocodw aronii czarnoowocowej szczurom utrzymywanym na
diecie zawierajacej 1 mg Cd/kg nie miato wptywu na stezenie kadmu w moczu dobowym. U
zwierzat, ktérym podczas narazenia na 5 mg Cd/kg paszy podawano ekstrakt z owocow
aronii, stezenie kadmu w moczu po 16 miesigcach doswiadczenia oraz pomiedzy 20-tym a 24-
tym miesigcem bylo wyzsze o 17-45% w poréwnaniu do osobnikdw, ktérym nie podawano
ekstraktu (Tabela 5).

4.5.3. Wplyw narazenia na kadm i/lub podawania ekstraktu z owocoéw A. melanocarpa na
wybrane biomarkery stanu zapalnego w nerce

Szczegdtowe wyniki oceny wptywu niskiego i umiarkowanego narazenia na kadm
oraz podawania ekstraktu z owocoéw aronii czarnoowocowej podczas ekspozycji na ten
pierwiastek toksyczny na wybrane biomarkery stanu zapalnego w nerce przedstawiono w

Publikacji II i Suplemencie do Publikacji II oraz podsumowano w Tabeli 6.

Pomiary stezen ocenianych biomarkeréw stanu zapalnego w nerce wykazaly, iz
zardwno niskie, jak i umiarkowane, dfugotrwate narazenie na kadm moze indukowac rozwoj
zmian zapalnych w tkance nerkowej, a podawanie ekstraktu z owocdéw aronii moze tagodzic

te zmiany (Tabela 6).

Tabela 6. Podsumowanie wynikéw oceny wplywu narazenia na kadm (1 i 5 mg Cd/kg paszy)
oraz podawania 0,1% wodnego roztworu ekstraktu z owocdéw A. melanocarpa
podczas narazenia na ten pierwiastek toksyczny na wartosci biomarkeréw stanu
zapalnego w nerce.

Miesigce doswiadczenia

Parametr Grupa

3 10 17 24
Cd, & © & N
Cd;+AM © © & &N
Chemeryna Cds py py N N
Cds+AM 4N VN &N &N
Cd, & & © ©
Cd,+AM © © NANEEENAN
MIP1a
Cds J & © ©
Cds+AM J vy Iy N
Cd, & & © ©
Cd;+AM &S ©ON &N &N
Bax Cds o o o 1
Cds+AM J © ©N ©N

1 — wzrost, 4 — obnizenie w stosunku do grupy kontrolnej

N — obnizenie w stosunku do odpowiedniej grupy narazanej na kadm (Cd: lub Cds)

4> — brak zmiany wzgledem grupy kontrolnej

> — brak zmiany wzgledem grupy kontrolnej i odpowiedniej grupy narazanej na kadm (Cdi lub Cds)
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4.5.4. Wplyw narazenia na kadm i/lub podawania ekstraktu z owocéw A. melanocarpa na
rownowage oksydacyjno - redukcyjna i stopien nasilenia stresu oksydacyjnego w

nerce

Szczegdtowe wyniki oceny wpltywu niskiego i umiarkowanego narazenia na kadm
oraz podawania ekstraktu z owocOéw aronii czarnoowocowej podczas ekspozycji na ten
pierwiastek toksyczny na réwnowage oksydacyjno - redukcyjna i stopien nasilenia stresu

oksydacyjnego w nerce przedstawiono w Publikacji III oraz podsumowano w Tabeli 7.

Tabela 7. Podsumowanie wynikdw oceny wptywu narazenia na kadm (1 i 5 mg Cd/kg paszy)
oraz podawania 0,1% wodnego roztworu ekstraktu z owocdéw A. melanocarpa
podczas narazenia na ten pierwiastek toksyczny na réwnowage oksydacyjno -
redukcyjna i stopien nasilenia stresu oksydacyjnego w nerce.

Miesigce doswiadczenia Miesiace doswiadczenia
Parametr  Grupa 3 10 17 2 Parametr Grupa 3 10 17 24
Markery stanu antyoksydacyjnego Markery stanu oksydacyjnego
Cd; © © N2 N Cd, © © 9P T
Cdi+AM & & & o Cdi+AM & © © ©
TAS TOS
Cds N2 N2 N2 N2 Cds © © T T
Cds+AM | A © © Cds+AM & © © o\
Cd; L d L d L d L d Cd; & 'T‘ P
Cdi+AM & A A © Cdi+AM & © N oV
00 g Vv v os! s o o 4+ 1
Cds+tAM & A & oA Cds+AM & © & oY
Cd, N N & & Cd, © 1 © 1
Cdi+AM & © © © Cdi+tAM >N & &N &N
CAT GSSG
Cds 4 4 4 4 Cds & L 1
Cds+AM <> A NA SA & Cds+AM & ©  JIN ©N
Cd, N2 N2 N2 N2 Cd, © J N2 N2
Cd;+AM (g (g L d L d Cdi+AM &~ DA O O
GPx cd. v v 0 0 GSH/GSSG cds 0 0 0 0
Cds+AM A oA & © Cds+tAM & A A A
Cd; <« > < T Cd; © © 4 0N
Cdi+AM & © & &N Cd+AM N &N &N &\
GR g, o o 1 o i s < o o 4
Cds+AM & © ©N oY Cds+AM |y &N &N &Y
Cd, < < N2 N2 Cd, © © © ©
Cdi+AM & © © © Cdi+tAM & &N & ©
GSH XOD
Cds 4 4 N2 N2 Cds © © Mt T
Cds+AM | O o2 o Cds+tAM >N LN &N &N
Cd; © © © © Cd, © © T T
Cd;+AM x4 N < SN Cdi+AM & SN ©ON ©N
TRX (qs J o o 1 MPO Cds o o 1 0
Cds+AM | © & &N Cds+AM >N >N N N

1 — wzrost, 4 — obnizenie w stosunku do grupy kontrolnej

A —wzrost, N — obnizenie w stosunku do odpowiedniej grupy narazanej na kadm (Cdi lub Cds)

4> — brak zmiany wzgledem grupy kontrolnej

> — brak zmiany wzgledem grupy kontrolnej i odpowiedniej grupy narazanej na kadm (Cdi lub Cds)
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Ekspozycja na kadm, w sposéb zalezny od jej poziomu i czasu trwania, ostabiata
enzymatyczna (obnizanie aktywnosci SOD, CAT i GPx) i nieenzymatyczna bariere
antyoksydacyjna (gtownie obnizenie stezenia GSH) nerki prowadzac do obnizenia jej
catkowitego statusu antyoksydacyjnego (TAS), a takze podwyzszata status oksydacyjny tego
narzadu (wzrost stezenia H20:, MPO i XOD oraz podwyzszony TOS), co skutkowato
rozwojem stresu oksydacyjnego (wzrost OSI). Podawanie ekstraktu z owocoéw aronii
czarnoowocowej podczas niskiego i umiarkowanego narazenia na kadm chronitlo przed
wywolanym przez ten ksenobiotyk zaburzeniem rownowagi oksydacyjno - redukcyjnej i

rozwojem stresu oksydacyjnego w tym narzadzie (Tabela 7).

4.5.5. Zaleznosci pomiedzy biomarkerami funkcji nerek a markerami stanu zapalnego i

rownowaga oksydacyjno - redukcyjna w nerce

Dokonano oceny wzajemnych zaleznosci pomiedzy biomarkerami uszkodzenia
kanalikéw i klebuszkow nerkowych a markerami proceséw zapalnych w tym narzadzie i
gléwnymi wskaznikami stanu oksydacyjno - redukcyjnego nerek (TAS, TOS i OSI) u zwierzat,
ktorym podczas sladowego (grupa kontrolna), niskiego (1 mg Cd/kg paszy) i umiarkowanego
(5 mg Cd/kg paszy) narazenia na kadm nie podawano ekstraktu z owocow A. melanocarpa.
Oceniono réwniez zaleznosci pomiedzy tymi parametrami u zwierzat, ktérym podawano
ekstrakt z owocéw aronii (grupa AM, grupa Cdi+AM i grupa Cds+tAM) (Publikacja II i
Publikacja III). Ponadto oceniono zaleznosci pomiedzy parametrami oznaczonymi w
badaniach wlasnych a stezeniem kadmu w krwi, moczu i nerce oznaczonymi we

wczesniejszych badaniach prowadzonych u tych zwierzat [8] (Publikacja II i Publikacja III).

Zaleznosci, ktore odnotowano pomiedzy biomarkerami uszkodzenia kanalikéw i
kiebuszkow nerkowych oraz markerami proceséw zapalnych w tym narzadzie, jak rowniez
TAS, TOS i OSI u zwierzat, ktdrym podczas sladowego, niskiego i umiarkowanego narazenia
na kadm nie podawano ekstraktu z owocoéw aronii wskazuja, iz uszkadzajacy wpltyw kadmu
na nerke moze by¢ zwigzany z jego dziataniem prozapalnym, jak roéwniez z wiasciwosciami
prooksydacyjnymi, co skutkowato zaburzeniem réwnowagi oksydacyjno - redukcyjnej i
rozwojem stresu oksydacyjnego w nerce.

Ujemne zaleznos$ci pomiedzy biomarkerami uszkodzenia kanalikow (stezenie 32-MG
i aktywnos¢ ALP w moczu) i klebuszkéw nerkowych (ACR i PCR) a TAS nerki oraz
pozytywne zaleznosci pomiedzy ACR i stezeniem kwasu moczowego w surowicy a TOS nerki
i OSI odnotowane u zwierzat, ktéorym podawano ekstrakt z owocéw A. melanocarpa wskazuja
na zwigzek pomiedzy stanem funkcjonalnym tego narzadu a jego statusem oksydacyjno -

redukcyjnym.
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4.6. Podsumowanie i dyskusja

Badania bedace przedmiotem niniejszej rozprawy doktorskiej sa pierwszymi, w
ktorych, w modelu eksperymentalnym in vivo, dokonano zaréwno oceny ryzyka uszkodzenia
nerek na skutek niskiej i umiarkowanej ekspozydji na ten pierwiastek toksyczny, jak réwniez
zaproponowano skuteczna strategie ochronna przed uszkodzeniem tego narzadu.

Badania obejmujace ocene dzialania nefrotoksycznego kadmu jednoznacznie
wykazaty, iz przewlekla, nawet niska ekspozycja na ten pierwiastek szkodliwy dla zdrowia
moze prowadzi¢ do zaburzenia funkcji kanalikow, a nastepnie réwniez kiebuszkow
nerkowych oraz zmian strukturalnych w nerce. Stwierdzenie w zastosowanym modelu
eksperymentalnym niekorzystnego wplyw kadmu na funkcje i obraz morfologiczny nerek
przy stezeniach tego pierwiastka w moczu (0,0852 - 0,2820 ug/g kreatyniny) mieszczacych sie
w dolnym przedziale wartosci notowanych obecnie w populacji generalnej pozwala sadzi¢, iz
nawet niskie narazenie sSrodowiskowe na ten ksenobiotyk moze stwarzac ryzyko uszkodzenia
nerek. W $wietle wynikow badan wilasnych uszkadzajacy wptyw kadmu na nerki w
przypadku niskiego i umiarkowanego narazenia jest zwigzany z rozwojem stanu zapalnego i
dziataniem prooksydacyjnym tego pierwiastka prowadzacym do rozwoju stresu
oksydacyjnego w tym narzadzie.

Kolejnym, obok stwierdzenia, iz nawet niskie narazenie na kadm stanowi czynnik
ryzyka uszkodzenia nerek, a zarazem najwazniejszym, osiagnieciem badan wiasnych jest
wykazanie ochronnego wplywu ekstraktu z owocéw A. melanocarpa w odniesieniu do
dziatania nefrotoksycznego kadmu. Wyniki przeprowadzonych badan pozwalaja
wnioskowad, iz przetwory z owocoOw aronii moga stanowi¢ skuteczna strategia ochronna
przed uszkodzeniem nerek powodowanym przez niskie i umiarkowane narazenie
przewleklego na kadm.

Biorac pod wyniki badann wtasnych, jak rowniez rezultaty badan wczesniej
przeprowadzonych w zastosowanym modelu doswiadczalnym [5, 8-12, 14, 30, 40, 41] oraz
prozdrowotne wlasciwosci owocow A. melanocarpa [4, 15, 29, 50], ochronny wptyw ekstraktu
z tych owocéw w odniesieniu do dzialania nefrotoksycznego kadmu mozna wyttumaczy¢
antyoksydacyjnymi, przeciwzapalnymi, przeciwapoptotycznymi i antyproliferacyjnymi
wlasciwosciami skladnikdw ekstraktu, a przede wszystkim zwigzkéw polifenolowych.
Chociaz na obecnym etapie badan nie mozna jeszcze w pelni wyjasni¢ mechanizméw
ochronnego wptywu ekstraktu z owocoéw aronii, to fakt, Ze suplementacja tym ekstraktem
przy obu poziomach ekspozycji na kadm prowadzita do obnizenie stezenia chemeryny, MIP1a
i Bax w poréwnaniu ze zwierzetami, ktore nie otrzymaty tego ekstraktu podczas narazenia na
ten pierwiastek toksyczny $wiadczy o jego przeciwzapalnym i antyapoptotycznym dziataniu.
Efekt ten wraz z antyproliferacyjnym dziataniem ekstraktu z owocow aronii czarnoowocowej,

wykazanym w badaniach histopatologicznych, oraz mniejszym obcigzeniem organizmu
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kadmem, w tym jego mniejsza kumulacja w nerkach [8], moze w pewnym stopniu wyjasniac¢
dziatanie ochronne ekstraktu.

Gléwna grupa sktadnikow ekstraktu z owocdw A. melanocarpa odpowiedzialna za jego
dziatanie nefroprotekcyjne wydaja sie¢ by¢ zwiazki polifenolowe, ktore obok wielu dziatani
prozdrowotnych, a przede wszystkim wysokiego potencjatu antyoksydacyjnego [39, 43, 59,
66], co potwierdzono zaréwno w badaniach wlasnych, jak tez we wczesniejszych badaniach
prowadzonych w zastosowanym modelu doswiadczalnym [9, 11, 14, 40, 41], wykazuja
rowniez zdolno$¢ kompleksowania jonow Cd?'[4, 39]. Nalezy jednak podkresli¢, iz ochronny
wplyw ekstraktu z owocdéw aronii na nerki mogt wynika¢ takze z obecnosci innych
sktadnikow skutecznie zmniejszajacych toksycznos¢ kadmu, takich jak B-karoten, triterpeny,
btonnik, pektyny, witamina C i witamina E oraz biopierwiastki, a w tym cynk i selen [4, 15,
29, 50]. Fakt, iz zaburzeniu funkcji nerek u zwierzat narazanych na kadm towarzyszyt stres
oksydacyjny, a liczne korelacje pomiedzy biomarkerami funkcji nerek a wskaznikami
rownowagi oksydacyjno - redukcyjnej potwierdzily zwiazek przyczynowo - skutkowy
pomiedzy stresem oksydacyjnym a uszkodzeniem nerek pozwala sadzi¢, iz ekstrakt z owocdéw
aronii chroniac przed rozwojem stresu oksydacyjnego w nerce skutecznie chronit przed
uszkodzeniem tego narzadu.

Nalezy podkresli¢, iz wpltyw protekcyjny ekstraktu z owocoéw aronii na nerke mozna
rowniez, przynajmniej cze$ciowo, thumaczy¢ dziataniem posrednim jego sktadnikow
skutkujacym mniejsza kumulacja kadmu w tym narzadzie [8]. We wczesniejszych badaniach
prowadzonych w tym modelu doswiadczalnym stwierdzono, ze stezenie kadmu w nerce
zwierzat, ktorym podczas narazenia na 1 mg Cd/kg paszy przez 3 i 10 miesiecy podawano
ekstrakt byto nizsze o odpowiednio 29% i 9,5% w porodwnaniu do zwierzat, ktore nie
otrzymaty tego ekstraktu, natomiast w przypadku narazenia na 5 mg Cd/kg paszy przez okres
od 3 do 24 miesiecy stezenie tego pierwiastka w nerce bylo nizsze o 5,6 — 14% [8]. Zwiazki
polifenolowe wystepujace w duzych ilosciach w ekstrakcie, ze wzgledu na obecnos¢ grup
hydroksylowych (-OH), sa zdolne do chelatowania jondéw Cd?*, a co za tym idzie moga
zmniejsza¢ wchianianie tego ksenobiotyku z przewodu pokarmowego [4, 8, 39]. Ponadto,
polifenole moga komplekowa¢ jony Cd?* juz wchionigte z przewodu pokarmowego i
zwigksza¢ ich wydalanie z moczem, przyspieszajac ich eliminacje z organizmu, co
odnotowano w badaniach wlasnych u zwierzat narazonych na 5 mg Cd/kg paszy, jak rowniez
we wczesniejszych badaniach prowadzonych u tych zwierzat [8]. Ze wzgledu na mniejsza
zawartosc tego pierwiastka toksycznego w organizmie, w tym nizsze jego stezenie w nerkach,
rowniez skutki jego dziatania toksycznego na ten narzad byly mniejsze.

Wyniki badan wtasnych maja nie tylko istotng wartos¢ naukows, ale rdwniez istotny
aspekt praktyczny. Wykazanie, iz niskie narazenie na kadm moze uszkadzac nerki wskazuje
na konieczno$¢ zwrdcenia wigkszej uwagi na ten ksenobiotyk jako srodowiskowy czynnik
ryzyka dla zdrowia populacji generalnej i podejmowania zaréwno dalszych dziatant majacych

na celu ograniczanie narazenia, jak rowniez wdrazanie skutecznych strategii ograniczania
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niekorzystnych dla zdrowia skutkow wynikajacych z narazenia na ten ksenobiotyk. Wyniki
badan bedacych przedmiotem niniejszej rozprawy doktorskiej tacznie z wynikami badan
wczesniej przeprowadzonych w tym modelu doswiadczalnym [5, 8-12, 14, 30, 40, 41]
wskazuja, iz taka strategia moga by¢ przetwory z owocow A. melanocarpa, ktére moga, chroni¢
nie tylko przed uszkodzeniem nerek, ale rdwniez innymi efektami dzialania toksycznego
kadmu. Nalezy jednak podkresli¢, iz zastosowanie owocoéw aronii czarnoowocowej w
zapobieganiu skutkom narazenia na kadm, w tym jego dziataniu nefrotoksycznemu, u ludzi

wymaga dalszych badan.
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5. Wnioski

U Umiarkowana, a nawet niska ekspozycja przewlekta samic szczura na kadm, stanowiaca
odpowiednik aktualnego narazenia srodowiskowego populacji generalnej na ten
ksenobiotyk, prowadzi do zaburzenia funkcji kanalikow i kltebuszkéw nerkowych oraz
zmian patologicznych w obrazie morfologicznym tego narzadu, co wskazuje, iz niskie

narazenie na ten pierwiastek toksyczny moze stwarzac ryzyko uszkodzenia nerek.

O Indukowane przez kadm uszkodzenie kanalikow nerkowych poprzedza uszkodzenie
klebuszkdéw, a zmiany ulegaja nasileniu wraz z czasem trwania narazenia i kumulacjq

tego pierwiastka toksycznego w nerce.

O Mechanizm dziatania nefrotoksycznego kadmu w warunkach niskiego i umiarkowanego
narazenia jest zwiazany z indukcjq zmian zapalnych oraz dziataniem prooksydacyjnym

prowadzacym do rozwoju stresu oksydacyjnego w nerce.

O Podawanie ekstraktu z owocdéw A. melanocarpa podczas niskiego i umiarkowanego
narazenia na kadm chroni przed powodowanym przez ten pierwiastek toksyczny

uszkodzeniem funkgji nerek i zmianami patologicznymi w strukturze tego narzadu.

O Efekt nefroprotekcyjny ekstraktu z owocoéw aronii czarnoowocowej podczas narazenia na
kadm wynika z jego wtasciwosci antyoksydacyjnych oraz wptywu na metabolizm kadmu

W organizmie.

O Przetwory z owocow A. melanocarpa moga stanowic skuteczna strategie w zapobieganiu

uszkodzeniu nerek podczas niskiego i umiarkowanego narazenia przewlektego na kadm.
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6. Skroty zastosowane w rozprawie doktorskiej

ACR
ALP
ALT
AM
AST
Bax
p2-MG
CAT
Cd
Cd2+
Cd-MT
DNA
ELISA
GPx
GR
GSH
GSSG
grupa AM

grupa Cd:
grupa Cdi+AM

grupa Cds
grupa Cds+AM

H20:2
KIM-1
LDL
m.c.
MDA
MIP1a
MPO
MT
NAG
OSI
PCR

-SH
SOD
TAS
TOS
TRx
XOD

stezenie albuminy w moczu wyrazone w przeliczeniu na stezenie kreatyniny
fosfataza zasadowa

aminotransferaza alaninowa

0,1% wodny roztwor ekstraktu z owocdéw A. melanocarpa L.
aminotransferaza asparaginianowa

biatko z rodziny bialek Bcl-2

p2-mikroglobulina

katalaza

kadm

jon kadmu

kompleks kadm-metalotioneina

kwas deoksyrybonukleinowy

test immunoenzymatyczny (ang. enzyme-linked immunosorbent assay)
peroksydaza glutationowa

reduktaza glutationowa

glutation zredukowany

glutation utleniony

grupa doswiadczalna, ktorej podawano 0,1% wodny roztwor ekstraktu

z owocow A. melanocarpa L.

grupa narazana na kadm w paszy w stezeniu 1 mg/kg

grupa doswiadczalna, ktorej podczas narazana na kadm w paszy w stezeniu
1 mg/kg podawano 0,1% wodny roztwor ekstraktu z owocéw A. melanocarpa L.
grupa narazana na kadm w paszy w stezeniu 5 mg/kg

grupa doswiadczalna, ktorej podczas narazana na kadm w paszy w stezeniu
5 mg/kg podawano 0,1% wodny roztwoér ekstraktu z owocoéw A. melanocarpa L.
nadtlenek wodoru

biatko uszkodzenia nerek-1

lipoproteiny o niskiej gestosci

masa ciata

dialdehyd malonowy

biatko zapalne makrofagéw-1

mieloperoksydaza

metalotioneina

N-acetylo-B-D-glukozaminidaza

indeks stresu oksydacyjnego

stezenie biatka catkowitego w moczu wyrazone w przeliczeniu na stezenie
kreatyniny

grupa tiolowa, grupa sulfhydrylowa

dysmutaza ponadtlenkowa

catlkowity status antyoksydacyjny

catkowity status oksydacyjny

tioredoksyna

oksydaza ksantynowa
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8. Streszczenie w jezyku polskim

W ostatnich latach obserwuje si¢ wzrost zainteresowania mozliwoscia wykorzystania
substancji pochodzenia roslinnego w terapii i profilaktyce wielu schorzeni, w tym chorob
cywilizacyjnych. Ponadto coraz wigksza uwaga naukowcdw koncentruje si¢ na mozliwosci
wykorzystania surowcow roslinnych o dobrze znanym dziataniu prozdrowotnym w
profilaktyce zagrozen dla zdrowia wynikajacych z narazenia na ksenobiotyki. Do grupy tej
zaliczamy owoce aronii czarnoowocowej (Aronia melanocarpa L.), ktdra jest krzewem z rodziny
rozowate (Rosaceae).

Liczne wlasciwosci prozdrowotne przetwordw z owocdw A. melanocarpa, w tym
zwlaszcza ich wysoki potencjat antyoksydacyjny oraz obecnos¢ zwiazkéw polifenolowych,
ktore moga kompleksowac jony metali dwuwarto$ciowych zwrdcily uwage zespotu badaczy
z Zakladu Toksykologii Uniwersytetu Medycznego w Bialymstoku na mozliwos¢
wykorzystania tego surowca w zapobieganiu skutkom narazenia na kadm (Cd), ktéry nalezy
do gtownych zanieczyszczen chemicznych srodowiska w krajach uprzemystowionych, w
zwiazku z czym ekspozycja na ten pierwiastek jest obecnie nieunikniona, a prognozy
wskazuja, iz bedzie ona wzrastata. Badania epidemiologiczne dostarczaja natomiast coraz
wiecej dowoddw na to, ze nawet niskie narazenie srodowiskowe na kadm moze stwarzac
zagrozenie dla zdrowia, w tym ryzyko uszkodzenia nerek, ktére sq narzadem tarczowym dla
tego ksenobiotyku. Dlatego tez konieczne jest zar0wno poznanie ryzyka uszkodzenia nerek
na skutek aktualnego narazenia na kadm, jak roéwniez znalezienie skutecznego czynnika,
ktory bedzie mogt zostaé wykorzystany w profilaktyce uszkodzenia tego narzadu.

W dotychczasowych badaniach, prowadzonych w modelu doswiadczalnym na
samicach szczura szczepu Wistar, wykazano, iz podawanie 0,1% wodnego roztworu ekstraktu
z owocow A. melanocarpa (zawierajacego 65,74% zwigzkdw polifenolowych i 18,65%
antocyjanéw) podczas narazenia na kadm stanowigcego odpowiednik niskiej i umiarkowanej
ekspozycji srodowiskowej czlowieka na ten pierwiastek toksyczny (odpowiednio 11i 5 mg
Cd/kg paszy) przez okres od 3 do 24 miesiecy chronito przed kumulacja kadmu w organizmie,
w tym nagromadzaniem si¢ tego pierwiastka w nerkach i watrobie oraz wieloma skutkami
jego dziatania wliczajac dziatanie hepato- i osteotoksyczne.

Majac powyzsze na uwadze postawiono hipoteze, iz ekstrakt z owocodw aronii moze
chronic¢ rowniez przed dziataniem uszkadzajacym kadmu na nerki. W zwigzku z tym podjeto
badania wlasne majace na celu stwierdzenie, czy narazenie na kadm stanowigce odpowiednik
niskiej i umiarkowanej ekspozycji srodowiskowej cztowieka moze prowadzi¢ do uszkodzenia
struktury i funkcji nerek, a podawanie ekstraktu z owocow A. melanocarpa podczas tego
narazenia moze chroni¢ przed uszkodzeniem tego narzadu. Ponadto badania miaty na celu
wyjasnienie, czy uszkodzenie nerek przez kadm moze wynikac¢ z dziatania prooksydacyjnego
tego ksenobiotyku, a potencjalny efekt ochronny ekstraktu z owocdw aronii moze by¢

spowodowany jego wlasciwosciami antyoksydacyjnymi.
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Badania obejmowaly ocene stanu funkcjonalnego nerek w oparciu o pomiar
biomarkerow uszkodzenia kanalikéw (stezenie biatka uszkodzenia nerek-1 — KIM-1 i beta2-
mikroglobuliny — B2-MG, aktywnos¢ N-acetylo-3-D-glukozaminidazy — NAG i fosfatazy
alkalicznej — ALP) i klebuszkéw nerkowych (stezenie albuminy i biatka catkowitego w moczu
wyrazone w przeliczeniu na stezenie kreatyniny, klirens kreatyniny, stezenie mocznika i
kwasu moczowego w surowicy i moczu), ocene markerow stanu zapalnego (chemeryna,
biatko zapalne makrofagéw-1 — MIP1a i biatko z rodziny biatek Bcl-2 — Bax) oraz rOwnowagi
oksydacyjno - redukcyjnej (w tym wskazniki enzymatycznej i nieenzymatycznej bariery
antyoksydacyjnej, catkowity status antyoksydacyjny — TAS, catkowity status oksydacyjny —
TOS, indeks stresu oksydacyjnego — OSI), a takze oceng struktury histologicznej tego narzadu.

W przeprowadzonych badaniach wykazano, iz umiarkowana (5 mg Cd/kg paszy), a
nawet niska (1 mg Cd/kg paszy) ekspozycja przewlekta samic szczura na kadm prowadzi do
zaburzenia funkcji kanalikdw i ktebuszkéw nerkowych oraz zmian patologicznych w obrazie
morfologicznym tego narzadu. Uszkodzenie kanalikow nerkowych poprzedzato uszkodzenie
klebuszkdéw, a zmiany ulegaty nasileniu wraz z czasem trwania narazenia i kumulacjq tego
pierwiastka toksycznego w nerce. Stwierdzono, iz mechanizm dziatania nefrotoksycznego
kadmu w warunkach niskiego i umiarkowanego narazenia jest zwiazany z indukcjgq zmian
zapalnych oraz dziataniem prooksydacyjnym prowadzacym do rozwoju stresu
oksydacyjnego w nerce. Podawanie 0,1% wodnego roztworu ekstraktu z owocow A.
melanocarpa podczas niskiego i umiarkowanego narazenia na kadm chronito przed
uszkodzeniem funkgcji nerek i zmianami patologicznymi w strukturze tego narzadu, ostabiato
indukowany przez kadm stan zapalny oraz zapobiegalo zaburzeniu rownowagi oksydacyjno
- redukcyjnej i rozwojowi stresu oksydacyjnego.

Wykazanie niekorzystnego wplyw kadmu na funkcje i obraz morfologiczny nerek
przy stezeniach tego pierwiastka w moczu szczurow (0,0852 — 0,2820 ug/g kreatyniny)
mieszczacych sie w dolnym przedziale wartosci notowanych w populacji generalnej pozwala
sadzi¢, iz nawet niskie narazenie na ten pierwiastek moze stwarzac ryzyko uszkodzenia nerek,
co wskazuje na koniecznos$¢ zwrdcenia wigkszej uwagi na ten ksenobiotyk jako srodowiskowy
czynnik ryzyka dla zdrowia populacji generalnej i podejmowania zaréwno dalszych dziatan
majacych na celu ograniczanie narazenia, jak réwniez wdrazanie skutecznych strategii
zapobiegania niekorzystnym dla zdrowia skutkom wynikajagcym z narazenia na ten
ksenobiotyk. Wykazanie ochronnego wptywu ekstraktu z owocéw aronii w odniesieniu do
dzialania nefrotoksycznego kadmu facznie 2z rezultatami wczesniejszych badan
przeprowadzonych w tym modelu do$wiadczalnym pozwala sadzi¢, iz taka strategia moga
by¢ przetwory z owocow A. melanocarpa. Ewentualne zastosowanie produktéw aroniowych w
profilaktyce zagrozen dla zdrowia wynikajacych z narazenia na kadm, w tym jego dziatania

nefrotoksycznego, u ludzi wymaga jednak dalszych badan.
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9. Streszczenie w jezyku angielskim/Summary

In recent years, there has been an increase in interest in the possibility of using plant-
based substances in the treatment and prevention of many diseases, including civilizational
diseases. The growing attention of scientists is focused on the possibility of using plant
materials with well-known health-promoting properties in the prevention of health risks
resulting from exposure to various xenobiotics. This group includes the fruits of the black
chokeberry (Aronia melanocarpa L.), which is a shrub from the Rosaceae family.

Numerous health-promoting effects of A. melanocarpa fruit preserves, especially their
high antioxidative potential and the presence of polyphenolic compounds that can complex
divalent metal ions drew the attention of researchers from the Department of Toxicology of
the Medical University of Bialystok to the possibility of using this raw material in the
prevention of the effects of exposure to cadmium (Cd), which is one of the main chemical
pollutants of the environment in industrialized countries, therefore exposure to this element
is now inevitable and forecasts indicate that it will increase. Epidemiological studies provide
a growing number of evidence, that even low environmental exposure to cadmium may pose
a health risk, including the risk of damage to the kidneys, which are the target organ for this
xenobiotic. Therefore, it is necessary both to know the risk of kidney damage due to current
exposure to cadmium, as well as to find an effective factor that can be used in the prevention
of damage to this organ.

In previous studies, conducted in an experimental model on female Wistar rats, it was
shown that the administration of a 0.1% extract from the berries of A. melanocarpa (containing
65.74% of polyphenolic compounds and 18.65% of anthocyanins) during exposure to cadmium
equivalent of low and moderate human environmental exposure to this toxic element (1 and
5 mg Cd/kg of feed, respectively) for 3 to 24 months, protected against cadmium accumulation
in the body (including its content in the kidneys and liver) and many effects of its action,
including hepato- and osteotoxicity.

Considering the above, it was hypothesized that chokeberry extract may also protect
against the damaging impact of cadmium on the kidney. Therefore, own research was
undertaken to determine whether exposure to cadmium at levels equal to low and moderate
human environmental exposure can lead to damage to the structure and function of the kidney
and whether the administration of A. melanocarpa fruit extract during this exposure can protect
against damage to this organ. Moreover, the study was aimed at clarifying whether kidney
damage caused by cadmium may result from the pro-oxidative effect of this xenobiotic and
whether the potential protective effect of chokeberry extract may be due to its antioxidative
properties.

The studies included the assessment of the function of the kidneys based on the
measurement of biomarkers of tubular damage (the concentrations of kidney damage protein-
1 - KIM-1 and beta2-microglobulin - B2-MG and the activities of N-acetyl-B-D-
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glucosaminidase — NAG and alkaline phosphatase — ALP) and renal glomeruli (albumin and
total protein concentration in the urine adjusted for creatinine concentration, creatinine
clearance, urea and uric acid concentrations in the serum and urine), assessment of
inflammatory markers (chemerin, macrophage inflammatory protein-1 — MIP1a, and protein
from the Bcl-2 family — Bax) and oxidative - reductive balance (including indicators of the
enzymatic and non-enzymatic antioxidative barrier, total antioxidative status — TAS, total
oxidative status — TOS, and oxidative stress index — OSI), as well as assessment of the
histological structure of this organ.

The studies showed that moderate (5 mg Cd/kg of feed) and even low-level (1 mg
Cd/kg of feed) chronic exposure of female rats to cadmium led to disturbances in the function
of the renal tubules and glomeruli and pathological changes in the morphological structure of
this organ. Damage to the renal tubules preceded damage to the glomeruli, and the changes
intensified with the duration of exposure and the accumulation of this toxic element in the
kidney. It was found that the mechanism of nephrotoxic action of cadmium in the conditions
of low and moderate exposure is associated with the induction of inflammatory changes and
prooxidative activity leading to the development of oxidative stress in the kidney. The
administration of a 0.1% extract from the berries of A. melanocarpa during low and moderate
exposure to cadmium protected against damage to the kidney function and pathological
changes in the structure of this organ, weakened inflammation induced by cadmium and
prevented disruption of the oxidative - reductive balance and the development of oxidative
stress.

The revealing of the negative impact of cadmium on the function and morphological
structure of the kidney at the concentrations of this element in the urine of rats (0.0852 —0.2820
ug/g creatinine), which are in the lower range of values noted currently in the general
population, allows us to believe that even low exposure to this element may pose a risk of
kidney damage, emphasizing the need to pay more attention to this xenobiotic as an
environmental risk factor for the health of the general population and to take both further
measures to reduce exposure and implement effective strategies to prevent negative outcomes
resulting from exposure to this xenobiotic. Demonstration of the protective effect of
chokeberry extract in relation to the nephrotoxic effect of cadmium, together with the results
of previous studies conducted in this experimental model, suggests that A. melanocarpa fruit
preparations may be an effective strategy. However, the possible use of aronia products in the
prevention of health risks resulting from exposure to cadmium in humans, including its

nephrotoxic effects, requires further research.
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Abstract: The growing number of reports indicating unfavorable outcomes for human health upon
environmental exposure to cadmium (Cd) have focused attention on the threat to the general pop-
ulation posed by this heavy metal. The kidney is a target organ during chronic Cd intoxication.
The aim of this article was to critically review the available literature on the impact of the current
levels of environmental exposure to this xenobiotic in industrialized countries on the kidney, and
to evaluate the associated risk of organ damage, including chronic kidney disease (CKD). Based
on a comprehensive review of the available data, we recognized that the observed adverse effect
levels (NOAELs) of Cd concentration in the blood and urine for clinically relevant kidney damage
(glomerular dysfunction) are 0.18 ug/L and 0.27 pg/g creatinine, respectively, whereas the lowest
observed adverse effect levels (LOAELs) are >0.18 ug/L and >0.27 ug/g creatinine, respectively,
ﬁ':,edcg‘fé); which are within the lower range of concentrations noted in inhabitants of industrialized countries.
In conclusion, the current levels of environmental exposure to Cd may increase the risk of clinically
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1jms24098413 Epidemiological studies have provided a growing amount of reliable evidence that

long-term moderate and, sometimes, even low-level environmental exposure to certain

chemicals poses a risk to health and can result in damage to various organs and systems,

including the kidneys [1-3]. Therefore, an important task in the area of public health
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especially recent findings, show that even low-level chronic exposure to this xenobiotic can
result in damage to the kidney, liver, skeletal system, cardiovascular system, and nervous
system, as well as deterioration in hearing and sight (for a review, see [2,11-15]). Moreover,
exposure to this element has been suggested to contribute to the development of cancer [16].

The kidney is the main location of Cd accumulation in the body, as well as the target
organ (i.e., the organ damaged first) for this element during chronic intoxication [15,17-19].
The fact that repeated high or moderate exposure to this xenobiotic injures this organ
is well known [20-25]. However, for an assessment of the health hazard faced by the
general population, clarifying whether and to what extent the low-level lifetime exposure
to Cd that is currently common and unavoidable in industrialized countries [11,13,26,27]
could increase the risk of damage to various organs and systems, especially the kidney, is
particularly important. This is also important because evidence suggests that the level of
exposure to this metal that is currently recognized as safe may be too high and should be
revised [2,28-30].

Due to its role in the elimination of exo- and endogenous substances and products
of their biotransformation from organisms, the kidney is an organ whose proper function
determines the general state of health [31-33]. Chronic kidney disease (CKD), also called
chronic kidney failure, is a global problem, as it is a leading cause of death in both developed
and developing countries [34,35]. Therefore, considering the increasing prevalence of
kidney diseases in the world’s population [34-36], we must identify all causative factors,
including Cd, which deserves special attention among the potential risk factors for kidney
dysfunction [20,22,31,37]. In the case of xenobiotics, estimating the exposure levels at which
this effect occurs is also crucial.

Thus, the aim of this paper was to provide a critical review of the literature available
worldwide on the influence of current human exposure to Cd in economically developed
and developing countries on the kidneys. In addition, we aimed to assess, based on reliable
data, whether this exposure poses a substantial risk of clinically relevant damage to this
organ. For this purpose, ample evidence from recent epidemiological studies on this topic
is presented and discussed. Since the adequate assessment of the impact of Cd on the
kidney and the risk of injury to this organ at low exposure levels requires the measurement
of early and sensitive biomarkers, special attention was also paid to providing an overview
of the available data on biomarkers of Cd nephrotoxicity in terms of their usefulness in
detecting early changes under low exposure levels. We attempted to select the earliest
and most useful of these biomarkers. A critical review of the methods of estimating the
intensity of exposure to this element, including biomarkers of exposure, is also provided.
From a public health perspective, evaluating the concentration of Cd in the urine and
blood of the general population that poses a substantial risk of damage to the kidney is
crucial. Hence, we assessed, based on the available epidemiological data, the no observed
adverse effect level (NOAEL) and lowest observed adverse effect level (LOAEL) of the Cd
concentration in the blood and urine for clinically relevant kidney damage. This article is
the first review focused on evaluating the risk of kidney damage at low-to-moderate levels
of environmental exposure to Cd, which occur in numerous countries worldwide.

The following literature databases were searched to prepare this review article: Pubmed,
Scopus, Elsevier, and Taylor & Francis Online. We used keywords such as cadmium and
kidney, nephrotoxicity, general population, environmental exposure, occupational expo-
sure, concentration, blood, urine, health risk, health effects, accumulation, target organ,
NOAEL, LOAEL, threshold level, mechanisms of action, damage, injury, dysfunction,
disease, proximal tubules, glomerulus, nephron, markers of nephrotoxicity, oxidative stress,
apoptosis, metallothionein (MT), 32-microglobulin (32-MG), retinol-binding protein (RBP),
al-microglobulin (1-MG), N-acetyl-p-D-glucosaminidase (NAG), kidney injury molecule-
1 (KIM-1), glomerular filtration rate (GFR), estimated glomerular filtration rate (eGFR),
and albuminuria. The assessment of whether the current levels of environmental expo-
sure to Cd in industrialized countries may be a risk factor for kidney damage, including
CKD, was based on an overview of data published within the last 10 years (the search
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strategy is presented in Table 1). Reports from studies conducted among inhabitants of
highly polluted areas, presenting high concentrations of Cd in the blood and urine, were
excluded from this review because this exposure level was unrepresentative of the general
population worldwide.

Table 1. The data search strategy regarding the impact of the current environmental exposure to
cadmium (Cd) on the kidneys.

Total Number Number of Articles Excluded Number of Articles
Database of Articles Found (Duplicates, Papers Out of Our Scope, Included
(Published in 2013-2023) or Papers Older than 10 Years) in This Study
Pubmed 3971 3896 75
Scopus 8571 8546 25
Elsevier 3064 3041 23
Taylor & Francis Online 2491 2482 9

2. The Kidney as One of the Most Important Organs in the Body

The kidney is one of the most important organs in the body, playing a multidirec-
tional role (Figure 1) [31,38]. The function of the kidney in the process of detoxification
mainly consists of the elimination of toxic substances and their metabolites, as well as the
biotransformation of xenobiotics [33,39]. Although the liver is the main organ responsible
for the biotransformation of xenobiotics in the body, the kidney is also involved in this
process. Moreover, the kidney is the location for the accumulation of numerous substances,
including toxic heavy metals such as Cd [17,19,40—-42]. The accumulation of toxic sub-
stances in the kidneys is, to some extent, a process of detoxification (e.g., Cd retention in
the MT-bound form), because the substances accumulated in this organ are excluded from
systemic circulation; however, the ability of the kidneys to accumulate xenobiotics is lim-
ited, and this process generally has negative outcomes for this organ [27,40]. Furthermore,
substances accumulated in the kidneys can be released into the bloodstream and exert a
toxic effect [43].

Production, modification, Regulation of the homeostasis of glucose
and degradation of hormones (gluconeogenesis) and acid-base balance
(erythropoietin, calcitriol, renin) (elimination of carbon dioxide)

Detoxification of xenobiotics, ‘]r’

e.g.: medicines, drugs, pollutants
(including toxic heavy metals like Cd)

Elimination of metabolic wastes
e.g.: urea, uric acid, creatinine

Figure 1. Functions of the kidney.

The kidney is at a particularly high risk of being damaged by xenobiotics because of the
crucial role of this organ in the detoxification of chemical substances and the elimination of
unnecessary compounds from the body [31,32,44]. On the one hand, exposure to xenobiotics
can damage the kidney. On the other hand, the functional state of this organ determines
the unfavorable effects of the toxic substances to which the body is exposed, as well as
their metabolites [20,45]. Regardless of the cause, the dysfunction of the kidney leads, or
at least contributes, to the development of anemia, cardiovascular diseases, and diabetes,
and damages mineral and bone metabolism [46]. Additionally, kidney failure enhances the
toxicity of chemical substances, mainly by prolonging their halftime in the body through
slower excretion [31,47].

3. Main Causes of Kidney Dysfunction in the General Population

Kidney dysfunction (kidney failure) is a gradual loss in the functionality of this
organ due to endo- or exogenous causes. This condition may include morphological and
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functional changes, and may be acute or chronic [38,47,48]. CKD is a long-term condition
in which the kidneys are damaged and cannot filter blood as they should. It is diagnosed
based on albuminuria and a decreased renal filtration rate (GFR or eGFR). CKD is a major
worldwide health problem, with a prevalence of 11-13% globally, of which only 10% are
diagnosed and receive proper treatment [36,49].

The destructive impact of various factors on the kidney involves changes in the
tubules and glomeruli of the nephrons, such as modifications to the glomerular hemody-
namics, oxidative injury to tubular and glomerular cells, thrombotic microangiopathy, and
rhabdomyolysis [9,33,44]. Among the main causes of kidney dysfunction in the general
population (Table S1), diabetes [50] and hypertension [51] are considered the most common;
however, medicines and environmental or occupational pollutants, including Cd [32,33,48],
should not be uncredited. Moreover, co-exposure to multiple nephrotoxic factors increases
the risk of kidney damage [4,6], and Cd may be one of these factors [5,52], as explained
later in this review.

4. The Current Cd Exposure Level in Industrialized Countries

The technological progress in recent decades is the main reason for the increased
use of Cd worldwide, contaminating the environment and dietary products and result-
ing in inevitable lifelong human exposure to this xenobiotic [2,9,26,53,54]. Naturally, Cd
is present in the lithosphere at low concentrations (0.15 mg/kg in the Earth’s crust and
1.1 x 107* mg/L in seawater) [9], but numerous industrial activities (e.g., mining and
smelting) have increased its presence in the environment and enhanced human exposure [9].
Every year, thousands of tons of Cd-contaminated wastes are discarded into the environ-
ment worldwide [9,21]. Despite the actions taken to remove Cd from and decrease the
amount of Cd released into the lithosphere, the contamination of the natural environment
with this xenobiotic shows an increasing trend, as this metal is not biodegradable and
persists in the environment for hundreds of years [55].

Foods, especially plant products, are the main source of exposure to this heavy metal
in the non-smoking portion of the general population [2,9,12], while for habitual tobacco
smokers, tobacco smoke is a serious additional and often main source of intoxication
with this xenobiotic [56,57]. The available data indicate that the current dietary intake
of Cd worldwide sometimes exceeds the levels acknowledged to be safe [11,58,59]. The
provisional tolerable monthly intake (PTMI) for this heavy metal is 25 ug/kg body weight
(b.w.) [59], while its provisional tolerable weekly intake (PTWI) according to the Euro-
pean Food Safety Authority (EFSA) is 2.5 ug/kg b.w. [25]. Currently, the dietary intake
of Cd in populations inhabiting areas considered to be non-polluted varies from 10 to
70 pg/day [25,26,29,54,60-63]. Assuming an average body weight of 70 kg, the weekly and
monthly intake of this heavy metal would reach 1-7 and 4.2-30 ug/kg b.w., respectively.
This proves that even for inhabitants of areas that are not polluted with Cd, the safe intake
levels of this toxic element (the PTWI and PTMI) may be exceeded, in some cases by about
threefold (PTWI). The lowest daily intake of Cd, with an arithmetic mean (AM) oscillating
around 10 pg (1 ng/kg b.w./week; 99th percentile—2.1 pg/kg b.w./week), was noted
in Sweden [61]. The highest oral exposure to this xenobiotic (exceeding the PTMI for
this element by more than two-fold), which reached 55 pg/kg b.w./month in males and
53 ng/kg b.w./month in females (aged 18-39 years), was noted in industrialized regions of
China [59]. The facts that the Cd concentration in commercially available dietary products
sometimes exceeds the safe-limit values and that the dietary intake of this xenobiotic in
some parts of the world or in certain groups exceeds the levels currently recognized as
safe (the PTWI and PTMI) indicate a substantial risk of excessive intoxication with this
element [54,59,62,64].

Numerous factors may increase the gastrointestinal absorption of Cd, simultaneously
enhancing the burden of this xenobiotic in the body and exacerbating the risk of toxic effects.
The efficiency of the absorption of this xenobiotic from the gastrointestinal tract is low,
reaching only 1 to 8% in humans, and it depends mainly on diet, age, and sex [26,27,65-68].
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Enhanced Cd absorption is noted particularly in women of reproductive age and chil-
dren [67,68]. Among the nutritional factors influencing the gastrointestinal absorption of
this heavy metal, the presence of essential elements (mainly zinc, magnesium, selenium, cal-
cium, and iron); vitamins; and other bioactive compounds, such as polyphenols, phytates,
and carotenoids, is the most important (for a review, see [69,70]). The bioavailability of Cd
from the digestive tract may be increased by up to 20% due to the insufficient consumption
of these nutritional factors [65,66].

Habitual tobacco smoking significantly increases the burden of Cd in the body, as
each cigarette contains approximately 1 pug of this element, 25-35% of which undergoes
absorption into the bloodstream [47]. Substantial data show that tobacco smoking is a
source of exposure to large quantities of Cd. Concentrations of this heavy metal found
in the blood and urine of active smokers were two to eight times higher compared to
non-smokers who were gender- and ethnicity-matched and/or living in the same area
(Table 2). Exposure to second-hand cigarette smoke also leads to (2-3-fold) higher Cd
concentrations in the blood and urine compared to individuals who are neither active nor
passive smokers [71,72].

Table 2. The concentration of cadmium (Cd) in the blood and urine of tobacco smokers compared to
people who have never smoked 2.

Expression of Cd Cd in the Blood (ug/L)
Country n Cl:)ncentration and Urine ® (ug/g Creatinine) Refererice
Smokers Non-Smokers
1.63 (0.06) ¥ 0.22 (0.01)
Canadla 10059 GM (SE) 0.56 (0.02) 0.33 (0.01) [
1.62 (3.75) * 0.265 (1.88) .
1ad GM (P95) 0.467 (1.21) * 0.333 (0.937) (741
Iran 140 Mean (IQR) 0.87 (0.67-1.31) NS 0.81 (0.59-1.30) [75]
Serbia 81 Mean + 95% Cl 24140041 0.67 + 0.04 [76]
South Korea 200 Mean (SD) 1.67 (0.68) NP 0.83 (4.23) 771
4744 GM (SD) 1.06 (0.02) ¥ 0.89 (0.01) [78]
Sweden 4304 Median (P5, P95) 1.00 (0.22-2.46) NP 0.20 (0.09-0.46) [79]
USA 2325 GM (95% Cl) 1.17 (0.77-1.81) NP 0.86 (0.54-1.36) [80]
” 1.02 (0.97-1.06) 0.24 (0.24-0.25)
6761 GM (95% C) 0.39(0.36-0.41) 0.20 (0.19-0.21) (571

GM, geometric mean; IQR, interquartile range; 7, number of individuals; P5, 5th percentile; P95, 95th percentile;
SD, standard deviation; SE, standard error; 95% CI, 95% confidence interval; NS, no statistically significant
difference compared to non-smokers; NF, data regarding the statistical significance of differences were not
provided; * p < 0.05, *: p <0.01, and 1 p < 0.001 compared to non-smokers; ® based on studies published in the last
10 years; ® values in italics represent Cd concentration in the urine.

The exposure of the general population to Cd may be monitored by evaluating the
concentration of this xenobiotic in food and its total daily dietary intake [18,47]. However,
due to the difficulty of precisely evaluating the daily intake of Cd, the influence of various
factors on its absorption, the uncertainty as to whether a person is an active and/or passive
tobacco smoker, and the possibility of additional exposure from sources other than the
diet (i.e., the workplace or passive tobacco smoking), calculating the daily intake of this
element is not considered a credible method for estimating Cd exposure. Measuring the
Cd concentration in the blood and urine is the most reliable method for quantifying the
exposure to this xenobiotic because its levels in these biological fluids reflect the exposure
from all sources. The blood concentration of this element reflects the current exposure
(within the last month), while the concentration in the urine is a more effective biomarker
to monitor chronic intoxication [9,27,29,81]. Since Cd is a common contaminant of the envi-
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ronment and food, it is always present in the blood and urine of humans (Tables 2 and 3).
Concentrations of this element below 1 ug/g creatinine in the urine and 0.5 ug/L in the
blood are recognized as “normal Cd concentrations” for the general population, defined as
very low and safe concentrations resulting from inevitable exposure to low levels in the
natural environment and in food [2]. The most recent comprehensive report on worldwide
exposure to Cd was published in 2012 [82]. Moreover, there is no global system for monitor-
ing environmental exposure to Cd in areas recognized as unpolluted by this heavy metal.
Furthermore, the available data on the current concentrations of Cd in the blood and urine
of inhabitants of unpolluted areas are incomplete, and originate from studies conducted
in a limited number of countries (Table 3). In addition, the concentration of this element
is expressed in various forms (AM, geometric mean (GM), or median), and its values in
the urine are not always adjusted for the creatinine concentration (ug/g creatinine), some-
times being expressed as pg/L. Therefore, comparing data between studies is sometimes
very difficult.

According to our review of the available data, the Cd concentration in the blood of the
general population in industrialized countries worldwide ranges from 0.02 to 4.40 ug/L
(0.02-2.88 ug/L in males and 0.02—-4.40 pg/L in females), whereas its urinary concentration
reaches 0.04-3.39 ug/g creatinine (0.04-2.34 ug/g creatinine in males and 0.09-3.39 ug/g
creatinine in females) and 0.01-3.00 ug/L, and is generally higher in females than in males
(Table 3). The higher concentration of Cd in the biological fluids of women compared
to men may be explained by its higher rate of gastrointestinal absorption in women due
to the smaller iron stores in the body and frequent deficiency of this bioelement. The
blood and urinary concentrations of Cd in inhabitants of industrialized countries depend
on several factors, mainly including smoking habits, age, and the pollution levels in the
place of residence (Tables 2 and 3). Due to the cumulative properties of this xenobiotic,
its content in the body increases with age [47,57,83]. Available data in the literature show
that the worldwide Cd concentration in the blood of non-smoking individuals reaches
0.09-1.88 pg/L, while in smokers it is higher, ranging from 0.22 to 3.75 ug/L (Table 2) and
reaching 7 pg/L in heavy smokers (more than 20 cigarettes/day) [2]. The Cd concentration
in the blood and urine increases with the extent of industrialization in the place of residence,
as well as the degree of contamination with this xenobiotic [2,21,30,83-86]. According to
the available data, the concentration of Cd in the blood and urine in the general population
is lowest in countries such as Sweden and Canada, while the highest levels are found in
South Korea and China (Table 3). According to this overview of recently published data,
the current Cd exposure levels in industrialized countries worldwide, except for areas
recognized as excessively polluted, are low to moderate.

Although the present article is focused on environmental exposure to Cd, one should
not ignore that another source of intoxication with this element is the inhalation of airborne
Cd particles in the workplace (e.g., in the production of alloys and batteries; the coating,
enameling, and smelting of metals; and the printing of textiles) [87-94]. The concentration
of Cd in the blood and urine of individuals occupationally exposed to this element exceeds
the “normal concentration” of this heavy metal by many times, and is higher than that
noted in persons who are not occupationally exposed, reaching 34 ug/L in the blood and
62 pg/g creatinine in the urine [90].

52



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 7 of 27

Table 3. The current concentration of cadmium (Cd) in the blood and urine of the general

population .

i Cd in the Urine (ug/L)
Country n Expression ",f Cd Cd inthe Blood (ug/L) (ug/g Creatinine) b Reference
Concentration
Male Female Male Female
Argentina 172 Median (range) 0.36 (0.17-1.00) (0.81%%‘5) [95]
Bangladesh 72 Median (range) . 81321 5)
Canada 10,099 GM (SE) 0.35 (0.01) 0.45 (0.01) ¥ [73]
7082 GM (SE) 0.34 (0.01) 0.43 (0.02) * 0.35(0.01) 0.53(0.01) * [71]
) Median 0.49 (0.31-0.65) 0.38 0.42
China 896 (P25-P75) 1.34 (0.38-2.88) NP (0.21-0.65) (0.23-0.70) NP 84]
Median 2.20
78 (P25-P73) 1.44 (0.87-2.33) (14223.00) [96]
Median 0.3 0.4
Ireland 100 (P25-P75) (0.2-0.6) (0.2-0.9) 1971
South Korea 12,099 GM (95% Cl) 076 (074-0.77) 01 (099-1.03) 58]
643 GM (GSD) 1.10 (1.77) 129 (1.78) * 0.82 (2.04) 1.04(2.29) * [29]
1907 GM (P95) 0.82 (2.34) 1.36(3.39) [37]
Median 0.42 0.43
3781 (P25-P75) (0.19-0.77) (0.18-0.87) o8]
Swederi 109 Mean (range) 046 (0.02-23) 04 Q02-29) . G e 30]
Thailand 392 GM (SD) 0.28 (0.84) 0.23 (0.49) NS [99]
81 GM (GSD) 0.9 (2.2) 0.5 (1.9) 1.123)N\P [100]
Median 0.42
Turkey 30 i mad) 0.34 (0.11-0.84) (0.08-098) [101]
USA 3226 GM (SE) 0.49 (0.02) [102]
9662 Mean + SD 0.52 + 0.58 0.40 + 0.47 [103]
Denmark 282 GM (95% Cl) 0.123 (0.112-0.350) [104]
Iceland 203 GM (95% Cl) 0.135 (0.119-0.153)
Czech
Republic 300 GM (95% Cl) 0.132 (0.122-0.142)
Poland 228 GM (95% Cl) 0.408 (0.369-0.450)
Croatia 300 GM (95% Cl) 0.175 (0.160-0.192)
Portugal 295 GM (95% Cl) 0.109 (0.098-0.120)
France 393 GM (95% Cl) 0.365 (0.340-0.391)
Luxembourg 210 GM (95% Cl) 0.316 (0.288-0.347)
Germany 289 GM (95% Cl) 0.199 (0.186-0.213)
China 50 GM (range) 0.99 (0.23-2.6) [105]
Croatia 59 GM (range) 0.56 (0.15-4.4)
Czech
Re;ﬁcbn . 50 GM (range) 0.41 (0.11-2.1)
Ecuador 25 GM (range) 0.61 (0.25-2.1)
Morocco 49 GM (range) 0.39 (0.15-1.8)
Slovakia 52 GM (range) 0.40 (0.17-2.1)
Slovenia 50 GM (range) 0.49 (0.21-2.2)
S(xfr‘fﬁ‘)“ 35 GM (range) 0.25 (0.08-1.8)
f;{jﬂf\‘)‘ 55 GM (range) 0.35 (0.11-2.6)

GM, geometric mean; GSD, geometric standard deviation; 1, number of individuals; P25, 25th percentile; P75,
75th percentile; SD, standard deviation; SE, standard error; 95% CI, 95% confidence interval; NP ‘data regarding
the statistical significance of differences were not provided; N, no statistically significant difference compared
to non-smokers; * p < 0.05 and t p < 0.01 compared to males; ® based on studies published in the last 10 years;
® values in italics represent Cd concentration in the urine expressed as pg/g creatinine.
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5. Kidneys as the Main Organ of Cd Accumulation in the Body

After entering the bloodstream, the absorbed Cd binds with thiol groups (sulfhydryl
groups, -SH groups) of proteins in the erythrocyte membranes and plasma (mainly with
albumins), and most of it is transported with the blood into the liver. In this organ, ions
of Cd (Cd?*) induce the synthesis of MT and form complexes with this protein (Cd-MT
complexes). Some of these complexes are released from the liver into the bloodstream and
pass into the tubular fluid [43,52,106]. Moreover, small amounts of this element bound
to thiol-containing compounds (e.g., GSH, L-cysteine, L-homocysteine, and N-acetyl-L-
cysteine) in the plasma are carried to the kidneys and can be absorbed via the cells of the
renal proximal tubules [107].

The main locations of Cd accumulation in both human and animal bodies are the liver
and kidneys. During short-term intoxication, Cd is retained mainly in the liver, while long-
term exposure results in the accumulation of this xenobiotic mainly in the kidneys, due to
their inability to eliminate it from the renal tissues [32,42,108]. The average half-life of Cd in
the kidney is 14 years (9-28 years), but some data suggest that it may reach 45 years [18,109].
Thus, the kidney Cd content increases with age, peaking at around 60 years [71,110].

The concentration of this element in the kidneys of the general population (Table 4)
has not yet been precisely estimated because of the substantial difficulty of obtaining such
data. The only method that allows for the determination of the Cd content in the kidney
in vivo, i.e., neutron activation analysis [111], has not been used in epidemiological studies.
To our knowledge, the burden of Cd on the kidneys has not been evaluated using this
method in humans. Data on the Cd concentration in the kidney usually originate from
studies carried out post mortem or in living donors. According to the available data, the
Cd concentrations detected in the kidneys of the general population represent a wide range
of values, from 1.45 to 93 ug/g wet weight (w.w.) (Table 4). The very limited data from
the last 10 years show that the mean concentration of this heavy metal in this organ is
16.0 £ 13.2 ug/g w.w. in subjects aged 37.1 £ 18.7 [112]. The concentration of Cd in the
kidneys of individuals occupationally exposed to this xenobiotic [2,88-90,94] may be many
times higher (150-395 ug/g w.w.) than in the general population (Table 4).

Table 4. The concentration of cadmium (Cd) in the kidneys of different populations non-
occupationally exposed to this heavy metal.

R g T
Australia (61) Mean + SD 15.45 4 14.04 [108]
Czech Republic (70) Mean (95% CI) 28.7 (6.61-93.0) [113]
Greenland (95) Mean + SD 15.97 +£9.26 [114]
Male, cortex: Female, cortex:
Japan (71) GM + GSD o =l % L et [115]
";1;.’3'?‘;3”3: Female, medulla: 24.5 + 2.1
Japan (41) GM £ SD Cortex: 82.7 £ 1.99 Medulla: 36.1 + 1.99 [19]
Norway (28) Mean (95% CI) 20.5 (3.74-62.16) [116]
Poland (99) Mean =+ SD 16.0 + 132 [112]
South Korea (150) Mean + SD 35+ 18 [117]
Spain (78) Mean (95% CI) 10.8 (6.1-20.2) [118]
Spain (20) Mean 2115 [119]
Sweden (10) Median (95% CI) 5.18 (2.29-29.99) [41]
Sweden (109) Median (range) 129 (1.50-55.0) [120]

Male: 10.9 (1.6-32.0) Female: 14.7 (1.50-55.0)

GM, geometric mean; GSD, geometric standard deviation; #, number of individuals; SD, standard deviation; w.w.,
wet weight; 95% CI, 95% confidence interval.
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Cd accumulates in the body mainly in the form of complexes with MT. The MT family
is a group of cysteine-rich proteins that have a high affinity to various elements, including
both necessary and toxic elements, due to the abundance of -SH groups in their cysteine
residues. The physiological role of MT is to regulate the metabolism of bioelements such
as copper, zinc, and selenium. Furthermore, this protein protects against the toxicity of
heavy metals, including Cd, mercury, and lead [56,107,121]. MT binds Cd?* ions in the
kidney cells, forming Cd-MT complexes, which are non-toxic; however, their presence in
the extracellular space is dangerous [122].

Since data concerning Cd accumulation in the human kidney are highly limited, the
retention of this element in the kidney was investigated almost exclusively based on experi-
mental studies conducted using laboratory animals. The available literature contains signif-
icant amounts of data on the Cd concentration in the kidneys of animals intoxicated with
this element; however, most of these studies considered high exposure levels [106,123,124].
To our knowledge, the only published data on Cd accumulation in the kidney in an experi-
mental model that accurately reflected the current environmental exposure of the general
population to this heavy metal originated from our study, which was conducted on rats
fed for up to 24 months with a diet containing 1 or 5 mg Cd/kg, corresponding to low or
moderate lifetime human exposure, respectively (Table S2) [17]. The study showed that
both the low (0.103-0.306 pg Cd/L in the blood and 0.085-0.276 ug Cd/g creatinine in
the urine) and moderate (0.584-1.332 pug Cd/L in the blood and 0.284-0.820 ug/g creati-
nine in the urine) levels of lifelong exposure to Cd led to an increase (up to 100-fold) in
the content and concentration of this heavy metal in the renal tissue of rats, and that the
accumulation of this xenobiotic was dose- and time-dependent (Table S2). The finding was
that under very low and low exposure to Cd (the control group, fed with a diet containing
0.098 mg Cd/kg, and the group administered with 1 mg Cd/kg of feed, respectively), the
accumulation of this element in the kidneys of rats increased throughout the experiment
and reached a peak after 24 months (0.084 & 0.036 and 1.98 £ 0.509 ug/g w.w., respectively)
(Table S2), when the age of the animals corresponded to the human age of 60 years [125].
This agrees with the observation that in humans, the accumulation of Cd in this organ
reaches a peak at around 60 years of age [71,110]. However, the accumulation of this
toxic element in the kidneys during moderate exposure reached its peak after 17 months
(10.77 £ 1.936 ug/g w.w.), representing approximately 45 human years, before a plateau
was reached (Table S2). The extrapolation of our findings regarding Cd accumulation
in the kidneys of rats to humans could be inaccurate and should be approached with
caution; yet, this study remains the only attempt to explore this process in vivo considering
a lifetime exposure level comparable to that currently noted in the general population in
industrialized countries. It is important to emphasize that Cd accumulation in the kidney
results from both the intensity of its uptake by this organ and the rate of its elimination.

6. Cd as a Nephrotoxic Factor

Both acute and chronic intoxication with Cd may result in kidney dysfunction in
humans and experimental animals (for a review, see [15,27,88]). Since acute poisoning with
this toxic element is very rare nowadays, the risk of acute kidney damage is negligible on a
global scale. Chronic occupational [90,93,94] and environmental [7,16,40,126,127] exposure
to Cd may cause or contribute to kidney injury; however, the risk of damage to this organ
in the general population at the low and moderately low exposure levels that currently
occur in many developed and developing countries has not been fully estimated.

The fact that Cd damages the kidneys of humans and experimental animals has been
known for a long time. The first cases of this xenobiotic exerting a harmful impact on
the kidneys as an outcome of environmental exposure were reported in Japan in the mid-
1950s in areas around the Jinzu River, which were polluted by this heavy metal due to the
operations of the Kamioka Mine, located upriver [53,128-130]. The water of this river was
used for both the irrigation of rice fields and fishing. The long-term consumption of food
(mainly rice) contaminated with this heavy metal caused chronic Cd poisoning, later called
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“Itai-Itai” disease. Patients suffering from this disease had a mean Cd concentration of
26.4 ug/g creatinine in the urine and between 10.7 and 46.7 ug/L in the blood [129], while
its concentration in the medulla and cortex of the kidney reached 41.6 and 27.8 ug/g w.w.,
respectively (data presented as GM) [128]. “Itai-Itai” disease first manifested in kidney
failure, accompanied by anemia, bone weakening, spinal and leg pains, and deformities,
as well as idiopathic bone fractures. Kidney failure, which was a consequence of tubular
dysfunction (epithelial cell damage) and glomerular dysfunction, was one of the most
dangerous outcomes. This disease resulted in multiple deaths due to kidney failure. The
concentration of 32-MG in the urine of “Itai-Itai” disease patients exceeded 1000 pg/g
creatinine [129], indicating irreversible kidney damage. The histopathological examination
of the renal tissues showed atrophy of the tubular epithelium, accompanied by dilatation
of the lumen, the disappearance of renal tubules, and hyalinization and sclerosis in the
glomeruli [130].

As in “Itai-Itai” disease patients, analogical changes characterized by damage to the
tubules and glomeruli, including irreversible nephropathy, have been found worldwide in
the kidneys of individuals chronically exposed to Cd in the workplace [84,121]. Workers
employed in a nickel-cadmium battery factory presented Cd concentrations in the blood
and urine reaching 10.21 + 2.671 pg/L (mean =+ standard deviation (SD)) and 5.16 ug/g
creatinine (median; range: 1.93-8.76 ug/g creatinine), respectively, resulting in damage
to the tubules and glomeruli [121]. More recent data show that the present occupational
exposure to Cd poses a risk of developing pathological changes in the structure and function
of the kidney, such as tubulointerstitial injury, the degeneration of the tubular epithelial
cells in the cortex, and microproteinuria [23,89,90,94]. The NOAEL and LOAEL of the Cd
concentration in the blood for kidney damage in people occupationally exposed to this
heavy metal for 30 years were estimated (based on the concentration of 32-MG in the urine)
to be 2.2 and 2.7 pg/L, respectively, while in the case of 40-year exposure, these values
reached 1.7 and 2.0 ug/L, respectively [23].

High environmental exposure to Cd (10 ug Cd/L in the blood and higher) resulting in
the development of serious kidney damage, as in “Itai-Itai” disease patients, is not found
nowadays. However, as mentioned above, epidemiological studies over the years have
indicated a risk of kidney injury as an outcome of even low-level exposure [2,54,99,102,131].
The influence of low to moderate exposure to this xenobiotic on renal tissue is described
and discussed in detail later in this review.

The revelation of Cd’s damaging impact on the kidneys of “Itai-Itai” disease patients
and workers occupationally exposed to this xenobiotic prompted experimental studies
using animal models or kidney cell cultures to unveil the mechanisms behind this effect
and establish the threshold concentration of Cd in the kidneys, blood, and urine for
nephrotoxicity. The toxic effect of this heavy metal in rodent renal tissue (Tables S3 and S4)
manifests in numerous defects analogical to those observed in the human kidney, with an
identical destruction process, advancing from tubular damage to glomerular disruption.
The main histopathological changes in the kidneys of rodents due to Cd exposure are the
hypertrophy of epithelial cells, the desquamation of tubular epithelial cells, the dilatation
of tubules, and the enlargement of renal glomeruli (Tables S3 and S4) [132-134]. Although
multiple studies have been conducted regarding the toxic effect of this xenobiotic on the
renal tissue of laboratory animals, experiments using models that closely reflect the current
lifetime human environmental exposure levels are lacking. Studies on the nephrotoxicity
of Cd have mainly been conducted in animal models exposed to moderate, high, and even
very high doses of this xenobiotic; furthermore, the exposure routes often do not correspond
to those affecting humans (Tables S3 and S4). These studies provided important data on
the impact of Cd on the kidney and the possible mechanisms underlying its nephrotoxicity;
however, they did not explain the effects of Cd under low-level long-term exposure. Hence,
we conducted a study to investigate the damaging impact of Cd on the kidneys and the
possible risk of its occurrence in an experimental rat model that accurately reflected lifetime
low and moderate human exposure levels (1 and 5 mg Cd/kg of diet for 3-24 months). To
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our knowledge, the impact of such low chronic exposure to this toxic heavy metal on the
kidneys has not yet been investigated in an experimental model, and the findings will be
published soon.

The critical concentration of Cd in the renal cortex, endangering 10% of the population,
is currently considered to be 50 ug/g w.w. and above [9,24,135]. The results of epidemio-
logical studies suggest that damage to the kidney may occur at lower concentrations of this
metal; however, evaluating the threshold level is difficult because epidemiological data on
the concentration of this element in renal tissues are lacking. It is important to underline
that the risk of damage to the kidney depends on not only the level of exposure to Cd, but
also factors such as the exposure duration and chemical form of the xenobiotic, as well as
the characteristics of the exposed person (mainly age, sex, diet, and health status), which
are recognized as important determinants [2,14,47,63,67,68,126,136].

7. Mechanism of Cd Nephrotoxicity

The mechanism behind the damaging impact of Cd on the kidney has been the
subject of numerous studies conducted using in vivo and in vitro experimental models
(Tables S3 and S4) [39,44,107,134,137]. According to our current knowledge, the mecha-
nism is multidirectional (Figure 2) and includes the induction of inflammatory processes;
the development of oxidative stress; alterations in cell adhesion; the stimulation of cell
proliferation; and the induction of epigenetic changes (damage to deoxyribonucleic acid
(DNA), the suppression of the DNA repair capacity, the methylation of genes, and the
disruption of gene expression) [24,39,123,134,138,139].

Formation of 0,

RENAS Oxidative
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Figure 2. The mechanisms behind the nephrotoxicity of cadmium (Cd). AP-1, activator protein 1;
Cd?*, cadmium ions; Cu*, copper (I) ions; DNA, deoxyribonucleic acid; Fe, iron; Fe?*, iron (II) ions;
GSH, reduced glutathione; Mn, manganese; NF-kB, nuclear factor kappa-B; O,°~, superoxide radical;
*OH, hydroxyl radical; Se, selenium; SOD, superoxide dismutase; Zn, zinc. This figure was designed
using assets from Freepik.com.
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The Cd-MT complexes, released from the liver, are easily filtered through the glomeruli
and then reabsorbed by the proximal tubules (segment 1 and segment 2) via endocytosis
or decomposed in the epithelial cells of the proximal tubules into Cd?* ions and amino
acids [43]. Subsequently, these ions induce the synthesis of MT in the kidneys, bind to it,
and accumulate in this form. The Cd-MT complexes are characterized by a short lifetime
(about 3 days) [140] and decompose to release Cd?* ions, which further induce the synthesis
of MT and bind to this protein. However, the ability of the kidney to biosynthesize MT and
accumulate Cd in the form of complexes with this protein is limited, and when Cd?* ions
can no longer be detoxified by binding with MT, they begin to bind to -SH groups of other
proteins, including structural and functional proteins, and the functional groups of other
macromolecules, thus exerting toxic effects [43]. When Cd reaches the kidneys at a high
enough concentration that the organ cannot prevent its damaging effects, the epithelial
cells malfunction, resulting in injury to the proximal tubules. During low or moderate
intoxication with this element, apoptotic or autophagic cell death can occur [44]. If the
injury to the cells is severe and widespread, the processes of repair are insufficient, and
the necrosis of the cells of the proximal tubules occurs [44]. Despite the research presented
in [24,107,124,134], the mechanism of Cd-induced glomerular damage is still unknown.
Glomerular damage exacerbates kidney dysfunction.

Numerous data show that Cd-induced kidney damage results from this element’s
pro-oxidative properties, which weaken the enzymatic and non-enzymatic antioxidative
barriers of cells and increase the production of reactive oxygen species (ROS), thus in-
tensifying the oxidative modifications of cellular macromolecules and damaging cellular
organelles (Figure 2) [12,24]. Although this xenobiotic cannot generate free radicals and
ROS by itself, it can indirectly generate nitryl, hydroxyl (*OH), and superoxide (O,°7)
radicals, which increase the concentration of hydrogen peroxide in cells, allowing the
Fenton reaction to take place [24,139]. The generation of ROS also occurs due to a decrease
in the cellular concentration of GSH in the nephrons after the disruption of the GSH redox
cycle. Cd?* ions replace selenium in GSH biosynthesis, causing the formation of an inactive
compound. Cd?* ions can also replace ions of other elements, such as iron (II) (Fe?*) and
copper (I) (Cu*), on the membrane proteins. The release of these transition metal ions via
the Fenton reaction intensifies the oxidative processes [137]. A high concentration of ROS,
as a result of oxidative stress, damages crucial cellular macromolecules (lipids, proteins,
and nucleic acids) and cellular structures (including cellular organelles and cellular mem-
branes), and ultimately leads to cell death, including apoptosis, to which renal tubular
cells are highly vulnerable [20,138,141]. A consequence of Cd-induced oxidative stress is
the dysfunction of the renal mitochondria, which are the target cellular organelles for this
xenobiotic [107]. After penetrating the membranes of mitochondria, Cd?* ions interfere
with the electron transport chain and lead to electron leakage and the increased production
of ROS; furthermore, they disrupt the course of biochemical processes in the mitochondria,
such as respiration and the Krebs cycle [142]. As a result, oxidative stress also activates
transcriptional factors such as nuclear factor kappa-B (NF-«B) and activator protein 1 (AP-
1), as has been shown in animal studies as well as in renal cell cultures [143]. Metabolomic
studies, which have become more common in recent years [138,144,145], could provide
a more detailed and precise explanation of the mechanisms behind Cd nephrotoxicity in
the future.

Although Cd has not yet been shown to lead to human kidney cancer, its damaging im-
pact on genes, as well as alterations of the expression of microribonucleic acid (microRNA)
in renal tissues, have been confirmed in various studies conducted on rats [134]. This heavy
metal is known to disrupt important stages of the cellular cycle, such as differentiation,
proliferation, progression, DNA synthesis, and apoptosis. Cd also disrupts the processes of
DNA repair, stimulates the activation of proto-oncogenes, and increases the methylation of
DNA [24]. All of these effects can result in carcinogenic changes in the kidney tissue, as
well as other pathological changes in the morphological structure of this organ [146,147].
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8. Biomarkers of Cd-Induced Kidney Damage

In order to monitor exposure to Cd and ensure that it does not exceed the safe threshold
for humans, the concentration of this metal in the blood and/or urine is measured [9,80,100].
The blood and urinary concentration of Cd is the most useful biomarker of exposure to this
xenobiotic; however, monitoring the exposure level by measuring the Cd concentration
in the blood and urine is insufficient due to a lack of feedback on the functional status of
the body, including the kidney. The early detection of pathological changes in the kidney
as a result of exposure to this toxic element, as well as the proper estimation of the risk
of damage to this organ, require sensitive and specific biomarkers of its nephrotoxicity
(Figure 3). Appropriate biomarkers enable one to establish the part of the nephron that
has been damaged [33,84,91,148]. Due to the inevitability of environmental exposure to Cd
in industrialized countries and the available epidemiological data showing that current
exposure to this xenobiotic may pose a risk of kidney damage [9,37,47], identifying and
applying specific and sensitive biomarkers and properly interpreting changes in their
concentrations are necessary for detecting the damaging impact of this xenobiotic on the
kidneys at an early stage.

Biomarkers of
Cd-induced kidney damage

Tubular damage

Low-molecular-weight proteins: Glomerular damage
Metallothionein — MT (>10 kDa)
62-microglobulin - B2-MG (11.8 kDa) Glomerular Filtration Rate (GFR)
Retinol Binding Protein — RBP (22 kDa) Estimated Glomerular Filtration Rate (eGFR)

al-microglobulin — a1-MG (31 kDa)

< Albumin (66 kDa)
Kidney Injury Molecule-1 - KIM-1 (60-90 kDa)
N-acetyl-B-D-glucosaminidase — NAG
(130-140 kDa)

Figure 3. Biomarkers commonly used in the assessment of cadmium (Cd)-induced kidney damage.

Cd-induced damage to parts of the nephron may be detected using appropriate
biomarkers (Figure 3). The determination of 32-MG, x1-MG, RBP, NAG, KIM-1, and albu-
min in the urine, as well as the assessment of the GFR and eGFR, have been performed in
epidemiological studies to evaluate the renal function of people environmentally and occu-
pationally exposed to Cd [4,22,66,91,92,149]. Increased concentrations of 32-MG, x1-MG,
RBP, or KIM-1, and the activity of NAG in the urine, indicate tubular damage, whereas a
reduced GFR or eGFR and the occurrence of albuminuria are indicators of glomerular dam-
age [33,84,107,148]. It is important to underline that the markers of tubular and glomerular
dysfunction used to detect Cd-induced kidney damage are not specific to this xenobiotic.
These markers are used for evaluating kidney function in general [34,36,38,46,49,50].

32-MG and «1-MG are low-molecular-weight proteins that form major histocompati-
bility complex class I molecules, which are present on the surfaces of almost all nucleated
cells and are routinely shed by these cells into the blood. These proteins pass through the
glomeruli and, under suitable conditions, are reabsorbed by the proximal tubules; thus,
they are present in the urine only in small amounts. However, damage to the renal proximal
tubules results in an increase in their concentrations in the urine [44]. A concentration of
B2-MG exceeding 300 ug/g creatinine in the urine indicates defective tubular reabsorp-
tion [25]. Damage of this degree increases the risk of death due to kidney and urinary tract
diseases [150]. Numerous studies have shown that the concentration of 32-MG in the urine
rises with increasing exposure to Cd and an increasing concentration of this xenobiotic in
the urine [9,37,40,45,145,151,152]. 32-MG is one of the main biomarkers used to evaluate
the status of the kidney in “Itai-Itai” disease patients and individuals exposed to Cd occu-
pationally [40,90,91,121,150,153,154]. It is very important to emphasize that the application
of 32-MG as a biomarker of nephrotoxicity may be limited due to the degradation of this
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protein in acidic urine (pH < 5.6), as well as the increase in its concentration in the urine
with age and in some diseases [15,154]. The problem of the instability of 32-MG in acidic
urine can be avoided by administering bicarbonate to patients before taking urine samples,
but this procedure has not yet been carried out in epidemiological studies. The instability
of $2-MG in acidic urine can partially explain the discrepancies in the concentration of
this protein at similar Cd concentrations in the urine which have been reported by some
authors [30,84,155].

Ikeda et al. [156] revealed that an increasing concentration of «1-MG in the urine
positively correlated with an increase in the concentration of Cd in both the blood (me-
dian = 1.2 pg/L, range = 0.1-6.9 ug/L) and the urine (median = 1.0 ug/g creatinine,
range = 0.1-9.6 ug/g creatinine). The cut-off value for this protein is age-dependent:
11.24 pg/g creatinine for ages 18-40 and 19.47 pg/g creatinine for over 40 years of age [157].
Nowadays, «1-MG is rarely used as a marker of Cd nephrotoxicity [96,127].

The use of RBP as an indicator of renal malfunction was proposed in the 1980s, as this
protein presents a similar level of sensitivity as a biomarker for this effect to 32-MG [45].
RBP is synthesized mainly in the liver, and its main function is to bind retinol (vitamin
A) [158]. Under physiological conditions, this protein is reabsorbed in the renal tubules,
but when the reabsorptive function of the tubules is damaged, it appears in the urine.
The presence of RBP in the urine is considered to be one of the most sensitive biomarkers
for the failure of the proper reabsorptive function of the proximal tubules [91,158]. It is
widely used to evaluate the function of the kidney in individuals occupationally exposed to
Cd [91,153,154]. However, the usefulness of this marker at Cd concentrations in the urine
below 1 ug/g creatinine requires further research [91,151].

The available data from epidemiological studies show that NAG, a cytotoxicity marker
enzyme, is a more sensitive biomarker for Cd-induced renal tubular damage than 32-MG
and RBP [45]. The activity of NAG in the urine is widely used as a biomarker in studies
evaluating the impact of exposure to this heavy metal on the kidneys [81,156,159]. NAG
is a lysosomal enzyme abundantly present in the cells of the renal proximal tubules. The
activity of this enzyme is low under physiological conditions, and increases during renal
tubular cell injury as a result of the growing Cd concentration in the renal tissue. This
enzyme occurs in the kidney and urine in two major isoforms, isoenzyme A (NAG-A) and
isoenzyme B (NAG-B). NAG-A is released into the urine during the physiological turnover
of kidney cells. NAG-B is an intralysosomal membrane-bound enzyme released into the
urine upon the disruption of lysosomal membranes. Thus, this isoenzyme is a lesional form
of NAG, and is considered to be a highly sensitive indicator of tubular toxicity. However,
the activity of total NAG, rather than its isoenzyme B (NAG-B), is commonly assessed in
epidemiological studies as a biomarker of Cd nephrotoxicity [45,132]. Although no NAG
activity level is currently defined as safe, values over 11 U/g creatinine are considered to
indicate renal tubular damage [37].

KIM-1 is one of the most ubiquitous markers of renal failure. It is a transmembrane
glycoprotein localized on the epithelial cells of the proximal tubules. Once damage to
the epithelial cells of the proximal tubules occurs, KIM-1 is shed into the urine, and, thus,
serves as a very sensitive diagnostic indicator of injury to this part of the nephron. The
expression of this glycoprotein in a normal kidney is low, but it increases in the injured
regions of kidney tubules [160]. Numerous studies, both in humans and experimental
animals, have shown an increase in the concentration of KIM-1 due to Cd-induced dam-
age to the proximal tubules [30,44,134,144,161], although some authors have suggested
that the usefulness of this marker during low-level exposure to this heavy metal may be
limited [28,81]. Recent studies suggest that a KIM-1 concentration of 1.51 pg/L in the
urine (median; 0.78-2.55 ug/L) indicates an increased probability of damage to the renal
proximal tubules [147,161].

CC16 can also be used to detect renal tubular dysfunction, but the postrenal secretion of
this protein from the prostate in men reduces both its specificity and sensitivity. In women,
determining the concentration of CC16 in the urine allows for the detection of subtle defects
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in the proximal tubules that escape notice when other biomarkers are used [162,163]. CC16
is not usually applied in the estimation of kidney function during exposure to Cd, although
no evidence is available to prove that CC16 is not useful for this purpose [162].

When assessing the impact of Cd on the function of the renal glomeruli, albumin-
uria and parameters describing glomerular filtration, such as the GFR and eGFR, are
commonly evaluated [30,37,84,164,165]. Albuminuria is the occurrence of an increased
amount of albumin in the urine, presenting an albumin concentration (mg/g urine) to
creatinine concentration (mg/g urine) ratio over 30. Albumin is the predominant plasma
protein normally present in the blood. Under suitable conditions, only trace amounts
of this protein occur in the urine; however, under glomerular damage, its concentration
in the urine increases [30,149]. The best method for assessing glomerular function is to
estimate the rate of glomerular filtration (the amount of fluid filtered from the glomerular
capillaries into the Bowman'’s capsule per unit of time), expressed as the GFR or eGFR.
Studying the GFR involves determining the coefficient of purification of the body using a
compound that is filtered in the kidneys, but does not undergo reabsorption in the renal
tubules (e.g., creatinine or inulin). The GFR is usually evaluated based on the endogenous
creatinine clearance, which represents the amount of creatinine filtered in the glomeruli
per unit of time. The eGFR is a mathematically derived entity that is calculated based
on an individual’s serum creatinine concentration, age, sex, and race [37]. GFR or eGFR
values < 60 mL/min/1.73 m? indicate glomerular damage [37].

The most sensitive biomarkers of nephrotoxicity should be used to estimate the risk of
kidney damage due to low or moderate exposure to Cd, allowing for the detection of kidney
injury at the earliest stage. Moreover, assessing the impact of low-level Cd exposure on
kidney status should be based on determining more than one biomarker of nephrotoxicity,
enhancing the possibility of detecting early lesions. Our overview of recent epidemiological
studies estimating the impact of current environmental Cd exposure levels on kidney
status showed that the most frequently used biomarkers are the 32-MG concentration and
NAG activity in the urine, as well as the urinary concentration of albumin and the GFR or
eGFR. Due to the interference of Cd in many metabolic pathways in the body, metabolomic
studies would likely identify new biomarkers, allowing for a more precise assessment of
the risk of kidney damage due to low-level environmental exposure compared to current
biomarkers. Potential candidates are compounds such as citrate, creatine, tryptophan,
adenine, and uric acid, the values of which in the urine have been found to correlate not
only with the concentration of Cd in the urine, but also with commonly used biomarkers of
nephrotoxicity, such as the $2-MG concentration and NAG activity [138].

9. Risk of Kidney Damage among the General Population at Current Environmental
Cd Exposure Levels

Although researchers worldwide have conclusively identified a growing risk of tubular
and glomerular kidney impairment due to environmental Cd exposure levels that are
considered safe [37,131,155], epidemiological studies exploring the impact of the current
environmental Cd exposure levels on kidney status in developed countries are scarce, and
the risk of kidney damage has not been well-assessed. Reduced tubular reabsorption and
tubular injury have been reported as a result of low-level and moderate environmental
exposure to Cd [30,37,45,81,84,156]; however, these changes were not considered clinically
relevant. In the present article, the evaluation of whether the current levels of environmental
exposure to Cd in industrialized countries pose a substantial risk of clinically relevant
kidney damage was based on reliable clinical biomarkers for kidney dysfunction and
CKD diagnosis, such as albuminuria, the GFR, and the eGFR, as well as the odds risk
(OR) of changes in these parameters. Moreover, available data on biomarkers of tubular
damage and the OR of their changes upon low-level and moderate chronic exposure were
considered in order to compare the risk of damage to the tubules and glomeruli. To estimate
the risk of kidney damage, we considered all available literature data from the last 10 years
pertaining to the values of Cd nephrotoxicity biomarkers and the OR of changes in these
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parameters at Cd concentrations within the range currently found in the general population
worldwide (0.02—4.40 pg Cd/L in the blood and 0.04-3.39 ug Cd/g creatinine in the urine;
Table 3) (Figure 4, Tables 5 and S5).

Evaluating the risk of kidney damage at the current environmental Cd exposure levels
based on the available data is difficult, because the data are limited; the impact of Cd is
often assessed using different biomarkers of nephrotoxicity; the OR of changes in certain
parameters is not always provided; the urinary concentration of Cd is not adjusted for the
creatinine concentration (sometimes expressed as ug/L) in every study; and some studies
only determine the Cd concentration in the blood. Various authors have evaluated the
impact of the current Cd exposure levels on kidney status based on biomarkers such as
B2-MG, x1-MG, NAG, RBP, albuminuria, and the GFR or eGFR, as well as estimating the
OR of changes in these parameters (Figure 4, Tables 5 and S5) [4,45]. However, studies
determining whether the current levels of environmental exposure to this xenobiotic pose a
risk of kidney damage most often considered 32-MG, NAG, albuminuria, and the GFR or
eGFR (Tables 5 and S5, Figure 4).

Table 5. The link between the concentration of cadmium (Cd) in the urine and biomarkers of tubular
and glomerular damage ?.

Biomarkers of Tubular Damage Biomarkers of Glomerular Damage
Expression CdiConceitration Albumin (mg/L)
or; Data inthe Urine O:IIK;MG B2-MG NAG uﬁ:;/ gmg/ eGFR Reference
(ug/g Creatinine) Creatﬁ'll %ne) (ug/g Creatinine) (U/g Creatinine) Creatinine) (mL/min/1.73 m?)
M: 038 M: 370 M:1031 M: 84.89
Median (0.21-0.65) (0.00,3135) (1.46,199.09) (19.30,204.34) 841
(P25, P75) F:0.42 F:2 F:10.09 E: 78. ¢
(0.23-0.70) (0.00,2090) (2.16,48.63) (19.32,239.60)
Median 140 250 B
apen 21(03-5.2) 0-1500) ©.0535.0) 26(0.5-26.3) [45]
M: 0.82 M: 8047 (72.22, M: 4.17 M: 91.88
, (0.79, 0.86) 88.72 (374, 4.59) (90.63,93.13) .
GM (95% CT) F: 136 F: 79.86 (74.29, F: 414 F: 97.89 (571
(1.31,1.41) 85.43) (3.74, 4.54) (96.79, 98.99)
Median (IQR) 0.41 (0.195-1.26) " R 50) 109.52 + 17.43 ¢ [155]
0.29 51 150 195 48 101 (77-140)
Mean (range) (0.04-1.12) (2.0-15.2) (10-1300) (0.18-4.88) (0.69-23.6) 91 (43-178) [30]
Median (GM) 220 (2.10) 1.30 (1.13) 6.95 (6.13) 1.40 (142) 196]
382 60 6.51
Median <205 (0.00-17.27) (0.00-5000) (2.93-62.83) 2.84
(P5-P95) >2.05-<3.97 489 90 10.28 (0.00-32.37) 66.0+11.3 [164]
(0.00-19.42) (0.00-1760) (3.69-82.69)
Median 019 413 6.87 1271
(min-max) (0.01-2.79) (0.47-60.1) (350-11.9)
Mean (range) 0.11 (0.01-0.52) 2.0(011-31) 6.3(1.1-78) [166]
<10 84.65 212
Mean 1.0-19 140.89 282 [29]
2.0-49 115.74 290
M: 05 (1.9) M: 249.6 (4.0) M:52 (2.1)
GM (GSD) F:11(23) F: 1872 (6.6) F:48 (2.3) [100]
Mean (SD) 1.08 (1.98) 514 (2.64) 401 278) [151]
Median 225 031 110 510 286 811
(P25-P75) (1.20-5.10) ¢ (0.07-6.49) (70-2800) (3.30-7.25) (0.46-7.03) §

The values of the urine parameters that indicate renal damage are: a1-MG—11.24 pug/g creatinine, 32-MG—
300 ug/g creatinine, and NAG—11 U/g creatinine for tubular damage; and albumin—30 mg/g creatinine (or
20 mg albumin/L) and eGFR < 60 mL/min/1.73 m? for glomerular damage. F, female; IQR, interquartile range;
GM, geometric mean; GSD, geometric standard deviation; M, male; P5, 5th percentile; P75, 75th percentile;
P95, 95th percentile; SD, standard deviation; 95% CI, 95% confidence interval; * based on studies conducted in
the last 10 years; ® values in italics represent albumin concentration in the urine expressed as mg/g creatinine,
¢ mean + SD; d ug/L.

Regardless of the biomarker of tubular or glomerular damage which is used, an OR > 1
indicates an increased risk of damage to the respective part of the nephron. Thus, the OR is
an effective parameter to estimate the risk of Cd nephrotoxicity. Although the proximal
tubule is the critical part of the nephron under exposure to Cd, researchers have focused on
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evaluating the OR of glomerular damage due to current levels of environmental exposure
to Cd rather than the OR of tubular damage, because damage to the glomeruli is clinically
relevant and may result in the development of CKD. In most studies, even if biomarkers
of tubular damage were determined, the ORs of changes in these parameters were not
calculated [45,81,84,96,127,131,155,164]. Thus, the risk of tubular injury at low to moderate
Cd exposure in the general population has not been thoroughly assessed; however, the
available data [37] allow us to conclude that this risk is higher than that of glomerular
damage and occurs at a lower concentration of Cd in the blood and urine than that at which
glomerular damage occurs.
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Figure 4. The odds risk (OR) of a reduced estimated glomerular filtration rate (eGFR) (black) and
albuminuria (red) dependent on the cadmium (Cd) concentration in the blood (left; ug Cd/L) and
urine (right; square symbols—ug Cd/g creatinine, round symbols—pg Cd/L). Detailed data on
the OR values are provided in Table S5 and the following references Eom, S.Y. et al. Arch. Environ.
Contam. Toxicol. 2017, 73, 401-409 [37]; Ferraro, PM. et al. BMC Public Health 2010, 10, 304 [167];
Grau-Perez, M. et al. Environ. Int. 2017, 106, 27-36 [149]; Jain, R.B. Environ. Sci. Pollut. Res. 2019, 26,
30112-30118 [5]; Kim, N.H. et al. J. Korean Med. Sci. 2015, 30, 272-277 [126]; Lin, Y.S. et al. Environ.
Res. 2014, 134, 33-38 [66]; Madrigal, ]. M. et al. Environ. Res. 2019, 169, 180-188 [22]; Wang, D. et al.
Chemosphere 2016, 147, 3-8 [84]; and Weaver, V. et al. Am. . Epidemiol. 2009, 170, 1156-1164 [168].
The available data show that the threshold Cd concentration for a decreased eGFR and albuminuria
is 0.18 ug/L in the blood and 0.27 pug/g creatinine in the urine (Tables 5 and S5).

The detailed overview of the available data suggested that the current levels of en-
vironmental exposure to Cd in developed countries have increased the risk of damage
to both the tubules and glomeruli, as OR values for changes in the biomarkers of Cd
nephrotoxicity exceeding 1 and reaching 13.29 have been noted in this Cd concentration
range in the blood and urine of the general population (Figure 4, Table S5) [4,45]. It is
important to emphasize that in some studies [45], an OR exceeding 1 was found for more
than four biomarkers of kidney status (32-MG, «1-MG, NAG, albuminuria, and the eGFR),
providing clear evidence of an increased risk of damage to both tubules and glomeruli. The
only available data pertaining to the OR of changes in the biomarkers of tubular damage
under low-level exposure to Cd referred to 32-MG and NAG [37]. Eom et al. [37] revealed
that at Cd concentrations in the urine ranging from 0.87 ug/L to 1.55 ug/L, the ORs of
increases in the $2-MG concentration and NAG activity reached 4.07 (1.35-12.24) and
1.47 (0.80-2.70), respectively, while the OR of decreased eGFR was 1.46 (0.62-3.43). The
finding that the ORs of changes in the 32-MG concentration and NAG activity exceeded 1
at urine Cd concentrations between 0.87 and 1.55 ug/L showed that people presenting such
concentrations of this toxic element in their urine are at a higher risk of tubular damage.

Grau-Perez et al. [149] observed a reduced risk of developing albuminuria when the
Cd concentration in the urine did not exceed 0.27 ug/g creatinine, whereas twice this con-
centration (0.54 ug/g creatinine) corresponded to a threefold higher OR for albuminuria,
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with the risk being positively correlated with the Cd concentration in the urine. Other
studies also showed that the risk of albuminuria rose significantly for a urine Cd concen-
tration exceeding 1 ug/g creatinine [167]. According to studies carried out on individuals
environmentally exposed to Cd, the risk of albuminuria increased when the Cd concen-
tration was higher than 0.18 ug/L in the blood and 0.27 ug/L in the urine [22,66,167,168].
The Cd concentration in both the blood and urine seems to be a very useful parameter
for evaluating the risk of developing albuminuria. An increased OR of albuminuria has
been noted at blood Cd concentrations ranging from 0.18 pg/L to 1 ug/L [66,84] (Figure 4,
Table S5).

Cd has been shown to impair the ability of the kidney to conduct proper glomerular
filtration (evaluated according to the eGFR) at concentrations in the blood of 0.18 ug/L
or higher, and the risk of a reduced eGFR correlates positively with the blood Cd concen-
tration [66,84]. A similar relationship has been shown in other studies [124,164,165,167].
Ferraro et al. [167] reported that the OR of a reduced eGFR reached 1.48 at a Cd concentra-
tion > 1 pg/L in the blood and urine. A Korean study [126] found that the OR of a reduced
eGFR was 1.57 at a blood Cd concentration of 1.17 & 0.68 ug/L. These changes in the
biomarkers of Cd nephrotoxicity and the ORs of these changes at urine Cd concentrations
currently found in the general population (Figure 4, Tables 3 and 5) imply that environ-
mental exposure to this heavy metal is a threat to kidney health. Importantly, the ORs of
albuminuria and a decreased eGFR were reported to increase at Cd concentrations in the
blood and urine starting from 0.18 ug/L and 0.27 ug/g creatinine, respectively, showing
that the risk of glomerular damage also occurs at relatively low Cd concentrations (within
the range measured in the general population; Figure 4, Table S5). Unfortunately, biomark-
ers of tubular damage were not determined in these studies [5,125,149,169]. However,
Eom et al. [37] revealed that the OR of changes in 32-MG was higher that of glomerular
damage (eGFR) at the same urine Cd concentration, confirming the higher risk of tubular
injury than glomeruli injury.

The available data show that the NOAELs of the Cd concentration in the blood and
urine for clinically relevant kidney damage (glomerular dysfunction expressed as albumin-
uria and decreased eGFR) due to environmental exposure are 0.18 ug/L and 0.27 pug/g
creatinine, respectively, whereas the LOAELs are >0.18 ug/L and >0.27 pg/g creatinine,
respectively (Figure 4, Tables 5 and S5). Since the blood and urinary concentrations of
Cd found in the general population worldwide range from 0.02 to 4.40 pg/L and from
0.04 to 3.39 ug/g creatinine (Table 3), respectively, the current levels of environmental
exposure to this heavy metal in industrialized countries may pose a substantial risk of CKD
or at least contribute to its development. This conclusion was based on relatively limited
epidemiological data; however, in the available literature, only these data were relevant
for the current low and moderate levels of environmental exposure to Cd. To strengthen
the above conclusion, it is important to underline that each study exploring the impact of
low to moderate environmental Cd exposure on kidney status revealed an increased risk of
kidney damage. Therefore, the claim that Cd should be considered an environmental risk
factor for CKD is reasonable.

10. Exposure to Cd as a Factor Increasing the Risk of Kidney Damage Due to
Other Causes

As our review of the available data revealed that the current levels of environmental
exposure to Cd pose a risk of kidney damage, it is very important to underline that such
exposure could exacerbate pathological changes in the kidney resulting from the action of
other nephrotoxic factors; worsen the course of certain disease states; and potentiate the
health effects of other xenobiotics [4,92,170-172]. Co-exposure to Cd and other compounds
with and without nephrotoxic properties, such as microplastics [173] and heavy metals
including chromium [174], lead [175,176], mercury [87], uranium [177], and thallium [7],
was found to pose a more substantial threat to the human kidney than Cd alone. Jain [5]
reported that co-exposure to Cd, mercury, and lead increased the risk of kidney malfunction
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by up to twofold compared to exposure to Cd alone. Occupational exposure to mixtures of
Cd and lead or Cd, lead, and chromium resulted in more serious damage to the kidneys
than exposure to each metal individually [4,6,52,153], resulting in a higher risk of a decrease
in the eGFR (OR: 7.9, 95% CI: 0.9-67.2) [4] and an increase in early renal biomarkers such
as urinary NAG activity and albuminuria [153]. The results of an experimental study by
Riaz et al. [124] suggested that kidney injury due to co-exposure to Cd and other toxic
elements (lead, manganese, and arsenic) could be amplified in a chronic disease such
as diabetes. Co-exposure disrupted the kidneys more seriously than Cd alone, resulting
in more substantial damage to the renal cells (tubular degeneration, fibrosis, and the
vacuolation of cells) and the weakening of the antioxidative barrier.

11. Conclusions and Outlook

This overview allowed us to estimate the NOAELSs of the Cd concentration in the
blood and urine for clinically relevant kidney damage (glomerular dysfunction) in the
general population to be 0.18 ug/L and 0.27 ug/g creatinine, respectively, whereas the
LOAELs were estimated to be >0.18 pg/L and >0.27 ug/g creatinine, respectively. The
current levels of environmental exposure to Cd in industrialized countries have resulted in
Cd concentrations in the blood and urine of 0.02-4.40 pg/L and 0.04-3.39 ug/g creatinine,
respectively, within the range at which an increased risk of damage to the kidney tubules
and glomeruli has been observed (above 0.18 ug/L and 0.27 ug/g creatinine, respectively).
Thus, this level of exposure may pose a substantial risk of damage to the kidneys, potentially
causing, or at least contributing to, the development of CKD. Moreover, 32-MG and NAG
in the urine appear to be sensitive biomarkers, allowing for the detection of disturbances in
the proximal tubules, whereas albuminuria and the glomerular filtration rate (evaluated as
either the GFR or eGFR) are early markers of glomerular damage during low-level exposure
to this heavy metal.

This paper shed new light on the possible causative factors of CKD, one of the main
worldwide health problems. Even low levels of environmental exposure to Cd may increase
the risk of not only tubular damage, but also clinically relevant disorders such as glomerular
dysfunction in the general population. Thus, this xenobiotic should be considered as a
possible causative factor of kidney diseases with unknown etiologies. Environmental
exposure to Cd may be responsible for some etiologically unspecified cases of CKD among
the inhabitants of industrialized countries worldwide. Hence, the clinical histories of
patients presenting with CKD of an unknown etiology should include their histories of
exposure to Cd; furthermore, in such cases, the Cd concentration in the blood and/or urine
should be determined, as this may be helpful. Considering the credibility of the evidence
that the current levels of environmental exposure to Cd may pose a risk of kidney damage
in the general population, re-establishing lower “normal Cd concentrations” in the blood
and urine should be considered. The overview presented herein showed that exposure to
Cd in industrialized countries should be carefully monitored, and further studies should be
conducted to more accurately assess the global risk of kidney damage due to environmental
Cd exposure. The evidence that Cd poses a risk of kidney damage at the current levels of
exposure in numerous countries suggests that environmental exposure to this toxic metal
is an important public health problem. Thus, protective strategies, such as decreasing
the Cd pollution in the environment, increasing the efficiency of Cd absorption from the
gastrointestinal tract, and enhancing the body’s ability to defend against the toxic effects of
this element, should be sought out and implemented.
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/ /www.mdpi.com/article/10.3390/ijms24098413/5s1. References [5,17,22,37,66,72,84,126,146,149,167-
169,178-191] are cited in the supplementary materials.
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Abbreviations

«1-MG, al-microglobulin; AM, arithmetic mean; 32-MG, $2-microglobulin; b.w., body weight;
CC16, Clara cell protein 16; Cd, cadmium; Cd**, cadmium ions; Cd-MT, cadmium-metallothionein
complex; CKD, chronic kidney disease; Cu*, copper (I) ions; DNA, deoxyribonucleic acid; eGFR,
estimated glomerular filtration rate; Fe?*, iron (II) ions; GFR, glomerular filtration rate; GM, geo-
metric mean; GSH, reduced glutathione; KIM-1, kidney injury molecule-1; LOAEL, lowest observed
adverse effect level; MT, metallothionein; NAG, N-acetyl-p-D-glucosaminidase; NAG-A, N-acetyl-
B-D-glucosaminidase isoenzyme A; NAG-B, N-acetyl-p-D-glucosaminidase isoenzyme B; NF-«B,
nuclear factor kappa-B; NOAEL, no observed adverse effect level; O,°~, superoxide radical; OR,
odds risk; *OH, hydroxyl radical; PTMI, provisional tolerable monthly intake; PTWI, provisional
tolerable weekly intake; RBP, retinol binding protein; ROS, reactive oxygen species; SD, standard
deviation; -SH group, thiol group (sulfhydryl group); w.w., wet weight.

References

1.  Kabir, H; Gupta, A.K,; Tripathy, S. Fluoride and human health: Systematic appraisal of sources, exposures, metabolism, and
toxicity. Crit. Rev. Environ. Sci. Technol. 2020, 50, 1116-1193. [CrossRef]

2. Nordberg, G.F; Bernard, A.; Diamond, G.L.; Duffus, ].H.; Illing, P.; Nordberg, M.; Bergdahl, I.A; Jin, T.; Skerfving, S. Risk
assessment of effects of cadmium on human health (IUPAC Technical Report). Pure Appl. Chem. 2018, 90, 755-808. [CrossRef]

3. Rahman, H.H.; Niemann, D.; Munson-McGee, S.H. Environmental exposure to metals and the risk of high blood pressure: A
cross-sectional study from NHANES 2015-2016. Environ. Sci. Pollut. Res. 2021, 29, 531-542. [CrossRef] [PubMed]

4. Chen, X,; Zhu, G.; Wang, Z.; Zhou, H.; He, P; Liu, Y,; Jin, T. The association between lead and cadmium co-exposure and renal
dysfunction. Ecotoxicol. Environ. Saf. 2019, 173, 429-435. [CrossRef] [PubMed]

5. Jain, R.B. Co-exposures to toxic metals cadmium, lead, and mercury and their impact on unhealthy kidney function. Environ. Sci.
Pollut. Res. 2019, 26, 30112-30118. [CrossRef]

6.  Tsai, T.L.; Kuo, C.C; Pan, WH.; Chung, Y.T.; Chen, C.Y.; Wu, T.N.; Wang, S.L. The decline in kidney function with chromium
exposure is exacerbated with co-exposure to lead and cadmium. Kidney Int. 2017, 92, 710-720. [CrossRef]

7. Wu, W; Zhang, K, Jiang, S.; Liu, D.; Zhou, H.; Zhong, R.; Zeng, Q.; Cheng, L.; Miao, X.; Tong, Y.; et al. Association of co-exposure
to heavy metals with renal function in a hypertensive population. Environ. Int. 2018, 112, 198-206. [CrossRef]

8. Agency for Toxic Substances and Disease Registry. Substance Priority List. 2022. Available online: https://www.atsdr.cdc.gov/
spl/index.html (accessed on 13 March 2023).

9.  Zhang, H,; Reynolds, M. Cadmium exposure in living organisms: A short review. Sci. Total Environ. 2019, 678, 761-767. [CrossRef]

10.  Zou, M.; Zhou, S.; Zhou, Y;; Jia, Z.; Guo, T.; Wang, ]. Cadmium pollution of soil-rice ecosystems in rice cultivation dominated
regions in China: A review. Environ. Pollut. 2021, 280, 116965. [CrossRef]

11.  Jung, C.R;; Nakayama, S.F; Isobe, T.; Iwai-Shimada, M.; Kobayashi, Y.; Nishihama, Y.; Michikawa, T.; Sekiyama, M.; Taniguchi, Y.;
Nitta, H.; et al. Exposure to heavy metals modifies optimal gestational weight gain: A large nationally representative cohort of
the Japan Environment and Children’s Study. Environ. Int. 2021, 146, 106276. [CrossRef]

12.  Mezynska, M.; Brzéska, M.M. Environmental exposure to cadmium—A risk for health of the general population in industrialized
countries and preventive strategies. Environ. Sci. Pollut. Res. 2018, 25, 3211-3232. [CrossRef] [PubMed]

13.  Ruczaj, A.; Brzéska, M.M. Environmental exposure of the general population to cadmium as a risk factor of the damage to the
nervous system: A critical review of current data. J. Appl. Toxicol. 2023, 43, 66-88. [CrossRef] [PubMed]

14. Satarug, S.; Vesey, D.A.; Gobe, G.C. Health risk assessment of dietary cadmium intake: Do current guidelines indicate how much
is safe? Environ. Health Perspect. 2017, 125, 284-288. [CrossRef] [PubMed]

15.  Schaefer, H.R.; Flannery, B.M.; Crosby, L.; Jones-Dominic, O.E.; Punzalan, C.; Middleton, K. A systematic review of adverse health
effects associated with oral cadmium exposure. Regul. Toxicol. Pharmacol. 2022, 134, 105243. [CrossRef] [PubMed]

16. Rapisarda, V.; Miozzi, E.; Loreto, C.; Matera, S.; Fenga, C.; Avola, R.; Ledda, C. Cadmium exposure and prostate cancer: Insights,

mechanisms and perspectives. Front. Biosci. 2018, 23, 1687-1700. [CrossRef]

66



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 21 0f 27

17.

18.

19.

20.

21.

22,

23.

24.

25,

26.

27
28.

29.

30.

8l

32

33.
34.

35,

36.

37

38.

39.

40.

41.

42.

43.

44.

Brzoska, M.M.; Galazyn-Sidorczuk, M.; Jurczuk, M.; Tomczyk, M. Protective effect of Aronia melanocarpa polyphenols on cadmium
accumulation in the body: A study in a rat model of human exposure to this metal. Curr. Drug Targets 2015, 16, 1470-1487.
[CrossRef]

Fransson, M.N.; Barregard, L.; Sallsten, G.; Akerstrom, M.; Johanson, G. Physiologically-based toxicokinetic model for cadmium
using markov-chain Monte Carlo analysis of concentrations in blood, urine, and kidney cortex from living kidney donors. Toxicol.
Sci. 2014, 141, 365-376. [CrossRef]

Hayashi, C.; Koizumi, N.; Nishio, H.; Koizumi, N.; Ikeda, M. Cadmium and other metal levels in autopsy samples from a
cadmium-polluted area and non-polluted control areas in Japan. Biol. Trace Elem. Res. 2012, 145, 10-22. [CrossRef]

Boonprasert, K.; Vesey, D.A.; Gobe, G.C.; Ruenweerayut, R.; Johnson, D.W.; Na-Bangchang, K.; Satarug, S. Is renal tubular
cadmium toxicity clinically relevant? Clin. Kidney J. 2018, 11, 681-687. [CrossRef]

Lane, E.A.; Canty, ML].; More, S.J. Cadmium exposure and consequence for the health and productivity of farmed ruminants. Res.
Vet. Sci. 2015, 101, 132-139. [CrossRef]

Madrigal, ].M.; Ricardo, A.C.; Persky, V.; Turyk, M. Associations between blood cadmium concentration and kidney function in
the U.S. population: Impact of sex, diabetes and hypertension. Environ. Res. 2019, 169, 180-188. [CrossRef]

Nogawa, K.; Suwazono, Y.; Watanabe, Y.; Elinder, C.-G. Estimation of benchmark dose of cumulative cadmium exposure for renal
tubular effect. Int. J. Environ. Res. 2021, 18, 5177. [CrossRef] [PubMed]

Rani, A.; Kumar, A.; Lal, A.; Pant, M. Cellular mechanisms of cadmium-induced toxicity: A review. Int. ]. Environ. Res. 2014, 24,
378-399. [CrossRef] [PubMed]

Satarug, S.; Swaddiwudhipong, W.; Ruangyuttikarn, W.; Nishijo, M.; Ruiz, P. Modeling cadmium exposures in low- and
high-exposure areas in Thailand. Environ. Health Perspect. 2013, 121, 531-536. [CrossRef] [PubMed]

Nawab, J.; Farooqji, S.; Xiaoping, W.; Khan, S.; Khan, A. Levels, dietary intake, and health risk of potentially toxic metals in
vegetables, fruits, and cereal crops in Pakistan. Environ. Sci. Pollut. Res. 2018, 25, 5558-5571. [CrossRef]

Satarug, S. Dietary cadmium intake and its effects on kidneys. Toxics 2018, 6, 15. [CrossRef]

Callan, A.C; Devine, A; Qi, L.; Ng, J.C.; Hinwood, A.L. Investigation of the relationship between low environmental exposure to
metals and bone mineral density, bone resorption and renal function. Int. J. Hyg. Environ. Health 2015, 218, 444-451. [CrossRef]
Huang, M.; Choi, S.J.; Kim, D.W.; Kim, N.Y.; Bae, H.S.; Yu, S.; Kim, D.S.; Kim, H.; Choi, B.S.; Yu, L]; et al. Evaluation of factors
associated with cadmium exposure and kidney function in the general population. Environ. Toxicol. 2013, 28, 563-570. [CrossRef]
Wallin, M; Sallsten, G.; Lundh, T.; Barregard, L. Low-level cadmium exposure and effects on kidney function. Occup. Environ.
Med. 2014, 71, 848-854. [CrossRef]

Barnett, L.M.A.; Cummings, B.S. Nephrotoxicity and renal pathophysiology: A contemporary perspective. Toxicol. Sci. 2018, 164,
379-390. [CrossRef]

Johri, N; Jacquillet, G.; Unwin, R. Heavy metal poisoning: The effects of cadmium on the kidney. BioMetals 2010, 23, 783-792.
[CrossRef]

Kim, S.Y.; Moon, A. Drug-induced nephrotoxicity and its biomarkers. Biomol. Ther. 2012, 20, 268-272. [CrossRef]

Ly, J.C.; Zhang, L.X. Prevalence and disease burden of chronic kidney disease. Adv. Exp. Med. Biol. 2019, 1165, 3-15. [CrossRef]
[PubMed]

Provenzano, M.; Coppolino, G.; Faga, T.; Garofalo, C.; Serra, R.; Andreucci, M. Epidemiology of cardiovascular risk in chronic
kidney disease patients: The real silent killer. Rev. Cardiovasc. Med. 2019, 20, 209-220. [CrossRef] [PubMed]

Hill, N.R; Fatoba, S.T.; Oke, ].L.; Hirst, J.A.; O’Callaghan, C.A.; Lasserson, D.S.; Hobbs, E.D. Global prevalence of chronic kidney
disease—a systematic review and meta-analysis. PLoS ONE 2016, 11, e0158765. [CrossRef] [PubMed]

Eom, S.Y.; Seo, M.N.; Lee, Y.S.; Park, K.S.; Hong, Y.S.; Sohn, S.J.; Kim, Y.D.; Choi, B.S.; Lim, J.A.; Kwon, H.J.; et al. Low-level
environmental cadmium exposure induces kidney tubule damage in the general population of Korean adults. Arch. Environ.
Contam. Toxicol. 2017, 73, 401-409. [CrossRef] [PubMed]

Ferguson, M.A; Vaidya, V.S.; Bonventre, ].V. Biomarkers of nephrotoxic acute kidney injury. Toxicology 2018, 245, 182-193.
[CrossRef]

Thévenod, F.; Lee, WK. Cadmium and cellular signaling cascades: Interactions between cell death and survival pathways. Arch.
Toxicol. 2013, 87, 1743-1786. [CrossRef]

Cui, X.; Cheng, H.; Liu, X; Giubilato, E.; Critto, A.; Sun, H.; Zhang, L. Cadmium exposure and early renal effects in the children
and adults living in a tungsten-molybdenum mining areas of South China. Environ. Sci. Pollut. Res. 2018, 25, 15089-15101.
[CrossRef]

Gerhardsson, L.; Englyst, V.; Lundstrom, N.G.; Sandberg, S.; Nordberg, G. Cadmium, copper and zinc in tissues of deceased
copper smelter workers. . Trace Elem. Med. Biol. 2002, 16, 261-266. [CrossRef]

Klaassen, C.D.; Liu, J.; Diwan, B.A. Metallothionein protection of cadmium toxicity. Toxicol. Appl. Pharmacol. 2009, 238, 215-220.
[CrossRef] [PubMed]

Saboli¢, L; Breljak, D.; Skarica, M.; Herak-Kramberger, C.M. Role of metallothionein in cadmium traffic and toxicity in kidneys
and other mammalian organs. BioMetals 2010, 23, 897-926. [CrossRef] [PubMed]

Prozialeck, W.C.; Edwards, ].R. Mechanisms of cadmium-induced proximal tubule injury: New insights with implications for
biomonitoring and therapeutic interventions. J. Pharmacol. Exp. Ther. 2012, 343, 2-12. [CrossRef] [PubMed]

67



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 22 of 27

45.

46.

47.

48.

49.

50.

B,
B2

53
54.

55,

56.

57,

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7
72;

Chen, X.; Zhu, G.; Wang, Z.; Liang, Y.; Chen, B.; He, P.; Nordberg, M.; Nordberg, G.E; Ding, X.; Jin, T. The association between
dietary cadmium exposure and renal dysfunction—The benchmark dose estimation of reference levels: The ChinaCad study. J.
Appl. Toxicol. 2018, 38, 1365-1373. [CrossRef] [PubMed]

Murabito, S.; Hallmark, B.E. Complications of kidney disease. Nurs. Clin. N. Am. 2018, 53, 579-588. [CrossRef]

Jérup, L.; Akesson, A. Current status of cadmium as an environmental health problem. Toxicol. Appl. Pharmacol. 2009, 238,
201-208. [CrossRef]

Jha, V,; Garcia-Garcia, G.; Iseki, K.; Li, Z.; Naicker, S.; Plattner, B.; Saran, R.; Wang, A.Y.M.; Yang, C.W. Chronic kidney disease:
Global dimension and perspectives. Lancet 2013, 382, 260-272. [CrossRef]

Centers for Disease Control and Prevention. Chronic Kidney Disease in the United States, 2019; US Department of Health and
Human Services, Centers for Disease Control and Prevention: Atlanta, GA, USA, 2019. Available online: https://www.cdc.gov/
kidneydisease/pdf/2019_National-Chronic-Kidney-Disease-Fact-Sheet.pdf (accessed on 13 March 2023).

Anders, H.J.; Huber, T.B.; Isermann, B.; Schiffer, M. CKD in diabetes: Diabetic kidney disease versus nondiabetic kidney disease.
Nat. Rev. Nephrol. 2018, 14, 361-377. [CrossRef]

Hamrahian, S.M.; Falkner, B. Hypertension in chronic kidney disease. Adv. Exp. Med. Biol. 2017, 956, 307-325. [CrossRef]
Matovi¢, V.; Buha, A.; Duki¢-Cosi¢, D.; Bulat, Z. Insight into the oxidative stress induced by lead and /or cadmium in blood, liver
and kidneys. Food Chem. Toxicol. 2015, 78, 130-140. [CrossRef]

Nordberg, G.E. Historical perspectives on cadmium toxicology. Toxicol. Appl. Pharmacol. 2009, 238, 192-200. [CrossRef] [PubMed]
Zhang, W.; Liu, Y.; Liu, Y,; Liang, B.; Zhou, H.; Li, Y;; Zhang, Y.; Huang, J.; Yu, C.; Chen, K. An assessment of dietary exposure to
cadmium in residents of Guangzhou, China. Int. ]. Environ. Res. Public Health 2018, 15, 556. [CrossRef] [PubMed]

Huili, Y.; Hezifan, Z.; Shuangnan, H.; Luyao, W.; Wenxiu, X.; Mi, M.; Yongming, L.; Zhenyan, H. Cadmium contamination in food
crops: Risk assessment and control in smart age. Crit. Rev. Environ. Sci. Technol. 2023. [CrossRef]

Badea, M.; Luzardo, O.P; Gonzalez-Antuna, A.; Zumbado, M.; Rogozea, L.; Floroian, L.; Alexandrescu, D.; Moga, M.; Gaman, L.;
Radoi, M.; et al. Body burden of toxic metals and rare earth elements in non-smokers, cigarette smokers, and electronic cigarette
users. Environ. Res. 2018, 166, 269-275. [CrossRef]

Hecht, EM.; Arheart, K; Lee, D.J.; Hennekens, C.H.; Hlaing, WW.M. A cross-sectional survey of cadmium biomarkers and
cigarette smoking. Biomarkers 2016, 21, 429-435. [CrossRef]

Park, E.; Kim, J.; Kim, B.; Park, E.Y. Association between environmental exposure to cadmium and risk of suspected non-alcoholic
fatty liver disease. Chemosphere 2021, 266, 128947. [CrossRef]

Song, Y.; Wang, Y.; Mao, W.; Sui, H.; Yong, L.; Yang, D.; Jiang, D.; Zhang, L.; Gong, Y. Dietary cadmium exposure assessment
among the Chinese population. PLoS ONE 2017, 12, e0177978. [CrossRef]

Kim, K.; Melough, M.M.; Vance, T.M.; Noh, H.; Koo, S.I; Chun, O.K. Dietary cadmium intake and sources in the US. Nutrients
2019, 11, 2. [CrossRef]

Sand, S.; Becker, W. Assessment of dietary cadmium exposure in Sweden and population health concern including scenario
analysis. Food Chem. Toxicol. 2012, 50, 536-544. [CrossRef]

Wang, Z.; Pan, L,; Liu, G.; Zhang, H.; Zhang, ].; Jiang, J.; Xiao, Y.; Bai, W.; Jiao, R.; Huang, W. Dietary exposure to cadmium of
Shenzhen adult residents from a total diet study. Food Addit. Contam. Part A 2018, 35, 706-714. [CrossRef]

Zhong, M.S.; Jiang, L.; Han, D.; Xia, T.X,; Yao, J.J.; Jia, X.Y;; Peng, C. Cadmium exposure via diet and its implication on the
derivation of health-based soil screening values in China. J. Expo. Sci. Environ. Epidemiol. 2015, 25, 433—442. [CrossRef] [PubMed]
Liu, H.; Su, L; Chen, X.; Wang, S.; Cheng, Y.; Lin, S.; Ding, L.; Liu, J.; Chen, C.; Unverzagt, EW.; et al. Higher blood cadmium
level is associated with greater cognitive decline in rural Chinese adults aged 65 or older. Sci. Total Environ. 2020, 756, 144072.
[CrossRef] [PubMed]

El-Boshy, M.E.; Risha, E.F.; Abdelhamid, FM.; Mubarak, M.S.; Hadda, T.B. Protective effects of selenium against cadmium
induced hematological disturbances, immunosuppressive, oxidative stress and hepatorenal damage in rats. . Trace Elem. Med.
Biol. 2015, 29, 104-110. [CrossRef]

Lin, Y.S.; Ho, W.C.; Caffrey, J.L.; Sonawane, B. Low serum zinc is associated with elevated risk of cadmium nephrotoxicity.
Environ. Res. 2014, 134, 33-38. [CrossRef]

Mijal, R.S.; Holzman, C.B. Blood cadmium levels in women of childbearing age vary by race/ethnicity. Environ. Res. 2010, 110,
505-512. [CrossRef]

Vahter, M.; Akesson, A.; Lidén, C.; Ceccatelli, S.; Berglund, M. Gender differences in the disposition and toxicity of metals.
Environ. Res. 2007, 104, 85-95. [CrossRef] [PubMed]

Brzéska, M.M.; Borowska, S.; Tomczyk, M. Antioxidants as a potential preventive and therapeutic strategy for cadmium. Curr.
Drug Targets 2016, 17, 1350-1384. [CrossRef] [PubMed]

Mezynska, M.; Brzéska, M.M. Review of polyphenol-rich products as potential protective and therapeutic factors against
cadmium hepatotoxicity. J. Appl. Toxicol. 2019, 39, 117-145. [CrossRef]

Garner, R; Levallois, P. Cadmium levels and sources of exposure among Canadian adults. Health Rep. 2016, 27, 10-18.

Jung, S.Y.; Kim, S.; Lee, K.; Kim, ].Y.; Bae, WK; Lee, K,; Han, J.-S.; Kim, S. Association between secondhand smoke exposure
and blood lead and cadmium concentration in community dwelling women: The fifth Korea National Health and Nutrition
Examination Survey (2010-2012). BM] Open 2015, 5, €008218. [CrossRef]

68



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 23 of 27

73.

74.

75.

76.

7

78.

79

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l

92.

93.

94.

954

Garner, R.E.; Levallois, P. Associations between cadmium levels in blood and urine, blood pressure and hypertension among
Canadian adults. Environ. Res. 2017, 155, 64-72. [CrossRef] [PubMed]

Ratelle, M.; Li, X.; Laird, B.D. Cadmium exposure in First Nations communities of the Northwest Territories, Canada: Smoking is
a greater contributor than consumption of cadmium-accumulating organ meats. Environ. Sci. Process. Impacts 2018, 20, 1441-1453.
[CrossRef] [PubMed]

Shakeri, M.T.; Nezami, H.; Nakhaee, S.; Aaseth, J.; Mehrpour, O. Assessing heavy metal burden among cigarette smokers and
non-smoking individuals in Iran: Cluster analysis and principal component analysis. Biol. Trace Elem. Res. 2021, 199, 4036-4044.
[CrossRef] [PubMed]

Repi¢, A.; Bulat, P; Antonijevi¢, B.; Antunovi¢, M.; Dzudovi¢, J.; Buha, A.; Bulat, Z. The influence of smoking habits on cadmium
and lead blood levels in the Serbian adult people. Environ. Sci. Pollut. Res. 2020, 27, 751-760. [CrossRef] [PubMed]

Lee, J.E.; Kim, HR; Lee, M.H.; Kim, N.H.; Wang, K.M,; Lee, S.H.; Park, O.; Hong, E.J.; Youn, J.W.; Kim, Y.Y. Smoking-related
DNA methylation is differentially associated with cadmium concentration in blood. Biochem. Genet. 2020, 58, 617-630. [CrossRef]
[PubMed]

Lee, ].W.; Kim, Y.; Kim, Y.; Yoo, H.; Kang, H.T. Cigarette smoking in men and women and electronic cigarette smoking in men are
associated with higher risk of elevated cadmium level in the blood. ]. Korean Med. Sci. 2020, 35, e15. [CrossRef] [PubMed]

Li, H.; Fagerberg, B.; Sallsten, G.; Borné, Y.; Hedblad, B.; Engstrom, G.; Barregard, L.; Andersson, E.M. Smoking-induced risk of
future cardiovascular disease is partly mediated by cadmium in tobacco: Malmé Diet and Cancer Cohort Study. Environ. Health
2019, 18, 56. [CrossRef]

Domingo-Relloso, A.; Riffo-Campos, A.L.; Haack, K.; Rentero-Garrido, P.; Ladd-Acosta, C.; Fallin, D.M.; Tang, W.Y.; Herreros-
Martinez, M.; Gonzalez, ].R.; Bozack, A K; et al. Cadmium, smoking, and human blood DNA+ methylation profiles in adults
from the strong heart study. Environ. Health Perspect. 2020, 128, 067005. [CrossRef]

Zhang, Y.; Wang, P,; Liang, X; Tan, C.S.; Tan, J.; Wang, J.; Huang, Q.; Huang, R.; Li, Z.; Chen, W.; et al. Associations between
urinary excretion of cadmium and renal biomarkers in nonsmoking females: A cross-sectional study in rural areas of South China.
Int. . Environ. Res. Public Health 2015, 12, 11988-12001. [CrossRef]

Agency for Toxic Substances & Disease Registry. Toxicological Profile: Cadmium. 2012. Available online: https:/ /www.atsdr.cdc.
gov/toxprofiles/tp.asp?id=48&tid=15 (accessed on 13 March 2023).

Wang, X.; Wang, Y.; Feng, L.; Tong, Y.; Chen, Z,; Ying, S.; Chen, T,; Li, T,; Xia, H,; Jiang, Z.; et al. Application of the benchmark
dose (BMD) method to identify thresholds of cadmium-induced renal effects in non-polluted areas in China. PLoS ONE 2016, 11,
e0161240. [CrossRef]

Wang, D.; Sun, H.; Wu, Y.; Zhou, Z; Ding, Z.; Chen, X.; Xu, Y. Tubular and glomerular kidney effects in the Chinese general
population with low environmental cadmium exposure. Chemosphere 2016, 147, 3-8. [CrossRef] [PubMed]

Ke, S.; Cheng, X.Y.; Zhang, ].Y.; Jia, W].; Li, H.; Luo, H.F; Ge, PH.; Liu, ZM.; Wang, HM.; He, ].S,; et al. Estimation of the
benchmark dose of urinary cadmium as the reference level for renal dysfunction: A large sample study in five cadmium polluted
areas in China. BMC Public Health 2015, 15, 656. [CrossRef] [PubMed]

Kim, N.S.; Lee, B.K. National estimates of blood lead, cadmium, and mercury levels in the Korean general adult population. Int.
Arch. Occup. Environ. Health 2011, 84, 53-63. [CrossRef]

Afrifa, J.; Essien-Baidoo, S.; Ephraim, RK.D.; Nkrumah, D.; Dankyira, D.O. Reduced eGFR, elevated urine protein and low level
of personal protective equipment compliance among artisanal small scale gold miners at Bibiani-Ghana: A cross-sectional study.
BMC Public Health 2017, 17, 601. [CrossRef] [PubMed]

Byber, K.; Lison, D.; Verougstraete, V.; Dressel, H.; Hotz, P. Cadmium or cadmium compounds and chronic kidney disease in
workers and the general population: A systematic review. Crit. Rev. Toxicol. 2016, 46, 191-240. [CrossRef]

Cao, Z.R; Cui, S.M.; Lu, X.X;; Chen, XM.; Yang, X.; Cui, ].P; Zhang, G.H. Effects of occupational cadmium exposure on workers’
cardiovascular system. Chin. J. Ind. Hyg. Occup. Dis. 2018, 36, 474-477. (In Chinese, with an English abstract) [CrossRef]

Choi, WJ.; Kang, SK.; Ham, S.; Chung, W.; Kim, A J.; Kang, M. Chronic cadmium intoxication and renal injury among workers of
a small-scale silver soldering company. Saf. Health Work 2020, 11, 235-240. [CrossRef]

Gao, Y.; Zhang, Y.; Yi, ].; Zhou, ].; Huang, X.; Shi, X.; Xiao, S.; Lin, D. A longitudinal study on urinary cadmium and renal tubular
protein excretion of nickel-cadmium battery workers after cessation of cadmium exposure. Int. Arch. Occup. Environ. Health 2016,
89, 1137-1145. [CrossRef]

Hormozi, M.; Mirzaei, R.; Nakhaee, A.; Izadi, S.; Dehghan Haghighi, J. The biochemical effects of occupational exposure to lead
and cadmium on markers of oxidative stress and antioxidant enzymes activity in the blood of glazers in tile industry. Toxicol. Ind.
Health 2018, 34, 459-467. [CrossRef]

Scammell, M.K.; Sennett, C.M.; Petropoulos, Z.E.; Kamal, J.; Kaufman, J.S. Environmental and occupational exposures in kidney
disease. Semin. Nephrol. 2019, 39, 230-243. [CrossRef]

Taha, M.M.; Mahdy-Abdallah, H.; Shahy, E.M.; Ibrahim, K.S.; Elserougy, S. Impact of occupational cadmium exposure on bone in
sewage workers. Int. ]. Occup. Environ. Health 2018, 24, 101-108. [CrossRef] [PubMed]

Rentschler, G.; Kippler, M.; Axmon, A.; Raqib, R.; Skerfving, S.; Vahter, M.; Broberg, K. Cadmium concentrations in human blood
and urine are associated with polymorphisms in zinc transporter genes. Metallomics 2014, 6, 885-891. [CrossRef] [PubMed]

69



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 24 of 27

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Yan, J.; Huo, J.; Li, R,; Jia, Z.; Song, Y.; Chen, J.; Zhang, L. Benchmark dose estimation of urinary and blood cadmium as biomarkers
of renal dysfunction among 40-75-year-old non-smoking women in rural areas of southwest China. J. Appl. Toxicol. 2019, 39,
1433-1443. [CrossRef] [PubMed]

Rooney, ].PK.; Michalke, B.; Geoghegan, G.; Heverin, M.; Bose-O'Reilly, S.; Hardiman, O.; Rakete, S. Urine concentrations of
selected trace metals in a cohort of Irish adults. Environ. Sci. Pollut. Res. 2022, 29, 75356-75364. [CrossRef]

Moon, MK;; Lee, I; Lee, A.; Park, H.; Kim, M.].; Kim, S.; Cho, Y.H.; Hong, S.; Yoo, J.; Cheon, G.J.; et al. Lead, mercury, and
cadmium exposures are associated with obesity but not with diabetes mellitus: Korean National Environmental Health Survey
(KoNEHS) 2015-2017. Environ. Res. 2022, 204, 111888. [CrossRef]

Satarug, S.; Gobe, G.C.; Ujjin, P; Vesey, D.A. A comparison of the nephrotoxicity of low doses of cadmium and lead. Toxics 2020,
8, 18. [CrossRef]

Nishijo, M.; Suwazono, Y.; Ruangyuttikarn, W.; Nambunmee, K.; Swaddiwudhipong, W.; Nogawa, K.; Nakagawa, H. Risk
assessment for Thai population: Benchmark dose of urinary and blood cadmium levels for renal effects by hybrid approach of
inhabitants living in polluted and non-polluted areas in Thailand. BMC Public Health 2014, 14, 702. [CrossRef]

Yildirim, E.; Derici, M.K.; Demir, E.; Apaydin, H.; Kogak, 0O.; Kan, O.; Gorkem, U. Is the concentration of cadmium, lead, mercury,
and selenium related to preterm birth? Biol. Trace Elem. Res. 2019, 191, 306-312. [CrossRef]

Kim, J.; Garcia-Esquinas, E.; Navas-Acien, A.; Choi, Y.H. Blood and urine cadmium concentrations and walking speed in
middle-aged and older U.S. adults. Environ. Pollut. 2018, 232, 97-104. [CrossRef]

Yao, X.; Steven Xu, X;; Yang, Y.; Zhu, Z.; Zhu, Z.; Tao, E; Yuan, M. Stratification of population in NHANES 2009-2014 based
on exposure pattern of lead, cadmium, mercury, and arsenic and their association with cardiovascular, renal and respiratory
outcomes. Environ. Int. 2021, 149, 106410. [CrossRef]

Snoj Tratnik, J.; Kocman, D.; Horvat, M.; Andersson, A.M.; Juul, A_; Jacobsen, E.; Olafsdéttir, K.; Klanova, J.; Andryskova, L.;
Janasik, B.; et al. Cadmium exposure in adults across Europe: Results from the HBM4EU Aligned Studies survey 2014-2020. Int. J.
Hyg. Environ. Health 2022, 246, 114050. [CrossRef]

Pawlas, N.; Stromberg, U.; Carlberg, B.; Cerna, M.; Harari, F; Harari, R.; Horvat, M.; Hruba, F.; Koppova, K; Krskova, A_; et al.
Cadmium, mercury and lead in the blood of urban women in Croatia, the Czech Republic, Poland, Slovakia, Slovenia, Sweden,
China, Ecuador and Morocco. Int. ]. Occup. Med. Environ. Health 2013, 26, 58-72. [CrossRef] [PubMed]

Dai, S.; Yin, Z.; Yuan, G.; Lu, H;; Jia, R;; Xu, J.; Song, X.; Li, L.; Shu, Y.; Liang, X.; et al. Quantification of metallothionein on
the liver and kidney of rats by subchronic lead and cadmium in combination. Environ. Toxicol. Pharmacol. 2013, 36, 1207-1216.
[CrossRef] [PubMed]

Yang, H.; Shu, Y. Cadmium transporters in the kidney and cadmium-induced nephrotoxicity. Int. J. Mol. Sci. 2015, 16, 1484-1494.
[CrossRef]

Satarug, S.; Baker, ].R; Reilly, P.E.B.; Moore, M.R.; Williams, D.J. Cadmium levels in the lung, liver, kidney cortex, and urine
samples from Australians without occupational exposure to metals. Arch. Environ. Health 2002, 57, 69-77. [CrossRef] [PubMed]
Suwazono, Y.; Kido, T.; Nakagawa, H.; Nishijo, M.; Honda, R.; Kobayashi, E.; Dochi, M.; Nogawa, K. Biological half-life of
cadmium in the urine of inhabitants after cessation of cadmium exposure. Biomarkers 2009, 14, 77-81. [CrossRef] [PubMed]
Zalups, RK.; Ahmad, S. Molecular handling of cadmium in transporting epithelia. Toxicol. Appl. Pharmacol. 2003, 186, 163-188.
Available online: http://www.ncbi.nlm.nih.gov/pubmed /12620369 (accessed on 15 March 2023). [CrossRef]

Mohseni, H.K.; Chettle, D.R. A history of in vivo neutron activation analysis in measurement of aluminum in human subjects. J.
Alzheimer’s Dis. 2016, 50, 913-926. [CrossRef]

Lech, T.; Sadlik, J.K. Cadmium concentration in human autopsy tissues. Biol. Trace Elem. Res. 2017, 179, 172-177. [CrossRef]
[PubMed]

Benes, B.; Jakubec, K.; Smid, J.; Spévackova, V. Determination of thirty-two elements in human autopsy tissue. Biol. Trace Elem.
Res. 2000, 75, 195-203. [CrossRef] [PubMed]

Johansen, P; Mulvad, G.; Pedersen, H.S.; Hansen, J.C; Riget, F. Accumulation of cadmium in livers and kidneys in Greenlanders.
Sci. Total Environ. 2006, 372, 58-63. [CrossRef] [PubMed]

Uetani, M.; Kobayashi, E.; Suwazono, Y.; Honda, R.; Nishijo, M.; Nakagawa, H.; Kido, T.; Nogawa, K. Tissue cadmium (Cd)
concentrations of people living in a Cd polluted area, Japan. BioMetals 2006, 19, 521-525. [CrossRef] [PubMed]

Rahil-Khazen, R.; Bolann, B.].; Myking, A.; Ulvik, R.J. Multi-element analysis of trace element levels in human autopsy tissues by
using inductively coupled atomic emission spectrometry technique (ICP-AES). J. Trace Elem. Med. Biol. 2002, 16, 15-25. [CrossRef]
[PubMed]

Chan Yoo, Y.; Ki Lee, S.; Yeol Yang, J.; Whan In, S.; Wook Kim, K.; Hyuck Chung, K.; Gyu Chung, M.; Young Choung, S. Organ
distribution of heavy metals in autopsy material from normal Korean. J. Health Sci. 2002, 48, 186-194. [CrossRef]

Garcia, E; Ortega, A.; Domingo, J.L.; Corbella, J. Accumulation of metals in autopsy tissues of subjects living in Tarragona County,
Spain. J. Environ. Sci. Health Part A 2001, 36, 1767-1786. [CrossRef]

Mari, M.; Nadal, M.; Schuhmacher, M.; Barberia, E.; Garcia, F; Domingo, J.L. Human exposure to metals: Levels in autopsy
tissues of individuals living near a hazardous waste incinerator. Biol. Trace Elem. Res. 2014, 159, 15-21. [CrossRef]

Barregard, L.; Sallsten, G.; Lundh, T.; Mélne, J. Low-level exposure to lead, cadmium and mercury, and histopathological findings
in kidney biopsies. Environ. Res. 2022, 211, 113119. [CrossRef]

70



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 25 of 27

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

181,

132,

133.

134.

135.

136.

137.

138.

189;

140.

141.

142.

143.

144.

145.

146.

147.

Bulat, Z.P; Bukié-Cosi¢, D.; Doki¢, M.; Bulat, P; Matovi¢, V. Blood and urine cadmium and bioelements profile in nickel-cadmium
battery workers in Serbia. Toxicol. Ind. Health 2009, 25, 129-135. [CrossRef]

Nordberg, M.; Jin, T.; Nordberg, G.F. Cadmium, metallothionein and renal tubular toxicity. IARC Sci. Publ. 1992, 118, 293-297.
Ohta, H.; Yamauchi, Y.; Nakakita, M.; Tanaka, H.; Asami, S.; Seki, Y.; Yoshikawa, H. Relationship between renal dysfunction and
bone metabolism disorder in male rats after long-term oral quantitative cadmium administration. Ind. Health 2000, 38, 339-355.
[CrossRef]

Riaz, M.A; Nisa, Z.U.; Mehmood, A.; Anjum, M.S.; Shahzad, K. Metal-induced nephrotoxicity to diabetic and non-diabetic Wistar
rats. Environ. Sci. Pollut. Res. 2019, 26, 31111-31118. [CrossRef] [PubMed]

Andreollo, N.A ; Santos, E.E; Aratjo, M.R.; Lopes, L.R. Rat’s age versus human’s age: What is the relationship? Arq. Bras. Cir.
Dig. 2012, 25, 49-51. [CrossRef] [PubMed]

Kim, N.H.; Hyun, Y.Y; Lee, K.B.; Chang, Y.; Rhu, S.; Oh, K.H.; Ahn, C. Environmental heavy metal exposure and chronic kidney
disease in the general population. J. Korean Med. Sci. 2015, 30, 272-277. [CrossRef] [PubMed]

Stajnko, A.; Falnoga, I; Tratnik, J.S.; Mazej, D.; Jagodic, M.; Krsnik, M.; Kobal, A.B.; Prezelj, M.; Kononenko, L.; Horvat, M.
Low cadmium exposure in males and lactating females—estimation of biomarkers. Environ. Res. 2017, 152, 109-119. [CrossRef]
[PubMed]

Kuzuhara, Y.; Sano, K.; Hayashi, C.; Kitanura, S. Heavy metals in autopsy samples. The concentration of heavy metals in autopsy
samples: Humans lived in cadmium polluted and non-polluted areas. Kankyo Hoken Rep. 1985, 59, 154-155.

Nogawa, K.; Kido, T. Biological monitoring of cadmium exposure in itai-itai disease epidemiology. Int. Arch. Occup. Environ.
Health 1993, 65, S43-546. [CrossRef]

Yasuda, M.; Miwa, A; Kitagawa, M. Morphometric studies of renal lesions in Itai-itai disease: Chronic cadmium nephropathy.
Nephron 1995, 69, 14-19. [CrossRef]

Lim, H,; Lim, J.A.; Choi, ].H.; Kwon, H.J.; Ha, M.; Kim, H.; Park, ].D. Associations of low environmental exposure to multiple
metals with renal tubular impairment in Korean adults. Toxicol. Res. 2016, 32, 57-64. [CrossRef]

Brzoska, M.M.; Kaminski, M.; Supernak-Bobko, D.; Zwierz, K.; Moniuszko-Jakoniuk, J. Changes in the structure and function of
the kidney of rats chronically exposed to cadmium. I. Biochemical and histopathological studies. Arch. Toxicol. 2003, 77, 344-352.
[CrossRef]

Brzéska, M.M.; Kaminski, M.; Dziki, M.; Moniuszko-Jakoniuk, J. Changes in the structure and function of the kidney of rats
chronically exposed to cadmium. II. Histoenzymatic studies. Arch. Toxicol. 2004, 78, 226-231. [CrossRef]

Fay, M.; Alt, L.; Ryba, D.; Salamah, R.; Peach, R.; Papaeliou, A.; Zawadzka, S.; Weiss, A.; Patel, N.; Rahman, A ; et al. Cadmium
nephrotoxicity is associated with altered microRNA expression in the rat renal cortex. Toxics 2018, 6, 16. [CrossRef] [PubMed]
Bellinger, D.; Bolger, M.; Goyer, R.; Barraj, L.; Baines, ]. WHO Food Additives Series 46, Cadmium. 2001. Available online:
http:/ /www.inchem.org/documents/jecfa/jecmono/v46jel1.htm. (accessed on 13 March 2023).

Satarug, S. Long-term exposure to cadmium in food and cigarette smoke, liver effects and hepatocellular carcinoma. Curr. Drug
Metab. 2012, 13, 257-271. [CrossRef] [PubMed]

Waisberg, M.; Joseph, P.; Hale, B.; Beyersmann, D. Molecular and cellular mechanisms of cadmium carcinogenesis. Toxicology
2003, 192, 95-117. [CrossRef]

Chen, X.X.; Xu, YM.; Lau, A.T.Y. Metabolic effects of long-term cadmium exposure: An overview. Environ. Sci. Pollut. Res. 2022,
29, 89874-89888. [CrossRef] [PubMed]

Watanabe, M.; Henmi, K.; Ogawa, K.; Suzuki, T. Cadmium-dependent generation of reactive oxygen species and mitochondrial
DNA breaks in photosynthetic and non-photosynthetic strains of Euglena gracilis. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol.
2003, 134, 227-234. [CrossRef]

Klaassen, C.D.; Liu, J.; Choudhuri, S. Metallothionein: An intracellular protein to protect against cadmium toxicity. Annu. Rev.
Pharmacol. 1999, 39, 267-294. [CrossRef]

Lee, WK_; Probst, S.; Santoyo-Sanchez, M.P.; Al-Hamdani, W.; Diebels, I.; von Sivers, ] K.; Kerek, E.; Prenner, E.J.; Thévenod, F.
Initial autophagic protection switches to disruption of autophagic flux by lysosomal instability during cadmium stress accrual in
renal NRK-52E cells. Arch. Toxicol. 2017, 91, 3225-3245. [CrossRef]

Thévenod, F; Lee, WK.; Garrick, M.D. Iron and cadmium entry into renal mitochondria: Physiological and toxicological
implications. Front. Cell Dev. Biol. 2020, 8, 848. [CrossRef]

Aranda-Rivera, A K.; Cruz-Gregorio, A.; Aparicio-Trejo, O.E.; Pedraza-Chaverri, . Mitochondrial redox signaling and oxidative
stress in kidney diseases. Biomolecules 2021, 11, 1144. [CrossRef]

Valcke, M.; Ouellet, N.; Dubé, M.; Laouan Sidi, E.A.; LeBlanc, A.; Normandin, L.; Balion, C.; Ayotte, P. Biomarkers of cadmium,
lead and mercury exposure in relation with early biomarkers of renal dysfunction and diabetes: Results from a pilot study among
aging Canadians. Toxicol. Lett. 2019, 312, 148-156. [CrossRef]

Zeng, T,; Liang, Y.; Chen, J.; Cao, G.; Yang, Z.; Zhao, X.; Tian, J.; Xin, X,; Lei, B.; Cai, Z. Urinary metabolic characterization with
nephrotoxicity for residents under cadmium exposure. Environ. Int. 2021, 154, 106646. [CrossRef] [PubMed]

Baiomy, A.A.; Mansour, A.A. Genetic and histopathological responses to cadmium toxicity in rabbit’s kidney and liver: Protection
by ginger (Zingiber officinale). Biol. Trace Elem. Res. 2016, 170, 320-329. [CrossRef] [PubMed]

Cai, J.; Jiao, X.; Luo, W.; Chen, J.; Xu, X.; Fang, Y.; Ding, X.; Yu, X. Kidney injury molecule-1 expression predicts structural damage
and outcome in histological acute tubular injury. Ren. Fail. 2019, 41, 80-87. [CrossRef] [PubMed]

71



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. J. Mol. Sci. 2023, 24, 8413 26 of 27

148. Bernard, A. Renal dysfunction induced by cadmium: Biomarkers of critical effects. BioMetals 2004, 17, 519-523. [CrossRef]

149. Grau-Perez, M.; Pichler, G.; Galan-Chilet, L; Briongos-Figuero, L.S.; Rentero-Garrido, P.; Lopez-Izquierdo, R.; Navas-Acien, A.;
Weaver, V.; Garcia-Barrera, T.; Gomez-Ariza, ].L.; et al. Urine cadmium levels and albuminuria in a general population from
Spain: A gene-environment interaction analysis. Environ. Int. 2017, 106, 27-36. [CrossRef]

150. Sakurai, M.; Suwazono, Y.; Nishijo, M.; Nogawa, K.; Watanabe, Y.; Ishizaki, M.; Morikawa, Y.; Kido, T.; Nakagawa, H. Relationship
between urinary $2-microglobulin concentration and mortality in a cadmium-polluted area in Japan: A 35-year follow-up study.
J. Appl. Toxicol. 2021, 41, 224-232. [CrossRef]

151. Satarug, S.; Vesey, D.A.; Nishijo, M.; Ruangyuttikarn, W.; Gobe, G.C. The inverse association of glomerular function and urinary
B2-MG excretion and its implications for cadmium health risk assessment. Environ. Res. 2019, 173, 40-47. [CrossRef]

152. Wang, H.; Dumont, X.; Haufroid, V.; Bernard, A. The physiological determinants of low-level urine cadmium: An assessment in a
cross-sectional study among schoolchildren. Environ. Health 2017, 16, 99. [CrossRef]

153. Hambach, R.; Lison, D.; D'Haese, P.C.; Weyler, J.; De Graef, E.; De Schryver, A.; Lamberts, L.V.; van Sprundel, M. Co-exposure to
lead increases the renal response to low levels of cadmium in metallurgy workers. Toxicol. Lett. 2013, 222, 233-238. [CrossRef]

154. Chaumont, A.; De Winter, E; Dumont, X.; Haufroid, V.; Bernard, A. The threshold level of urinary cadmium associated with
increased urinary excretion of retinol-binding protein and 32-microglobulin: A re-assessment in a large cohort of nickel-cadmium
battery workers. Occup. Environ. Med. 2011, 68, 257-264. [CrossRef]

155. Win-Thu, M.; Myint-Thein, O.; Win-Shwe, T.T.; Mar, O. Environmental cadmium exposure induces kidney tubular and glomerular
dysfunction in the Myanmar adults. ]. Toxicol. Sci. 2021, 46, 319-328. [CrossRef] [PubMed]

156. Ikeda, M.; Ohashi, F.; Fukui, Y.; Sakuragi, S.; Moriguchi, J. Closer correlation of cadmium in urine than that of cadmium in blood
with tubular dysfunction markers in urine among general women populations in Japan. Int. Arch. Occup. Environ. Health 2011, 84,
121-129. [CrossRef] [PubMed]

157. Penders, J.; Delanghe, J.R. Alpha 1-microglobulin: Clinical laboratory aspects and applications. Clin. Chim. 2004, 346, 107-118.
[CrossRef] [PubMed]

158. Domingos, M.A.M.; Moreira, S.R.; Gomez, L.; Goulart, A.; Lotufo, P.A.; Bensefior, I; Titan, S. Urinary retinol-binding protein:
Relationship to renal function and cardiovascular risk factors in chronic kidney disease. PLoS ONE 2016, 11, e0162782. [CrossRef]

159. Liu, C.X.; Li, Y.B.; Zhu, C.S.; Dong, Z.M.; Zhang, K.; Zhao, Y.; Xu, Y.L. Benchmark dose for cadmium exposure and elevated
N-acetyl-p-d-glucosaminidase: A meta-analysis. Environ. Sci. Pollut. Res. 2016, 23, 20528-20538. [CrossRef]

160. Ichimura, T.; Bonventre, ].V.; Bailly, V.; Wei, H.; Hession, C.A.; Cate, R.L.; Sanicola, M. Kidney injury molecule-1 (KIM-1), a
putative epithelial cell adhesion molecule containing a novel immunoglobulin domain, is up-regulated in renal cells after injury.
J. Biol. Chem. 1998, 273, 4135-4142. [CrossRef]

161. Huang, Y.; Tian, Y.; Likhodii, S.; Randell, E. Baseline urinary KIM-1 concentration in detecting acute kidney injury should be
interpreted with patient pre-existing nephropathy. Pract. Lab. Med. 2019, 15, e00118. [CrossRef]

162. Martin-Granado, A.; Vazquez-Moncholi, C.; Luis-Yanes, M.I,; Lopez-Méndez, M.; Garcia-Nieto, V. Determination of Clara cell
protein urinary elimination as a marker of tubular dysfunction. Pediatr. Nephrol. 2009, 24, 747-752. [CrossRef]

163. Prozialeck, W.C.; Vaidya, V.S.; Liu, J.; Waalkes, M.P.; Edwards, J.R.; Lamar, P.C.; Bernard, A.M.; Dumont, X.; Bonventre, J.V.
Kidney injury molecule-1 is an early biomarker of cadmium nephrotoxicity. Kidney Int. 2007, 72, 985-993. [CrossRef]

164. Lv, Y,; Wang, P.; Huang, R.; Liang, X.; Wang, P;; Tan, J.; Chen, Z.; Dun, Z.; Wang, J.; Jiang, Q.; et al. Cadmium exposure and
osteoporosis: A population-based study and benchmark dose estimation in Southern China. ]. Bone Miner. Res. 2017, 32,
1990-2000. [CrossRef]

165. Satarug, S.; Vesey, D.A.; Gobe, G.C. Cadmium-induced proteinuria: Mechanistic insights from dose-effect analyses. Int. ]. Mol.
Sci. 2023, 24, 1893. [CrossRef] [PubMed]

166. Akerstrom, M.; Sallsten, G.; Lundh, T.; Barregard, L. Associations between urinary excretion of cadmium and proteins in a
nonsmoking population: Renal toxicity or normal physiology. Environ. Health Perspect. 2013, 121, 187-191. [CrossRef] [PubMed]

167. Ferraro, PM.; Costanzi, S.; Naticchia, A.; Sturniolo, A.; Gambaro, G. Low level exposure to cadmium increases the risk of chronic
kidney disease: Analysis of the NHANES 1999-2006. BMC Public Health 2010, 10, 304. [CrossRef] [PubMed]

168. Weaver, V.; Navas-Acien, A.; Tellez-Plaza, M.; Guallar, E.; Muntner, P; Silbergeld, E.; Jaar, B. Blood cadmium and lead and chronic
kidney disease in US adults: A joint analysis. Am. ]. Epidemiol. 2009, 170, 1156-1164. [CrossRef]

169. Wu, C.Y.; Wong, C.S.; Chung, C.J.; Wu, M.Y,; Huang, Y.L.; Ao, PL.; Lin, Y.F; Lin, Y.C.; Shiue, H.S; Su, C.T.; et al. The association
between plasma selenium and chronic kidney disease related to lead, cadmium and arsenic exposure in a Taiwanese population.
J. Hazard. Mater. 2019, 375, 224-232. [CrossRef]

170. Arain, M.B.; Kazi, T.G.; Baig, ].A.; Afridi, H.I.; Uddin, S.; Brehman, K.D.; Panhwar, H.; Arain, S.S. Co-exposure of arsenic and
cadmium through drinking water and tobacco smoking: Risk assessment on kidney dysfunction. Environ. Sci. Pollut. Res. 2014,
22,350-357. [CrossRef]

171. Li, X,; Li, R; Yan, J.; Song, Y.; Huo, J.; Lan, Z.; Chen, J.; Zhang, L. Co-exposure of cadmium and lead on bone health in a
southwestern Chinese population aged 40-75 years. ]. Appl. Toxicol. 2020, 40, 352-362. [CrossRef]

172. Sanders, A.P; Mazzella, M.].; Malin, A ].; Hair, G.; Busgang, S.A.; Saland, ].M.; Curtin, P. Combined exposure to lead, cadmium,

mercury, and arsenic and kidney health in adolescents age 12-19 in NHANES 2009-2014. Environ. Int. 2019, 131, 104993.
[CrossRef]

72



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 8413 27 of 27

173.

174.
175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191

Zou, H.; Chen, Y,; Qu, H; Sun, J.; Wang, T.; Ma, Y.; Yuan, Y.; Bian, J.; Liu, Z. Microplastics exacerbate cadmium-induced kidney
injury by enhancing oxidative stress, autophagy, apoptosis, and fibrosis. Int. J. Mol. Sci. 2022, 23, 14411. [CrossRef]

Lunyera, ].; Smith, S.R. Heavy metal nephropathy: Considerations for exposure analysis. Kidney Int. 2017, 92, 548-550. [CrossRef]
Buser, M.C.; Ingber, S.Z.; Raines, N.; Fowler, D.A_; Scinicariello, F. Urinary and blood cadmium and lead and kidney function:
NHANES 2007-2012. Int. ]. Hyg. Environ. Health 2016, 219, 261-267. [CrossRef] [PubMed]

Harari, F; Sallsten, G.; Christensson, A.; Petkovic, M.; Hedblad, B.; Forsgard, N.; Melander, O.; Nilsson, PM.; Borné, Y.; Engstrom,
G.; et al. Blood lead levels and decreased kidney function in a population-based cohort. Am. J. Kidney Dis. 2018, 72, 381-389.
[CrossRef] [PubMed]

Drubay, D.; Ancelet, S.; Acker, A.; Kreuzer, M.; Laurier, D.; Rage, E. Kidney cancer mortality and ionizing radiation among French
and German uranium miners. Radiat. Environ. Biophys. 2014, 53, 505-513. [CrossRef] [PubMed]

Dastan, D.; Karimi, S.; Larki-Harchegani, A.; Nili-Ahmadabadi, A. Protective effects of Allium hirtifolium Boiss extract on
cadmium-induced renal failure in rats. Environ. Sci. Pollut. Res. 2019, 26, 18886-18892. [CrossRef]

Gabr, S.A.; Alghadir, A.H.; Ghoniem, G.A. Biological activities of ginger against cadmium-induced renal toxicity. Saudi ]. Biol. Sci.
2019, 26, 382-389. [CrossRef]

Suliman Al-Gebaly, A. Ameliorative effect of Arctium lappa against cadmium genotoxicity and histopathology in kidney of Wistar
rat. Pak. J. Biol. Sci. 2017, 20, 314-319. [CrossRef]

Ramamurthy, C.H.; Subastri, A.; Suyavaran, A.; Subbaiah, K.C.; Valluru, L.; Thirunavukkarasu, C. Solanum torvum Swartz. fruit
attenuates cadmium-induced liver and kidney damage through modulation of oxidative stress and glycosylation. Environ. Sci.
Pollut. Res. 2016, 23, 7919-7929. [CrossRef]

El-Aziz, A.G.S.; Mustafa, H.N.; Saleh, H.A.; El-Fark, M.M.O. Zingiber Officinale alleviates maternal and fetal hepatorenal toxicity
induced by prenatal cadmium. Biomed. Pharmacol. ]. 2018, 11, 1369-1380. [CrossRef]

Gattea Al-Rikabi, Z.; Abbas, A.H.; Kadhum Oudah, H.; Sajer Nassir, H.; Ali, S.A. Histopathological study of liver and kidney
tissues in C57 mice via chronic exposure to cadmium and zinc. Arch. Razi Inst. 2021, 76, 1501-1508. [CrossRef]

Sanjeev, S.; Bidanchi, R M.; Murthy, M.K.; Gurusubramanian, G.; Roy, V.K. Influence of ferulic acid consumption in ameliorating
the cadmium-induced liver and renal oxidative damage in rats. Environ. Sci. Pollut. Res. 2019, 26, 20631-20653. [CrossRef]
Huang, K.; Deng, Y.; Yuan, W.; Geng, ].; Wang, G.; Zou, E. Phospholipase D1 ameliorates apoptosis in chronic renal toxicity caused
by low-dose cadmium exposure. Biomed Res. Int. 2020, 7091053. [CrossRef] [PubMed]

Elkhadragy, M.F,; Al-Olayan, EM.; Al-Amiery, A.A.; Abdel Moneim, A.E. Protective effects of Fragaria ananassa extract against
cadmium chloride-induced acute renal toxicity in rats. Biol. Trace Elem. Res. 2018, 181, 378-387. [CrossRef] [PubMed]
Poontawee, W.; Natakankitkul, S.; Wongmekiat, O. Protective effect of Cleistocalyx nervosum var. paniala fruit extract against
oxidative renal damage caused by cadmium. Molecules 2016, 21, 133. [CrossRef] [PubMed]

Shen, R.; Liu, D.; Hou, C.; Liu, D.; Zhao, L.; Cheng, J.; Wang, D.; Bai, D. Protective effect of Potentilla anserina polysaccharide on
cadmium-induced nephrotoxicity in vitro and in vivo. Food Funct. 2017, 8, 3636-3646. [CrossRef] [PubMed]

Akinyemi, A.].; Faboya, O.L.; Paul, A.A ; Olayide, L; Faboya, O.A.; Oluwasola, T.A. Nephroprotective effect of essential oils from
ginger (Zingiber officinale) and turmeric (Curcuma longa) rhizomes against cadmium-induced nephrotoxicity in rats. J. Oleo Sci.
2018, 67, 1339-1345. [CrossRef]

Athmouni, K.; Belhaj, D.; Chawech, R;; Jarraya, R.; El Feki, A.; Ayadi, H. Characterization of polysaccharides isolated from
Periploca angustifolia and its antioxidant activity and renoprotective potential against cadmium induced toxicity in HEK293 cells
and rat kidney. Int. ]. Biol. Macromol. 2019, 125, 730-742. [CrossRef]

Ojo, O.A.; Ajiboye, B.O.; Oyinloye, B.E.; Ojo, A.B.; Olarewaju, O.I. Protective effect of Irvingia gabonensis stem bark extract on
cadmium-induced nephrotoxicity in rats. Interdiscip. Toxicol. 2014, 7, 208-214. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

73



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

‘E"’)‘*' International Journal of KN'\Dpl
Molecular Sciences \)

S

Supplementary Materials
Current Levels of Environmental Exposure to Cadmium in In-

dustrialized Countries as a Risk Factor for Kidney Damage in
the General Population: A Comprehensive Review of Available
Data

Nazar M. Smereczanski * and Malgorzata M. Brzoska *

* Department of Toxicology, Medical University of Bialystok, Adama Mickiewicza 2C street, 15-222 Bialystok,
Poland
Correspondence: nazar.smereczanski@umb.edu.pl (N.M.S.), malgorzata.brzoska@umb.edu.pl (M.M.B.)
Tel.: +48-85-7485604 (M.M.B. & N.M.S.); Fax: +48-85-7485834 (M.M.B. & N.M.S.)

Int. J. Mol. Sci. 2023, 24, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/ijms

74



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

2 of 9
Table S1. Etiological factors for kidney damage.
Etiological Factors of Kidney Damage
Illnesses Medicines Other factors
- hypertension - polymixin A - tobramycin - xenobiotics other than medicines: heavy
- diabetes - bacitracin - colistin metals (cadmium, lead, mercury, arsenic,
- sepsis - phenacetin - amphotericin B chromium, bismuth, nickel), alcohols and
- liver failure - acetaminophen - foscarnet glycols (ethyl alcohol, methyl alcohol,
- obesity (paracetamol) - adefovir ethylene glycol)
- glomerular - cisplatin - cidofovir - toxins (amanitin)
disease - cyclosporine - tenofovir - components of tobacco smoke
- polycystic kidney - ifosfamide - iopromide
disease - pemetrexed - tacrolimus
- gentamycin - pamidronate
- kanamycin - zoledronic acid

- streptomycin
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Table S2. The accumulation of cadmium (Cd) in the kidney in an experimental rat model of human

environmental exposure to this heavy metal®.

Cd Content (ug) Exposure Duration
C trati Time-related Ch
CLESRECARR 3 Months 10 Months 17 Months 24 Months LA S5
(ug/g w.w.)
Control

Content 0.0682 + 0.0060 0.0912 +0.0056 0.1078 + 0.0059 0.2271 +0.0297 3-10%, 3-17¢, 3-24t 10-24¢,
17-24*

Concentration 0.0375 +0.0102 0.0497 +0.0079 0.0467 +0.0085 0.0844 +0.0357 3-24%, 10241, 17-24*

1 mg Cd/kg of feed (daily Cd intake: 37.50-84.88 ug/kg b.w.)

Content 0.6340+ 0.0369***  2.1794+ 0.1202***  2.8677+0.3347***  5.247+0.4784**  3-10%, 3-17t, 3-24t 10-24¢,
17-24*

Concentration 0.3495+ 0.0601***  1.103+ 0.1968*** 1.213+ 0.3763*** 1.981+ 0.5089*** 3-17%, 3-24t, 10-24*

5mg Cd/kg of feed (daily Cd intake: 196.69-404.76 pg/kg b.w.)

Content 2.562+ 0.1454*** 10.16 + 0.427*** 2523 £ 1.678"* 22.18 +0.971*** 3-10t, 3-174, 3-24t 10-174,
10-24t

Concentration 1.362+ 0.2254*** 4.788+ 0.5586*** 10.77+ 1.9360*** 8.009+ 0.8918*** 3-10%, 3-17¢, 3-24t 10-174,

1024t

Data is mean * standard error (SE) for 8 rats, except for 7 animals in the group maintained on the

ok

diet containing 1 mg Cd/kg for 24 months.

p <0.001 compared to the control group at the same

time point; time-related changes: * p<0.05, * p <0.01, #p <0.001; w.w., wet weight, b.w., body weight.

2 prepared based on Brzoska et al. [1].
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Table S5. The odds risk (OR) of decreased estimated glomerular filtration rate (eGFR) and
albuminuria due to low-level environmental exposure to cadmium (Cd).

. OR¢ Cd in the Urine OR
County " Bl(‘:’:‘;r: tlZ;L) (95% Confidence Interval) (pg/L or uglg (95% Confidence Interval) Reference
& Decrease in eGFR Albuminuria Creatinine) Decrease in eGFR  Albuminuria
China 884 Men: Men: (18]
Sand NS <05 1.00 <029 1.00
0.5-2.3 1.88 0.29-0.54 0.89
(1.10-3.21) 0.71-1.77)
>23 1.17 >0.54 0.91
(0.67-2.05) (0.54-1.54)
Women: Women
<0.35 1.00 <0.21 1.00
0.35-0.69 1.38 0.21-0.48 0.82
(0.82-2.32) (0.67-1.54)
>0.69 0.97 >0.48 0.86
(0.56-1.66) (0.52-1.42)
USA 3502 <0.2 1.00 1.00 [19]
S and NS 0.2-0.4 091 1.10
(0.73-1.13) (0.89-1.36)
0.4-0.6 1.05 1.32
(0.82-1.34) (1.07-1.64)
>0.6 1.32 1.92
(1.04-1.68) (1.53-2.43)
USA 12577 0.22-0.34 0.85 0.93 [20]
S and NS (0.60-1.22) (0.78-1.11)
0.35-0.60 1.39 1.12
(1.03-1.89) (0.92-1.36)
>0.60 1.80 1.61
(1.23-2.65) (1.25-2.07)
USA 5426 <1 1.00 1.00 <1 1.00 1.00 121]
Sand NS 1< 0.96 1.28 >1 1.61 223
(0.70-1.32) (1.02-1.61) (1.14-2.28) (1.72-2.89)
USA 1545 <0.18 1.00 1.00 [22]
Sand NS 0.18-0.53 1.09 1.10
(0.50-2.40) (0.62-1.93)
>0.53 221 2.04
(1.09-4.50) (1.13-3.69)
USA 6243 >0.62 1.663 (1.38-2.01) 1.329 [23]
Sand NS (1.123 - 1.573)
Spain 1397 <0.27 1.00 [24]
S and NS 0.27-0.54 1.58
>0.54 (0.83-3.02)
4.54
(2.58-8.00)
South 1797 1.17+0.68 1.57 [25]
Korea (1.26-1.96)
S and NS
Taiwan 658 <038 1.00 [26]
Sand NS 0.8-1.3 240
(1.14-5.07)
>3 6.37
(3.05-13.29)
South 1907 <0.87 1.00 (Ref.) [27]
Korea 0.87-1.55 1.46
Sand NS >155 (0.62-3.43)
1.80
(0.79-4.10)

Albuminuria, the albumin/creatinine ratio in the urine > 30; decrease in eGFR, eGFR < 60
mL/min/1.73 m. NS, non-smokers; S, smokers; OR, odds risk. © The OR represents the odds of an
outcome during a particular level of exposure, compared to the odds of the outcome occurring in
the absence of this exposure. The OR > 1 indicates an increased risk of the appearance of an effect.
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Abstract: The impact of cadmium (Cd) on the function and structure of the kidney and the potential
protective effect of an extract from Aronia melanocarpa L. berries were investigated in a rat model of
low- and moderate-level environmental exposure to this heavy metal (1 and 5 mg Cd/kg feed for up
to 24 months). The sensitive biomarkers of Cd-induced damage to the kidney tubules (N-acetyl-f-
D-glucosaminidase (NAG), alkaline phosphatase (ALP), 32-microglobulin (32-MG), and kidney in-
jury molecule-1 (KIM-1) in the urine), clinically relevant early markers of glomerular damage (albu-
min in the urine and creatinine clearance), and other markers of the general functional status of this
organ (urea, uric acid, and total protein in the serum and/or urine) and Cd concentration in the
urine, were evaluated. The morphological structure of the kidney and inflammatory markers
(chemerin, macrophage inflammatory protein 1 alpha (MIP1a), and Bcl2-associated X protein (Bax))
were also estimated. Low-level and moderate exposure to Cd led to damage to the function and
structure of the kidney tubules and glomeruli. The co-administration of A. melanocarpa berry extract
significantly protected against the injurious impact of this toxic element. In conclusion, even low-
level, long-term exposure to Cd poses a risk of kidney damage, whereas an intake of Aronia berry
products may effectively protect from this outcome.

Keywords: cadmium; kidney; nephrotoxicity; tubular damage; glomerular damage; biomarkers;
histopathology; Aronia melanocarpa berry extract; protection

1. Introduction

A growing body of epidemiological data shows that environmental exposure to
heavy metals, including cadmium (Cd), is now a real threat to public health in industrial-
ized countries around the world and that the exposure is increasing [1,2]. Cd was ranked
by the Agency for Toxic Substances and Disease Registry as the 7th most dangerous xe-
nobiotic that endangers the health of the general population [3]. This results from the fact
that environmental exposure to this heavy metal can lead to damage to numerous organs
and systems, including the kidney [2,4-6] and liver [7,8], as well as the skeletal system
[8,9], nervous system [8,10], and cardiovascular system [11].

The kidney is the main organ of Cd accumulation in the body and the first organ to
be damaged (i.e., the target organ) under chronic intoxication with this heavy metal
[1,2,8]. This xenobiotic has a damaging impact on the structure and function of the renal
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tubules and glomeruli [2,4,8,12-14]. Current global environmental exposure to Cd is gen-
erally low to moderate (except for areas considered excessively polluted). However, the
results of epidemiological studies show that even such exposure may negatively affect the
kidney [2,13-16]. The lowest observed adverse effect levels (LOAELS) of this element con-
centration for clinically relevant kidney damage (glomerular dysfunction) have been esti-
mated to be >0.18 pg/L in the blood and >0.27 pg/g creatinine in the urine and are within
the lower range of concentrations noted in inhabitants of industrialized countries [2,4—
7,9,11,13,14]. These indicate that current levels of exposure of the general population to
this heavy metal may pose a real risk of organ injury, but the risk is not well known so far
(for a review, see [2]). That is why it is of high importance not only to recognize the risk
but also to find an effective protective strategy. However, due to the probability of the
coexistence of numerous factors that may influence kidney status in the general popula-
tion, it is very difficult to evaluate the involvement of this xenobiotic in the development
of organ damage under low-level exposure [2]. The impact may be well estimated in ex-
perimental models that allow for the exclusion of confounding factors. Such models are
also appropriate for looking for effective protective strategies against Cd toxicity.

Thus, we have undertaken the study to investigate both the damaging impact of Cd
on the kidney and the possibility of protection against it in a rat model (1 and 5 mg Cd/kg
feed for 3-24 months) that well reflects the environmental exposure of the general popu-
lation to this heavy metal in industrialized countries [17]. It has already been reported in
the model that even low-level exposure (1 mg Cd/kg feed) injured the liver [18-20] and
skeletal system [21-23], as well as destroyed the oxidative/reductive balance in the sub-
lingual salivary glands [24] and the body status of zinc (Zn) [25], copper (Cu) [25], and
manganese (Mn) [26]. In contrast, the co-administration of a 0.1% aqueous extract from
the berries of Aronia melanocarpa L. (AM) had a protective impact [18-26]. The fruits of A.
melanocarpa (Michx.) Elliott, Rosaceae; chokeberry) are one of the richest sources of poly-
phenols in nature [27-29]. Chokeberries are also a rich source of vitamins (vitamins from
group B and vitamins A, C, E, and K), macro- and microelements (e.g., calcium, magne-
sium, and iron), carotenoids (f-carotence), phytosterols, tannins, carbohydrates, triter-
penes, pectins, sugar and sugar alcohols, organic acids, dietary fiber, and proteins [27-29].
Polyphenol-rich products are of particular interest among the possible agents that could
be useful in counteracting the toxic action of Cd because of the multidirectional beneficial
properties of these compounds, including antioxidative, anti-inflammatory, and anti-car-
cinogenic effects and their ability to bind the ions of divalent metals [27,29-32]. We have
already revealed that the administration of AM during low-level (1 mg Cd/kg feed) and
moderate (5 mg Cd/kg feed) intoxication with Cd significantly improved the antioxidative
barrier (enzymatic and nonenzymatic), decreased concentrations of pro-oxidants, and
protected from oxidative stress development and its consequences, such as oxidative
modifications of lipids, proteins, and deoxyribonucleic acid (DNA) in the liver and
changes in its morphological structure, as well as normalized the serum activities of liver
enzyme markers [18,19]. Moreover, the intake of AM ameliorated Cd-mediated changes
in the expression of collagen types I and III at the messenger ribonucleic acid (mRNA) and
protein levels, as well as a rise in the concentrations of matrix metalloproteinases (MMP-
1 and MMP-2) and their tissue inhibitors (TIMP-1 and TIMP-2) in the liver, indicating that
it may be effective in preventing this heavy metal-caused disturbance in collagen homeo-
stasis in this organ [20]. The intake of the extract at both levels of exposure to Cd provided
important protection from this xenobiotic-induced oxidative stress, lipid peroxidation,
and oxidative damage to the protein and DNA in the bone tissue, as well as from disturb-
ances in bone turnover, and changes in bone mineral status [21,22]. Moreover, it improved
bone collagen biosynthesis and femur biomechanical properties. The administration of the
extract counteracted the development of oxidative stress and oxidative modifications of
macromolecules not only in the liver [18,19] and bone tissue [22] but also in the sublingual
salivary glands [24]. The supplementation with AM prevented or at least partially pro-
tected from most of the Cd-induced changes in the metabolism of Zn [25], Cu [25], and
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Mn [26], as well as ameliorated changes in the activity of Mn-dependent superoxide dis-
mutase (Mn-SOD) and the concentration of Mn, and protected from Cd accumulation in
the mitochondria, mainly in the liver [26].

The research so far carried out in the above-described experimental model of the gen-
eral population’s exposure to Cd [17-26] allowed us to hypothesize that the exposure
would also result in kidney damage. Taking into account the strong antioxidative poten-
tial of chokeberries [28-30] and prooxidative Cd effects [2,18,19,22,24], as well as the find-
ing that the administration of AM during the treatment with this heavy metal decreased
the body burden of this element, including its accumulation in the kidney [17], and coun-
teracted numerous outcomes of the toxic action of this xenobiotic [18-26], it was hypoth-
esized that the extract can also protect the kidney from damage. To investigate these hy-
potheses, we conducted a comprehensive study using a model of human environmental
exposure to this heavy metal that we created. The present paper is the first report from
this research, and it aimed to investigate whether low-level and moderate (1 and 5 mg
Cd/kg feed, respectively) chronic exposure to Cd can result in damage to the function and
structure of the kidney and if the administration of AM during intoxication can prevent
these consequences. For this purpose, the sensitive biomarkers of damage to the kidney
tubules (kidney injury molecule-1 (KIM-1), f2-microglobulin (32-MG), N-acetyl-p-D-glu-
cosaminidase (NAG), and alkaline phosphatase (ALP) in the urine) and clinically relevant
early markers of glomerular injury (albumin concentration in the urine and creatinine
clearance reflecting the glomerular filtration rate (GFR)), as well as other markers of the
overall kidney function such as the concentrations of uric acid and urea in the serum and
urine, and total protein concentration in the urine, were estimated. The morphological
structure of the kidney and markers of inflammatory processes in this organ (chemerin,
macrophage inflammatory protein 1 alpha (MIP1a), and Bcl2-associated X protein (Bax))
were evaluated as well. A similar study has not been conducted before. The present study
is the first to not only assess Cd nephrotoxicity during intoxication, well reflecting the
current levels of exposure of the general population worldwide, but also focus on the pos-
sibility of protection against this outcome via the administration of chokeberry extract.

2. Results

2.1. The Impact of Cd and AM Alone and Their Co-Administration on the Values of Biomarkers
of Damage to the Kidney Tubules

The administration of AM alone for up to 24 months had no effect on any of the bi-
omarkers of damage to the kidney tubules (KIM-1, $2-MG, NAG, and ALP) determined
in the urine (Figures 14, Tables S1-55). The exposure to Cd in fodder at concentrations of
1 and 5 mg/kg affected the levels of all biomarkers of tubular damage, and the occurrence
of these effects was dependent on the level and duration of exposure; however, at any of
the time points, there were no differences in the values of specific parameters between the
Cdiand Cds groups (Figures 1-4, Tables S1-55).

In the rats maintained on the feed containing 1 and 5 mg Cd/kg for 3, 10, 17, and 24
months, the concentration of KIM-1 in the urine was higher (2.3-9.7 times) compared to
the control animals, except for the Cdi group after 24 months. Although the Kruskal-Wal-
lis post hoc test showed a lack of difference (p > 0.05) in KIM-1 concentration between the
Cdi group (range 279.0-752.6 pg/mg creatinine) and the control group (range 131.2-239.3
pg/mg creatinine), this parameter in particular animals in the group exposed to Cd
reached higher numerical values than in the control group (Figure 1, Table S1).

The concentration of 32-MG in the urine was unchanged after the 3- and 10-month
feeding with the 1 and 5 mg Cd/kg diet compared to the control group; however, after 17
and 24 months, it was increased (1.6-3.6-fold) (Figure 1, Table S1). The measurements of
2-MG concentration, carried out every other month in the animals maintained in the ex-
periment for 24 months, revealed that at the exposure to 1 mg Cd/kg feed, the concentra-
tion of this low-molecular-weight protein increased compared to the control group after
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14 months (2-fold), while in the case of the higher treatment, it was clevated (2.2-fold) after
12 months, and at both levels of exposure, it remained at the increased level (2-2.9 times
in the Cd1 group and 2-3.6 times in the Cds group, compared to the control group) until
the end of the study (Figure 2, Table S2).

KIM-1 (pg/mg creatinine) B2-MG (ng/mg creatinine)
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Figure 1. The concentrations of kidney injury molecule-1 (KIM-1) and g2-microglobulin (32-MG) in
the urine of female rats. The animals were treated with cadmium (Cd) in the feed at a concentration
of 0, 1, or 5 mg/kg (Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia
melanocarpa .. (AM, Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as
a median, 25-75% confidence interval, and minimum and maximum values for eight animals (ex-
cept for seven females in the AM, Cdi, and Cds groups after 24 months). Statistically significant
differences (Kruskal-Wallis test) compared to: a—Control group; b— AM group; c—Cdigroup; d—
Cdi+AM group; and e—Cds group, where * p<0.05, 'p < 0.01, and +p <0.001 are marked. The factors
of change compared to the control group (1, increase) or the adequate group treated with Cd alone
(v, decrease) are indicated by the numerical values below or above the bars. Detailed data are pre-
sented in Table S1.
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Figure 2. The concentration of f2-microglobulin (2-MG) in the urine of female rats evaluated every
other month during the 24-month study. The animals were treated with cadmium (Cd) in the feed
at a concentration of 0, 1, or 5 mg/kg (Control, Cdi, and Cds groups) and/or 0.1% extract from the
berries of Aronia melanocarpa 1.. (AM, Cdi+AM, and Cds+AM groups). Data are shown as a median
value for cight animals (except for seven females in the AM, Cdi, and Cds groups after 20, 22, and
24 months). An occurrence of statistically significant differences (Kruskal-Wallis test; * p < 0.05, *p <
0.01, and tp < 0.001) between every two experimental groups at each time point was evaluated and
marked as follows: f—AM and Control groups; g—Cdi and Control groups; h—Cdi+AM and Con-
trol groups; i—Cd: and Cdi+AM groups; j—Cds and Control groups; k—Cds+AM and Control
groups; 1—Cds and Cds+AM groups; m—Cdi and Cds groups; and n—Cdi+AM and Cds+tAM
groups. A lack of the particular letter symbol means a lack of statistically significant differences
between appropriate groups. Detailed data are presented in Table S2.

The activity of NAG in the urine of rats fed with fodder containing 1 mg Cd/kg for 3
and 10 months was within the range of values noted in the control group, while after 17
and 24 months, it was increased (4.6- and 22-fold, respectively) (Figure 3, Table S3). In the
animals exposed to the 5 mg Cd/kg feed for 10, 17, and 24 months, this enzyme activity
was clevated 5.2-25-fold (Figure 3, Table S3). The measurements of NAG taken every two
months during the 24-month study disclosed that at low-level exposure to Cd, the urinary
activity of this enzyme began to increase after 12 months (was 3.1-fold higher than in the
control group) and confirmed the rise in this enzyme activity after 10 months of the higher
exposure noted in the animals sacrificed at this time point (Figures 3 and 4). At both levels
of exposure to Cd, the activity of NAG, once increased, remained at an elevated (3.2-5.5-
fold compared to the control group) but relatively stable level during the following
months; however, between the 20th and 22nd months, a marked increase (4.8- and 5.8-
fold in the Cdi and Cds groups, respectively) in this enzyme activity (up to values 18 and
25 times higher in the Cdiand Cds groups, respectively, than in the control group) was
noted (Figure 4, Table 54).

In the animals maintained on the feed containing 1 and 5 mg Cd/kg for 10, 17, and 24
months, the activity of ALP in the urine was increased (2.6-7.3-fold) (Figure 3; Table S3).
Bimonthly monitoring of ALP activity in the animals maintained in the experiment for 24
months revealed that at moderate exposure to Cd, the activity of this enzyme increased
as early as after 4 months (4.8-fold), whereas in the low-level treatment, it rose (2.8-fold)
after 10 months, analogously as in the animals sectioned after this time of exposure dura-
tion (Figure 4, Table S5). Once the activity of ALP increased, it remained elevated (2.5-3.9
times in the Cdigroup and 3.2-7.3 times in the Cds group) until the end of the experiment
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(Figure 4, Table S5). In the Cds group, between the 22nd and 24th months, a marked in-
crease (2.3-fold) in ALP activity was noted (Figure 4, Table S5).

The administration of AM during the exposure to the 1 and 5 mg Cd/kg feeds entirely
prevented all the changes described above in the values of KIM-1, $2-MG, NAG, and ALP
except for the rise in ALP activity after 6 months of the treatment with the 5 mg Cd/kg
feed (Figures 14, Tables S1-55). The activity of ALP in the Cds+AM group after 6 months
was 2.9-fold higher compared to the control group and did not differ compared to the Cds
group (Figure 4, Table S5). Apart from this one exception, the values of all biomarkers of
damage to the kidney tubules in the Cdi+AM group and the Cds+AM group were within
the ranges of values determined in the control group (Figures 1-4, Tables S1-S5).
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Figure 3. The activities of N-acetyl-B-D-glucosaminidase (NAG) and alkaline phosphatase (ALP) in
the urine of female rats. The animals were treated with cadmium (Cd) in the feed at a concentration
of 0, 1, or 5 mg/kg (Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia
melanocarpa L. (AM, Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as
a median, 25-75% confidence interval, and minimum and maximum values for eight animals (ex-
cept for seven females in the AM, Cdi, and Cds groups after 24 months). Statistically significant
differences (Kruskal-Wallis test) compared to: a—Control group; b— AM group; c—Cdigroup; d—
Cdi+AM group; and e—Cds group, where * p<0.05, *p < 0.01, and Tp <0.001 are marked. The factors
of change compared to the control group (1, increase) or the adequate group treated with Cd alone
(, decreasce) are indicated by the numerical values below or above the bars. Detailed data are pre-
sented in Table S3.
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Figure 4. The activities of N-acetyl-B-D-glucosaminidase (NAG) and alkaline phosphatase (ALP) in
the urine of female rats evaluated every other month during the 24-month study. The animals were
treated with cadmium (Cd) in the feed at a concentration of 0, 1, or 5 mg/kg (Control, Cd1, and Cds
groups) and/or 0.1% extract from the berries of Aronia melanocarpa1.. (AM, Cdi+AM, and Cds+AM
groups). Data are shown as a median value for eight animals (except for seven females in the AM,
Cdi, and Cds groups after 20, 22, and 24 months). An occurrence of statistically significant differ-
ences (Kruskal-Wallis test; * p < 0.05, *p < 0.01, and f p < 0.001) between every two experimental
groups at each time point was evaluated and marked as follows: f—AM and Control groups; g—
Cd1 and Control groups; h—Cdi+AM and Control groups; i—Cdi and Cdi+AM groups; j—Cds and
Control groups; k—Cds+AM and Control groups; 1—Cds and Cds+AM groups; m—Cdi and Cds
groups; and n—Cdi+AM and Cds+AM groups. A lack of the particular letter symbol means a lack
of statistically significant differences between appropriate groups. Detailed data are presented in
Tables S4 (NAG) and S5 (ALP).
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2.2. The Impact of Cd and AM Alone and Their Co-Administration on the Values of Biomarkers
of Damage to the Kidney Glomeruli

In the rats administered AM alone for up to 24 months, the concentrations of albumin
and total protein in the urine adjusted for creatinine concentration (ACR and PCR, respec-
tively), creatinine concentration in the serum and urine, creatinine clearance, as well as
the concentrations of uric acid and urea in the serum and their content in the 24-h urine,
were within the ranges of the control group (Figures 5-8, Tables 56-511).

ACR (mgimg creatinine) PCR (mgimg creatinine)

3months 3months
4

%) e

Control  AM Cdy Cd+AM Cd; _Cds*AM

o

o

Control  AM Cdi_Cdi+AM__ Cds CdstAM

10 months 60 49 months atbtd*

50
N abt oy N
12 17x 40 I? ax 34x
. 30
o] EnllP L
@ 20 34 o I8,

8
€’
s o = =
Control AM___ Cdi_CdrtAM,_Cds CdstAM o L_Control AM _Cdi CdwAM_Cds CdseAM
28 90
5 17 months — 17months a'btdt
a'b 75
o
20 a'b’ Q ™ bt N -
1.9 60 3 3
16 o "
: &
s * '
t + @ t £ oo
4 15 18 25 0 ‘il% 31x I:%! 14 I3
o L_Control AM__Cdi CdwAM_ Cds CdseAM 0} Control AM _ Cdi Cdi#AM Cds CdstAM
90 o
28 | 24 months a &P 24 months 2 a*dt
. e A R N
N N N Nl
20 17x x 60 72 59¢
16 45
et

&
¢
1 1 1 1
12 ;ﬂ?@ 22x 24x % 57 56x
“ fled & &

Control_AM Cdi_Cdi+AM__ Cds CdstAM

FS

o

Control AM ___ Cdy Cd+AM_Cds CdstAM

Figure 5. The concentrations of albumin and total protein in the urine of female rats adjusted for
creatinine concentration (ACR and PCR, respectively). The animals were treated with cadmium
(Cd) in the feed at a concentration of 0, 1, or 5 mg/kg (Control, Cd1, and Cds groups) and/or 0.1%
extract from the berries of Aronia melanocarpa L. (AM, Cdi+AM, and Cds+AM groups) for 3, 10, 17,
and 24 months. Data are shown as a median, 25-75% confidence interval, and minimum and maxi-
mum values for eight animals (except for seven females in the AM, Cd, and Cds groups after 24
months). Statistically significant differences (Kruskal-Wallis test) compared to: a— Control group;
b—AM group; c—Cdi group; d—Cdi+AM group; and e—Cds group, where * p < 0.05, 'p <0.01, and
+p <0.001 are marked. The factors of change compared to the control group (1, increase) or the
adequate group treated with Cd alone (, decrease) are indicated by the numerical values below or
above the bars. Detailed data are presented in Table S6.
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Figure 6. The concentrations of albumin and total protein in the urine of female rats adjusted for
creatinine concentration (ACR and PCR, respectively) evaluated every other month during the 24-
month study. The animals were treated with cadmium (Cd) in the feed at s concentration of 0, 1, or
5 mg/kg (Control, Cd1, and Cdsgroups) and/or 0.1% extract from the berries of Aronia melanocarpa
L. (AM, Cdi+AM, and Cds+AM groups). Data are shown as a median values for eight animals (ex-
cept for seven females in the AM, Cdi, and Cds groups after 20, 22, and 24 months). An occurrence
of statistically significant differences (Kruskal-Wallis test; * p < 0.05, fp <0.01, and tp <0.001) between
every two experimental groups at each time point was evaluated and marked as follows: f—AM
and Control groups; g—Cdi and Control groups; h—Cdi+AM and Control groups; i—Cd1 and
Cdi+AM groups; j—Cds and Control groups; k—Cds+AM and Control groups; | —Cds and Cds+AM
groups; m—Cdi and Cds groups; and n—Cdi+AM and Cds+AM groups. A lack of the particular
letter symbol means a lack of statistically significant differences between appropriate groups. De-
tailed data are presented in Tables S7 (ACR) and S8 (PCR).
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Low-level and moderate exposure to Cd for 17 and 24 months resulted in an increase
in ACR (1.5-2.5-fold) (Figure 5, Table S6). The estimation of ACR every other month in
the animals maintained in the experiment for 24 months revealed that in the Cd1 group, a
temporary growth (2.1-fold) in this parameter was noted after 6 months. Next, for several
months, ACR remained proper, while after 18 months, it increased again and was en-
hanced (1.7-2.4-fold) until the end of the experiment (Figure 6, Table S7). In the females
treated with the 5 mg Cd/kg feed, ACR increased (2.3-fold) after 16 months and remained
at the elevated (1.9-2.4 times) level until the end of the study (Figure 6, Table S7).

In the animals sectioned after 10, 17, and 24 months, PCR was higher (3.1-5.7 times)
than in the control group (Figure 5, Table 56). The measurements carried out every other
month at both levels of exposure to Cd disclosed that PCR increased for the first time after
6 months (3.2 and 2.3 times in the Cdiand Cds groups, respectively) and remained en-
hanced (3.0-5.7 times and 2.8-5.6 times in the Cdiand Cds groups, respectively) until the
end of the 24-month study (Figure 6, Table S8).

The exposure to Cd at the concentrations of 1 and 5 mg Cd/kg feed had no impact on
creatinine concentrations in the serum or urine (data presented only in the Supplementary
Materials; Table S9). The creatinine clearance was not affected by the low-level exposure
to Cd for 3-24 months, but it decreased after 17 and 24 months of the moderate treatment
(by 35% and 22%, respectively) (Figure 7, Table S9).
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Figure 7. Creatinine clearance in female rats. The animals were treated with cadmium (Cd) in the
feed at a concentration of 0, 1, or 5 mg/kg (Control, Cdi, and Cdsgroups) and/or 0.1% extract from
the berries of Aronia melanocarpa L. (AM, Cdr+AM, and Cds+AM groups) for 3, 10, 17, and 24 months.
Data are shown as a median, 25-75% confidence interval, and minimum and maximum values for
eight animals (except for seven females in the AM, Cdi, and Cds groups after 24 months). Statisti-
cally significant differences (Kruskal-Wallis test) compared to: a—Control group; d—Cdi+AM
group; and e—Cds group, where * p <0.05, p < 0.01, and tp < 0.001 are marked. The percentage
changes or a factor of change compared to the control group (|, decrease) or the adequate group
treated with Cd alone (7, increase) are indicated by the numerical values above the bars. Detailed
data are presented in Table S9.

The concentrations of uric acid and urea in the serum in the Cd: group were unaf-
fected, except for an increase (by 40%) in uric acid concentration after 3 months (Figure 8,
Table S10). In the Cds group, urea concentration was enhanced after 17 and 24 months (by
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34% and 2.2-fold, respectively), and uric acid concentration was elevated (by 30%) after
24 months (Figure 8, Table $10). Intoxication with Cd in fodder at concentrations of 1 and
5 mg/kg had no impact on the content of uric acid and urea in the 24-h urine (data pre-
sented only in the Supplementary Materials; Table S11).
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Figure 8. The concentrations of uric acid and urea in the serum of female rats. The animals were
treated with cadmium (Cd) in the feed at a concentration of 0, 1, or 5 mg/kg (Control, Cd1, and Cds
groups) and/or 0.1% extract from the berries of Aronia melanocarpa 1.. (AM, Cdi+AM, and Cds+tAM
groups) for 3, 10, 17, and 24 months. Data are shown as a median, 25-75% confidence interval, and
minimum and maximum values for eight animals (except for seven females in the AM, Cds, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; c—Cdi group; d—Cdi+AM group; and e—Cds group —where * p <
0.05, 'p <0.01, and *p < 0.001 are marked. The percentage changes or factors of changes compared
to the control group (1, increase) or the adequate group treated with Cd alone (%, decrease) are
indicated by the numerical values below or above the bars. Detailed data are presented in Table S10.

There were no differences in the values of particular markers of glomerular function
between the Cd1 group and the Cds group, except for a lower (by 22%) concentration of
uric acid in the serum after 3 months and a higher (by 41%) concentration of urea after 17
months in the Cds group (Figures 5-8, Tables S6-511).
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All of the evaluated biomarkers of damage to the kidney glomeruli (ACR, PCR, cre-
atinine concentration in the serum and urine, and creatinine clearance, as well as the con-
centrations of uric acid and urea in the serum and their content in the 24-h urine) in the
animals co-administered with Cd and AM were within the ranges of values determined
in the control group, except for ACR in the Cdi+AM group after 17 months and the serum
concentration of uric acid after 3 months that were increased (1.6-fold and by 35%, respec-
tively) compared to the control group but did not differ versus the Cdigroup (Figures 5-
8, Tables S6-S11). Moreover, creatinine concentration in the serum in the Cds+AM group
after 3, 17, and 24 months was lower (by 26-39%) than in the Cds group (Table S9).

2.3. The Impact of Cd and AM Alone and Their Co-Administration on the Concentration of Cd
in the Urine

The concentration of Cd in the urine of the female rats maintained on the feed con-
taining 1 mg Cd/kg, evaluated every other month throughout the 24-month study, did not
differ compared to the control group, except for its higher (by 86%) value after 6 months,
and ranged from 0.1114 to 0.6386 pg Cd/g creatinine (Figure 9, Table 512). In the animals
fed with the 5 mg Cd/kg diet, the concentration of this toxic element in the urine starting
from the 2nd month until the end of the experiment ranged from 0.1664 to 0.9785 pug Cd/g
creatinine and was higher (2.1-3.3-fold) than in the control group (0.0620-0.2894 ug Cd/g
creatinine) but did not differ statistically significantly compared to the Cdi group; how-
ever, the median concentration of this heavy metal reached clearly higher numerical val-
ues (Figure 9, Table S14).
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Figure 9. The concentration of cadmium (Cd) in the urine of female rats evaluated every other
month during the 24-month study. The animals were treated with Cd in the feed at a concentration
of 0, 1, or 5 mg/kg (Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia
melanocarpa 1. (AM, Cd1+AM, and Cds+AM groups). Data are shown as a median value for eight
animals (except for seven females in the AM, Cdi, and Cds groups after 20, 22, and 24 months). An
occurrence of statistically significant differences (Kruskal-Wallis test; * p < 0.05, *p < 0.01, and tp <
0.001) between every two experimental groups at each time point was evaluated and marked as
follows: f—AM and Control groups; g—Cdi and Control groups; h—Cdi+AM and Control groups;
i—Cdi and Cdi+AM groups; j—Cds and Control groups; k—Cds+AM and Control groups; 1—Cds
and Cds+AM groups; m—Cd1 and Cdsgroups; and n—Cdi+AM and Cds+AM groups. A lack of the
particular letter symbol means a lack of statistically significant differences between appropriate
groups. Detailed data are presented in Table S12.
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The administration of AM to the animals maintained on the standard diet (containing
0.0584 + 0.0049 mg/kg) and the 1 mg Cd/kg diet had no impact on Cd concentration in 24-
h urine samples (Figure 9, Table S14). In the Cd5+AM group, the Cd concentration in the
urine after 16 months and between the 20th and 24th months was higher by 17-45% com-
pared to the Cds group (Figure 9, Table 514).

2.4. The Impact of Cd and AM Alone and Their Co-Administration on the Morphological
Structure of the Kidney

The macroscopic picture of both kidneys in the control group was normal. The kid-
ney was a bean-shaped organ of brick-red color and had a soft consistency. In the animals
that received Cd and AM alone and together, the macroscopic picture of the kidneys did
not differ from that in the control group.

Both kidneys in each rat had the same weight. The median absolute weight of the left
kidney of control females reached 0.9420 g (0.8595-1.0100 g) after 3 months and 1.3065 g
(1.1163-2.0292 g) after 24 months, whereas the relative weight of this organ was 0.3032
g/100 g body weight (b.w.) (0.2732-0.3222 g/100 g b.w.) and 0.1937 g/100 g b.w. (0.1786-
0.3624 g/100 g b.w.), respectively (Table S13). There were no differences in the absolute
and relative weight of the kidney between the experimental groups throughout the study
(Table S13).

The morphological microscopic image of the kidney in the control group was almost
proper, except for slight glomerulonephritis (found in 50% of the animals) and perivascu-
lar oedema (occurring in 25% of the animals) (Table 1, Figures 10 and 11). In the AM
group, slight intensity changes such as tubular vacuolization, an extension of the tubular
lumen, hyperplasia of the epithelium of the convoluted tubules, or glomerulonephritis
were observed, and each of these changes occurred only in one female (25%) (Table 1,
Figures 10 and 11).

Figure 10. Histopathological image of the renal tubules of female rats in hematoxylin-eosin (H+E)
staining. The animals were treated with cadmium (Cd) in the feed at a concentration of 0, 1, or 5
mg/kg (Control, Cdi, and Cdsgroups) and/or 0.1% extract from the berries of Aronia melanocarpaT..
(AM, Cdr+AM, and Cds+AM groups) for 24 months. Tubular changes were the most advanced in
the Cds group, in which hyalinization (white arrow), hyperplasia, and hypertrophy (grey arrow) of
the tubular epithelium and pronounced proliferation of the interstitial tissue of the kidney were
found.
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(a) He li in (H+E) staini

Figure 11. Histopathological image of the renal glomeruli of female rats. The animals were treated
with cadmium (Cd) in the feed at a concentration of 0, 1, or 5 mg/kg (Control, Cdi, and Cds groups)
and/or 0.1% extract from the berries of Aronia melanocarpa1.. (AM, Cdi+AM, and Cds+AM groups)
for 24 months. In the Cdiand Cds groups, moderate and severe, respectively, glomerulonephritis is
cvident. There is a thickening of the basement membranes (blue in Masson’s staining) of the glomer-
ulus and progressive atrophy of the mesangium (decrease in cellularity) (black arrow). In the
Cdi+AM and Cds+tAM groups, minimal or slight, respectively, glomerulonephritis is observed.
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In the animals maintained for 24 months on the feed containing 1 and 5
mg Cd/kg (Cd1 and Cdsgroups), pathological changes in the tubules such as
vacuolization (only in the Cd1 group), hyalinization, an extension of the tub-
ular lumen (only in the Cd1 group), hyperplasia and hypertrophy of the epi-
thelium of the convoluted tubules, and proliferation of the interstitial tissue
of the kidney, as well as glomerulonephritis and congestion at the cortex/me-
dullary interface and perivascular oedema (only in the Cds group), were ob-
served (Table 1, Figures 10 and 11). There was no tubular necrosis or glomer-
ular congestion (Table 1). The Cd-induced changes in the morphological
structure of the kidney in the Cds group were more advanced compared to
those noted in the Cdi group, except for tubular vacuolization, which was not
observed in the Cds group (Table 1, Figures 10 and 11).

In the animals administered with AM during the treatment with Cd
(Cdi+AM and Cds+AM groups), the intensity of pathological changes in the
morphological structure of the kidney was milder compared to the respective
groups that did not receive the extract under the exposure to Cd (Cdiand Cds
groups) (Table 1, Figures 10 and 11). The administration of AM at the expo-
sure to the 1 mg Cd/kg feed completely protected the tubular vacuolization
and hyalinization, an extension of the tubular lumen, and hyperplasia and
hypertrophy of the epithelium of the convoluted tubules, as well as a weak-
ened proliferation of interstitial tissue of the kidney (Table 1, Figure 10). The
application of the extract at the time of intoxication with 5 mg Cd/kg feed pre-
vented hyperplasia of the epithelium of the convoluted tubules and attenu-
ated the other Cd-induced changes in the histological structure of tubules,
such as hyalinization, hypertrophy of the epithelium of the convoluted tu-
bules, and interstitial proliferation (Table 1, Figure 10). However, a slight ex-
tension of the tubular lumen was observed in 50% of animals in the Cds+AM
group, whereas no such change occurred in the Cds group (Table 1). In the
Cd1 group, glomerulonephritis developed in all animals, and in 25% of the
females, it was slight and in 75%, moderate, while in the Cdi+AM group, it
was noted only in 25% of the animals and was slight. Similarly, in the Cds
group, glomerulonephritis was severe in 75% of the animals and moderate in
25% of the females, whereas in the Cds+AM group, it was noted only in 50%
of the animals and was slight in intensity (Table 1, Figure 11). The administra-
tion of AM during the exposure to 1 and 5 mg Cd/kg feed also weakened con-
gestion at the cortex/medullary interface. In addition, AM administration un-
der higher exposure to Cd resulted in a weakening of perivascular oedema;
however, in the Cdi+AM group, a slight intensity change of this kind was
noted in 25% of animals, while in the Cd: group, it was absent (Table 1).

2.5. The Impact of Cd and AM Alone and Their Co-Administration on the Markers
of Inflammation in the Kidney

The administration of AM alone for up to 24 months had no impact on
the concentrations of chemerin, MIP1a, and Bax in the kidney (Figure 12, Ta-
ble S14).

In the rats treated with the 1 mg Cd/kg feed, the concentration of
chemerin in the kidney tissue was increased (2.4-fold) after 24 months,
whereas the concentrations of MIP1a and Bax throughout the whole experi-
ment were unchanged compared to the control group (Figure 12, Table S14).
In the animals fed with fodder containing 5 mg Cd/kg, chemerin concentra-
tion was elevated after 17 and 24 months (1.4- and 2.3-fold, respectively), and
Bax concentration was enhanced after 24 months (1.4-fold), whereas the con-
centration of MIP1a was decreased (2.3-fold) after 3 months (Figure 12, Table
S14). The kidney concentrations of chemerin, MIP1a, and Bax did not differ
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between the Cdi and Cds groups, except for the lower (by 53%) concentration
of MIP1a in the Cds group after 3 months (Figure 12, Table S14).
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Figure 12. The concentrations of chemerin, macrophage inflammatory protein 1 alpha
(MIP1a), and Bcl2-associated X protein (Bax) in the kidneys of female rats. The animals
were treated with cadmium (Cd) in the diet at a concentration of 0, 1, or 5 mg/kg (Con-
trol, Cdi, and Cdsgroups) and/or 0.1% extract from the berries of Aronia melanocarpa L.
(AM, Cdi+AM, and Cds+tAM groups) for 3, 10, 17, and 24 months. Data are shown as
a median, 25-75% confidence interval, and minimum and maximum values for eight
animals (except for seven females in the AM, Cdy, and Cds groups after 24 months).
Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cdi group; d —Cdi+AM group; and e—Cdsgroup—where *
p <005, 'p<0.01, and {p < 0.001 are marked. The factors of change compared to the
control group (|, decrease; ], increase) or the adequate group treated with Cd alone
(, decrease) are indicated by the numerical values below or above the bars. Detailed
data are presented in Table S14.

The administration of AM during the exposure to Cd prevented these
heavy-metal-induced changes in the concentration of chemerin, but it de-
creased the exposure to the 5 mg Cd/kg feed-unchanged concentration of this
parameter after 3 and 10 months compared to the control and Cds groups (2.6-
6.5-fold) (Figure 12, Table S14). The concentration of MIP1a in the Cdi+AM
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group after 17 and 24 months and in the Cds+AM group at all time points was
lower compared to the control group, except for a lack of difference in the
concentration of MIP1a between the Cds group and the Cds+AM group after
3 months (Figure 12, Table S14). In the animals administered with AM during
the 10-, 17-, and 24-month feeding with fodder containing 1 mg Cd/kg, the
concentration of Bax was lower (1.6-5.5-fold) compared to the Cdi group;
however, it did not differ compared to the control group (Figure 12, Table
514). The 3-month administration of AM to the females maintained on the 5
mg Cd/kg feed resulted in a decrease (3.7-fold) in the concentration of Bax
compared to the control group. After 10,17, and 24 months, Bax concentration
in the Cds+AM group did not differ compared to the control, and after 17 and
24 months, it was lower (3.2 and 1.9 times, respectively) than in the Cds group
(Figure 12, Table S14).

2.6. Relationships between the Investigated Biomarkers of Kidney Status and the
Body Burden of Cd

In the female rats that were not administered with AM (the control group
and the Cdi and Cds groups), positive dependencies were noted between the
indices of the body burden of Cd, such as this heavy metal concentration in
the blood, urine, and kidney, and all evaluated markers of renal tubular dam-
age (KIM-1, B2-MG, NAG, and ALP), as well as indices of glomerular damage
such as ACR, PCR, and the serum concentrations of uric acid and urea, except
for a lack of dependence between NAG activity and Cd concentration in the
urine (Table 2). The creatinine clearance was negatively correlated with the
Cd concentration in the blood and kidney (Table 2). Moreover, the kidney
concentration of chemerin was positively correlated with the Cd concentra-
tion in the blood (Table 2).

In the rats that were administered AM alone and during the exposure to
Cd (the AM, Cdi+AM, and Cds+AM groups), there were no dependencies be-
tween the Cd concentration in the blood, urine, and kidney and the indices of
tubular and glomerular damage, except for positive correlations between the
kidney Cd concentration and $2-MG, NAG, and ACR (Table 2). Moreover,
negative dependencies occurred in these animals between the kidney concen-
trations of chemerin, MIP1a, and Bax and the concentrations of Cd in the

blood, urine, and kidney (Table 2).

2.7. Mutual Relationships between the Investigated Markers of the Kidney Status

In the female rats that were not administered with AM (the control group
and the Cdi and Cds groups), mutually positive relationships were noted be-
tween each of the investigated markers of renal tubular damage (KIM-1, 32-
MG, NAG, and ALP), ACR, and PCR (Table 3). The creatinine clearance was
negatively correlated with the urinary p2-MG, NAG, ALP, ACR, and PCR, as
well as urea the concentration in the serum, and positively correlated with the
urinary concentrations of uric acid and urea (Table 3). Positive relationships
also occurred between the markers of kidney damage determined in the urine
(KIM-1, B2-MG, NAG, ALP, ACR, and PCR) and the serum concentrations of
uric acid and urea, except for a lack of relationship between the serum con-
centration of uric acid and ALP activity and PCR (Table 3). There was no re-
lationship between the serum and urinary concentrations of uric acid and urea
(Table 3). The urinary activities of NAG and ALP, ACR, creatinine clearance,
and the concentrations of uric acid and urea in the serum positively correlated
with the kidney concentration of chemerin (Table 3).
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Unlike the female rats that were not administered with AM, in the animals that re-
ceived this extract (alone and during the exposure to Cd), only a few mutual dependencies
were noted between the evaluated markers of tubular and glomerular damage (Table 3).
Moreover, negative dependencies occurred between 2-MG, NAG, ALP, ACR, and PCR
and the kidney concentrations of MIP1a and/or Bax (Table 3).

In both animals administered or not with AM, positive relationships occurred be-
tween the kidney concentrations of chemerin, MIP1a, and Bax (Table 3).

3. Discussion

The present article is the first report, from studies carried out in an experimental an-
imal model, that even low-level, long-term exposure to Cd poses a substantial risk of dam-
age to the kidney, whereas the intake of an extract from the berries of A. melanocarpa_con-
siderably protects against this outcome. Since the study was conducted in an in vivo
model that well reflects the current levels of Cd exposure in the worldwide general pop-
ulation, it can be concluded that lifetime environmental exposure to this heavy metal in
industrialized countries is a risk factor for kidney damage. Moreover, the article presents
a proposal for an effective protective strategy against this organ injury due to long-term
low-to-moderate intoxication with this xenobiotic.

The kidney, as the main organ of Cd accumulation in the body and the organ respon-
sible for its detoxification and elimination, is especially vulnerable to damage caused by
this xenobiotic [2,4-6,8,12,14]. Because Cd is very slowly eliminated from the body, it
gradually accumulates in the kidney during chronic intoxication, mainly in the form of
complexes with a low-molecular-weight protein—metallothionein (MT) [2,13,25]. The
binding of Cd ions (Cd?) in the kidney cells by MT results in the formation of non-toxic
(in the intracellular space) complexes of this element with MT (Cd-MT complexes), which
is the process of detoxification of this heavy metal. However, Cd-MT complexes are char-
acterized by a short lifespan (about 3 days) and are decomposed via the release of Cd?
ions, which further induce the synthesis of MT and bind to this protein. Nevertheless, the
ability of the kidney to biosynthesize MT and accumulate Cd in the form of non-toxic Cd-
MT complexes is limited [2,13,25]. Thus, repeated exposure to this toxic heavy metal cre-
ates a threat to kidney health [1,2,4,12,14], and as shown in the present study, even low-
level intoxication with this xenobiotic can result in organ damage.

As performed in the present investigation, measurements of the sensitive biomarkers
of kidney status together with histological evaluation of this organ revealed that repeated,
low-level, and moderate exposure to Cd resulted in abnormalities in the function and
morphological structure of kidney tubules and glomeruli. The injury to tubules exceeded
damage to the glomeruli, and the first signs of the damaging impact of this xenobiotic on
the kidneys were found as early as after 3 months of low-level exposure. Compared to the
proper values determined in the control animals, the elevated concentrations of KIM-1
and 32-MG and the activities of NAG and ALP in the urine reflect tubular damage, which
gradually progressed with the duration of exposure, especially at the higher investigated
levels of intoxication. It is important to emphasize that although there were no differences
in the values of the biomarkers of tubular damage between the Cd: and Cds groups at
particular time points, the changes in the values of these parameters occurred carlier at
the higher exposure, except for KIM-1. The positive relationships found between almost
all determined indices of renal tubular damage and Cd concentration in the blood, urine,
and kidneys of the animals exposed to this element in trace-to-moderate amounts show
that the extent of tubular damage progressed with the increasing body burden of this xe-
nobiotic. Moreover, histopathological studies also revealed that the changes in the mor-
phological structure of the tubules were more advanced at a higher level of exposure to
Cd. Similar to those noted in the Cdi and Cds groups, pathological changes in the histo-
logical structure of the kidney were also reported by other authors, however, at higher
levels of exposure to this xenobiotic [33-38].
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The finding that, at both levels of exposure to Cd, the first biomarker whose values
were enhanced already after 3 months was KIM-1 and that this effect occurred from a few
to several months earlier than changes in the values of 32-MG and NAG, which are com-
monly considered sensitive markers of this heavy metal nephrotoxicity [2,8,13-15], shows
that this parameter appears to be the earliest biomarker of this xenobiotic-induced tubular
damage. KIM-1 is a transmembrane glycoprotein localized on the epithelial cells of the
proximal tubules. Cd undergoes accumulation in the cells of the tubular epithelium, and
once damage to these cells occurs due to the toxic action of Cd**ions, KIM-1 is shed into
the urine [39]. Although an increase in the concentration of KIM-1 in the urine as a result
of exposure to Cd has been reported in numerous studies in humans and experimental
animals [2,13,39-41], according to some authors, the usefulness of this marker during low-
level exposure to this toxic element may be limited [13,40]. However, our study provides
credible evidence that KIM-1 can be an early marker of tubular damage during such ex-
posure, and thus, it is worth determining the impact of Cd on kidney status. In humans
environmentally exposed to Cd, the higher prevalence rate of increased urinary concen-
tration of KIM-1 has been shown to occur at this heavy metal concentration in the urine
higher than 1 pg/g creatinine [39]. Our study shows that an increased concentration of this
biomarker can be noted already after a relatively short exposure (3 months in the experi-
mental model) and at markedly lower levels (several times) than in human Cd concentra-
tions in the urine (0.0852-0.2820 ug/g creatinine) (Table S515) [17].

Like KIM-1, NAG is another biomarker of Cd-induced cytotoxic damage to the renal
tubules. It is a lysosomal enzyme abundantly present in the epithelial cells of the proximal
tubules. Its activity is low under physiological conditions, but it increases due to Cd-in-
duced injury of the tubular cells [2,8,13,37,39,42,43]. Thus, the increased activity of NAG
noted in the animals fed with fodder containing 1 and 5 mg Cd/kg indicates proximal
tubular damage. The Cd concentration in the urine of female rats at which the increase in
the activity of NAG was first detected (median 0.2403 ug/g creatinine; range (.1912-0.4959
ug/g creatinine in the Cdi group and median 0.3570 ug/g creatinine; range 0.2120-0.5084
ug/g creatinine in the Cds group) (Table $12) is similar to the heavy metal concentration
at which an increased activity of this enzyme was reported in humans (0.38 ug Cd/g cre-
atinine in men and 0.42 pg Cd/g creatinine in women) [4]. Apart from KIM-1 and NAG,
the urinary activity of ALP is also a biomarker of cytotoxic damage to the proximal tu-
bules. This enzyme is present in the cells of the brush border of the epithelium of the
proximal tubules, and thus, damage to these cells is reflected in the increased activity of
this enzyme in the urine [13]. Increased activity of ALP in the urine has been found in
workers occupationally exposed to Cd who have high concentrations of this xenobiotic in
the urine [37] and in experimental animals [43]; however, this biomarker is not commonly
used in epidemiological studies. The fact that in the present study, at both levels of treat-
ment with Cd, the increase in the activity of ALP in the urine occurred earlier (after 4 and
10 months of low-level and moderate exposure, respectively) than the changes of com-
monly used sensitive markers, such as $2-MG and NAG, indicates that the determination
of ALP may be useful in monitoring the impact of low-to-moderate exposure to Cd on
kidney status.

At both levels of exposure to Cd, the concentration of 32-MG in the urine increased
for the first time two months later than when the increase in the activity of NAG occurred,
confirming that NAG is a more sensitive biomarker for Cd-induced renal tubular damage
than p2-MG [14]. B2-MG is a low-molecular-weight protein present on the surface of al-
most all nucleated cells and routinely shed by these cells into the blood. Under physiolog-
ical conditions, this protein passes by the glomeruli and is reabsorbed by the proximal
tubules. Thus, it is present in the urine only in low concentrations; however, Cd-induced
damage to the reabsorptive function of tubules results in an increase in its amount in the
urine [4,14]. The increase in the concentration of $2-MG in the urine of female rats exposed
to Cd reflects the destroyed reabsorptive function of the renal proximal tubules. Based on
our results, it can be concluded that the reabsorptive function of the renal tubules may
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start to weaken at such low Cd concentrations in the urine as 0.1850-0.3110 pig/g creatinine
(Table S12). In humans, $2-MG was found in the urine in enhanced amounts at Cd con-
centrations, reaching 0.38 pg/g creatinine in men and 0.42 ug/g creatinine in women [4].

The Cd-induced increase in ACR, PCR, and the serum concentrations of uric acid and
urea, as well as the decrease in creatinine clearance, reflect the impairment of glomerular
filtration. Our recently performed overview of the available literature data allowed for the
conclusion that albuminuria and GFR (estimated in the present study based on ACR and
creatinine clearance, respectively) are sensitive markers of Cd-induced glomerular dam-
age and that LOAELS of the Cd concentration in the blood and urine for glomerular dys-
function (albuminuria and decreased GFR) in the general population are >0.18 ug/L and
>0.27 ug/g creatinine, respectively [2,4,5]. In the present study, the first obvious signs of
glomerular damage (increased PCR that occurred after 6 months and remained until the
end of the 24-month study) were observed at the urinary concentration of the toxic ele-
ment, ranging from 0.1485 to 0.3397 ug/g creatinine (median 0.2311 ug/g creatinine). The
22-35% reduction in creatinine clearance (reflecting the amount of creatinine filtered in
the glomeruli per unit of time) and the increased concentration of uric acid and/or urea in
the serum after the 17-24-month exposure to the 5 mg Cd/kg feed indicate significant de-
terioration in the GFR. Although there were no differences in the values of particular
markers of glomerular damage between the Cdi and Cds groups, the fact that at the expo-
sure to the 1 mg Cd/kg feed, the creatinine clearance as well as the serum concentration
of uric acid and urea were unaffected shows that the damaging impact of this heavy metal
on the kidney was more serious at the exposure to the 5 mg Cd/kg feed. Moreover, the
histopathological study revealed more advanced glomerulonephritis at the higher of the
investigated levels of exposure to Cd. Low-level exposure to this xenobiotic would be ex-
pected to not affect creatinine clearance and the serum concentrations of uric acid and
urca; however, the finding that the increase in the urinary excretion of total protein (in-
creased PCR) at both levels of exposure to Cd occurred after 6 months and exceeded (for
10-12 months) an occurrence of the enhancement in the excretion of albumin (increased
ACR) was unexpected, especially at low-level exposure. The clevation in the values of
KIM-1 and (2-MG and enzymatic proteins such as NAG and ALP noted in Cd-exposed
rats was not high enough to explain the increase in PCR; however, the presence in the
urine of other proteins (e.g., al-microglobulin, Clara cell protein 16, and MT) might also
be enhanced [2,8,13,14]. The positive relationships between Cd concentration in the blood,
urine, and kidney and the urinary ACR and PCR in the animals that did not receive AM
during trace-to-moderate exposure to Cd indicate that the risk of Cd-induced proteinuria,
including albuminuria, increased with the increasing body burden of Cd. Albumin is the
main plasma protein physiologically present in the blood. Under proper kidney function,
only trace amounts of this protein occur in the urine, but when glomerular damage occurs,
its concentration in the urine increases [2].

Detailed analysis of the changes in the values of particular biomarkers of the kidney
status during the 24-month exposure to Cd showed that the kidney injury developed and
progressed with the duration of the exposure to this xenobiotic, leading to both tubular
and glomerular damage at relatively low concentrations of this xenobiotic in the blood
and urine and its low accumulation in the kidney (Table S15). Histopathological studies
confirmed the damaging impact of Cd on kidney morphology, including both the injury
of tubules and the development of glomerulonephritis due to lifelong, even low-level, ex-
posure to this xenobiotic. It is important to emphasize that although the statistical analysis
revealed no difference in Cd concentration in the urine or biomarkers of kidney damage
between the Cdi and Cds groups, the measurements of biochemical parameters and mi-
croscopic assessment of the morphological structure of this organ allowed for the conclu-
sion that the damaging impact of Cd on the kidney at the higher exposure occurred earlier
and was more advanced at the same exposure duration than at the lower level of expo-
sure. The lack of statistically significant differences in the values of biomarkers of Cd ne-
phrotoxicity between the Cdi1 and Cds groups may be explained by the lack of difference
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in this toxic element’s concentration in the urine (the most useful biomarker of long-term
exposure to Cd) between these two groups. Moreover, the lack of differences in both the
values of the estimated biomarkers of kidney status and the Cd concentration in the urine
between these groups might also result from a relatively wide range of values in terms of
particular parameters.

The fact that in the experimental model of human exposure to Cd that we created,
the 24-month exposure to the 1 mg Cd/kg feed resulted in cytotoxic damage to the kidney
tubules, weakened their resorptive function, and led to glomerulonephritis, allows for the
conclusion that lifelong exposure to this toxic heavy metal may create a risk for kidney
damage in the general population. Even under low environmental exposure, Cd gradually
accumulates in the kidney during a person’s lifetime and reaches a peak concentration in
this organ at around 60 years of age [44,45]. In the female rats maintained on fodder con-
taining only trace amounts of Cd (0.098 mg/kg) and those fed with the 1 mg Cd/kg diet,
the accumulation of this element in the kidneys increased throughout the experiment and
reached its peak after 24 months (0.0844 + 0.0357 and 1.981 + 0.5089 pug/g wet weight
(w.w.), respectively) [17], when the age of the animals was equivalent to the human age
of 60 years [46]. The accumulation of Cd in the kidneys during the exposure to 5mg Cd/kg
reached a peak after 17 months (10.77 +1.936 pg/g w.w.), corresponding to approximately
45 human years [46], and a plateau was reached thereafter [17].

Detailed analysis of the results of the present study shows that even under low-level
exposure, the first signs of the damaging impact of Cd on the kidney tubules may occur
already at a young age (i.e., after 3 months of the experiment, corresponding to the human
age of around 18 [46]), while at the stage of adulthood (i.c., after 10-17 months of the
study, corresponding to 3045 years in humans [46]), the damage to both tubules and glo-
meruli was clearly evident, whereas in the elderly (i.e., after 24 months of the study), tub-
ular damage intensified and glomerulonephritis developed. The finding that even low-
level exposure to Cd has a detrimental effect on the kidney that progresses with exposure
duration and may lead to destroying kidney function and pathological changes in this
organ structure is a very important result of the study. Revealing that these effects occur
at this heavy metal concentration in the urine (0.0852-0.2820 ug/g creatinine) within the
lower range of values noted in the worldwide general population confirms our recently
published [2] conclusion made based on the overview of literature data that even low-
level environmental exposure currently occurring in developed countries is a risk factor
for kidney damage.

Although the toxic impact of Cd on the kidneys has been known for a long time and
has been the subject of many studies, the mechanism of the nephrotoxic action of this xe-
nobiotic, as well as the risk of this organ damage under low-level exposure, have not been
sufficiently studied (for a review, see [2]). In the available literature, there are numerous
studies on the damaging impact of Cd on the kidney conducted in laboratory animals;
however, the used experimental models do not correspond to human exposure in terms
of the dose (moderate, high, and even very high doses were administered) of this xenobi-
otic and the route of intoxication [33-38,40,47-49]. To our knowledge, the experimental
model we created is the only in vivo model constructed so far that well reflects human
environmental exposure, and, therefore, we discuss our findings in the light of data from
epidemiological studies. According to current knowledge, the mechanism of the ne-
phrotoxic action of Cd is multidirectional and mainly involves the induction of oxidative
stress and oxidative lesions of cellular macromolecules and cellular organelles, the devel-
opment of inflammatory processes, the stimulation of cell proliferation, and the induction
of epigenetic changes [2,4,8]. As noted in the present study, increased concentrations of
chemerin and Bax in the renal tissue and changes in the microscopic image of the kidney
show that the mechanism of the toxic impact of Cd at low-to-moderate exposure is related
to the induction of inflammatory status and the stimulation of apoptotic and proliferative
processes [35,37,40]. The present study was focused primarily on understanding whether
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low-level chronic exposure creates a risk for kidney damage and if this effect may be coun-
teracted by Aronia extract. However, our research project also includes an explanation of
the mechanisms of both the nephrotoxic action of Cd and the nephroprotective impact of
the extract, and the findings will be published soon.

The most important and new finding of the present study is revealing the possibility
of protection from the damaging impact of Cd on the kidney via the administration of
chokeberry extract and providing further evidence of the beneficial impact of Aronia
products to counteract the harmful effect of exposure to this xenobiotic. The finding that
the intake of chokeberry extract during low-level and moderate exposure to Cd almost
completely protected from changes in the biochemical biomarkers of this xenobiotic-in-
duced tubular and glomerular damage and weakened pathological changes in the histo-
logical structure of the renal tissue suggests that Aronia berry products are a good strategy
for protecting against kidney damage caused by exposure to this xenobiotic. Since even
low-level chronic exposure to Cd, which nowadays is increasingly inevitable in industri-
alized countries, creates a risk for kidney damage [1,2,4-6,8,12,14], the findings of this
study have not only scientific value but are also very important from a public health per-
spective and have practical implications.

Considering our previous findings taken from the experimental model [17-26] and
the chemical composition of the chokeberry extract [21,27,28,30,32], the protective impact
of AM regarding Cd nephrotoxicity revealed in the present study may be explained by
the direct action of the extract ingredients, especially polyphenolic compounds, as well as
their interaction with Cd. It has been revealed that the administration of AM to the ani-
mals treated with 5 mg Cd/kg feed decreased the apparent absorption (by 14-17%) and
retention in the body (by 14-17%) and increased urinary excretion (by 21-39%) of this
toxic element, resulting in lower total accumulation in the internal organs (by 20-29%)
(mainly in the kidneys and liver —by 20-29% —but also in the spleen, heart, and brain, by
15-17%) and bone tissue (by 12-25%), as well as a lower concentration in the blood (by
10-19%) (Table S15) [17]. The Cd concentration in the kidneys of the rats co-administered
with AM and the 5 mg Cd/kg feed for 3-24 months was lower by 6.5-13% than in the
animals that were not supplemented with the extract during the treatment with this toxic
element (Table S15). However, at exposure to the 1 mg Cd/kg feed, the beneficial effect of
AM was very slight—only a temporary decrease in the apparent absorption and retention
of Cd (by 14% and 13%, respectively, after 10 months) and its concentration in the liver
(by 29% after 3 months) and kidney (by 33% and 37% after 3 and 24 months, respectively)
was noted (Table S15) [17].

The measurements of Cd concentration in the urine carried out in the present study
every other month during the 24-month experiment also disclosed that the administration
of AM to the animals maintained on fodder containing 5 mg Cd/kg led to an increase in
the urinary excretion of Cd. The revealed protective impact of AM on the function and
structure of the kidney, especially at moderate exposure, may, at least partially, be ex-
plained by the lower concentration of Cd in the blood and kidney and its increased uri-
nary excretion (Table S15) [17]. The finding that the administration of AM during the ex-
posure to the 5 mg Cd/kg feed, similar to the case of low-level exposure, almost entirely
protected the kidney from the damaging impact of Cd on the kidney may be explained by
the markedly lower body burden of Cd. Moreover, the fact that in the animals that re-
ccived AM during the trace-to-moderate levels of exposure to Cd, there were almost no
dependencies between this heavy metal concentration in the blood, urine, and kidney (un-
like the animals that did not receive the extract) may suggest that the decrease in the body
burden of Cd was not the only cause of the nephroprotective effect of the extract. The
ability of the chokeberry extract to decrease the body burden of Cd resulted, at least to
some extent, from the high content of polyphenolic compounds, which, because of the
presence of hydroxyl (-OH) groups, are able to form complexes with ions of divalent toxic
metals, including Cd?'ions [17,32]. Polyphenols can form complexes with Cd?'ions in the
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gastrointestinal tract, preventing their absorption in this way, as well as in the extracellu-
lar fluids, facilitating their elimination via the urine, and protecting against their retention
in the body and toxic effect [17,30,32].

Taking into account the known health-promoting properties of chokeberries [27,29—
31,49,50], the results of the present study, as well as our previous findings in these animals
[17-26], the protective impact of AM against Cd nephrotoxicity can also be explained by
the antioxidative, anti-inflammatory, antiapoptotic, and antiproliferative properties of the
extract ingredients, especially poly phenolic compounds [27,29-31]. Although, at this stage
of our study, we are unable to explain these mechanisms, the fact that the administration
of AM under both levels of exposure to Cd led to a decrease in the concentration of
chemerin, MIP1a, and Bax compared to the animals that did not receive the extract shows
the involvement of the anti-inflammatory and antiapoptotic potential of the extract. These,
together with the antiproliferative effect of AM revealed in histopathological studies and
the lower body burden of Cd, including its lower accumulation in the kidneys, may, to
some extent, explain the protective impact of the extract. Further possible mechanisms,
especially the strong antioxidative potential of chokeberries [22,29] are also the subject of
our research project, and the findings will be published soon. Polyphenolic compounds
are the main group of chokeberry extract ingredients characterized by numerous healthful
properties [27,29-31]; however, itis important to point out that the nephroprotective effect
of AM might also result from the presence of other components that are effective in re-
ducing Cd toxicity, such as 3-carotene, triterpenes, fiber, pectin, ascorbic acid (vitamin C),
alpha-tocopherol (vitamin E), and essential bioelements, such as Zn or selenium [29-31].

In the available literature, there is no data on the possibility of the protective impact
of Aronia products on Cd-induced kidney damage. Only Kowalczyk et al. [49] have re-
vealed that oral administration of anthocyanins from the berries of A. melanocarpa at a
dose of 10 mg/kg b.w. during a 30-day treatment with cadmium chloride 2.5-hydrate
(CdCl2 x 2.5 H20) at a dose of 4 pg/kg b.w. resulted in a decrease in Cd accumulation in the
kidney and protected against this heavy-metal-induced increase in the concentration of
urca in the serum. Morcover, there are some reports from experimental studies showing
that some other compounds, such as curcumin [43], carvacrol [45], N-acetyl-L-cysteine
(NAC) [47], and calcium antagonists such as nimodipine and chlorpromazine [48], can
protect from Cd nephrotoxicity; none of these studies, however, was as comprehensive as
the present study and did not evaluate the impact of exposure comparable to the exposure
of the general population. The present study is the only one so far to indicate that the
consumption of Aronia products may be an effective strategy in protecting against kidney
damage due to low-to-moderate chronic exposure to Cd. Moreover, this article is our next
report, providing evidence for the multidirectional protective impact of chokeberry ingre-
dients in counteracting the negative health outcomes of exposure to Cd.

It is important to underline that the fact that in the animals that received AM alone,
the values of all biomarkers of kidney status were within the proper values noted in the
control group shows that the enhanced daily intake of polyphenols in the absence of ex-
posure to Cd has no negative impact on the kidney. The slight changes in the morpholog-
ical picture of the kidney noted in single animals after 24 months of the study may be
related to aging-related changes in this organ. The same might be a cause of the slight
changes evident in the morphological picture of the kidney in the control group. In the
available literature, we have found no data on the unfavorable impact of the consumption
of Aronia products on kidney status. Moreover, it has been reported that supplementation
with chokeberry juice in type 2 diabetic patients decreased the concentration of creatinine
in the urine after 3 months but not after 6 months and had no impact on the concentration
of creatinine and urea in the serum [50].

We are fully aware of the limitations of our research and its accomplishments. Since
female rats were used in the trial because they are more prone to Cd toxicity than male
rats, our findings apply to female kidneys. That is why further studies on both the toxicity
of Cd in the model well reflecting human exposure to this heavy metal and the protective
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properties of AM during this exposure on male kidneys are necessary. Moreover, at this
stage of our research, we are unable to explain some results (e.g., why the increase in PCR
exceeded the increase in ACR) and the mechanisms of the nephrotoxic impact of Cd at
low-to-moderate exposure and the nephroprotective effect of AM; however, we are cur-
rently conducting studies in this area and will publish the results soon. We are aware that
extrapolation of our findings regarding Cd concentration in the blood and urine and its
accumulation in the kidneys of rats to humans could be inaccurate and should be ap-
proached with caution; however, our study provides the only attempt to explore this pro-
cess in vivo considering a lifetime exposure level comparable to that currently noted in
the worldwide general population in industrialized countries. Despite some limitations,
the results of this study indicate that Aronia products appear to be an important strategy
in preventing the harmful health cffects of environmental exposure to Cd. However, fur-
ther studies are needed in humans to confirm their effectiveness in protecting the kidneys
in the general population.

4. Materials and Methods
4.1. Animals

In total, 192 3—4 weck-old female Wistar rats (Hannover Wistar rats, bred according
to the Charles River International Genetic Standardization Program —Crl: WI (Han)) from
a licensed breeding facility (Laboratory Animal House, Brwinow, Poland) were used in
the study. The rats were given 5 days to acclimate to the experimental environment before
the study began. Throughout the experiment, the animals were kept under standard con-
ditions (temperature 22 + 2 °C, relative humidity 50 + 10%, and 12-h light/dark cycle) with
free access to feed and drinking water.

4.2. Feed Containing Cd

The feed containing Cd at concentrations of 1 and 5 mg/kg was provided by Label
Food “Morawski” (Kcynia, Poland). It was prepared by adding CdClz x 2.5 H20 (POCh,
Gliwice, Poland) to the ingredients of the Labofeed H diet (given as a breeding diet for the
first 3 months of the experiment) and the standard Labofeed B diet (used as the mainte-
nance diet from the beginning of the 4th month until the end of the study).

The procedure was carried out to determine the homogeneity of Cd content in the
Labofeed diets, and the results showed that the concentration of this element in these diets
(1.09 £ 0.13 mg/kg and 4.92 + 0.53 mg/kg; mean + standard deviation—SD) was exactly in
line with the certified values (1 and 5 mg Cd/kg, respectively) [17]. The mean concentra-
tion of Cd in the standard Labofeed fodder (maintenance and breeding diets) without the
addition of CdClz2 x 2.5 H20 reached 0.0584 + 0.0049 mg/kg [17].

4.3. Aronia melanocarpa L. Extract

The lyophilized chokeberry extract, in powdered form, provided by Adamed Con-
sumer Healthcare (Tuszyn, Poland), was used. According to the manufacturer’s (Adamed
Consumer Healthcare, Tuszyn, Poland) declaration (Certificate KJ 4/2010; Butch No.
M100703), the extract contained 65.74% polyphenolic compounds, including 18.65% an-
thocyanins. The total content of polyphenols in the powdered extract determined in our
laboratory was 612.40 + 3.33 mg/g (mean + standard error —SE), and the polyphenolic pro-
file (Figure S1) of the extract was as follows: total anthocyanins (202.28 + 1.28 mg/g); de-
rivatives of cyanidin (cyanidin 3-O-B-galactoside— 80.07 + 1.05 mg/g; cyanidin 3-O-a-
arabinoside—33.21 +0.01 mg/g; cyanidin 3-O-p-glucoside—3.68 + 0.01 mg/g); total proan-
thocyanidins (129.87 + 1.12 mg/g); total phenolic acids (110.92 + 0.89 mg/g); chlorogenic
acid (68.32 = 0.08 mg/g); and total flavonoids (21.94 + 0.98 mg/g) [21]. The extract also
contained other ingredients such as carotenoids, minerals, pectins, sugar, sugar alcohols,
phytosterols, triterpenes, and vitamins, as well as 6.1% water (producer data, [27,28]).
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To prepare the 0.1% aqueous solution of the extract (AM) for administration to ani-
mals, 1 g of the powdered extract by Adamed was dissolved in 1 L of redistilled water.
The solution was prepared daily and was stable for at least 24 h. One mL of the solution
contained 0.612 + 0.003 mg of polyphenols [17].

4.4. Design of the Study

The experimental protocol was approved by the Local Ethics Committee for Animal
Experiments in Bialystok (Poland; permission number 60/2009 on 21 September 2009). All
procedures using animals were carried out in accordance with institutional guidelines,
cthical standards, and the International Guide for the Use of Animals in Biomedical Re-
search.

The rats were randomly divided into the following six experimental groups, each
consisting of 32 animals:

e Control group: the rats were maintained on the standard Labofeed diet (0.0584 *
0.0049 mg Cd/kg) and drinking water (redistilled water containing < 0.05 ug Cd/L)
without the addition of the extract from the berries of A melanocarpa L.

e AM group: the animals received AM (0.1% aqueous solution of the extract from the
berries of A. melanocarpa) as the only drinking fluid.

e Cdigroup: the rats were fed a diet containing 1 mg Cd/kg and received redistilled
water as drinking fluid.

s Cdi+AM group: the animals were fed AM as the only drinking fluid for the entire
duration of exposure to Cd at a concentration of 1 mg/kg feed.

e Cdsgroup: the rats were treated with Cd at a concentration of 5 mg/kg feed and re-
ceived redistilled water as drinking fluid.

e Cds+AM group: the animals were exposed to Cd at a concentration of 5 mg/kg feed
and received AM as the only drinking fluid.

The experiment lasted up to 24 months. During the 24-month study, no unfavorable
health outcomes were observed in all groups; however, one animal from the AM group,
Cdi group, and Cds group died spontaneously between the 18th and 20th month [17].
Eight females of each group, except for seven animals after 24 months in the AM, Cd1, and
Cds groups, were necropsied after 3, 10, 17, and 24 months. At the beginning of the study
(before starting the administration of Cd and/or AM) and at the end of every other month
of the 24-month study, the 24-h urine was collected from the same eight animals in each
group (except for seven females after 20, 22, and 24 months in the AM, Cdi, and Cds
groups). The urine was also collected from eight rats from ecach group subjected to nec-
ropsy after 3, 10, and 17 months. To perform the 24-h urine collection, the rats were housed
individually in metabolic cages. During this time, the animals had free access to feed and
drinking fluid (Labofeed diet with or without Cd and redistilled water or AM, depending
on the experimental group). Immediately after collection, the urine was centrifuged
(MPW-350R centrifuge, Medical Instruments; Warsaw, Poland), and its volume was de-
termined.

The exposure to the 1 or 5 mg Cd/kg feed reflects low or moderate levels of environ-
mental human exposure, respectively, which was confirmed by analyzing the Cd concen-
tration in the blood (0.1030-0.3240 pug Cd/L in the Cdi group and 0.7350-1.3320 pg Cd/L
in the Cds group) and urine (0.0852-0.2820 and 0.2839-0.6949 ug Cd/g creatinine, respec-
tively) of the rats [17] being within the lower range of values currently noted in the general
population of industrialized countries (0.02-4.40 pg/L in the blood and 0.04-3.39 pg/g cre-
atinine in the urine (for a review, see [2]). The concentration of Cd in the blood (0.0330—
0.1290 and 0.0330-0.1360 pg Cd/L in the control group and AM group, respectively) and
urine (0.0764-0.2013 and 0.0730-0.1712 ug Cd/g creatinine in the control group and AM
group, respectively), noted in the groups non-exposed to this heavy metal, was irrelevant
compared to the other experimental groups [17]. The selection of female rats over male
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specimens was conditioned by the higher susceptibility of females to the toxic action of
Cd, which has been confirmed both in animal and human studies [8].

Throughout the study, the daily feed and fluid intakes, as well as body weight gain,
did not differ between the experimental groups [17]. Based on the measurements of the
daily consumption of feed and AM, the intake of Cd, as well as the extract and polyphe-
nols, were calculated (Table 4). The daily intake of Cd and polyphenols did not differ be-
tween the experimental groups regardless of whether Cd and AM were administered sep-
arately or together (Table 4). The daily intake of polyphenolic compounds in the animals
that reccived AM as the only drinking fluid (Table 4) was several times higher compared
to the average intake of these compounds among the general population worldwide. Ac-
cording to the available literature data [31], the daily intake of polyphenols in humans
ranges from about 800 mg to over 1700 mg, reaching an average of 1000 mg (14.29 mg/kg
b.w. assuming a mean body weight of 70 kg).

Table 4. The daily intakes of cadmium (Cd) and 0.1% Aronia melanocapra berry extract (AM) during
the 24-month experiment.

Intake during the 24-Month Study !

Group Chokeberry Extract [Polyphenols]

Cd (pg/kg b.w./24 h) (mg/kg b.w./24 h)
Control 2304.98 010]
AM 2.25-495 67.4-146.6 [44.3-96.4]
Cdi 39.2-83.8 010]
Cdi+AM 37.5-84.9 67.2-154.7 [44.2-101.7]
Cds 210.1-403.2 0[0]
Cds+AM 200.2-401.9 63.1-150.3 [41.5-98.8]

! Data show the ranges of the daily intakes of Cd, chokeberry extract, and polyphenols throughout
the 24-month study (the ranges represent the minimum and maximum intake for 32 rats during the
first 3 months; 24 females—from the beginning of the 4th up to the end of the 10th month; 16 ani-
mals—from the beginning of the 11th month up to the end of the 17th month and then, for 8 rats,
except for 7 animals in the AM, Cdi, and Cds groups between the 18th and 24th months; detailed
data on the intakes of the extract and polyphenols in particular groups during 3, 10, 17, and 24
months have been published [17]). The intake of polyphenolic compounds was calculated assuming,
according to the manufacturer, that their content in the chokeberry extract reached 65.74%. The in-
take of Cd in the Cdiand Cds groups was calculated based on the content of this heavy metal in the
Labofeed diet specified by the producer (1 or 5 mg/kg), while its intake in the control group and AM
group was estimated based on its concentration in the standard diet (0.0584 + 0.0049 mg/kg) [17].

Following the 24-h urine collection performed after 3, 10, 17, and 24 months of the
experiment, the rats were deprived of food overnight and then subjected to intraperito-
neal anesthesia with barbiturate (Morbital, 30 mg/kg b.w.; Biowet; Pulawy, Poland), under
which the whole blood was taken via cardiac puncture with and without anticoagulant
(heparin), and various organs and tissues, including both kidneys, were dissected. The
kidneys, immediately after collection, were rinsed multiple times with ice-cold 0.9% so-
dium chloride (physiological saline) and gently dried on the filter paper. Next, these or-
gans were weighed with an analytical balance (OHAUS?, Nanikon, Switzerland; accuracy
to 0.0001 g). The left kidney was sectioned in the longitudinal plane into two parts. One
of these parts of four animals from each group after 3, 10, 17, and 24 months was subjected
to histopathological examination. The second part of the left organ was used for other
measurements, including the determination of Cd concentration [17,25,26]. The biological
material that was not used immediately was stored frozen (=70 °C) until assayed.

The experimental model has been reported in detail [17-23,25,26]. A schematic rep-
resentation of the model and range of measurements performed in the present paper are
presented in Figure 13.

112



Nazar M. Smereczanski

Rozprawa doktorska

Rozdziat 10

Int. . Mol. Sci. 2023, 24, 11647

30 of 37

192 young female Wistar rats

collection

24 rats of each group 8 rats of each group of the 24-hour

ft
Lo other month
—0
—2
10 - Experimental groups: (32 rats in each group) -y
Control, AM, Cd,, Cd,+AM, Cd;, Cd;+AM -6
—8
174 —10
months —12
N 1 1 —14
URINE SERUM KIDNEY —16
—18
20
2 22
—24
-8 - months
t ; B 1 v
/ I \ necropsy
& + N
T Markers of tubular damage: "
u KIM-1, B2-MG, NAG, ALP creatinine Inflammatory markers:
o uric acid chemerin, MIP1a, Bax
v Markers of glomerular damage: e
A ACR, PCR, uric acid, urea Histopathological assessment
g Creatinine, creatinine clearance (only after 24 months)
ki Cd concentration

Figure 13. A schematic representation of the experimental model and range of measurements per-
formed in the present study. The animals were treated with cadmium (Cd) in the diet at a concen-
tration of 0, 1, or 5 mg/kg (Control, Cd1, and Cds groups) and/or 0.1% extract from the berries of
Aronia melanocarpa 1.. (AM, Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. f2-MG,
beta2-microglobulin; ACR, albumin concentration in the urine adjusted for creatinine concentration;
ALP, alkaline phosphatase; Bax, Bcl-2-associated X protein; KIM-1, kidney injury molecule 1; MIP1a,
macrophage inflammatory protein-1 alpha; NAG, N-acetyl-B-D-glucosaminidase; PCR, total pro-
tein concentration in the urine adjusted for creatinine concentration. The appropriate parameters,
except for Cd in the urine, were determined in the serum, urine, and kidney after 3, 10, 17, and 24
months. Moreover, 32-MG, NAG, ALP, ACR, and PCR, as well as Cd, were evaluated every other
month of the 24-month study and before its beginning.

4.5. Analytical Methods

All measurements using commercial kits were performed according to the recom-
mendations of the producers, and the precision of these measurements was expressed as
the intra- and/or inter-assay coefficient of variation (CV). The spectrophotometers MUL-
TISCAN GO (Thermo Scientific, Vantaa, Finland), Epoch (Bio Tek Instruments, Inc.,
Winooski, VT, USA), and Specord 50 Plus (Analityk Jena, Jena, Germany) were used for
the quantification of the determined variables.

4.5.1. Measurements of the Markers of Kidney Status in the Urine and Serum
Biomarkers of Tubular Damage

The measurement of the concentration of KIM-1 was performed with the KIM-1
ELISA Kit (Catalog No. MBS355395) produced by MyBioSource, Inc. (San Diego, CA,
USA). Sandwich enzyme-linked immunosorbent assay (ELISA) technology served as the
foundation for this kit. Purified, horseradish peroxidase (HRP)-conjugated anti-KIM-1 an-
tibody pre-coated on a plate was used as a detecting antibody. Following the addition,
mixing, and incubation of the standards and tested samples in the wells, the unbound
conjugate was removed from the plate using a wash buffer. The HRP enzymatic reaction
was visualized using a chromogenic reagent. The reagent was catalyzed using HRP to
create a blue color product that became yellow after the addition of an acidic stop solution.
The absorbance of standards and tested samples was measured at 450 nm using a micro-
plate reader, and the concentration of KIM-1 in the tested samples was automatically
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quantified from the calibration curve. The intra- and inter-assay CVs for this kit were <3%
and 2%, respectively.

The concentration of 32-MG and the activity of NAG in the urine were determined
with the use of the B2M ELISA Kit (Catalog No. E0260r) and the Rat N-acetyl-beta-D-
glucosaminidase ELISA Kit (Catalog No. E0069r), respectively, by EIAAB Science Inc.
(Wuhan, China). Standards and tested samples were added to the wells pre-coated with
biotin-conjugated antibodies specific for the target protein ($2-MG or NAG), and after
incubation with detection reagents and substrate addition, stop solution was added, pro-
ducing a yellow-colored product (450 nm). The concentration of 32-MG and the activity
of NAG were automatically quantified from their respective calibration curves. The intra-
and inter-assay CVs were <4.5% and 3%, respectively, for 32-MG and <5.4% and 2.4%,
respectively, for NAG.

The activity of ALP in the urine was assessed using the kit (Catalog No. 1-221-0150)
produced by BioMaxima (Lublin, Poland). This method was based on the hydrolysis of
colorless p-nitrophenyl phosphate to p-nitrophenol and inorganic phosphate. The rate of
an increase in the absorbance of the yellow p-nitrophenol, measured at 405 nm, is propor-
tional to the activity of ALP. The activity of this enzyme assayed by us in the reference
BioNorm serum (Catalog No. 1-801-0020; BioMaxima, Lublin, Poland) was 101.7 + 2.899
U/L (mean + SD) and agreed with the reference value (86.9-133 U/L).

The concentrations of KIM-1 and 32-MG in the urine were expressed in calculations
per creatinine concentration, whereas the activities of NAG and ALP were expressed in
international units per litter of the 24-h urine (U/L).

Biomarkers of Glomerular Damage

The concentrations of albumin and total protein in the urine were determined with
the use of kits (Catalog No. 1-003-0200 and No. 1-008-0200, respectively) produced by Bi-
oMaxima (Lublin, Poland). The measurement of the concentration of albumin was based
on the end-point method with bromocresol green. This compound binds to albumin, pro-
ducing a colored complex. The intensity of the color of the complex, measured photomet-
rically (630 nm), is proportional to the concentration of albumin in a tested sample. The
concentration of albumin determined by us in the reference BioNorm serum (Catalog No.
1-801-0020; BioMaxima) was 4.45 + 0.184 g/100 mL (mean + SD) and agreed with the ref-
erence value (3.89-5.27 g/100 mL). The concentration of total protein was determined by
the biuret method. The principle of the method is based on a reaction of peptide bonds of
protein with ions of copper(Il), leading to the formation of a blue complex whose absorp-
tion (546 nm) is proportional to the amount of protein present in a tested sample. The
concentration of total protein in the control BioNorm serum (Catalog No. 1-801-0020; Bi-
oMaxima) determined in our laboratory (5.89 + 0.34 g/100 mL; mean + SD) was within the
range of reference values provided by the producer (5.26-6.70 g/100 mL). The concentra-
tions of albumin and total protein in the urine were adjusted for creatinine concentrations
(ACR and PCR, respectively).

The determination of creatinine concentration in the serum and urine was performed
using a kinetic method (Jaffe’s method) with the use of the BioMaxima kit (Catalog No. 1-
038-0300; Lublin, Poland) based on the reaction between creatinine and picric acid in al-
kaline pH, leading to the formation of an orange-red complex, the intensity of which color
is proportional to the concentration of creatinine in a tested sample. Based on the concen-
tration of creatinine in the serum and urine and the volume of the 24-h urine, creatinine
clearance was calculated. The concentration of creatinine determined by us in the control
BioNorm serum (Catalog No. 1-801-0020; BioMaxima) reached 1.270 + 0.183 mg/100 mL
(mean + SD) and was within the reference range (1.04-1.50 mg/100 mL).

The concentrations of urea and uric acid in the serum and urine were determined
with the use of kits (Catalog No. 1-480-0300 and 1-045-0200, respectively) produced by
BioMaxima (Lublin, Poland). The measurement of urea concentration was performed us-
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ing a kinetic enzymatic method with urease and glutamate dehydrogenase. Urease hy-
drolyzes urea into ammonia and carbon dioxide. In the presence of glutamate dehydro-
genase, glutamate is formed from ammonia and 2-oxoglutarate, and at the same time,
nicotinamide adenine dinucleotide (NADH) is oxidized. The rate of decrease in absorb-
ance (340 nm) is proportional to the concentration of urea in the tested sample. The con-
centration of urea determined by us in the control BioNorm serum (Catalog No. 1-801-
0020; BioMaxima) reached 35.02 + 1.80 mg/100 mL (mean + SD) and was within the range
of reference values provided by the manufacturer (31.0-42.0 mg/100 mL). The assay of
uric acid was based on the enzymatic oxidation of this compound to allantoine and hy-
drogen peroxide. The generated hydrogen peroxide combines with 3,5-dichloro-2-hy-
droxybenzenesulfonic acid and 4-aminoantipyrine to form a colored complex whose in-
tensity (measured at 546 nm) is proportional to the concentration of uric acid. The concen-
tration of uric acid determined by us in the control BioNorm serum (Catalog No. 1-801-
0020; BioMaxima) reached 4.23 + 0.070 mg/100 mL (mean + SD) and was within the range
of reference values (3.82-5.16 mg/100 mL). The contents of urea and uric acid in the 24 h
urine were evaluated.

4.5.2. Determination of Cd Concentration in the Urine

The concentration of Cd in the urine was determined using the flameless atomic ab-
sorption spectrometry (AAS) method with electrothermal atomization in a graphite fur-
nace with the use of a Hitachi atomic absorption spectrophotometer model Z-5000 (Tokyo,
Japan), as reported [17]. Samples of 24-h urine were diluted appropriately with 0.5% nitric
acid (HNO:s) prepared via the dilution of trace-pure 65% HNOs (Merck, Darmstadt, Ger-
many) with ultra-pure water (MAXIMA purification system; ELGA, Bucks, UK). The mix-
ture of palladium and magnesium (as nitrates; Merck, Darmstadt, Germany) was used as
a matrix modifier in the AAS method. The Cd concentration was automatically read from
a calibration curve prepared from a stock of standard solution (Sigma, St. Louis, MO,
USA) assigned for the AAS method. The limit of Cd detection was 0.018 pg/L. To check
the analytical quality of the analysis, the certified material, Trace Elements Urine level 1
(No. 201305; SeronormTM, Billingstad, Norway), was used. The Cd concentration deter-
mined by us (4.75 + 0.31 pg/L; mean + SD) in the certified reference urine exactly agreed
with the value given by the producer (4.9 +0.2 pg/L). The recovery of Cd in the reference
sample was 96.9%, whereas the precision of the measurement, expressed as CV, was
<8.5%. Cd concentration in the urine was adjusted for creatinine concentration (deter-
mined with the use of a commercial kit No. E10051 by EMAPOL; Gdansk, Poland).

4.5.3. Histopathological Studies

Immediately after dissection and rinsing with ice-cold physiological saline, halves of
the left kidneys (section in the longitudinal plane of the organ) were fixed in Bouin’s so-
lution (prepared by mixing picric acid (Sigma-Aldrich GmbH, Steinheim, Germany), for-
malin (CHEMPUR, Pickary élqskic, Poland), and acetic acid (CHEMPUR)) for 24 h, dehy-
drated in different concentrations of ethyl alcohol (POCh, Gliwice, Poland), cleared with
xylene (POCh), and embedded in paraffin (CHEMPUR). The tissues embedded in paraffin
blocks were cut on a Histocore Multicut 1860 histological microtome (Leica Biosystems,
Nufloch, Germany). Tissue sections were placed on adhesive basic slides (Mar-four, Kon-
stantynow Lodzki, Poland). Then, manual standard histological topographic staining of
the preparations with hematoxylin and eosin was performed with the use of the following
reagents: Harris hematoxylin (Mar-four), eosin Y (Mar-four), 99.9% ethanol (pure for anal-
ysis) (Alpinus Chemia; Solec Kujawski, Poland), xylene (pure for analysis) (Alpinus Che-
mia, Poland), acidic ethanol solution with 35-38% hydrochloric acid (pure for analysis)
(CHEMPUR) (prepared in-house). Histological slides were also manually stained for Mas-
son trichrome staining using a commercial kit (Catalog No. 04-010802; Bio-Optica, Milano,
Italy). Histopathological evaluation and photographs were performed by a veterinary
pathologist using Axiolab 5 microscopes, an Axiocam camera, and ZEN 2.0 software
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(Zeiss, Halle, Germany). Criteria for the histopathological assessment were based on the
scientific literature and recommendations included in the International Harmonization of
Nomenclature and Diagnostic Criteria (INHAND), developed and published by the
Global Editorial and Steering Committee (GESC) [51]. The structure of renal tissues was
evaluated using hematoxylin and eosin topographic staining, while in Masson’s staining,
the basal membranes of the vessels of the glomeruli (in glomerulopathies) and renal tu-
bules (in tubulopathies), as well as the interstitial connective tissue of the kidneys (in the
processes of connective tissue hyperplasia/fibrosis), were assessed. Tissues were evalu-
ated at x5, x10, and x40 objective magnifications. The location, nature, and severity of
pathological changes were assessed. Based on the literature review, the experience of the
research team, and the initial review of the preparations, the catalog of histopathological
changes used in the scoring (scalar) assessment was specified. The occurrence of cach le-
sion was graded on the scale: 0—none; 1—slight; 2—moderate; and 3—severe.

4.5.4. Determination of Proinflammatory Markers in the Kidney

Pre-weighted slices of the kidney (right) were homogenized using a high-perfor-
mance homogenizer (Ultra-Turrax T25; IKA, Staufen, Germany) in a cold potassium phos-
phate buffer (50 mM, pH = 7.4; made by combining 50 mM potassium dihydrogen phos-
phate and 50 mM dipotassium hydrogen phosphate (POCh; Gliwice, Poland)) with the
addition of butyl-hydroxytoluene (Sigma-Aldrich GmbH; Steinheim, Germany) as an an-
tioxidant. Then, 0.01 mL of 0.5 M butyl-hydroxytoluene in acetonitrile (Merck, Darmstadt,
Germany) were used per 1 mL of 10% homogenate (weight/volume—w/v). The homoge-
nates were centrifuged at 10,000x g for 5 min at 4 °C using an MPW-350R centrifuge (Med-
ical Instruments; Warsaw, Poland) [52].

The concentration of chemerin in the aliquots of the renal tissue homogenates was
assayed with the use of the Rat Chemerin ELISA kit (Catalog No. MBS723448) by MyBio-
Source, Inc. (San Diego, CA, USA) based on the principle of sandwich ELISA technology.
In a pre-coated plate, the assay sample and buffer were first incubated with the chemerin-
HRP conjugate, followed by the substrate for the HRP enzyme in the wells. The result of
the enzyme-substrate reaction was a blue complex. The reaction was stopped by adding
a stop solution, causing the solution to turn yellow, and the color intensity was measured
spectrophotometrically at 450 nm. The correlation between the color’s intensity and
chemerin concentration is inverse. The intra- and inter-assay CVs for these measurements
were <4% and 2%, respectively.

The concentrations of MIP1a and Bax in the aliquots of the kidney tissue homoge-
nates were assessed with ELISA kits (Catalog No. SEA092Ra and No. SEB343Ra01, respec-
tively) made by Cloud-Clone Corp. (Katy, TX, USA). Standards or samples were added to
the wells with a biotin-conjugated specific antibody, and then avidin conjugated to HRP
was added to each microplate well and incubated. After the addition of another substrate,
the wells that contained the tested proteins changed in color. Following the cessation of
the reaction, the change in color was measured spectrophotometrically (450 nm).

The intra- and inter-assay CV for MIP1a measurements were <4.4% and <7.5%, re-
spectively, and <3% and <2% for Bax, respectively.

4.6. Statistical Analysis

All statistical calculations were performed using Statistica 13.3 software (StatSoft,
Tulsa, OK, USA), and the data are expressed as a median, 25-75% confidence interval, and
minimum and maximum. In the beginning, the normality of the distribution of the data
was checked with the Shapiro-Wilk test. Because there was no normal distribution, a non-
parametric signed-rank Kruskal-Wallis test with median test was performed to determine
whether there were statistically significant (p < 0.05) differences between the six groups.
If statistically significant differences were found between the six groups, multiple com-
parisons were carried out to examine between which two groups a statistically significant
(p < 0.05) difference occurred. A nonparametric Friedman test was performed to test the
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results of measurements repeated on the same animals every other month. When the
Friedman test showed statistically significant differences (p <0.05) between all time points,
the Wilcoxon test was performed to compare paired data.

To calculate the dependence between the values of the measured parameters, a linear
regression analysis was performed. The results of this analysis are shown as the 3 coeffi-
cient (this metric represents the percentage of the dependent variable’s change for each
unit of the independent variable’s change), R? (shows the percentage of one variable that
is responsible for the variability of the other), and the statistical significance (p). A rela-
tionship between two variables was acknowledged to be statistically significant at the
value of the f} coefficient for which p < 0.05. Furthermore, dependencies between the pa-
rameters measured in the present study and the previously published Cd concentration
in the blood, urine, and kidney were analyzed ([17], Table S15).

5. Conclusions

Based on the results of the present study, conducted in an animal model of human
lifespan environmental exposure to Cd in industrialized countries, it can be concluded
that even low-level repeated intoxication with this toxic heavy metal can result in struc-
tural and functional damage to the kidney tubules and glomeruli, creating a risk of this
organ injury. The finding in the used experimental model that the unfavorable impact of
Cd on kidney function and structure may occur at its concentrations in the urine (0.0852-
0.2820 pg/g creatinine) within the lower range of values currently found in the general
population worldwide confirms that even low-level environmental exposure to this xeno-
biotic may pose a risk of damage to the kidney. Moreover, it can be concluded that an
intake of polyphenol-rich A. melanocarpa berry products during low-to-moderate levels of
exposure to Cd may very effectively protect from the nephrotoxic action of this heavy
metal. The present study indicates that Aronia products may be an effective strategy for
protecting the kidney from damage due to low-to-moderate chronic exposure to Cd.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms241411647/s1.

Author Contributions: conceptualization, N.M.S. and M.M.B.; methodology, N.M.S., M.M.B., ].R.
and T.H.; software, N.M.S. and T.H.; formal analysis, N.M.S., M.M.B., ].R. and T.H.; investigation,
N.M.S, M.M.B,, ].R. and T.H.; resources, M.M.B.; data curation, N.M.S., M.M.B. and T.H.; writing—
original draft preparation, N.M.S.; writing—review and editing, M.M.B.; visualization, N.M.S,,
M.M.B,, J.R. and T.H.; supervision, M.M.B.; project administration, M.M.B.; funding acquisition,
N.M.S. and M.M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the Grant (No. N N405 051140) from the National
Science Centre (Poland) and the Grants (No. SUB/2/DN/19/006/2221, SUB/2/DN/21/002/2221) from
the Medical University of Bialystok (Poland).

Institutional Review Board Statement: The animal study protocol was approved by the T.ocal Eth-
ics Committee for Animal Experiments in Bialystok (approval no. 60/2009 on 21 September 2009).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors. The data are not publicly available.

Acknowledgments: The authors are grateful to Malgorzata Gatazyn-Sidorczuk (Department of Tox-
icology, Medical University of Bialystok, Poland) for he]p dux‘ing the determination of cadmium
concentration. The study was conducted with the use of equipment by the Medical University of
Bialystok as part of the OP DEP 2007-2013, Priority Axis .3, contract No. POPW.01.00-20-001/12.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
AAS method atomic absorption spectrometry method
ACR albumin concentration in the urine adjusted for creatinine concentration

117



Nazar M. Smereczatiski Rozprawa doktorska Rozdziat 10

Int. ]. Mol. Sci. 2023, 24, 11647 35 of 37
ALP alkaline phosphatase
AM 0.1% aqueous extract from the berries of Aronia melanocarpa L.
Bax Bcl2-associated X protein
B2-MG 2-microglobulin
b.w. body weight
Cd cadmium
CdClax25H20 cadmium chloride 2.5-hydrate
Cd-MT cadmium-metallothionein complex
ad> cadmium ions
v coefficient of variation
Cu copper
ELISA enzyme-linked immunosorbent assay
GFR glomerular filtration rate
HNOs nitric acid
HRP horseradish peroxidase
KIM-1 kidney injury molecule-1
LOALL lowest observed adverse effect level
MIP1a macrophage inflammatory protein 1 alpha
Mn manganese
MT metallothionein
NAC N-acetyl-L-cysteine
NAG N-acetyl-p-D-glucosaminidase
PCR total protein concentration in the urine adjusted for creatinine concentration
SD standard deviation
w.w. wet weight
Zn zinc
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Table S1. The concentration of kidney injury molecule-1 (KIM-1) and B2-microglobulin ($2-MG) in

the urine of female rats.

Experiment Duration

Group 3 Months 10 Months 17 Months 24 Months
KIM-1 (pg/mg Creatinine)
Control 96.71 90.60 179.4 185.7
32.22 -222.6 32.04-124.6 26.29-212.5 131.2-239.3
AM 171.9 97.79 254.1 260.2
44.00 - 389.7 58.20 -152.2 78.49 — 368.2 161.7 -293.3
Cdi 509.8 & 240.8% 4393 360.5
200.8 -1754 149.0 -419.2 273.6 - 549.9 279.0-752.6
Cdi+AM 69.65 <* 84.64 < 149.7 < 159.7<
9.144 -327.2 54.10-138.3 107.6 -222.3 101.9-197.2
Cds 5440 &* 876.8 «Fb¥ dt 463.3 atdi 4187 =4t
190.4 - 834.1 569.2 - 1441 330.8 - 1050.8 363.4 - 525.5
Cds+tAM 55.39 cFet 109.9 =* 2292 141.4 <'<t
25.19 - 143.2 101.1 -157.7 106.8 — 300.5 109.4 —176.9
B2-MG (ng/mg Creatinine)
Control 2.114 4.803 4.381 4.688
1.353 - 5.483 0.543 - 6.743 0.740 - 5.816 2.982-5.715
AM 2131 2.663 4.494 4.965
1.590 - 3.671 1.486-4.713 1.958 — 6.402 3.521-5.943
Cdi 2.780 4.545 b4 5 L e 10.24at0*
1.495 - 5.356 2487 -7.624 5.876 -13.95 7.430 -20.92
Cdi+AM 3.480 4.309 4.561 < 6.145 <
1.121 - 5.045 1.038 - 6.561 2.806 - 6.002 2.164 - 8.531
Cds 2.661 5.557 11.2301b1ds 16.94 albtdt
2.051-5.192 2.012-12.84 10.02-20.14 11.40-23.44
Cds+AM 2.580 2.542 4917 5.044 < o*
1.702 - 2.929 1.196 —8.299 2.848 —7.005 2.209 - 6.278

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cd, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdr+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for eight animals (except for seven females in the AM, Cds, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; c—Cdigroup; d—Cdi+AM group, and e—Cdsgroup, where * p <0.05,

tp<0.01,and 1p < 0.001,

are marked.
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Table S2. The concentration of 32-microglobulin ($2-MG) in the urine of female rats evaluated every

other month during the 24-month study.

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,

Months Control AM Cdx Cdi+AM Cds Cds+AM
0 2.368 2.319 2482 2.261 2221 2.241
1.606 — 3.064 1.227 -3.194 1.660 — 3.419 1.736 — 2.964 1.608 —2.921 1.637 — 2.861
2 3.557 2.862 3.148 3.567 3.886 2.995
0.076 - 5.407 0.592 - 7.981 2.063 -5.151 1.338 - 3.968 1.040 —4.431 1.741 - 4.676
4 2.963 2.006 2423 2.380 26123 2.904
1.180 - 4.587 1.197 -3.330 1.088 —5.335 1.657 — 4.680 0.484 - 6.224 0.052 - 8.989
6 3.801 4.025 5.357 2:185%1¢ 3422 2462
2.607 - 6.724 2932 -5.064 3.743 - 8.691 0.795-2.392 1.908 -4.717 1.141 - 4.894
8 2.967 2.811 5.071 2.403 <t 5.0065 Pz 2.009 cte
2.171-4.023 1.106 - 4.319 3.948 - 5.886 1.322-3.717 4.085 - 6.042 1.433 - 2.368
10 3.889 2.930 7.402% 4.740 6.113 2.798 <*
2.597 - 4.394 1.635-5.185 4.402 - 8.386 1.142-7.218 3.213 -8.032 1.316 — 6.469
12 3.970 3.474 8.368 ! 3.242 ¢! 8.842 axbi dl 3.499 clel
3.288 — 4.802 1.708 — 5.445 7.059 - 11.98 2.621-7.370 6.893 - 12.42 1.176 — 5.669
14 4.321 5.047 8.500 ** 4.794 8.722/2% 3.508 <!t
2106 -6.111 2.446 - 7.757 5.665 —-13.40 3.870-7917 6.301 -10.72 1.687 —5.491
16 3.983 4.085 7.992 atb* 4.677 <* 11.07 3¢brdr 4.907 <*
1.673-5.211 1.780 - 5.820 6.389 - 15.41 2.551-6.252 9.514 -20.22 5.879 - 2.589
18 4.802 5.142 12:39 1 vt 8.128 <* ELlgnnb® 6.426 cte*
4.128-10.11 4.539 - 5.846 10.50 - 20.66 4.518 -9.939 9.380 - 19.75 5.195-7.215
20 5.339 5318 10.42 «* 4.099 <t 10.81 «* 5.029 etex
3.308 - 7.994 3.893-7.017 8.405-17.71 2.696 —7.795 8.956 — 15.18 3.372 - 6.585
22 5.936 5.378 17.01.2* 6.033 <t 16.43 atdt 7.106 ¢*
4.162 - 7.605 3.808 - 6.788 10.11-21.99 3.961 —8.432 11.36 — 31.46 5.040 —9.443
24 4.688 4.965 10.24 atv* 6.145 <* 16.94 aibtat 5.044 * <*
2982 -5.715 3.521-5.943 7.430 —20.92 2.164 — 8.531 11.40 -23.44 2.209 - 6.278
Friedman p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Test
Wilcoxon 0-6,10...24* 0-6,12...24* 0-6...24% 0-2,10...24* 0-2,6* 0-2,12,16*
Test 2-22*% 4-6,10...24* 2-6...24*% 2-6,14...18,22,24* 0-8...24% 0-16..247
4-12,18...24* 6-10,18...22* 4-6...24% 4-14..24* 2-8,12..241 2-8,20,24*
6-18,22% 8-14,18...24* 6-12,16...24* 6-10...247 2-10*% 2-18,221
8-10,12,18...24* 10-18...24* 8§-12...24* 8§-10* 4-8,10* 6-16,20,24*
10-18...22* 12-14,18...24* 10-12* 8-12..241 4-12..241 6-18,221
12-18...22* 16-20,22* 10-18...24* 10-18* 6-10%* 8-10,12,14*
16-20,22* 12-18...24* 12-181 6-8,12..241 8-16...241
22-24* 14-18,22* 12-22* 8-12...247 10-187
16-18,22* 14-18*% 10-12,16...24 1 10-22*
20-22 16-18,221 10-14* 12-18,22t
20-22% 18-20" 12-16,22,24* 12-20,24*
20-22% 14-16,22,241 14-16,20*
14-18,20* 14-18,227
16-24%* 16-18,22%
18-22,24* 18-24*
20-22,24* 20-227
22-24*

Cdi+AM, and Cds+AM groups) for 24 months. Data are shown as a median and minimum and max-
imum values for eight animals (except for seven females in the AE, Cdi, and Cds groups after 20, 22,
and 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cdi group; d —Cdi+AM group; and e—Cds group. Wilcoxon test was per-
formed to compare data between particular two time points in the same animals during the 24-
month study. * p <0.05, 'p <0.01, and p <0.001.
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Table S3. The activities of N-acetyl-B-D-glucosaminidase (NAG) and alkaline phosphatase (ALP)
in the urine of female rats.

Experiment Duration

Group 3 Months 10 Months 17 Months 24 Months
NAG (U/L)
Control 85.25 126.6 1139 137.6
60.38 -114.1 68.55 -166.7 87.03 - 156.6 68.78 - 154.8
AM 95.34 111.0 123.9 116.6
63.27 -116.6 61.20-145.4 77.49 -137.1 76.75 - 160.8
Cdy 104.5 636.01% 520.092" 3056 #* b*
53.87-132.5 380.7 - 801.9 387.9-776.9 2971-4112
Cdi+AM 93.65 141.7 1217 1171
67.78 - 116.0 92.99 -230.1 90.41 -162.7 93.61-141.5
Cds 93.46 800.44tb1d" 596:9Ebxdt 3453=*brdt
75.54-120.8 347.7 - 935.5 496.0 - 769.4 2999 - 4836
Cds+AM 92.83 108.1¢tel 129.7 & 131:.9%
41.47-116.5 46.10-173.3 94.98 - 152.2 96.65 — 148.9
ALP (U/L)
Control 39.22 42.45 36.82 38.08
27.41-68.93 10.90 - 70.19 30.52 - 71.00 24.11-113.0
AM 27.16 36.70 37.81 34.00
16.80 - 57.10 24.81 -79.00 35.84 - 41.36 28.71-102.0
Cdu 31.99 146.921v! 96.052! ! 149.9 *
23.80 - 69.30 99.75 -192.0 69.84 -139.7 105.7 - 208.8
Cdi+AM 32.08 60.66 51.46 49.60
27.57 - 35.84 31.46-79.95 43.75 -59.18 26.10-120.0
Cds 35.84 185: 12t brax 111 750 278.0atbtdt
27.57 - 71.50 90.98 -303.3 89.60 - 127.6 181.6 - 375.2
Cds+tAM 33.36 47.60 ¢ 36.76¢ ¢! 39.06¢
13.51 - 56.90 25.38 -102.0 34.92 - 37.68 22.10 -70.36

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cds, and Cdsgroups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for eight animals (except for seven females in the AM, Cds, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; c—Cdi group; d—Cdi+AM group; and e—Cds group, where * p <
0.05, *p <0.01, and p <0.001, are marked.
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Table S4. The activity of N-acetyl-3-D-glucosaminidase (NAG) in the urine of female rats evaluated every other month during the

24-month study.

Months Control AM Cdi Cdi+AM Cds Cds+AM
i 16.75 16.75 17.14 16.68 16.43 16.75
8.988-19.91 9.913 -24.13 14.31-21.34 11.99 - 19.90 7.280-19.91 9.781-20.14
5 78.08 89.21 61.01 69.08 72.73 39.17
22.65-104.9 47.80-103.3 14.57 - 85.23 42.79 - 85.69 65.20-93.12 27.11-71.12
g 95.50 74.08 108.0 106.4 106.5 86.92
7.445-151,9 3.537 -169.0 92.17 - 1435 49.72 -169.1 36.47 - 180.6 30.03 - 132.6
. 115.3 63.15 117.1 114.5 124.6 110.0
89.10-123.9 31.55-120.5 72.58 - 150.7 62.79-128.8 84.56 - 144.5 75.24-133.7
g 64.63 36.21 116.6 92.63 92.13 105.4
11.74-150.8 10.57-103.3 89.28 - 189.4 22.08-193.4 73.36 - 128.4 29.44 - 142.6
i 106.6 69.69 617.101 123.3 710.4 bid* 81.04 ctet
88.43-198.2 39.73-1214 342.5 - 890.7 49.66 - 287.0 312.8-841.6 34.56 - 261.3
1 127.6 1115 391.0 «tbt 65.10 406.4 +tvtat 1123
63.12-173.4 52.14-133.3 3451 -479.5 46.72-99.45 354.6 -521.3 93.00 - 143.5
- 101.8 86.71 406.7 #** 72.89 <t 434.4 #vidf 97.64 ¢
66.93 —128.4 53.61-148.7 321.1-487.0 44.41-85.14 397.2 -553.5 74.00-111.5
- 104.6 78.09 490.0 # vt 99.79 572.7 atvtdi 94.84 ¢!
69.24-127.0 50.17 - 138.1 371.7 - 7455 58.30-117.3 475.9 - 738.2 90.20 - 125.4
- 107.3 134.1 507.1 21 126.1 < 4779 wa 126.9 * et
59.32-141.0 107.6 - 195.2 341.7 - 579.6 90.37 - 159.4 441.9-578.8 93.73 - 180.2

20 105.5 122.7 4844 74.04 < 5422 a1 dt 97.98 c* et

79.10-127.1 78.80-139.7 403.1 - 548.8 61.08-124.8 420.9 -570.5 92.13-133.7

22 127.5 129.9 2319 o b* 1324 3132 atbrat 156.4 <*

11841719 107.7-192.3 1990 - 3188 97.44-150.7 2727 - 4396 122.5-210.8

53 137.6 116.6 3056 @ b* 1171 ¢ 3453 a* bi dt 131.9 ¢

68.78 — 154.8 76.75 - 160.8 2971 -4112 93.61-141.5 2999 — 4836 96.65 — 148.9
F“;ﬂ;‘a“ p<0.001 p<0.001 p <0.001 p<0.001 p<0.001 p<0.001
*
Oaf'j(?:i';? 0-2..24" 0-2..18" 0-2.24"
0-2..247 0-2,6,10...18 54 g 2-4...10,16,20 * 0-20..24* 2-4,810*
2-6,10,22'  0-4,8,20..24% 550, DA 2-18,22,24! 2-4,20..24% 2-6,12...24*
2-12,16, 20, 2-18! P 4-12,14" 2-6...18 4-12,18,22!
24* 2-20...24* i B0 A% 6-12,14+ 4-10...18+ 4-16,20,24*
6-22% 4-18,22* et 6-20* 4-20..24* 6-22%
§-22* 6-18! o om g 10-12! 6-10...181 §-22!
) 14-22* 6-20,22* 10-14* 6-20..24* 12-14,16*
Wilcoxon 8-10...18 %

v 16-22+ 8-12,16,20.24% .~ ", 12-16,18,22, 24" 8-10...18 12-22¢
16-24* 8§-181 i B 14-16* 8-20..24* 14-18,24*
18-22+ 10-18+ g 14-18,22,24%  10-12,14,18..24* 14-22t
20-22* 10-20...24 % T 16-18,24 12-16,22,24* 16-18,24

12-18* gl 16-22! 14-16,22,24* 16-22!
14-18* T8 B 18-20* 16-22,24* 18-22*
16-18...24* 5, 1, s 20-22! 18-22,24* 20-22!
Wl i 20-24% 20-22,2:1* 20-24:

g 2-24 22-24

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa 1.. (AM,
Cdi+AM, and Cds+AM groups) for 24 months. Data are shown as a median and minimum and max-
imum values for eight animals (except for seven females in the AE, Cdi, and Cds groups after 20, 22,
and 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cd: group; d —Cdi+AM group; and e—Cds group. Wilcoxon test was per-
formed to compare data between particular two time points in the same animals during the 24-
month study. * p <0.05, ' p <0.01, and #p <0.001.
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Table S5. The activity of alkaline phosphatase (ALP) in the urine of female rats evaluated every

other month during the 24-month study.

Months Control AM Cd: Cdi+AM Cds Cds+AM
0 24.34 22.96 23.64 22.06 2434 24.34
15.93 -34.90 15.14 - 34.90 13.59 - 33.08 19.53 -33.84 11.03-30.33 19.53 -33.94
2 24.42 27.57 22.06 13.39 38.59 33.08
22.06 —33.08 22.06 - 55.14 11.03 -33.08 11.03 - 22.06 21.31-88.22 2248 -55.14
4 26.77 29.97 40.00 42.36 128.2 =*b* 55.14
19.30 - 46.87 15.16 — 49.63 30.33 -52.38 11.03 — 68.93 38.59 - 140.6 5.514 - 204
6 2757 31.25 59.67 39.21 119.5 albl 79.55 a¥b*
22.06 - 38.60 24.81-43.25 27.57-1323 32.45-82.71 66.17 - 187.5 41.36-173.7
8 39.61 41.36 73.80 55.14 125.3 * 27.57 ¢t
13.79 - 81.96 27.57-82.71 4411-1213 13.78-1324 55.14 - 198.5 16.54 - 82.71
10 40.38 3722 114.2 a*bt 54.22 178.5 atbf d* 48.77 ¢
13.25 -56.97 24.81-42.42 65.10 - 165.0 3416-77.20 129.0-196.0 28.53 -92.00
12 28.27 27.57 G AZ == 472 117.2 atvt 34.46 > ¢!
24.81 - 60.65 18.55 — 5847 42.81-139.9 24.81-65.42 77.19-159.9 5.514 - 57.89
14 3243 36.18 89.76 =* 42.79 104.5 atb* 25,23 <tet
13.78 — 68.93 23.78 - 52.38 44.11-1709 27.57 -79.95 86.66 — 130.0 19.21 -44.22
16 33.32 31.89 85.75 a* b* 39.18 121.0 atbtd* 30.63 clel
29.87 - 59.17 29.87 - 36.33 58.20-116.5 29.10 - 60.33 101.1-125.6 29.10 - 31.40
18 36.53 22:52 95,12 a*b* 38.60 117.2 atbt 17.92 ciet
21.14 - 44.06 20.22 -45.03 50.55-133.3 25.73 -42.81 96.50 - 160.8 8.271-20.72
20 38.14 34.00 95.58 a* 43.19 108.2 at 33.84 ctet
31.25-51.46 22.06 - 61.57 70.76 - 136.8 21.14-66.17 84.03-119.7 20.22 -44.11
22 35.54 30.65 91.29 &* 4411 123.0 atbtdt 35.03
26.65 — 44.06 22.98 -55.14 61.57-123.2 20.22-71.16 9241-1248 22.06 -77.20
24 38.08 34.00 149.9 =* 49.60 278.0 ajbtdt 39.06
24.11 -113.0 28.71 - 102.0 105.7 — 208.8 26.10-120.0 181.6 - 375.2 22.10-70.36
Friedman  p<0.001 p=020 p <0001 p<0.001 p<0.001 p<0.001
Test
Wilcoxon 0-10,12,22, 0-4,8...181 0-2,8,12, 0-4...181 0-2,16,20,
Test 24* 0-6,20...24* 16:..22.* 0-20...24* 24*
0-16,201 2-4,8...181 0-6,10,14,24% 2-4,20...24% 0-6,10,181
2-10,16,20* 2-6;20...24* 2-4,20* 2-6...181 2-6*
2-22% 4-8,12, 2-6...18,22, 4-10,24* 2187
6-10,20* 20...24* 241 6-24* 6-12,20...24*
4-10,14...18t 8-22* 8§-24* 6-14...181
6-24* 10-18* 10-12,18...24* 8-18*
8-10,24* 10-14,16 71 10-14,16*
10-16* 12-24* 10-181
12-24* 14-241 14-181
14-24* 16-24* 14-24*
16-24* 18-24* 16-181
18-24* 20-24* 18-20...241
22 -24* 20-24*

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdi+AM, and Cds+AM groups) for 24 months. Data are shown as a median and minimum and max-
imum values for cight animals (except for seven females in the AE, Cds, and Cds groups after 20, 22,
and 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cdi group; d —Cdi+AM group; and e—Cds group. Wilcoxon test was per-
formed to compare data between particular two time points in the same animals during the 24-
month study. * p <0.05, *p <0.01, and ! p <0.001.
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Table S6. The concentrations of albumin (ACR) and total protein (PCR) adjusted for creatinine con-
centration in the urine of female rats.

Experiment Duration

Group 3 Months 10 Months 17 Months 24 Months
ACR (mg/mg Creatinine)
Control 6.369 8.282 8.837 9.537
3.541 - 8.987 6.359 - 13.17 7.225-9.645 7.461-11.32
AM 6.658 8.888 7.668 9.006
4.004 —-9.908 5.702 -10.91 4.220 -10.43 7223-12.73
Cdi 8.167 10.04 13.48 a* v* 21.34*
5491 -10.87 6.501 — 14.56 11.14-22.13 17.06 — 26.69
Cdi+AM 7.732 9.038 18 945w 1218~
6.244 - 8.377 2.602 -11.75 13.24 - 20.07 5.142 - 16.59
Cds 9.400 9.500 22.4502kb} 22,565+ a%
6.156 - 11.13 6.810 - 17.24 20.65 23.80 20.95-2547
Cds+tAM 7.355 b.716chd%er 1179 11.45¢let
4.764 - 9.541 3.375 - 7.050 9.600 - 13.74 6.473 -13.38
PCR (mg/mg Creatinine)
Control 6.194 11.12 12.27 1129
3.634-7.743 7.831 - 14.85 9.063 - 17.44 8.320 - 12.56
AM 7.494 9.020 9.230 11.68
2.978 - 13.09 6.737 —13.96 8.375 -23.80 10.36 - 20.00
Cdu 7.329 38.00 % bt 38,10a% bt 64.28 *
3.473-12.99 27.61 —41.28 33.20 - 61.49 56.08 — 82.50
Cdi+AM 8.175 9.500 < 12.01 = 8.986 %
3.454-14.75 6.974 —15.08 7.137 - 17.40 4.179-13.28
Cds 6.218 42.14 atvidt 42 Darerar 63.09 * dt
3.893 -8.271 29.20 - 55.61 25.51 -79.63 55.44 -79.04
Cds+AM 8.289 12.40 #* 11.19¢tet 10.71 ¢
6.380 - 12.31 11.35 -14.24 8.120 - 13.98 8.080 — 14.72

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cd1, and Cdsgroups) and/or 0.1% extract from the berries of Aronia melanocarpa 1.. (AM,
Cd+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for eight animals (except for seven females in the AM, Cdi, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; ¢—Cd: group; d—Cdi+AM group; and e—Cds group, where * p <
0.05, 'p <0.01, and +p <0.001, are marked.
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Table S7. The concentration of albumin in the urine adjusted for creatinine concentration (ACR) of
female rats evaluated every other month during the 24-month study.

Months Control AM Cd1 Cdi+AM Cds Cds+AM
0 1.690 1.677 1.539 1.740 1.543 1.412
1.152-2939 1.025-2.316 0.986 —2.940 0.982 -2.316 0.931 -2.155 0.952 -2.180
2 6.186 6.156 6.475 6.623 6.818 6.578
3.591-7.423 4.166 — 9.156 3.630-9.276 3.926 - 8.001 5477 - 9.266 3.824-8.632
4 6.590 7.872 6.367 3.991 11.32 6.754
4.300 - 8 833 3.551 -8.703 3.834-9.528 2.715-11.20 6.790 — 15.62 3.761-9.593
6 6.745 7.616 14.06 =* 5.647 < 10.08 ¢ 5.618 ciet
5.486 — 8.882 5.491 - 8.236 10.33 -14.91 4.516 — 6.288 8.112-11.41 3.950 - 7.141
8 8.025 7.013 15.95b¢ 9.037 13.76% 7.073¢ct et
4.945-13.68 4.122 -9.978 8.400 -24.11 6.491 - 15.03 10.07 - 16.75 5.664 — 8.014
10 7.529 8.080 10.54 9.490 9.974 6.001 ¢t d* et
5.781-11.98 5.183 - 9.920 6.826 —15.29 2.732-12.34 7.151-18.10 3.544 -7.403
12 9.350 6.675 10.20 11.65 13.38%! 7.914 #*
5.614 - 14.70 4.185 - 9.656 5.433-16.38 9.215-14.58 9.778 -17.77 5.138 - 11.54
14 11.81 8.319 11.75 12.80 v* 14.68 * 9.824 e
8.065-17.17 6.114 - 12.50 6.720 - 15.86 11.30-16.21 8.864 —25.45 6.527 -11.93
16 9.126 8.408 12.67 11.14 20.70 atbt 9.534 ot
3.253 - 11.46 4773 -17.37 7.988 —24.71 6.519 —23.65 16.73 - 23.64 4.875-13.17
18 8.345 9.085 14.44 atv* 9.461 <* 16.18arbxd* 9:313:¢*
4.715-13.55 6.327 - 15.42 12.31-21.86 5.692 — 12.60 13.55-20.21 7.799-13.72

20 9.239 9.781 18.86 «* 10.10 < 2245 atb* 11.40 &

5.389 -13.16 3.432 - 20.66 14.37 - 20.77 8.035 —20.38 16.84 —25.87 11.07-17.16

22 9.626 9.315 22.77 atbt 11.96 < 22.72 atbt 10.62 <* &*

7.147 -11.48 6.073 -15.13 16.10 - 25.90 10.68 - 15.92 17.39 - 28.61 9.134-17.61
24 9.537 9.006 21.34 * 12.81 22.56 atd* 1145 atet
7.461-11.32 7.223-12.73 17.06 — 26.69 5.142 —16.59 20.95 - 25.47 6.473-13.38
Iriedman p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001
Test
Wilcoxon 0-2..241% 0-2..18% 0-2...181% 0-2..24% 0-2...181% 0-2..24%

Test 2-6...12, 16, 0-20...24* 0-20...24% 2-8,20% 0-20...24% 2-14,18..22"
20°% 2-16,20,22* 2-6,8,14...181 2-12..22*% 2-4,10,20...24* 2-24*
2-14,18,24+ 2-18¢ 2-10,20...24* 4-8,12,14,22, 2-6,8,12...18* 4-14,18,24*
4-14,22* 4-24* 4-6,16,18"* 247 4-16t 4-20,22%
4-241 6-22,24* 4-8,10, 14, 4-10,16...20* 4-18..24* 6-8,12,16*
6-14,22,24% 8-22,24*% 20...24* 6-8,12...221 6-8,14,20..24* 6-14,18...24"
10-14* 10-22,24* 6-20...24* 6-10,24* 6-12,16,181 8-10,14,24*
12-14* 12-14,22,24* 8-121 8-14*% 8-16" 8-18..221
14-16* 10-20...24 10-141 8-18...24* 10-14,18...24"

12-18...24* 10-22* 10-16" 10-16*
14-18...24* 12-18* 10-20...24* 12-201
16-20...24 % 14-181% 12-161 12-22*
18-24* 18-22* 12-18...24% 16-20*
20-22,24* 14-16*

16-18*

18-20...24 %

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa 1.. (AM,
Cdi+AM, and Cds+AM groups) for 24 months. Data are shown as a median and minimum and max-
imum values for eight animals (except for seven females in the AE, Cd1, and Cds groups after 20, 22,
and 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cdi group; d—Cdi+AM group; and e—Cds group. Wilcoxon test was per-
formed to compare data between particular two time points in the same animals during the 24-
month study. * p <0.05, ' p <0.01, and *p <0.001.
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Table S8. The concentration of total protein (PCR) in the urine of female rats evaluated every other
month during the 24-month study.

Months Control AM Cd1 Cdi+AM Cds Cds+AM
0 3.457 3.464 3.706 3.451 3.765 3.566
2.996 - 5.897 2.669 —4.770 2.758 -4.726 2.990 -4.726 2.332 -4.628 2.700 - 4.503
2 7.575 7.323 10.26 8.623 7.220 6.941
6.200 - 15.96 4.653 - 39.63 8.190 - 22.09 6.308 - 24.71 3.381 -18.31 1.722 -15.99
4 9.005 5.190 10.24 8.347 23.01 %* 10.86
4391 -18.96 3.104 - 20.35 3.055-26.13 2.687 —10.90 4.868 —33.42 5.875 -27.12
6 6.932 9.714 22.46 =t 7.557 <+ 15.79 #* 8.794
3.107 - 10.56 1.963 - 13.50 8.580 — 27.85 4.416-16.33 7.045 - 20.35 3.129 - 26.57
8 9.280 10.21 45.34 2% 1022« 32.94 3.559 <t <
4227 -15.12 3.034 -32.08 29.34-78.80 4.046 - 20.79 30.01 -48.38 2.689 -5.184
10 12.55 8.712 38.32 =¥t 14.34 35.72 2+ B 1315
6.768 — 16.56 6.096 - 12.14 26.16 —59.32 8.064 — 18.96 28.80 —43.36 7.680 — 18.96
12 10.80 6.435 45.42 a*bt 1107 46.10 @bt 5.385 ctet
6.272-12.28 4.206 - 12.68 39.28 — 68.00 8.240-15.44 38.44 - 57.68 2.614 -7.626
14 10.46 7.500 44.82 *vt 11:.82¢ 49.72 vt 6.280 ctet
8.040 - 11.20 4.560 — 11.04 38.96 — 51.52 5.760 — 14.36 37.40 - 64.12 4.080 - 9.200
16 11.30 9.900 43.44 @%b} 1127 51.08 atbdt 10.71 ot
6.660 -16.16 5.720 - 12.00 37.12 -52.60 4.730 - 14.69 36.00 — 67.57 6.943 — 14.40
18 12.32 11.68 51.60 a*bt 11.98 <* 55,83 #brds 11.48¢tet
8.680 - 16.36 6.560 — 15.48 36.96 —87.12 9.440 -16.20 43.04 - 67.20 4.320 - 14.80
20 11.76 14.20 42.96 »* 11.14.<* 57.22 atb*di 11.46 < et
8.120-16.28 8.760 — 16.40 38.05 - 81.64 10.44 -16.20 42.96 - 66.32 5.880 - 19.56
22 11.48 12.20 60.36 #* 11.22.¢* 57.62 atdt 10.36 ctet
9.560 - 16.56 10.92 - 16.60 36.65 —82.76 9.160 - 13.92 47.96 - 72.76 6.920 - 14.14
24 1129 11.68 64.28 ** 8.986 63.092*dt 1071 <ket
8.320 - 12.56 10.36 — 20.00 56.08 — 82.50 4179 -13.28 55.44 — 79.04 8.080 — 14.72
Friedman p <0.001 »<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Test
Wilcoxon 0-2,6...241 0-2,10...18* 0-26...181 0-28..241% 0-2,20...24* 0-2*
Test 2-4* 0-4,6,820..24* 0-4,20...24* 0-4,6% 0-4...18" 0-4,6,10,14...24"
2-10* 10-22,24* 2-81 4-10,14 1 2-4,20,24* 2-8*
2-18* 12-18,22,24* 2-20...24* 4-10,16...20* 2-8...181 4-8t
6-10...20* 14-18..24* 4-6,20...24* 4-12,18..22* 4-8,20..24* 4-12,14*
6-22,24" 16-181 4-8..181 16-18* 4-10...181 6-8 *
8-10" 16-22...24* 6-20...24* 18-24* 6-8...18" 8-10,14...24"
14-18,22* 10-24* 20-24* 6-20...24* 10-121
16-18...24* 12-24* 22-24+ 8-12...18 ¢ 10-14*
14-22,24* 8-14,16,20..24% 12-16...24"
16-22,24* 10-12...18 ¢ 14-16,18*
22-24* 10-20...24* 14-20...24 %
12-18¢
12-22,24*

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa 1.. (AM,
Cdi+AM, and Cds+AM groups) for 24 months. Data are shown as a median and minimum and max-
imum values for eight animals (except for seven females in the AE, Cd1, and Cds groups after 20, 22,
and 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cdi group; d —Cdi+AM group; and e—Cds group. Wilcoxon test was per-
formed to compare data between particular two time points in the same animals during the 24-
month study. * p <0.05, ' p <0.01, and +p <0.001.
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Table S9. The concentration of creatinine in the serum and urine and creatinine clearance in female

rats.
Experiment Duration
Group 3 Months 10 Months 17 Months 24 Months
Creatinine in the Serum (mg/100 mL)
Control 0.780 0.742 0.648 0.862
0.678 — 0.847 0.645 - 0.774 0.537 - 0.806 0.646 —0.985
AM 0.758 0.710 0.537 0.708
0.678 — 0.885 0.613 - 0.903 0.358 - 0.866 0.554 - 0.923
Cdi 0.692 0.726 0.761 1.015
0.615 - 0.769 0.645 - 0.839 0.478 - 1.134 0.646 — 1.108
Cdi+AM 0.769 0.807 0.552 0.708
0.731 - 0.846 0.704 - 0.936 0.418 - 0.866 0.677 —1.262
Cds 0.750 bra 0.874 0.885 1.1261+d*
0.654 —0.885 0.667 —1.412 0.537 - 1.060 0973 -1.277
Cds+tAM 0.5562te! 0.784 0.619¢! 0.687 <<t
0.540 — 0.667 0.745-0.902 0.358 - 0.716 0.523 - 0.800
Creatinine in the Urine (mg/mL)
Control 1.491 1.046 0.941 0.703
0.545 - 2.564 0.662 — 1.339 0.484 -5.210 0.348 —2.754
AM 1.391 0.709 0.637 0.596
0.764 - 2.364 0.554 - 1.077 0.274 - 2.081 0.422 -1.032
Cdu 1.121 0.928 1.070 0.816
0.420 - 1.677 0.652 — 1.464 0.404 - 4.404 0.438 -1.219
Cdi+AM 0.779 0.900 0.720 0.891
0.435-1.516 0.371-3.757 0.229 -1.421 0.469 —2.047
Cds 0.976 0.923 0.617 0.737
0.516 — 1.500 0.592 -2.197 0.325-0.983 0.272-0.951
Cds+AM 1.260 0.675 0.667 0.726
0.796 — 1.944 0.282 —2.169 0.500 — 1.400 0.418 — 1.508
Creatinine Clearance (mL/min)
Control 1.346 1.060 0.949 0.984
1.015 - 1.592 0.832 - 1.538 0.505 -1.001 0.820 - 1.203
AM 1.208 0.927 0.909 0.931
0.652 - 1.484 0.852 — 1.464 0.610-1.519 0.725-1.259
Cd: 1.289 0.943 0.950 0.982
0.757 - 2.987 0.799 - 1.292 0.410 - 1.476 0.847 - 1.036
Cdi+AM 1.117 0.967 1.030 1.306
0.769 —1.863 0.604 -1.616 0.736 -1.813 0.519 -1.693
Cds 1.203 0.988 0.613 41 d¢ 0.7642
0.960 —2.348 0.732-1.711 0.374 - 0.799 0.425-0.798
Cds+AM 1.205 1.095 0.860 «* 1.582¢t
0.798 —1.829 0.874 - 1.277 0.625 - 1.357 0.785 —2.034

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cd, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for eight animals (except for seven females in the AM, Cdi, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; c¢—Cd: group; d—Cdi+AM group; and e—Cds group, where * p <

0.05, 'p <0.01, and tp <0.001, are marked.
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Table S10. The concentration of urea and uric acid in the serum of female rats.
Experiment Duration
Group 3 Months 10 Months 17 Months 24 Months
Uric Acid (mg/100 mL)
Control 3.110 2.360 3.840 3.380
2.680 - 3.630 2.000 —2.680 3.440 - 4.690 3.310 - 4.900
AM 3.315 2.540 3.970 3.200
2.950 - 3.630 2.100 - 3.050 3.590 - 4.940 2.950 — 4.500
Cdi 4.340 P! 2.440 3.640 3.450
4.020 - 4.630 2.120 - 2.520 3.000 - 4.030 3.160 — 4.430
Cdi+AM 4.21024vt 2.460 4414 3.750
3.680 - 5.370 2.260 -2.700 3.310 - 4.630 3.200 - 4.800
Cds 3.380 < & 2.750 4.140 4.400 vt
3.150 - 3.590 2.350 - 3.430 3.160 - 4.750 3.500 - 7.500
Cds+AM 3.420 2.550 4.060 3.700
3.200 — 4.000 2.260 -2.770 3.530 — 4.840 3.100 - 5.500
Urea (mg/100 mL)
Control 26.30 32.54 28.26 2457
20.18 - 32.40 10.09 —44.40 23.28 - 35.80 17.24 - 33.62
AM 23.47 40.52 24.56 17.24
16.20-30.75 15.95 -52.16 19.40 - 31.90 11.20 - 40.00
Cds 37.22 26.51 26.79 38.02
26.29 — 47.88 20.26 - 38.79 24.60 - 33.20 34.90 - 48.90
Cdi+AM 38.38 b* 38.80 34.50 21.88
10.61 -47.18 4.810 — 49.57 16.80 - 40.80 18.75 - 25.86
Cds 32.16 40.73 37.87 a*btc* 53628 bidt
14.32-42.72 29.31 - 52.58 31.40 - 46.55 41.14-79.16
Cds+AM 21.92 & 35.35 32.35 20.10<* ¢t
13.85 - 26.06 4.810 — 42.67 21.40 - 38.90 17.71 -34.04

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cds, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cd+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for eight animals (except for seven females in the AM, Cdi, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; ¢—Cdi group; d—Cdi+AM group; and e—Cds group, where * p <
0.05, *p <0.01, and p <0.001, are marked.
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Table S11. The concentrations of urea and uric acid in the urine of female rats.

Experiment Duration

Group 3 Months 10 Months 17 Months 24 Months
Uric Acid (mg/24 h)

Control 21.43 23.85 18.01 33.99
12.42 - 44.00 14.80 - 32.27 16.52 - 24.60 18.71 -76.35

AM 20.22 35.77 24.20 39.24
8.300 - 35.85 28.35-47.88 3.860 - 39.16 9.650 — 68.88

Cdu 31.02 26.25 32.35 21.96
12.73-71.10 17.40 - 35.91 3.200 - 41.50 13.89 -42.39

Cdi+AM 29.32 23.52 35.95 28.68
26.25-48.43 12.28 —41.21 11.77 - 66.41 8.253 -51.99

Cds 35.21 21.88 32.68 27.37
24.5558.56 14.61 —48.20 14.18 - 52.44 19.86 - 31.26

Cds+tAM 26.72 26.38 27.86 34.12
15.63 — 39.84 10.56 — 77.53 9.510 - 47.76 22.53 - 37.97

Urea (mg/24 h)

Control 41.85 35.03 57.52 36.93
18.60 — 72.00 22.80 - 43.40 29.52 - 68.58 21.82-74.82

AM 40.12 47.80 43.55 43.16
19.25 - 50.25 26.95 - 81.90 24.00 - 69.50 13.29 - 83.44

Cdu 51.30 31.32 57.37 39.46
16.75 - 99.00 22.40 - 37.80 22.06 - 86.40 2427 - 6494

Cdi+AM 58.10 34.69 4217 59.65
24.60 — 86.40 16.70 — 56.64 22.13-72.73 14.76 — 82.61

Cds 50.38 36.96 53.96 41.76
33.50 - 81.60 17.10 - 53.80 38.97 - 92.42 33.58 - 72.85

Cds+tAM 42.95 43.67 43.67 51.27
20.00 — 52.20 22.89 — 56.52 23.52 - 70 04 26.52 — 100.1

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cds, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cd+AM, and Cds+AM group) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for eight animals (except for seven females in the AM, Cdi, and Cds
groups after 24 months). There were no statistically significant differences (Kruskal-Wallis test) be-
tween the experimental groups.
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Table S12. The concentration of cadmium (Cd) in the urine of female rats evaluated every other
month during the 24-month study.

Months Control AM Cd1 Cdi+AM Cds Cds+AM
0 0.1263 0.1157 0.1333 0.1216 0.1170 0.1323
0.0300 - 0.1749 0.0886 — 0.1764 0.0600 — 0.1766 0.0393 — 0.1794 0.0600 - 0.1794 0.0812 - 0.1467
2 0.1376 0.1337 0.3024 0.3818 =* 0.4534 atb* 0.4706 aivt
0.0950 - 0.2752 0.1040 - 0.3917 0.1422 - 0.3462 0.2790 — 0.4942 0.1664 — 0.5727 0.2584 — 0.6948
4 0.1342 0.1259 0.2398 0.2474 0.4378 atbt 0.4733 atb*
0.0677 - 0.2894 0.1029 - 0.1570 0.1187 - 0.4146 0.1418 — 0.4231 0.2094 - 0.6720 0.1610 - 0.7368
6 0.1244 0.1421 0.2311 at 0.2162 (.2599 at bt d* 0.2392 atb*
0.0620 - 0.1876 0.1044 - 0.1908 0.1485 - 0.3397 0.1519 - 0.3184 0.2327 - 0.4169 0.1696 — 0.6054
8 0.1136 0.1161 0.2481 b* 0.2476 a*bt 0.3224 atbt 0.2876 a* bt
0.0652 - 0.1738 0.0646 — 0.1690 0.1396 — 0.4467 0.2125 - 0.5917 0.1862 - 0.4342 0.2376 - 0.3512
10 0.1129 0.1439 0.2121 0.2188 0.3570 atb! 0.3957 atbt
0.1015 - 0.1601 0.1127 - 0.1605 0.1114 - 0.3586 0.1609 - 0.3720 0.2120 - 0.5084 0.2879 - 0.6738
12 0.1446 0.1564 0.2403 0.2848 ! 0.3462 atv* 0.3622 atv*
0.0938 — 0.1883 0.0833 - 0.2836 0.1912 - 0.4959 0.2256 — (0.4953 0.2024 - 0.6804 0.2053 - 0.4630
14 0.1549 0.1996 0.2700 0.2972=* 0.4798 atbt 0.5580 aibt
0.0870 - 0.2560 0.0893 - 0.2553 0.1850 - 0.3110 0.2790 - 0.6836 0.2032 - 0.7207 0.2338 - 0.9776
16 0.1634 0.1697 0.2867 0.3031 0.4968 atb* 0.6167 albte
0.0683 - 0.2176 0.0883 - 0.3840 0.1255 - 0.6386 0.2053 - 0.9170 0.2867 - 0.9785 0.3414 - 0.8911
18 0.1335 0.1472 0.2180 0.2256 0.3936 atbt 0.4329 atbt
0.1010-0.1829 0.1163 - 0.1841 0.1227 - 0.4043 0.1774 — 0.3824 0.1860 — 0.4897 0.2423 - 0.6143
20 0.1310 0.1515 0.2019 0.2107 0.3485 atbt 0.4068 atbte
00906 - 0.1898 0.0768 — 0.2050 0.1704 — 0.2918 0.1579 — 0.3246 0.2523 - 0.4841 0.3272 - 0.5538
22 0.1382 0.1552 0.2230 0.3061 'v* 0.3345 aib* 0.4859 atb! e
0.1217 - 0.2770 0.1251 - 0.2168 0.1565 — 0.2864 0.2584 — 0.4623 0.2034 — 0.4645 0.3927 - 0.8177
24 0.1374 0.1304 0.1958 0.2050 0.4206 2#bt 0.4927 atbie”
0.0764 - 0.1937 0.1118 - 0.1618 0.1795 — 0.2451 0.1794 — 0.2531 0.3110 — 0.4695 0.4308 — 0.6616
Friedman p=0.790 p<005 p=0.063 p<0.001 p<0.001 p<0.001
Test
Wilcoxon 2-8* 0-2,8...18, 22, 0-2...18" 0-2...24"
Test 4-22* 241 0-20...24* 2-6,8*
6-8* 0-4,6,20% 2-6* 4-6*
8 - 10, 14...18, 22, 2-4,18,22* 6-14,16,20,24* 6-14,24%
24* 2-6,10,20,241 8-24* 6-16"
10-22+ 6-14* 20-24* 8-10,14,18..22*
12-24* 6-221 8-16,24"
8-24* 12-14,16,24*
10-14" 16-20*
10-16,22*
12-20,24*
14-18*
14-20,24 "
16-20,24*
18-22*
20-22*
22-241

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cds, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdi+AM, and Cds+AM groups) for 24 months. Data are shown as a median and minimum and max-
imum values for eight animals (except for seven females in the AE, Cdi, and Cds groups after 20, 22,
and 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—Control
group; b—AM group; c—Cdi group; d —Cdi+AM group; and e—Cds group. Wilcoxon test was per-
formed to compare data between particular two time points in the same animals during the 24-
month study. *p <0.05, p <0.01, and #p <0.001.
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Table S13. The absolute and the relative weight of the left kidney of rats.
Experiment Duration
Group 3 Months 10 Months 17 Months 24 Months
Absolute Weight of the Kidney (g)

— 0.9420 0.9292 1.1014 1.3065
QIS 0.8595 - 1.0100 0.8075 - 1.0274 0.9994 — 1.4990 1.1163 - 2.0292
- 1.0005 0.9575 1.2544 1.1884

0.8176 — 1.0691 0.8781 - 1.0104 0.8618 — 1.5903 0.9532 - 1.9371
- 0.8962 0.9794 1.1659 1.3195
S 0.4648 — 0.9746 0.8703 - 1.0617 0.9084 — 1.8407 1.2592 — 1.4661
—— 0.9098 0.9848 1.1322 1.3463
= 0.8226 — 1.0242 0.8094 —1.0719 0.9154 - 1.2132 1.1764 — 1.6897
- 0.9021 1.0326 1.0986 1.3646
2 0.8628 — 1.0535 0.5309 - 1.1813 1.0553 — 1.4936 1.2528 — 1.6199
— 0.8806 0.9223 1.1244 1.1801
e 0.7716 — 1.0770 0.8183 — 1.0479 1.0384 - 1.3111 1.0834 — 1.2960
Relative Weight of the Kidney (g/100 g b.w.)

_— 0.3032 0.2104 0.2209 0.1937
onge 0.2732 - 0.3222 0.1963 - 0.2581 0.1562 — 0.3407 0.1786 — 0.3624
. 0.3128 0.2170 0.2460 0.2246

0.2937 - 0.3300 0.1792 - 0.2536 0.1413 - 0.3181 0.1467 - 0.3522
- 0.3054 0.2200 0.2451 0.1884
! 0.1592 - 0.3387 0.2868 — 0.2485 0.1748 - 0.4184 0.1672 - 0.2865
pus ot 03117 02153 0.2246 0.2666
. 0.2856 — 0.3556 0.1655 — 0.2666 0.1695 — 0.2639 0.2262 —0.3096
- 0.3005 0.2501 0.2386 0.2481
s 0,2818 — 0.4130 0.1144 - 0.2774 0.1505 — 0.4268 0.2085 - 0.,2793
0.2825 0.2272 0.2323 0.2123
Cds+AM

0.2660 — 0.3121

0.1819 — 0.2501

0.1783 — 0.2914

0.1708 — 0.2875

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cdsgroups) and/or 0.1% extract from the berries of Aronia melanocarpa 1.. (AM,
Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and
minimum and maximum values for eight animals (except for seven females in the AM, Cdi, and Cds
groups after 24 months). There were no statistically significant differences (Kruskal-Wallis test) be-
tween the experimental groups.
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Table S14. The concentrations of chemerin, macrophage inflammatory protein 1a (MIP1a), and Bcl2-
associated X protein (Bax) in the kidney of female rats.

Experiment Duration

Group 3 Months 10 Months 17 Months 24 Months
Chemerin (pg/mg Protein)
Control 29.82 14.68 16.09 16.41
26.91 -39.83 11.78 - 19.82 14.90 - 17.66 14.25-17.59
AM 22.84 14.01 14.90 15.62
10.91 -33.76 7.282 - 26.61 10.93 -19.28 1298 -19.15
Cd1 28.12 16.73 20.54 38.85
21.67 - 86.31 10.81 - 56.95 18.10 - 22.05 28.27 -40.15
Cdi+AM 22.02 12.35 16.81 11.75¢
7.063 - 32.88 7414 -25.75 15.88 - 17.86 9.142-13.92
Cds 32.35 18.78 2092 atbt 37.692* 4
23.04-47.10 11.32 - 38.81 19.32-23.71 35.44-41.36
Cds+AM 115G atset 2.887 @tbrcdte 10.43 ctet 10.86¢<tet
6.634 -19.81 1.174 —-5.572 9.596 — 12.57 9.288 —11.47
MIP1la (ng/mg Protein)
Control 2.168 1.138 1.223 0.837
1.162 - 3.504 0.840 —2.996 0.874 - 1.826 0.683 -1.196
AM 1.652 1.065 0.587 0.266
0.829 - 2.250 0.912 -2.478 0.269 - 0.977 0.128 - 0.425
Cdi 1.984 1.390 0.941 1.000
0.919 - 2.536 0.920 - 3.180 0.585 - 1.604 0.792 - 2.020
Cdi+tAM 1.441 0.754 0.2603+<* 0.190 * <t
0.761 - 2.281 0.647 - 1.150 0.036 - 0.331 0.144-0.213
Cds 0.93041<* 21724 1.618b¥41 1.266
0.721-1.125 1.776 —2.462 1.218 - 2.604 0.942 -2.076
Cds+tAM 0.890at <t 071786 & 0.316att 0.169 * ¢t
0.751 - 0.968 0.567 —0.859 0.094 - 0.520 0.102 -0.262
Bax (ng/mg Protein)
Control 5412 2.651 2.661 1.938
3.381-6.340 0.465 —4.571 1.728 -3.572 1.307 -2.420
AM 3.830 2.974 1.853 1.387
3.023 -6.722 1.785 - 3.605 0.914 - 2.550 1.181 -2.502
Cds 5.607 3.075 5.792 2231
3.293-7.317 2.393 — 6.568 3.637 - 12.47 1.617 - 3.876
Cdi+AM 3.120 1.924 ¢ 1.052¢ 1.096 <*
1.638 — 5.257 1.046 —2.597 0.532 - 1.607 0.922 -1.877
Cds 2.780 19.990 3.839dt 2.7328F brdt
2.456 - 3.594 1.718 -2.215 2.552 -4.915 2442 -5216
Cds+AM 1.469 21!t 1.195v! ¢t 1.186<t¢! 1.452¢!
0.736 - 1.614 1.031 -2.163 0.911 - 1.668 1.004 —2.002

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a median and mini-
mum and maximum values for cight animals (except for seven females in the AM, Cdi, and Cds
groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a—
Control group; b—AM group; c—Cd:1 group; d—Cdi+AM group; and e—Cds group, where * p <
0.05, *p <0.01, and p <0.001, are marked.
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Table S15. The concentration of cadmium (Cd) in the blood, urine, and kidney of female rats 2.

Experiment Duration

Group 3 Months 10 Months 17 Months 24 Months
Blood (ug Cd/L)

Control 0.0691 0.0860 0.0744 0.0834
0.0330-0.1110 0.0360 — 0.1290 0.0480 — 0.0960 0.0690 — 0.0990

AM 0.0752 0.0802 0.0718 0.0861
0.0500 - 0.0960 0.0330 —0.1360 0.0103 - 0.0950 0.0700 - 0.0970

Cdi 0.1884 0.1792 0.2425 0.2330
0.1320 — 0.2460 0.1030 — 0.3060 0.1980 - 0.3240 0.1850 — 0.2840

12.7x T21x 13.3x 12.8x

Cdi+AM 0.1877 0.1844 0.2375 0.2189
0.1290 - 0.2480 0.1170 - 0.2760 0.1610 - 0.3050 0.1900 - 0.3000

T27x 12.1x 13.2x 1 2.6x

Cds 1.0236 0.9394 1.0339 1.0467
0.7390 - 1.3320 0.7350 - 1.1220 0.9400 - 1.1310 0.8250 - 1.2010

114.8x 110.9x 113.9x 112.6x

Cds+AM 0.8298 0.7948 0.9319 0.8201
0.6200 — 1.0640 0.5840 —0.9960 0.7920 - 1.1250 0.6090 — 1.1490
112x N19% 19.2x N15% 1125x N10% 19.8x N22%

Urine (ug Cd/g Creatinine)

Control 0.1387 0.1304 0.1491 0.1337
0.1032 -0.2013 0.0944 - 0.1722 0.1172 -0.1889 0.0764 — 0.1937

AM 0.1321 0.1364 0.1445 0.1357
0.1129 - 0.1507 0.1119 - 0.1558 0.0730 -0.1712 0.1118 - 0.1618

Cdi 0.2184 0.1809 0.2096 0.2053
0.1810 - 0.2509 0.0852 — 0.2558 0.1069 - 0.2820 0.1795 - 0.2451

157% 1 39% 1 41% 1 54%

Cdi+tAM 0.2193 0.1913 0.2143 0.2084
0.1349 - 0.2762 0.1392 - 0.2483 0.1471 - 0.3538 0.1794 — 0.2531

1 58% 1 47% 1 44% 156%

Cds 0.5008 0.4002 0.4737 0.4104
0.4183 - 0.6016 0.2839 — 0.6949 0.3369 — 0.6467 0.3110 - 0.4695

1 3.6x 13.1x T32x 13.1x

Cds+AM 0.6064 0.4997 0.5773 0.4994
0.4833 - 0.8197 0.3640 - 0.6812 0.4206 - 0.7481 0.4308 — 0.6616
14.4x 721% 138x 725% 139 7222% 13.7x 7222%

Kidney (ug Cd/g)

Control 0.0385 0.0505 0.0467 0.0844
0.0283 - 0.0618 0.0385 - 0.0619 0.0364 - 0.0644 0.0452 - 0.1382

AM 0.0355 0.0491 0.0555 0.0930
0.0282 — 0.0425 0.0308 —0.0614 0.0454 — 0.0677 0.0599 - 0.1396

Cdi 0.3482 1.1342 1.2126 1.9807
0.2626 — 0.4472 0.8769 —1.4298 0.7714 - 1.8262 1.0909 —2.8322

19x 122x T 26x 1 23x

Cdi+AM 0.2475 1.0277 1.3048 2.0533
0.1666 — 0.3018 0.7600 - 1.1772 1.1193 - 1.5348 1.2735-2.9219

164x N 29% 120x N 9.5% 1 28x 124x

Cds 1.3714 4.8425 10.7680 8.0093
0.9739 - 1.6725 4.2892 - 6.1790 8.4189 - 14.8705 6.5652 — 8.8627

1 36x 1 96x 1 231x 1 95x

Cds+AM 1.1805 45712 9.6644 7.3042
0.9976 — 1.4006 3.5350 — 5.1680 8.2900 — 11.7654 5.7523 — 8.6859
131x V14% 191x N5.6% 1207x N 10% 187x “8.8%

The animals were treated with cadmium (Cd) in the diet at the concentration of 0, 1, or 5 mg/kg
(Control, Cdi, and Cds groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM,
Cdi+AM, and Cds+AM groups) for 3, 10, 17, and 24 months. Data are shown as a mean and mini-
mum and maximum values for eight animals (with the exception of seven females in the AM, Cds,
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and Cds groups after 24 months). The factors or percentages of changes compared to the control
group (1, increase) or the adequate group treated with Cd alone (, decrease; /, increase) are indi-
cated if p <0.05. ! prepared based on Brzoska, M.M.; Gatazyn-Sidorczuk, M.; Jurczuk, M.; Tomczyk,
M. Protective effect of Aronia melanocarpa polyphenols on cadmium accumulation in the body: A
study in a rat model of human exposure to this metal. Curr. Drug Targets 2015, 16, 1470-1487.
https://doi.org/10.2174/1389450116666150102121708. 2 Cd concentration in the blood and urine was
also presented in the Supplementary Material for the article Mezyriska, M.; Brzéska, M.M.; Rogalska,
J.; Pilat-Marcinkiewicz, B. Extract from Aronia melanocarpa 1.. berries prevents cadmium-induced
oxidative stress in the liver: A study in a rat model of low-level and moderate lifetime human
exposure to this toxic metal. Nutrients 2019, 11, 21. https://doi.org/10.3390/nu11010021.
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Figure S1. Ultra Performance Liquid Chromatography (UPLC) polyphenolic profile of the Aronia
melanocarpa L. berry extract. The profile of the extract was investigated and presented in Brzéska,
M.M.; Rogalska, J.; Galazyn-Sidorczuk, M.; Jurczuk, M.; Roszczenko, A.; Tomczyk, M. Protective
effect of Aronia melanocarpa polyphenols against cadmium-induced disorders in bone metabolism:
A study in a rat model of lifetime human exposure to this heavy metal. Chem. Biol. Interact. 2015,
229, 132-146. https://doi.org/10.1016/j.cbi.2015.01.031.
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NATURAL DRUGS

PROTECTIVE EFFECT OF THE EXTRACT
FROM ARONIA MELANOCARPA L. BERRIES
AGAINST CADMIUM-INDUCED OXIDATIVE STRESS IN THE KIDNEY:
A STUDY IN AN /N VIVO EXPERIMENTAL MODEL

NAZAR M. SMERECZANSKI*®, MALGORZATA M. BRZOSKA*®,
and JOANNA ROGALSKA®

Department of Toxicology, Medical University of Bialystok,
ul. Adama Mickiewicza 2C, 15-222 Bialystok, Poland

Abstract: The destructive impact of cadmium (Cd) on the oxidative/antioxidative status of the kidney,
as well as the possible beneficial effect of co-administration of a 0.1% aqueous extract from Aronia
melanocarpa 1.. berries (AM), were studied in a rat model of low-level and moderate general population
exposure to this heavy metal (1 and 5 mg Cd/kg feed, respectively, for up to 24 months). Total antioxidative
status (TAS) of the kidney and the main indices of the enzymatic (superoxide dismutase — SOD, catalase

CAT, glutathione reductase — GR, and glutathione peroxidase — GPx) and non-enzymatic (reduced
glutathione — GSH and thioredoxin — TRx) antioxidative barrier were assessed. The total oxidative status
(TOS) and concentrations of hydrogen peroxide (H,0,), xanthine oxidase (XOD), myeloperoxidase
(MPO), and oxidized glutathione (GSSG) were measured as markers of oxidative status. The oxidative
stress index (OSI) was calculated (TOS/TAS) to estimate the intensity of oxidative stress in the kidney. The
exposure to Cd, dose- and duration-dependently, weakened the enzymatic and non-enzymatic antioxidative
potential of the kidney leading to a decrease in its TAS, as well as enhanced oxidative status of this organ
(increased the concentrations of H,0,, MPO, and/or XOD, and elevated TOS) resulting in the development
of oxidative stress. The administration of AM during the low-level and moderate intoxication with Cd
significantly protected from this xenobiotic-induced disruption of the oxidative/antioxidative balance
and development of oxidative stress in the kidney. In summary, even low-level long-term exposure to Cd
may result in the occurrence of oxidative stress in the kidney, whereas supplementation with chokeberry
products may improve the oxidative/antioxidative balance preventing oxidative stress in this organ.
Based on the findings it seems possible that the recently noted by us in the experimental model protective
effect of the administration of AM against the damaging impact of Cd on the structure and function of the
kidney might result, at least partially, from its antioxidative potential and prevention of the development
of oxidative stress in the renal tissue.

Keywords: Aronia melanocarpa L., cadmium, kidney, oxidative/antioxidative balance, oxidative stress,
protection

Abbreviations: ACR - albumin concentration in the urine adjusted for creatinine concentration;
ALP - alkaline phosphatase; AM - a 0.1% aqueous extract from Aronia melanocarpa L. berries;
Bax - Bel2-associated X protein; b.w. - body weight; CA - catalase; Cd - cadmium; Cd*' - cadmium ions;
Cu - copper; CV - coefficient of variation; ELISA - enzyme-linked immunosorbent assay; Fe** - divalent
iron ions; FR - free radicals; GPx - glutathione peroxidase; GR - glutathione reductase; GSH - reduced
glutathione; GSSG - oxidized glutathione; HRP - horseradish peroxidase; H,0, - hydrogen peroxide;
KIM-1 - kidney injury molecule 1; MIP1a - macrophage inflammatory protein 1 alpha; Mn - manganese;
Mn-SOD - manganese-dependent superoxide dismutase; MPO - myeloperoxidase; NADH - nicotinamide
adenine dinucleotide; NADPH - nicotinamide adenine dinucleotide phosphate; NAG - N-acetyl-f-
D-glucosaminidase; “OII - hydroxyl radical, OSI - oxidative stress index; O, - superoxide radical;
PCR - total protein concentration in the urine adjusted for creatinine concentration; ROS - reactive oxygen
species; SD - standard deviation; —SH group - sulthydryl group; SOD - superoxide dismutase; TAS - total
antioxidative status; TOS - total oxidative status; TRx - thioredoxin; w.w., wet weight; XOD - xanthine
oxidase; Zn - zinc; $2-MG - beta2-microglobulin

* Corresponding author: e-mail: nazar. ki@umb.edu.pl (N.M.S.), malgorzata.brzoska@umb.edu.pl (M.M.B.)
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For a long time, the interest of not only the
medical community and scientists but also of the
general population, in the possibility of using bio-
logically active substances naturally occurring in
some plants and various products based on these
plants in the prevention and treatment of many dis-
cascs, including civilization discases, has been ob-
served (for a review, see 1-3). However, recently
more and more attention has been paid to the pos-
sibility of using plant-based products to prevent
health risks posed by exposure to toxic substances
(for a review, see 3—6). One of these plants is choke-
berry (Adronia melanocarpa1..), a deciduous shrub
belonging to the family Rosaceae. It 1s found all
over the world and 1s well-known for the medical
and culinary properties of its berries (chokeberries).
Aronia fruits are a rich source of numerous sub-
stances with health-promoting properties and one of
the richest sources of polyphenolic compounds char-
acterized by high antioxidative properties (1-3, 7).
Chokeberries are also a source of bioclements (c.g.
calcium, magnesium, and iron), vitamins (vitamins
A, C, E, and K and vitamins from group B), triter-
penes, phytosterols, carotenoids (p-carotene), pec-
tins, sugar, sugar alcohols (parasorboside and sor-
bitol), tannins, dietary f{iber, organic acids (L-malic
acid and citric acid), carbohydrates, and proteins (3,
7). The components of aronia berries possess pow-
erful antioxidative, antidiabetic, anti-inflammatory,
anti-infective, antimutagenic, and cytotoxic proper-
ties (1-4, 7). Thus, consuming products from aronia
berries, such as dried fruit, juices, jams, preserves,
syrups, teas, tinctures, and powdered fruit in the
form of supplements has cardioprotective, gastro-
protective, hepatoprotective, radioprotective, and
immunomodulatory properties, and may effectively
protect from the development of some chronic ill-
nesses, including metabolic disorders, cardiovascu-
lar diseases, and cancer, and is used to support the
treatment of some diseases (1-4, 7). Because of the
many health-promoting properties, the inclusion of
aronia products into the daily diet is widely recom-
mended (1-4).

Some time ago, considering the beneficial
health properties of aronia berries, including es-
pecially their high antioxidative potential (1-3, 7)
and the ability of polyphenolic compounds to che-
late ions of divalent metals (4, 6), we hypothesized
that chokeberry-based products may be effective in
preventing from unfavourable effects of exposure
to cadmium (Cd). This toxic heavy metal belongs
to the main chemical pollutants of the natural en-
vironment and food in industrialized countries (for
a review, see 5, 8, 9). Numerous epidemiological

studies provide evidence that the current exposure
of the worldwide population to this heavy metal
creates a risk to health, including the risk of kidney
damage, which 1s a target organ for this xenobiotic
during long-term exposure (10—13). Moreover, fore-
casts show that exposure to this heavy metal will
grow (11). Thus it is very important from the point
of view of public health to find an effective strategy
against its toxicity.

To investigate the possibility of a protective
effect of chokeberry extract during exposure to Cd,
we conducted a widely designed study in a female
rat model of low-level and moderate lifespan general
population exposure to Cd in industrialized coun-
tries (the treatment of animals with Cd in the feed
at a concentration of 1 and 5 mg Cd/kg, respective-
ly, for up to 24 months). Previously, it was found in
the model that the administration of a 0.1% extract
from A. melanocarpa berries (AM) protected against
Cd accumulation in the body, including mainly the
liver and kidneys (14), and provided significant pro-
tection against this heavy metal-induced damage to
the liver (15-17), bones (18, 19), and salivary glands
(20) and that these effects resulted, at least partially,
from antioxidative properties of AM.

Our more recent study (21) showed that the ad-
ministration of AM during the exposure to 1 and
5 mg Cd/kg also protected from changes in the mor-
phological structure of the kidney tubules and glom-
cruli and deterioration of their function. The low-
level and moderate treatment with this xenobiotic
resulted in damage to the kidney tubules, detected
based on enhanced presence in the urine of sensi-
tive biomarkers such as kidney injury molecule-1
(KIM-1), B2-microglobulin ($2-MG), N-acetyl-3-D-
glucosaminidase (NAG), and alkaline phosphatase
(ALP), as well as to increase in albumin concentra-
tion in the urine (ACR) and decreased glomerular
filtration rate (estimated based on creatinine clear-
ance) which are clinically relevant early markers of
glomerular injury. Pathological changes in the re-
nal tubules such as hyalinization, hyperplasia and
hypertrophy of the epithelium of the convoluted
tubules, the proliferation of the interstitial kidney
tissue, as well as glomerulonephritis and conges-
tion at the cortex/medullary interface were not-
cd at both levels of the 24-month exposure to Cd.
Moreover, vacuolization and an extension of the
tubular lumen were observed at the low-level treat-
ment and perivascular oedema occurred at the mod-
erate exposure. Inflammatory processes developed
in the kidney as well (increased concentrations of
chemerin and/or Bel2-associated X protein — Bax).
The toxic impact of Cd on the kidney occurred at
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the concentrations of this xenobiotic in the urine
(0.0852—-0.2820 pg/g creatinine) which were within
the lower range of concentrations currently noted
in the worldwide general population (for a review,
see 10). The co-administration of AM significant-
ly protected from the above-described nephrotoxic
action of Cd (21).

The mechanism of the toxic action of Cd, in-
cluding its nephrotoxicity, is multidirectional and in-
volves its prooxidative action leading to the develop-
ment of oxidative stress and oxidative damage to the
cellular macromolecules and organelles (10, 13, 22).
In the view of our previous findings (15-17, 19, 20),
we have hypothesized that the protective impact of
AM on the kidney (21) may also be related to its an-
tioxidative potential. To investigate this hypothesis,
the present study aimed to evaluate the impact of the
administration of AM under low-level and moderate
exposure to Cd (1 and 5 mg/kg feed) on the oxida-
tive/antioxidative balance in the kidney. For this pur-
pose, total antioxidative status (TAS), and the main
markers of the enzymatic (superoxide dismutase —
SOD, catalase — CAT, glutathione peroxidase — GPx,
and glutathione reductase — GR) and non-enzymatic
antioxidative status (reduced glutathione — GSH and
thioredoxin — TRX), as well as total oxidative status
(TOS) and some indices of the oxidative status such
as the concentrations of hydrogen peroxide (H,0,),
xanthine oxidase (XOD), myeloperoxidase (MPO),
and oxidized glutathione (GSSG), in the renal tissue
of the female rats administered with Cd and/or AM
were determined. The oxidative stress index (OSI),
reflecting the extent of destroying the oxidative/an-
tioxidative balance and the level of oxidative stress,
was calculated as well. Moreover, the relationships
between the main indices of the oxidative/antioxi-
dative status of the kidney (TAS, TOS, and OSI)
and already published Cd concentration in this or-
gan (14), as well as markers of its damage (21) were
evaluated. To the best of our knowledge, no such re-
search has ever been carried out.

EXPERIMENTAL

Fodder containing Cd

The feed containing Cd at the concentration
of 1 and 5 mg Cd/kg was manufactured by Label
Food “Morawski” Keynia by adding cadmium chlo-
ride 2.5 hydrate (CdCl, x 2.5 H,0; POCh; Gliwice,
Poland) to the ingredients of the standard Labofeed
H diet (breeding diet ensuring the correct develop-
ment and growth of young animals) and Labofeed
B diet (maintenance diet). Cd content in the fodder
was verified in our laboratory by determination of

this element concentration (using the atomic ab-
sorption spectrometry method). The concentration
of Cd in the 1 mg Cd/kg diet was determined at
1.09 £ 0.13 mg/kg (mean = standard deviation — SD)
and 4.92 £ 0.53 mg/kg in the case of the 5 mg Cd/
kg diet. Cd concentration in the standard Labofeed
dict was 0.0584 £ 0.0049 mg/kg (14).

Extract from the berries of A. melanocarpa

A powdered extract from the berries of 4. mela-
nocarpa, provided by Adamed Consumer Healthcare
(Tuszyn, Poland), was used to prepare AM admin-
istered to the animals. According to the manufac-
turer’s certificate (Certificate KJ 4/2010), the extract
contained 65.74% polyphenols and 18.65% anthocya-
nins. Other components found in the extract included
carotenoids, pectins, sugar, sugar alcohols, phytos-
terols, triterpenes, as well as minerals and vitamins
(producer’s data). To prepare the AM that was ad-
ministered to the animals, 1 g of the powdered ex-
tract was dissolved in 1 L of redistilled water every
day. The total concentration of polyphenolic com-
pounds and the polyphenolic profile of the extract
werce estimated by us (18). One litter of the AM con-
tained (mean + standard error — SE) 612.40 =3.33 pug
of total polyphenols, including 202.28 + 1.28 g
of total anthocyanins (80.07 £ 1.05 pg — cyani-
din 3-O-B-galactoside, 33.21 = 0.01 pg — cyanidin
3-0-o-arabinoside, and 3.68 = 0.01 ug — cyanidin
3-O-B-glucoside), 129.87 £ 1.12 pg of total pro-
anthocyanidins, 110.92 £ 0.89 ug of total pheno-
lic acids, 68.32 + 0.08 ug of chlorogenic acid, and
21.94 + 0.98 ug of total flavonoids (18). Cd concen-
tration in AM did not exceed 0.05 pg/L (14).

Animal model

The experimental protocol was approved by
the Bialystok Local Ethics Committee for Animal
Experiments (Poland; permit number 60/2009 on
September 21, 2009). All animal procedures fol-
lowed institutional guidelines, ethical standards,
and the International Guide for the Use of Animals
in Biomedical Research. In the study, 192 female
Wistar rats (Hannover Wistar rats, bred accord-
ing to the Charles River International Genetic
Standardization Program - Crl: WI (Han)), aged
three to four weeks, from a licensed breeding facil-
ity (Laboratory Animal House in Brwinéw, Poland)
were used. The animals were housed throughout the
experiment under standard conditions (temperature
22 +2°C, relative humidity 50 = 10%, and a 12-hour
light/dark cycle), with free access to feed and drink-
ing fluids (redistilled water or AM). The rats were
kept in stainless steel cages (4 rats in each). After

141



Nazar M. Smereczanski

Rozprawa doktorska

Rozdziat 10

5-day acclimatization to the experimental environ-
ment, the rats were randomly assigned to one of six
experimental groups, each of 32 animals. One group
was given AM (0.1% aqueous solution of the extract
from A. melanocarpa berries) as the only drinking
fluid (AM group), two groups were intoxicated with
Cd via the feed at the concentration of 1 and 5 mg
Cd/kg (Cd, and Cd, groups, respectively), and the
next two groups were given Cd (1 or 5 mg Cd/kg
feed) and AM simultancously (Cd +AM group and
Cd +AM group) for up to 24 months. The last group
was fed redistilled water (containing < 0.05 pg Cd/L)
and a standard Labofeed diet (without the addition
of Cd) and served as the control group.

The concentration of Cd in the blood, urine,
and kidney of the animals in the Cd, group (0.1030—
0.3240 pg Cd/L, 0.0852—0.2820 pg/g creatinine, and
0.2626-2.8322 pg/g of wet weight — ww., respective-
ly) and Cd, group (0.7350-1.3320 pg Cd/I., 0.2839—
0.6949 pgyg creatinine, and 0.9739-14.8705 ng/g
w.w., respectively) (14) was within the range of val-
ues noted nowadays in the general population non-
exposed occupationally to this heavy metal (10, 11),
confirming that the used experimental model well
reflects current human environmental exposure to
this xenobiotic.

The daily intake of aronia extract and poly-
phenolic compounds in the female rats that received
AM as the only drinking fluid ranged from 63.1 to
154.7 mg/kg body weight (b.w.) and from 41.5 to

NAZAR M. SMERECZANSKI ct al.

101.7 mg/kg bw., respectively (14). The intake of
polyphenols was several times higher than the av-
erage consumption of these compounds among the
worldwide general population (1000 mg/24 h i.c.
14.29 mg/kg b.w. assuming the body weight of
70 kg) (23).

The model has been reported in detail else-
where (14-21) and thus in the present study, it is
only briefly described and together with the range
of performed measurements is presented in Figure 1.

The slices of the right kidneys dissected at nec-
ropsy after 3, 10, 17, and 24 months of the experi-
ment (14) were used in the present study. The kid-
neys, immediately after collection, were rinsed with
ice-cold physiological saline (0.9% sodium chloride),
dried on the filter paper, and weighed with an ana-
lytical balance (OHAUS®, Nanikon, Switzerland; ac-
curacy to 0.0001 g). The organs were stored frozen
(=70°C) until assayed.

Determination of the indices of oxidative
and antioxidative status of the kidney
Preparation of kidney homogenates

Pre-weighted slices of the right kidney were
homogenized in a cold potassium phosphate buffer
(50 mM, pH = 7.4; prepared by combining 50 mM
potassium dihydrogen phosphate and 50 mM di-
potassium hydrogen phosphate (POCh; Gliwice,
Poland)) to prepare 10% homogenates (weight/vol-
ume), with the addition of butyl-hydroxytoluene

Experimental groups:
Control, AM, Cdx' Cdl+AM, Cds, Cd5+AM

.

necropsy of 8 rats from each group
(except for 7 females in the AM, Cd;, and Cds groups after 24 months)

after 3, 10, 17 and 24 months

v

¢

v

10% homogenates of the renal tissue

Evaluated parameters:

TAs  SOD
Tos  CAT
osl GPx

GR

Figure 1. Schematic representation of the experimental protocol.
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(Sigma-Aldrich GmbH; Steinheim, Germany) as
an antioxidant. Per each 1 mL. of the homogenate,
0.01 mL of 0.5 M butyl-hydroxytoluene in acetoni-
trile (Merck, Darmstadt, Germany) was used. Such
prepared homogenates were centrifuged at 10,000 g
for 5 minutes at 4°C (24) with a Medical Instruments
MPW-350R centrifugator (Warsaw, Poland), and the
aliquots were separated and stored frozen (=70°C)
until all measurements were performed.

The assessment of the parameters
of the oxidative/antioxidative status

The indices of the oxidative/antioxidative status
were determined in the aliquots of the kidney homog-
enates colorimetrically with the use of MULTISCAN
GO (Thermo Scientific, Vantaa, Finland) and Epoch
(Bio Tek Instruments, Inc, Winooski, USA) spectro-
photometers for quantification.

TAS was measured using the Immundiagnostik
AG (Bensheim, Germany) ImAnOx (TAS) ELISA
kit (Catalogue No. KC 5200). The enzyme-linked
immunosorbent assay (ELISA) method is based
on the reaction of eliminating a defined amount of
H,0, added into the tested sample by antioxidants
present in the sample. The remaining H,0, produces
compounds that absorb the wavelength of 450 nm.
The certified values of TAS in two control samples
provided by the manufacturer were within the range
of 162220 pmol/L and 204-276 pmol/L. The values
of TAS determined by us were within the reference
ranges (184 = 19 umol/L and 236 £ 21 pmol/L, re-
spectively, for the first used kit and 183 = 15 pmol/L
and 244 £ 16 pmol/L, respectively, for the second
one; mean % SD). The precision of the measurements
of TAS in the aliquots of the kidney homogenates,
expressed as the intra-assay coefficient of variation
(CV) was < 3%. The inter-assay CV was < 4%.

TOS was evaluated using the Immundiagnostik
AG PerOx (TOS) ELISA kit (Catalogue No. KC
5100) based on the determination of total lipid perox-
ides contained in the studied sample in the reaction
with peroxidase at 450 nm. The values of TOS as-
sayed by us in the control samples (190 = 12 pmol/L
and 515 £ 23 pmol/L in the first of the used kits and
204 = 17 pmol/I. and 585 £ 33 pumol/L. in the sec-
ond one; mean £+ SD) agreed with the certified val-
ues (170-283 pmol/L and 437-728 umol/L, respee-
tively). The intra-assay CV for TOS measurements
in the tested samples was < 6%. The inter-assay CV
was < 5%. Bascd on the determined values of TAS
and TOS, OSI was calculated as the ratio of TOS and
TAS (OSI = TOS/TAS).

The activity of total SOD was determined us-
ing a commercial kit bought from Cayman Chemical

Company (Catalogue No. 706002; Ann Arbor, MI,
USA). The test detects superoxide radicals (O,™-)
produced by xanthine oxidase and hypoxanthine us-
ing a tetrazolium salt. The intra-assay CV was < 4%
and the inter-assay CV was < 9%. The determina-
tion of the activity of CAT was based on the spec-
trophotometric method by Aebi (25), measuring
the quantity of H,0O, destroyed by this enzyme. The
disappearance of I1,O, was seen spectrophotomet-
rically at 240 nm. The intra-assay CV was < 6%.
OxisResearch Bioxytech GPx-340 kit (Catalogue No.
21017; Burlingame, CA, USA) was used to measure
GPx activity. This enzyme is used in the assay to cat-
alyze the oxidation of GSH to GSSG, which is begun
by the addition of tertbutyl hydroperoxide. The in-
tra-assay CV was < 7%. Determination of the activ-
ity of GR was made with the use of the commercial
Bioxytech GR-340 kit by OxisResearch (Catalogue
No. 21018D; Burlingame, CA, USA). This assay is
based on the reduction of GSSG with the use of nico-
tinamide adenine dinucleotide phosphate (NADPII;
one particle of NAPDH is consumed for the reduc-
tion of one particle of GSSG), which is oxidized (to
nicotinamide adenine dinucleotide — NADII) in the
reaction catalysed by GR. The amount of GSSG that
isreduced to GSH is estimated indirectly by the as-
sessment of consumed NADH reflected in a decrease
in the absorbance measured at 340 nm. The intra-
assay CV of this measurement was < 5%.

The concentrations of GSH and GSSG were
determined colorimetrically using the Cayman
Chemical Company Glutathione Assay Kit
(Catalogue No. 703002; Ann Arbor, MI, USA). In
order to assay the concentration of GSH, the reaction
between GSII and 5,5’-dithio-bis-2-nitrobenzoic acid
(DTNB) was performed. Then, the absorbance (at
405-412 nm) of the sample containing the product
of this reaction (5-thio-2-nitrobenzoic acid — TNB),
was measured. The GSSG was quantified by first
derivatizing GSH with 2-vinylpyridine. The intra-
assay CV for the determination of GSII and GSSG
was < 7%. The inter-assay CV was < 7% for GSH
and < 3% for GSSG. Furthermore, the GSH/GSSG
ratio was calculated.

The concentration of TRx was assayed with the
use of commercial Rat (Trx) ELISA KIT (Catalogue
No. 201-11-0445; SunRed, Shanghai, China). The
principle of this test was based on the incubation of
the sample in wells pre-coated with rat TRx mono-
clonal antibody, and then the addition of horse-
radish peroxidase (HRP)-conjugated streptavidin
(streptavidin-IIRP) in order to obtain immune com-
plex, which then is combined with chromogens. The
chroma of colour is positively correlated with the
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concentration of TRx, hence it was measured calo-
rimetrically (450 nm) in order to determine this pa-
rameter. The intra-assay CV was < 4%, whereas the
inter-assay CV was < 8%.

The concentration of H,0, was determined with
OxisResearch Bioxytech H,0,-560 kit (Catalogue
No. 21024; Burlingame, CA, USA). The assay is
based on the reaction of oxidation of divalent iron
ions (I'e?') by I1,0, to trivalent iron ions (Fe*'), which
binds with xylenol orange, resulting in the forma-
tion of a stable, coloured complex measured spectro-
metrically at 560 nm. The intra-assay CV was < 9%.

XOD in the kidney was measured with the
use of Rat (XOD) ELISA KIT (Catalogue No.
SRB-T-88306; SunRed, Shanghai, China). The kit
used a double-antibody sandwich ELISA meth-
od with wells pre-coated with XOD monoclonal
antibody. The coloured product of the reaction
with chromogen was measured at 450 nm. The
intra-assay CV was < 7% and the inter-assay CV
was < 4%.

In order to determine the concentration of
MPO, Rat (MPO) ELISA KIT (Catalogue No. 201-
11-0575; SunRed, Shanghai, China) was used. The
determination is based on the positive correlation
between the chroma of the colour of complex be-
ing a product of the reaction of chromogen with the
complex of MPO, streptavidin-HRP, and rat MPO
monoclonal antibody measured at 450 nm with the
concentration of MPO in an assayed sample. The
intra- and inter-assay CV were < 8% and < 4%,
respectively.

Statistical analysis

Statistica 13.3 software (StatSoft, Tulsa, OK,
USA) was used for all statistical analyses. The re-
sults of the determination of the indices of the oxida-
tive/antioxidative status are presented as a median,
25-75% confidence interval, minimum and maxi-
mum. The Shapiro-Wilk test was used to evaluate
the normality of the data distribution at first. As
no normal distribution was noted, a nonparamet-
ric signed-rank Kruskal-Wallis with median test
(Kruskal-Wallis test) was performed to check if there
were statistically significant (p < 0.05) differences
between the six groups. If statistically significant
differences occurred between the six groups, fur-
ther comparisons were performed to determine sta-
tistically significant (p < 0.05) differences between
particular two experimental groups.

To calculate the mutual dependences between
the values of the measured parameters of the oxida-
tive/antioxidative balance, as well as these param-
eters and already published Cd concentration in this

organ (14) and markers of its damage (21), a lincar
regression analysis was performed. The results of
the analysis of regression are shown as the 3 coel~
ficient, R?, and the level of statistical significance
(p). A dependence between two variables was sta-
tistically significant at the value of the P coefficient
for which p < 0.05.

RESULTS

H3 TAS, TOS, and OSI

The exposure to the 1 mg Cd/kg fed for 3 and
10 months had no impact on TAS, TOS, and OSI
in the renal tissue. After 17 and 24 months of the
treatment, TAS was decreased (by 33% and 36%,
respectively), whereas TOS (6.5- and 7.9-fold, re-
spectively) and OSI (8.6- and 13.9-fold, respectively)
were elevated compared to the proper values noted
in the control group (Figure 2). At the higher level
of exposure to Cd (5 mg/kg feed), TAS dropped al-
ready after 3 months (by 42%) and remained at the
decreased level (by 30—49%) until the end of the
study. Moreover, TOS and OSI in the Cd, group
were enhanced after 17 (6.6- and 8.5-fold, respec-
tively) and 24 months (7.9- and 13.2-fold, respec-
tively) (Figure 2). There were no differences in the
values of TOS, TAS, and OSI in the renal tissue at
particular time points between the Cd, group and
the Cd, group, except for lower (by 44%) value of
TAS at the higher level of exposure after 3 months
of the study (Figure 2).

The administration of AM alone for
3-24 months had no impact on TOS, TAS, and OSI
in the renal tissue, whereas its intake during the low-
level and moderate exposure to Cd prevented all the
above-described changes in the values of TOS, TAS,
and OSI, except for TAS in the Cd +AM group al-
ter 3 and 10 months, that was decreased compared
to the control group (by 45% and 41%, respective-
ly) (Figure 2).

Antioxidative enzymes activity

The exposure to Cd resulted in a decrease in the
activities of all determined antioxidative enzymes
(SOD, CAT, GR, and GPx) in the renal tissue. The
effect of Cd depended on the intensity and duration
of the treatment (Figures 3 and 4). The activity of
SOD was unaffected by the low-level exposure to Cd
but at the moderate intoxication for 3—24 months, it
was lower (by 30-56%) than in the control group
(Figure 3). The activity of CAT, at the exposure to
the 1 mg Cd/kg feed was lower after 3 and 10 months
(7- and 2.7-fold respectively) and unaffected due to
the longer treatment, whereas at the exposure to
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Figure 2. Total antioxidative status (TAS), total oxidative status (I'OS), and oxidative stress index (OSI) in the kidney of female rats. The
animals were treated with cadmium (Cd) in the feed at the concentration of 0, 1, or 5 mg/kg (Control, Cd,, and Cd, groups) and/or 0.1%
extract from the berries of Aronia melanocarpa 1. (AM, Cd +AM, and Cd+AM groups) for 3, 10, 17, and 24 months. Data are shown

as median, 25-75% confidence interval, and minimum and maximum values for cight animals (except for seven females in the AM, Cd,,
and Cd, groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a — Control group, b —~ AM group,

¢ Cd, group,d - Cd+AM group, and ¢
percentage changes comp1red to the control group (|, d

T ) or the ad.

increase) are indicated by the numerical values below or above the bars.

Cd, group, where *p < 0.05, )p < 0.01, and p < 0.001, are marked. The factors of changes or
group treated with Cd alone (, decrease; /7,

5 mg Cd/kg feed, it was decreased (3.7- — 15-fold)
throughout the whole experiment (Figure 3). In the
Cd, group, an increase (6.9 times) in the activity
of GR was noted after 24 months, whereas in the
Cd, group, the activity of this enzyme was enhanced
(3 times) after 17 months (Figure 4). Throughout
the study, the activity of GPx at both levels of ex-
posure to Cd was lower than in the control group
(2-9.2 times in the Cd, group and 2.8-8.8 times
in the Cd, group) (Figure 4). There were no differ-
ences in the activities of the measured antioxidative
enzymes in the renal tissue at particular time points
between the Cd, group and the Cd, group, except for
lower SOD activity after 3 months (by 33%) and GR

activity after 24 months (by 71%) and higher (1.8-
fold) GR activity after 17 months in the Cd, group
(Figures 3 and 4).

The supplementation with AM of the animals
that were not treated with Cd (AM group) had no im-
pact on the activities of all measured antioxidative
enzymes (Figures 3 and 4). The administration of the
extract during the low-level and moderate exposure
to Cd prevented all changes in the activities of the
antioxidative enzymes, induced by this heavy metal,
except for CAT activity in the Cd +AM group which
after 10 months was decreased (3.2-fold) compared
to the control group. The administration of AM to
the animals treated with the 1 mg Cd/kg feed for
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Figure 3. The activity of superoxide dismutase (SOD) and catalase (CAT) in the kidney of female rats. The animals were treated with
cadmium (Cd) in the feed at the concentration of 0, 1, or 5 mg/kg (Control, Cd , and Cd, groups) and/or 0.1% extract from the berries
of Aronia melanocarpa L. (AM, Cd, + AM, and Cd, * AM groups) for 3, 10, 17, and 24 months. Data are shown as median, 25-75%

1

interval, and

numerical values below or above the bars.

and maximum values for eight animals (except for seven females in the AM, Cd , and Cd, groups
after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a — Control group, b— AM group, ¢ — Cd, group,
d—Cd+AM group, and e - Cd, group, where *p < 0.05, p < 0.01, and p < 0.001, are marked. The factors of changes or percentage
changes compared to the control group (|, decrease) or the adequate group treated with Cd alone (7, increase) are indicated by the

146



Nazar M. Smereczanski

Rozprawa doktorska

Rozdziat 10

55
50
45
40
35
30
25
29
15
10
0.5

N W e o o

12

10

Protective effect of the extract from Aronia melanocarpa L. berries...

GPx (mU/mg protein)

GR (mmmg prouh)
3 month's

ﬂ;@hh

Control AM Cdi Cdr*AM Cds Cds+tAM

160
140
120
100
80
60
40
20

3 months

L e

atbtd* Sx

Control AM Cdi Cdi+AM  Cds CdstAM

10 months

Cd1+AM Cds Cds+AM

Control AM Cdy

130
160
140
120
100
a0
6!
40
20

10 months

A
2x
¥ 4
2x 2.8x
B .
a"b? atbt EI
E2

Control AM Cd1

Cdi+AM  Cds Cds+AM

17 months a'bicd!

X | 24x

o

=_*m 16

Control, AM

Cdl Cdi+AM | Cds g

100

80

40

160

17 months

921 z SBx
atb: il

Control | AM

. Cdc CdrtAM_ C Eds‘AM

24 months at bt

Control AM Cdy Cdi+AM, Cds GdstAM

140
120
100
80
60
40
20

24 months

4 {
H 3.2x S.4x

afp*
=1

Cdi Cdi+tAM

atbtdt

i

Control AM Cds CdstAM

Figure 4. The activity of glutathione reductase (GR) and glutathione peroxidase (GPx) in the kidney of female rats. The animals were
treated with cadmium (Cd) in the feed at the concentration of 0, 1, or 5 mg/kg (Control, Cd , and Cd, groups) and/or 0.1% extract from
the berries of Aronia melanocarpa L. (AM, Cd, 1AM, and Cd, * AM groups) for 3, 10, 17, and 24 months. Data are shown as median,
25-75% confidence interval, and minimum and maximum values for eight animals (except for seven females in the AM, Cd , and

Cd, groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a — Control group, b — AM group,

¢~ Cd, group, d -~ Cd +AM group, and e —

Cd, group, where *p < 0.05, Ip < 0.01, and *p < 0.001, are marked. The factors of changes

compared to the control group (|, decrease; 1, increase) or the adequate group treated with Cd alone (, decrease; /7, increase) are
indicated by the numerical values below or above the bars.
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10 and 17 months resulted in an increase in the ac-
tivity of SOD (by 35% and 38%), respectively, com-
pared to the respective group receiving Cd alone but
the activity did not differ compared to the control
group (Figure 3). Moreover, the activity of GR in the
Cd +AM group after 24 months was lower (2.1-fold)
compared to the Cd, group (Figure 4).

Glutathione homeostasis

The kidney concentration of GSH in the ani-
mals fed with the diet containing 1 mg Cd/kg for
17 and 24 months was lower than in the control
group (4.7- and 2.4-fold, respectively), whereas at
the higher level of exposure, the concentration was

decreased, compared to the control group, through-
out the whole experiment (2.6-7.3 times) (Figure 5).
The concentration of GSSG was increased after
10 months in the Cd, group (2.3-fold) and after
24 months in the Cd, group and Cd, group (3.7- and
3.4-fold, respectively) (Figure 5). At both levels of
exposure to Cd, the GSH/GSSG ratio was lower than
in the control group (3.8-9.2 times) throughout the
study, except for the Cd, group after 3 months in
which the ratio did not differ compared to the con-
trol group (Figure 5). There were no differences in
the concentrations of GSII and GSSG, and the GSII/
GSSG ratio between the Cd, group and the Cd, group
(Figure 5).
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Figure 5. The concentration of reduced glutathione (GSII) and oxidated glutathione (GSSG), as well as their ratio (GSII/GSSG) in the
kidney of female rats. The animals were treated with cadmium (Cd) in the feed at the concentration of 0, 1, or 5 mg/kg (Control, Cd,
and Cd, groups) and/or 0.1% extract from the berries of Aronia melanocarpa L. (AM, Cd, 1AM, and Cd, I AM groups) for 3, 10, 17, and
24 months. Data are shown as median, 25-75% confidence interval, and minimum and maximum values for eight animals (except for
seven females in the AM, Cd,, and Cd, groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to:
a— Control group, b — AM group, ¢ -~ Cd, group, d — Cd,+AM group, and ¢ — Cd, group, where *p < 0.05, p < 0.01, and p < 0.001, are
marked. The factors of changes or percentage changes compared to the control group (|, decrease; 1, increase) or the adequate group
treated with Cd alone (, decrease(/, increase) are indicated by the numerical values below or above the bars.
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The administration of AM alone had TRx (ngimg protain)
no impact on glutathione homeostasis in the N N N " 3
kidney estimated based on the concentra- 32t 3months

tions of GSH and GSSG, and their ratio, ¢x-

cept for 3-fold higher GSH/GSSG ratio after 28|

24 months. However, the extract adminis- 24}

tration during the low-level and moderate 20 | d d
exposure to Cd prevented this heavy met- ) 53% 51%
al-induced disorder in this homeostasis, ex- 16 | ) o

cept for the decrease in GSH concentration 12 | O | atg* ate*
in the Cd, group after 3 months (Figure 5).

Moreover, the concentration of GSSG in the 0.8 %@
Cd +AM group after 17 months was lower 0.4 | Control AM Cdi Cd+AM Cds Cds+AM
compared to both the Cd, group (5.6-fold) and + + + + +

the control group (4-fold) (Figure 5).

1.6 t t 4 +

10 months

TRx concentration

The exposure to the 1 mg Cd/kg feed 12 ¢

had no impact on the concentration of TRx in g 9%

the renal tissue (Figure 6). The treatment with

the 5 mg Cd/kg feed resulted in a decrease (by 0.8

53%) in TRx concentration after 3 months chlf H ﬂ
and an increase (by 41%) after 24 months

(Figure 6). The concentration of TRx in the
Cd, group after 3 months was lower (by 44%)

compared to the Cd, group but after the longer 0.0 |
exposure, there was no difference in the val- Control AM  Cdi Cdi+AM Cds Cds+AM
ue of this parameter between the two groups . 2 : 3 .
(Figure 6). 12 + t ¢ + 4
In the Cd +AM group, the concentra- 17 months
tion of TRx after 10 months was lower (by 10 }
39%) compared to the control group. After
24 months, it was lower (by 31%) than in the 08 |
Cd, group but did not differ compared to the
control group. The 24-month administration 06} o (m]
of AM during the moderate exposure to Cd s
; g ; O
prevented this heavy metal-induced increase 0.4
in TRx concentration, whereas its 3-month
administration did not counteract the impact 0.2
of Cd (Figure 6). Control AM _ Cdi Cdr*AM Cds Cds+AM
1.0 4 + 4 t +
Figure 6. The concentration of thioredoxin (TRx) in the = a*b*dt
kidney of female rats. The animals were treated with 24 months
cadmium (Cd) in the feed at the concentration of 0, 1, or N N
5 mg/kg (Control, Cd , and Cd, groups) and/or 0.1% extract 0.3 E 31% 45%
from the berries of Aronia melanocarpa L. (AM, Cd, + AM, o
and Cd_+AM groups) for 3, 10, 17, and 24 months. Data
are shown as median, 25-75% confidence interval, and u.s L .
minimum and maximum values for eight animals (except €
for seven females in the AM, Cd,, and Cd, groups after c* T
24 months). Statistically significant differences (Kruskal- (] 41%
Wallis test) compared to: a — Control group, b — AM group, 0-4 B O
¢~ Cd, group, d - Cd +AM group, and e — Cd, group, where

*p < 0.05, and 'p < 0.01, are marked. The percentage changes
compared to the control group (/. decrease, 1, increase) or 0-2

the adequate group treated with Cd alone (, decrease) are Control AM Cdy Cdi+AM Cds Cds+AM

indicated by the numerical values below or above the bars.
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H,0, concentration

In the animals maintained on the diet contain-
ing 1 and 5 mg Cd/kg for 3, 10, and 17 months, the
kidney concentration of H,0, was within the range
of the control group; however, after 24 months it was
increased (4.9- and 4.6-fold, respectively) (Figure 7).
Throughout the study, there was no difference in
H,0, concentration between the Cd, and Cd, groups

(Figure 7).

In the Cd +AM group and the Cd . +AM group,
the concentration of this compound throughout
the study was lower (from 31% to 7.2-fold) com-
pared to the respective group treated with Cd alone,
and after 3 months it was even lower (by 54% and
63%, respectively) than in the control animals. The
24-month supplementation with the extract at both
levels of exposure to Cd prevented this xenobiot-
ic-induced increase in the concentration of 11,0,

NAZAR M. SMERECZANSKI ct al.

H3 XOD and MPO concentrations

The low-level exposure to Cd had no impact
on the concentrations of XOD and MPO, except
for an increase in MPO concentration after 17 and
24 months (by 81% and 2.4-fold, respectively)
(Figure 8). At the moderate exposure to this xeno-
biotic, both parameters were unaffected after 3 and
10 months but they increased (74% to 4 times) due to
the longer (17 and 24 months) treatment (Figure 8).

There were no differences in the concentrations of

XOD and MPO between the Cd, and Cd, groups, ex-
cept for higher (2.1-fold) XOD concentration in the
Cd, group after 24 months (Figure 8).

The administration of AM prevented the im-
pact of Cd on the concentration of MPO. Moreover,
the concentrations of XOD and MPO in the Cd +AM
group after 10 months and in the Cd +AM group af-
ter 3 and 10 months were lower (by 40-73%) com-

(Figure 7). pared to the respective groups treated with Cd alone
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Figure 7. The concentration of hydrogen peroxide (H,0,) in the kidney of female rats. The animals were treated with cadmium (Cd) in the
dict at the concentration of 0, 1, or 5 mg/kg ((‘ontml,-(‘al, and Cd; groups) and/or 0.1% extract from the berries of Aronia melanocarpa 1..
(AM, Cd +AM, and Cd+AM groups) for 3, 10, 17, and 24 months. Data are shown as median, 25-75% confidence interval, and
minimum and maximum values for eight animals (except for seven females in the AM, Cd,, and Cd, groups after 24 months). Statistically
significant differences (Kruskal-Wallis test) compared to: a — Control group, b — AM group, ¢ — Cd, group, d — Cd +AM group, and

¢ Cd, group, where *p < 0.05, 'p < 0.01, and p < 0.001, are marked. The factors of ch
¢ group treated with Cd alone (Y, decreasc) are indicated by the numerical values

control group (|, d
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and in the case of the concentration of XOD in the
Cd+AM group after 10 months also compared to
the control group (by 36%) (Figure 8).

The relationships between the indices
of the oxidative/reductive status of the kidney
and Cd concentration in this organ

In the female rats that were not administered
AM (the control group and the Cd, and Cd, groups),
negative dependencies were found between Cd con-

centration in the kidney and TAS, the activities of

SOD, CAT, and GPx, the concentrations of GSI
and TRx, and the GSH/GSSG ratio in this organ

(Table 1). Morcover, positive correlations were noted
between this toxic element concentration and TOS,
OSI, GR activity, and the concentrations of GSSG
and H,0, in the kidney (Table 1). A lack of depen-
dence between Cd concentration and the concentra-
tions of XOD and MPO was found (Table 1).

In the animals receiving AM alone and during
the treatment with Cd (AM, Cd +AM, and Cd +AM
groups), negative dependencies occurred between
Cd concentration and TAS, the activities of SOD
and GPx, and the concentrations of GSH, GSSG,
TRx, XOD, MPO, and I1,0, in the kidney (Table 1).
TOS and OSI positively correlated with the kidney
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TFigure 8. The concentrations of xanthine oxidase (XOD) and myeloperoxidase (MPO) in the kidney of female rats. The animals were
treated with cadmium (Cd) in the feed at the concentration of 0, 1, or 5 mg/kg (Control, Cd , and Cd, groups) and/or 0.1% extract from
the berries of Aronia melanocarpa L. (AM, Cd, 1AM, and Cd, * AM groups) for 3, 10, 17, and 24 months. Data are shown as median,
25-75% confidence interval, and minimum and maximum values for eight animals (except for seven females in the AM, Cd , and

Cd, groups after 24 months). Statistically significant differences (Kruskal-Wallis test) compared to: a — Control group, b — AM group,
¢~ Cd, group, d — Cd,;+AM group, and ¢ — Cd, group, where *p < 0.05, p < 0.01, and *p < 0.001, are marked. The factors of changes

or percentage changes compared to the control group (|, decrease, 1, increase) or the adequate group treated with Cd alone (\, decrease)

are indicated by the numerical values below or above the bars.
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Table 1. Relationships between the investigated biomarkers of the oxidative/reductive kidney status and cadmium (Cd) concentration in
this organ of female rats administered or not with a 0.1% extract from the berries of 4ronia melanocarpa L. (AM)

Parameter Regression analysis — (,:d b dany ofratls ” :
Not administered with AM Administered with AM

A ¥ o1t 0194
ros ¥ ey oams
ost g o2 [
sop ¥ Toto0. i
cAT ¥ o NS
ars ¥ 02% 0203
oR R “voas. s
st g o5 o
assG i vors 008t

GSH/GSSG gp gggg d NS
TRx g 0044 oon
io, ¥ o1 o
x0D ¥ s s
MPO ¥ s oo

Cd concentrations in the kidney of the rats subjected to necropsy after 3, 10, 17, and 24 months have already been

published (14). The results of the analysis of regression are presented as the 3 coefficient, R?, and the level of
statistical significance (p, where *p < 0.05, p < 0.01, and 'p < 0.001). NS, a lack of relationship (p > 0.05). All groups
not administered with AM were included in the analysis (the control group that received the fodder containing

0.0584 4 0.0049 mg Cd/kg and the Cd, and Cd, groups maintained on the feed containing 1 and 5 mg Cd/kg,
respectively). All groups administered with AM were included in the analysis (the AM, Cd +AM, and Cd,+AM groups).

concentration of Cd. Morcover, there were no de-
pendencies between this heavy metal concentration
in the kidney and the activities of CAT and GR, and
the GSIH/GSSG ratio (Table 1).

The relationships between the kidney TAS,
TOS, and OSI and markers of this organ
damage

Numerous correlations between the main in-
dices of the oxidative/reductive status of the kid-
ney and biomarkers of damage to the tubules and
glomeruli, as well as markers of inflammatory pro-
cesses in this organ were noted in the animals that
were not administered with AM (the control group

and the Cd, and Cd, groups) (Table 2). The kidney
TAS negatively correlated with the concentrations of
KIM-1 and f2-MG, the activities of NAG and ALP,
ACR, total protein concentration in the urine (PCR),
and urea concentration in the serum, whereas TOS
and OSI positively correlated with these markers
of kidney injury. A positive dependence occurred
between TAS and creatinine clearance and nega-
tive relationships were noted between TOS and OSI
and this marker of glomerular function. Morcover,
positive dependencies were revealed between the
kidney TAS and the concentrations of inflammato-
ry markers such as macrophage inflammatory pro-
tein 1 alpha (MIPla) and Bax in this organ, as well
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as between TOS and OSI and the concentration of
chemerin. In the animals that were supplemented
with AM, negative relationships between the kidney
TAS and 2-MG concentration in the urine, ALP ac-
tivity in the urine, ACR, and PCR, and positive de-
pendencies between TAS and urea concentration in

15

the serum, and the kidney concentrations of chemer-
in, MIPla, and Bax were noted. Positive correlations
occurred between the kidney TOS and OSI and ACR
and uric acid concentration in the serum. Morcover,
TOS and OSI negatively correlated with the concen-
trations of MIPla and Bax in the kidney.

Table 2. Relationships between the kidney total antioxidative status (TAS), total oxidative status (TOS), and oxidative stress index (OSI) and
biomarkers of this organ damage in the female rats administered or not with a 0.1% cxtract from the berries of Aronia melanocarpa 1.. (AM)

Regression Not Administered with AM Administered with AM
Parameter -
analysis TAS TOS OSI TAS TOS OSI
Markers of tubular damage
KIM-1 Bp 0.270 " g 03331
in the urine R’ 0.062 D:486-50:130 0.101 N5 N Ny
B2-MG Bp —0.540 + " 0.662 * -0.370 . .
in the urine R? 0.279 06390402 0432 0.128 2t NS
NAG Bp 0.490 ' = 0.793 ¢
in the urine R2 ozsp |DOTTOAE| g RS B NS
ALP Bp -0.4701 £ 0979 0.552 % —0.250 *
in the urine R? 0.217 046940212 0.297 0.053 NS L
Markers of tubular damage
Bp —-0.5701 t 07621 -0.330 " 0.226 * 0.233 *
ACR R? 0.318 070050580 0.575 0.118 0.041 0.044
. Bp —0.620 * : 0705 —0.360 . -
EGR R? 0.374 OGta0all 0.491 0.118 NS A
Creatinine Bp 0.5411 03301 —-0.340 1
clearance R? 0.285 0.096 0.106 NS NS RS
Uric acid pr . . " 0.342¢ . 0.3361 0.3621
in the serum R? L8 QD1 0.107 N 0.103 0.121
Usicned Pp NS NS NS NS NS NS
in the urine R?
Urea Bp 0.250 * % 0428 ¢ 0.220 *
in the serum R? 0.050 038013 0.174 0.318 Bl NS
e fr NS NS NS NS NS NS
in the urine R?
Inflammatory markers
Chemerin Bp 0.259 * 0.278 1 0.469 *
in the kidney R? h3 0.057 0.067 0.211 Ha LIS
MIPla Bp 0.5321 NS NS 0.866 0.360 0.450
in the kidney R? 0.276 0.747 0.118 0.193
Bax Bp + ” " 0.784 ¢ -0.210 * -0.260 '
in the kidney R? DA7+0.150 N L 0.610 0.032 0.060

The results of the analysis of regression are presented as the p coefficient, R?, and the level of statistical significance
(p, where *p < 0.05, 'p < 0.01, and *p < 0.001). NS, a lack of relationship (p > 0.05). All groups not administered with
AM were included 1n the analysis (the control group that received the fodder containing 0.0584 = 0.0049 mg Cd/kg and

the Cd, and Cd, groups maintained on the feed containing 1 and 5 mg Cd/kg, respectively). All groups administered
with AM were included in the analysis (the AM, Cd +AM, and Cd,+AM groups). ACR, albumin concentration in
the urine adjusted for creatinine concentration; ALP, alkaline phosphatase; Bax, Bel2-associated X protein; KIM-1,

kidney injury molecule 1; MIPla, macrophage inflammatory protein 1 alpha; NAG, N-acetyl-B-D-glucosaminidase;

PCR, total protein concentration in the urine adjusted for creatinine concentration; f2-MG, beta2-microglobulin
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Mutual relationships between the indices of the
oxidative/reductive status of the kidney

In both, the rats that were not administered with
AM (the control group and the Cd, and Cd, groups)
and those receiving AM alone and during the treat-
ment with Cd (AM, Cd,+AM, and Cd _+AM groups),
numerous mutual negative relationships were noted
between the investigated biomarkers of the antioxi-
dative and oxidative status, including the negative
dependencies between TAS of the kidney and TOS
and OSI (Table 3).

DISCUSSION

The current study is the first to show that even
low-level long-term exposure to Cd leads to disrup-
tion of the oxidative/reductive balance and devel-
opment of oxidative stress in the kidney, whereas
consumption of an extract from the berries of A.
melanocarpa protects against these effects. Since
the study was performed in the in vivo model well
reflecting current exposure of the worldwide general
population to Cd, based on the findings it seems pos-
sible that environmental exposure to this Xenobiotic
may disturb the balance between oxidants and anti-
oxidants in the human kidney and lead to oxidative
stress in this organ. Furthermore, this article also
provides evidence that these outcomes of Cd action
may be counteracted by the use of a well-known due
to its strong antioxidative propertics natural product
i.e., extract from A. melanocarpa berries.

The results of epidemiological studies (9-13),
as well as our recent findings (21) from the research,
performed in the experimental model of the cur-
rent environmental exposure to Cd in industrial-
ized countries used in the present paper, show that
the low-level exposure to this toxic element poses
a risk of kidney damage. It is known that the mech-
anism of Cd nephrotoxicity is multidirectional and
that oxidative stress is one of the main pathways of
the toxic action of this xenobiotic, including dam-
age to the kidney (10, 13, 22). Numerous studies
have found, that this heavy metal may induce oxi-
dative stress and oxidative modifications of cellular
macromolecules and cellular structures in the kid-
ney, but at higher than in the present study levels of
cxposure and its higher concentrations in the blood,
urine, and/or kidney (26-31). The detailed mecha-
nism of the injurious impact of Cd on this organ at
low exposure 1s still unknown; however, the results
of the present study together with numerous depen-
dencies between the main indices of the oxidative/
antioxidative status (TAS, TOS, and OSI) and mark-
ers of tubular and glomerular damage in the animals

NAZAR M. SMERECZANSKI ct al.

exposed to this xenobiotic show that this organ in-
jury may be related to the prooxidative Cd proper-
ties and the destruction of the oxidative/reductive
balance in the renal tissue.

Under chronic, even low-level, exposure Cd is
accumulated in the kidney (10, 14, 32). Initially, it
1s stored in the epithelial cells of the kidney tubules
in the form of unharmful complexes with metallo-
thionein (MT), but these complexes (Cd-MT) are
characterized by short half-life and are decomposed
with the release of Cd ions (Cd*) capable of exerting
toxic action via various mechanisms, including first
of all induction of oxidative stress (10, 33). Although
Cd is not a redox-active agent and is unable to gen-
erate free radicals (I'R) and reactive oxygen species
(ROS) directly, this element may destroy the oxida-
tive/reductive balance and lead to the development
of oxidative stress indirectly by the pathways such
as weakening of the enzymatic and non-enzymatic
antioxidative barrier, inducing the activities of oxi-
dases, increasing the concentrations of prooxidants,
and causing injury to the mitochondria, which are
considered the target cellular organelles for the toxic
action of this xenobiotic (10, 13, 17, 22). After pen-
etrating the mitochondrial membranes, Cd*" ions in-
terfere with the electron transport chain, resulting in
clectron leakage and increased generation of ROS.
Moreover, they affect the course of metabolic pro-
cesses in the mitochondria, such as respiration and
the Krebs cycle. As a result, relatively large amounts
of H,0, may be released and the oxidative status of
cells and tissues can enhance (22). Via the indirect
mechanisms, Cd?' ions contribute to the produc-
tion of nitryl, hydroxyl (OH), and 0,", which ini-
tiate further processes of the generation of FR and
ROS like the Fenton reaction (22). The Cd-caused
weakening of the enzymatic and non-enzymatic
defence mechanisms, including a reduction in the
content of GSH, favours the development of oxida-
tive stress (10, 22).

The measurements performed in the present
study revealed that the low-level and moderate ex-
posure to Cd weakened both the enzymatic and non-
enzymatic antioxidative barriers and enhanced the
level of prooxidants in the kidney leading to disrup-
tion of the balance between the processes of oxida-
tion and reduction and as a result the development
of oxidative stress in this organ. Although there was
no difference in the values of particular parameters
of the oxidative/antioxidative status of the renal tis-
sue between the Cd, and Cd, groups, with only a few
exceptions, and OSI (the main marker of oxidative
stress) at both levels of exposure was increased to
almost the same extent compared to the control
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group, the detailed analysis of the results allowed
for the conclusion that the prooxidative impact of
Cd was dependent on the level of exposure and its
duration and the weakening of the antioxidative de-
fence mechanisms preceded the enhancement in the
oxidative status of the renal tissue. Numerous nega-
tive dependencies between Cd concentration in the
kidney and indices of the antioxidative status (TAS,
the activities of SOD, CAT, and GPx, the concentra-
tions of GSH and TRx, and the GSH/GSSG ratio),
as well as positive relationships between this xeno-
biotic concentration and the indices of the oxidative
status (TOS, OSI, and the concentrations of GSSG
and H,0,) confirm the dependence between the lev-
el of exposure to this heavy metal and the intensity
of oxidative stress in this organ. The fact that in the
Cd, group, TAS of the renal tissue was decreased
after 3 and 10 months, while its TOS and OSI were
unaffected shows that Cd may first weaken the an-
tioxidative capacity of the renal tissue. Initially, in
spite of decreased TAS, the antioxidative barrier was
sufficient to remain the oxidative status at the prop-
er level. However, the continuation of the exposure
resulted in further weakening of the enzymatic and
non-enzymatic antioxidative barrier and enhanced
the presence of FR and ROS in the kidney cells lead-
ing to destroying the oxidative/antioxidative balance
and development of oxidative stress.

Regardless of the cause, a decrease in the ac-
tivities of antioxidative enzymes such as SOD, CAT,
and GPx results in increased concentrations of FR
and ROS in the cells. CAT and GPx are accountable
for the detoxification of H,0,, whereas SOD cataly-
ses the dismutation of 0, (16, 27, 34). In addition,
GPx together with GR, are enzymes involved in the
metabolism of GSH. The first enzyme promotes the
oxidation of GSH to GSSG, while the second is re-
sponsible for the reduction of GSSG to GSII (34).
Thus, the decrease in the activities of antioxidative
enzymes noted in the animals exposed to Cd result-
¢d in an enhancement of the amount of R and ROS
in the renal cells, as was reflected in the increased
concentration of H,O, and the value of TOS in the
Cd, and Cd, groups. The Cd-induced decrease in the
activities of SOD, CAT, and GPx might result from
interactions between this toxic element and bioele-
ments such as zinc (Zn), copper (Cu), and manganese
(Mn) present in the active centre of SOD (ZnCu-
SOD, Mn-SOD), selenium necessary for GPx ac-
tivity, and iron inhered in the active centre of CAT
(34). Such an explanation seems very probable in
the case of SOD activity as previous research by
our team has revealed that the maintenance of rats
on the diet containing 1 and 5 mg Cd/kg disturbed

NAZAR M. SMERECZANSKI ct al.

the kidney homeostasis of Cu, Zn, and Mn (17, 35).
In discussing the impact of the low-level and mod-
erate exposure to Cd on the activity of SOD in the
kidney it is very important to underline that recently,
at both levels of the treatment with Cd we have re-
ported an increase in the activity of Mn-SOD in the
mitochondria of the kidney, that might result from
both an increased concentration of Mn in these or-
ganelles and the stimulation of defense mechanisms
and/or adaptive response of these cellular structures
against Cd-mediated enhanced generation of ROS
(17, 34). However, the measurements performed in
the present study have revealed that, in spite of the
enhanced activity of the mitochondrial Mn-SOD, the
total activity of SOD in the kidney cells was unaf-
fected or decreased due to the exposure to Cd, de-
pending on its intensity and duration. The unchanged
or even decreased total SOD activity in the kidney
despite the enhanced activity of Mn-SOD seems to
indicate that the activity of ZnCu-SOD in the kid-
ney might be importantly decreased.

The results of the present study allow for the
conclusion that the involvement of Cd in the devel-
opment of kidney damage at low-to-moderate expo-
sure, including the induction of oxidative stress, may
be related to the decreased concentration of GSH,
which 1s the main non-enzymatic antioxidant play-
ing an important role in the inactivation of organic
and inorganic FR, ROS and xenobiotics, includ-
ing prooxidants such as Cd. Due to the presence of
the sulfthydryl group (-=SH group) in its structure,
GSII is capable of complexing Cd* ions into inert
form preventing in this way their toxic action. It is
important to emphasize, that TRx being a protein
possessing two —SII groups plays a similar role as
GSH (16). The decreased concentration of GSH in
the kidney in the Cd, and Cd, groups might result
from the use of this compound in the processes of
detoxification of Cd accumulated in the renal tissue
and this heavy metal generated FR and ROS. The
increased concentration of GSSG and clevated GSII/
GSSG ratio confirm enhanced GSH utilization. The
increased activity of GR, noted at some time points
at both levels of exposure to Cd, might be a com-
pensative mechanism aimed at restoring GSH from
its oxidized form.

The increased concentration of H O, noted in
the kidney at both levels of exposure to Cd shows
that this compound was not enough sufficiently de-
toxified due to this heavy metal-induced inhibition
of the activities of CAT and GPx. Furthermore, the
increase in the concentration of I1,0, might result
from the increased concentrations of MPO and XOD
since reactions catalysed by both enzymes are the
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source of I1,0, (and other reactive oxidants, includ-
ing O,") (16). Enhanced concentration of H,0, in the
kidney cells may have very negative consequences
because this compound is the source of the genera-
tion of extremely reactive "OH in the presence of
ions of transition metals such as ion of Cu(I) 1.e. Cu'
and Fe** (the Fenton reaction) (6, 15, 28) and in this
way facilitates the development of oxidative stress
as was reflected in the enhanced values of TOS and
OSI in the renal tissue.

Because the disruption of the oxidative/antioxi-
dative balance in the cells, regardless of the cause,
results in oxidative damage to the critical biological
macromolecules (lipids, proteins, and nucleic acids)
and structures (including cellular organelles and
cellular membranes), ultimately leading to the cell
death (9, 10, 22), the revealing in the present study
that even low-level exposure to Cd induces oxida-
tive stress in the kidney indicates that such exposure
can have a damaging impact on the kidney. Thus,
it seems possible that the recently reported by us in
the rats exposed to the 1 and 5 mg Cd/kg feed (21)
damaging impact of Cd on the structure and func-
tion of the kidney might result, at least partially,
from its prooxidative action and induction of oxi-
dative stress in the renal tissue. The numerous de-
pendencies noted between the main indices of the
oxidative/reductive status such as TAS, TOS, and
OSI and markers of tubular and glomerular damage
in the animals that did not receive AM under trace-
to-moderate-level exposure to Cd (control group,
Cd, group, and Cd, group) indicate the involvement
of oxidative stress in the development of this heavy
metal-induced kidney damage and this issue will be
the subject of our further paper. Moreover, it is worth
emphasizing that oxidative stress might also contrib-
ute to the development of inflammatory processes
noted in the kidney of these animals (21). It is known
that there exists a dependence between the oxidative/
antioxidative balance and inflammatory processes in
the cells (36, 37). Moreover, the coexistence of oxi-
dative stress and inflammation in the kidney leads
to stimulating the damage to this organ as a result
of synergic deleterious processes (37). The oxidative
stress can induce inflammation through the activa-
tion of multiple pathways, including up-regulation
of the production of proinflammatory cytokines like
chemerin and acute phase proteins, whereas the state
of inflammation can trigger oxidative stress (36, 37).
Thus, the positive correlations between the kidney
TOS and OSI and the concentration of chemerin
in this organ together with the finding that at both
levels of exposure to Cd, the destroying the oxida-
tive/antioxidative balance preceded the increase in

chemerin concentration (as well as in Bax concen-
tration) (21) suggest that the prooxidative action of
Cd might result in the development of inflammation
in the kidney. On the other hand, the positive cor-
relation between the kidney TAS and inflammatory
markers such as MIPa or Bax may indicate that Cd-
induced mild inflammation might trigger defence
mechanisms in this organ, resulting in an increase
in the antioxidative capacity.

The current study provided new data on the
impact of low-to-moderate exposure to Cd on the
oxidative/antioxidative balance in the kidney. The
revealing that even low exposure to this xenobiotic,
corresponding to the current general population ex-
posure, can induce oxidative stress in the kidney and
that under such exposure the antioxidative barrier
may be the first target of its toxicity is an important
finding. ITowever, our primary interest and thus the
most important finding consist in the protective ef-
fect of the administration of AM on the oxidative/
antioxidative status of this organ during chronic low-
level and moderate treatment with Cd.

The fact that in the animals that received AM
and were maintained on the fed without Cd addition,
the oxidative/antioxidative balance of the kidney
was unaffected indicates that the enhanced intake
of aronia products in the case of a lack of exposure
to an agent characterized by prooxidative capacity
did not influence the oxidative/reductive balance in
the renal tissue. This confirms the safety of the pro-
longed supplementation with the AM shown in our
previous studies (14-21). The 3-fold higher, com-
pared to the control group, GSH/GSSG ratio in the
AM group after 24 months may imply more effec-
tive antioxidative protection of GSII in this organ as
aresult of the extract intake.

It is very important to emphasize, that the in-
take of AM in the amount that did not influence
the oxidative/antioxidative balance in the absence
ol exposure to a prooxidative agent such as Cd was
effective in the complete counteraction of this toxic
element-induced destroying the oxidative/antioxi-
dative balance. The administration of AM during
the low-level and moderate repeated exposure to
Cd improved both the enzymatic and nonenzymatic
(prevented disruption in glutathione homeostasis)
antioxidative barrier. It 1s also interesting to note
that the administration of AM under exposure to
Cd, which resulted in the increase in TOS and the
development of oxidative stress completely pre-
vented these effects. Although not always all pa-
rameters of the oxidative/antioxidative status were
within the range of proper values in the animals
co-administered with Cd and AM, the finding that
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long-term (17- and 24-month) administration of AM
prevented the Cd-induced changes in the values of
TAS, TOS, and OSI, which are the best indicators
of the oxidative/antioxidative status, allows for the
conclusion that an enhancement of daily consump-
tion of aronia polyphenols by several times com-
pared to their average intake among the worldwide
general population, may be effective in counteract-
ing oxidative stress in the kidney under low-level
and moderate exposure. The extract administra-
tion under the exposure to Cd not only improved
the antioxidative potential of the kidney but also
decreased the concentration of a reactive oxygen
compound such as H,0, and the concentrations of
oxidases (MPO and XOD) involved in its genera-
tion in this organ. It is worth mentioning that the
beneficial impact of the co-administration of AM
under the treatment with Cd on the oxidative/an-
tioxidative balance in the kidney might be related
to the lower concentration of H,0, compared to the
animals treated with this toxic clement alone. Even
if the exposure to Cd alone had no impact on the
concentration of H,0,, the extract administration
resulted in its decrease.

Taking into account the results of the present
study and the findings of our previous investigations
conducted in these animals, the beneficial influence
of AM on the oxidative/reductive status of the kid-
ney under the treatment with Cd may be explained
by a direct cffect of the extract resulting from its
high antioxidative potential (2, 3, 7, 15, 16, 19) and
an indirect action related to interactions between
the extract ingredients and this toxic element (2, 3,
6, 14). The first effect can be caused, first of all, by
a variety of polyphenolic compounds present in the
extract, which can act as hydrogen donors capable
of inactivating oxidative species and playing a ma-
jor role in the restoration of nonenzymatic antioxi-
dants. Most common polyphenolic compounds found
in AM belong to the group of anthocyanins, proan-
thocyanidins, phenolic acids, and flavonoids. These
compounds are characterized by high antioxidative
capacity due to the direct neutralization of FR and
ROS by donating an clectron or hydrogen atom and
acting as radical scavengers of the lipid peroxidation
chain reactions by donating an electron to the FR,
making radicals less reactive, resulting in the sup-
pression of the chain reactions (1-4, 18). It is impor-
tant to note that the beneficial effect of AM may also
be due to the presence within the extract of compo-
nents other than polyphenols that have been shown
to combat the toxic action of Cd, such as -carotene,
essential microclements, fiber, pectin, triterpenes,
and vitamins C and E (1-4, 18).

NAZAR M. SMERECZANSKI ct al.

The protective impact of the administration of
AM under the exposure to Cd may also be, at least
partially, explained by the indirect action resulting
in lower accumulation of this xenobiotic in the kid-
ney (14). It has been noted, that Cd concentration in
this organ in the animals supplemented with AM in
the case of feeding with the dict containing 1 mg
Cd/kg for 3 and 10 months was lower by 29% and
9.5% compared to the animals that did not receive
the extract, whereas in the case of the 3—24-month
treatment with the 5 mg Cd/kg feed, Cd concentra-
tion was lower by 5.6-14% (14). Due to the pres-
ence of hydroxyl (-OH) groups, these compounds
are capable of chelating ions of divalent metals, in-
cluding Cd*' ions, and thus may decrease gastro-
intestinal absorption of this xenobiotic. Moreover,
the increased urinary excretion of Cd, previously
noted in the animals exposed to 5 mg Cd/kg feed
due to the administration of AM (14, 21), shows
that polyphenols may also form complexes with
Cd*" ions absorbed from the gastrointestinal tract
and in this way accelerate their elimination from
the body. Due to the lower body burden of Cd, the
concentration of this xenobiotic in the kidney was
lower, and as a result, the effects of its toxic action,
including destroying the oxidative/antioxidative
balance, were also less advanced. Because the de-
structive impact of Cd on the oxidative/antioxida-
tive status is involved in the mechanisms of kidney
damage, revealing in the present study that the co-
administration of AM prevented oxidative stress in
this organ allows for the conclusion that it will also
counteract, at least partially, its damage by Cd. The
negative relationships between the kidney TAS and
some of the markers of tubular (32-MG concentra-
tion and ALP activity in the urine) and glomerular
(ACR and PCR) damage noted in the rats supple-
mented with AM confirm that the beneficial impact
of the extract on the kidneys recently reported by
us in these animals (21) might be related to its an-
tioxidative properties.

Although in the available literature, there are
no other studies investigating the protective action
of natural-based agents against the damaging 1m-
pact of Cd on the kidney in the animal model well
reflecting current exposure of the general popula-
tion to this heavy metal, there are numerous reports
showing protective action of isolated polyphenols
(ferulic acid, quercetin) or products rich in these
compounds (extract from Fragaria ananassa —
strawberry, fruit extract from Cleistocalyx nervos-
um var. paniala — Ma Kiang, stem bark extract from
Irvingia gabonensis — Bush mango, leaf extract
from Coriandrum sativum — coriander, aqueous
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extract from the bulb of Allium cepa — onion and
leaf infusions from Camelia sinensis — tea) against
Cd-induced disruption of the oxidative/antioxidative
barrier and oxidative stress development in this or-
gan (2631, 38-40).

We are aware of both the scientific value and
practical implications of our research, as well as of
its limitations. Because females are more suscep-
tible to the toxic action of Cd than males, the ex-
perimental model used in our research used female
rats, hence the findings apply to the female kidney.
Thus, for a more complete investigation of the unfa-
vourable impact of the low-to-moderate exposure to
Cd on the kidney and the beneficial effect of AM, it
seems necessary to perform a similar study on male
rats. Furthermore, it is necessary to investigate the
involvement of the ability of AM to counteract Cd-
induced oxidative stress in the kidney in the protec-
tion from this organ damage. A study of this kind
has been carried out by us and the findings will be
published shortly.

CONCLUSIONS

The results of the present study provide the
first evidence, that moderate and even low-level
prolonged exposure to Cd can disrupt the oxida-
tive/reductive balance in the kidney and lead to the
development of oxidative stress in the organ. The
mechanism of the harmful action of this xenobiotic
involves a decrease in the activity of antioxidative
enzymes, disruption of glutathione homeostasis,
and enhancement of the level of oxidants. Moreover,
it has been revealed, for the first time, that prod-
ucts from the berries of 4. melanocarpa, due to the
abundance of compounds possessing antioxidative
capacity, can protect the kidney from the develop-
ment of oxidative stress caused by exposure to Cd.
Based on the findings it seems possible that the re-
cently noted by us in the experimental model pro-
tective effect of the administration of AM against
the damaging impact of Cd on the structure and
function of the kidney might result, at least par-
tially, from its antioxidative potential and preven-
tion of the development of oxidative stress in the
renal tissue.
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11. Zgoda Lokalnej Komisji Etycznej do Spraw Doswiadczen na Zwierzetach

UCHWALA NR 60 /2009 w sprawie wniosku nr 2009/57
z dnia 21.12.2009 r.
Lokalnej Komisji Etycznej do Spraw Doswiadczer na Zwierzgtach w Bialymstoku

§1
Na podstawie art. 30 ust. 1 pkt 1 ustawy z dnia 21 stycznia 2005r. o do$wiadczeniach na zwierzetach
(Dz. U. Nr 33, poz. 289) i § 14 ust. 3 rozporzadzenia Ministra Nauki i Informatyzacji z dnia 29 lipca
2005r. w sprawie Krajowej Komisji Etycznej do Spraw Do$wiadczen na Zwierzgtach oraz lokalnych
komisji etycznych do spraw doéwiadczen na zwierzgtach (Dz. U. Nr 153, poz. 1275), po rozpatrzeniu
whniosku, pt.:

Ocena mozliwo$ci zastosowania zwiazkéw polifenolowych z Aronia melanocarpa w zapobieganiu
uszkodzeniom ukladu kostnego w warunkach chronicznej ekspozycji na kadm - badania
w modelu do$wiadczalnym in vivo.

z dnia 14.12.2009 r. zlozonego przez dr hab. n. med. Matgorzate Michaling Brzéska, z Zaktadu
Toksykologii Uniwersytetu Medycznego w Biatymstoku lokalna komisja etyczna,

WYRAZA ZGODE / NIEWYRAZA ZGODY

na przeprowadzenie do$wiadczefi na zwierzgtach w zakresie wniosku.

§2
W wyniku rozpatrzenia wniosku, o ktérym mowa w § 1, lokalna komisja etyczna ustalita, ze:
1. Wniosek nalezy zaliczyé do kategorii:
' Badania naukowe na zwierzetach
2. Najwyzszy stopiefi inwazyjnosci proponowanych procedur nie przekracza wartosci 2

3. Doswiadczenia beda przeprowadzorie na zwierze'tach: szczury Wistar-Cri:Wi(Han), samice, 240 szt.

4. Doéwiadczenia beda przeprowadzone przez: dr hab. n. med. Malgorzatg Michaling Brzéska,
dr hab. n. med. Marie Jurczuk, dr n. biol. Malgorzate Gatazyn — Sidorczuk, dr n. med. Joanng
Rogalska, dr n. med. Alicje Roszczenko z Zaktadu Toksykologii UMwB.

§3

Integralng cze$¢ niniejszej uchwaly stanowi uzasadnienie i kopia whniosku, o ktérym mowa w § 1.

Podpisy czlonkéw lolsalnei komisji etycznej

bioracych pidz o niu:
P IWERSYTET MEDYCINY W BIALYMSTOKU o YIAM
LOKALNA KOMISJA ETYCZNA ;
Spraw Doéwiadczed 82 Zwierzgtach w B
FIZJOLOGO DOSWIADCZALNEY %
15-222 Biatystok, ul. A. Mickicwicza 2A e
el fax 0-85 748 56 99 %

1. Whioskodawca,
2. Prorekior ds. Nauki UMwB

322

Pouczenig

Strona ;mmmmmwsmasmmmmm-muuummm
uchwaly. X

Odwotanie skiada sig za posrednictwem lokaine] komisjl etycznej, kidra wydata uchwalg zgodnie z § 20 ' Naukd | ji 2 dnia 29 lipca 2005¢.
w sprawie Krajowej Komisji Etycznej do Spraw D A na gtach oraz ych komisj etycziych do spraw na gtach (Dz. U. Nr 153 poz. 1275).
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12. Oswiadczenie autora rozprawy doktorskiej (*)

(*) — oryginat o§wiadczenia autora publikacji wchodzacych w sktad rozprawy doktorskiej znajduje si¢
w przedmiotowej dokumentacji w Dziekanacie Wydzialu Farmaceutycznego z Oddziatem Medycyny
Laboratoryjnej Uniwersytetu Medycznego w Bialymstoku
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Mgr Nazar M. Smereczariski Bialystok, 20.07.2023 r.
Zaklad Toksykologii UMB

Oswiadczenie autora

Oswiadczam, iz mdj udziat w przygotowaniu publikacji:

1. Smercczanski N.M., Brzéska M.M.: Current levels of environmental exposure to cadmium in
industrialized countries as a risk factor for kidncy damage in the general population: A
comprehensive review of available data. International Journal of Molecular Sciences, 2023, 24,
8413; doi.: 10.3390/1)MS24098413

wchodzacej w skiad mojej rozprawy doktorskiej polegal na tworzeniu koncepcji pracy, dokonaniu
przegladu elcktronicznych baz publikacji naukowych i zgromadzeniu pismiennictwa w zakresie
tematyki pracy, krytycznym przegladzie zgromadzonego pismiennictwa, tworzeniu manuskryptu
oraz opracowywaniu tabel i schematéw zamieszczonych w pracy i suplemencie do pracy, co
okreslam jako 75% udzialu w przygotowaniu wyzej wymienionej publikacji.

2. Smereczanski N.M., Brzdska M.M., Rogalska J., Hutsch T.: The protective potential of Aronia
melanocarpa L. berry extract against cadmium-induced kidney damage: A study in an animal
model of human environmental exposure to this toxic element. International Journal of
Molecular Sciences, 2023, 24, 11647; doi.: 10.3390/;jms241411647

wchodzacej w sktad mojej rozprawy doktorskiej polegal na tworzeniu koncepcji pracy, dokonaniu
przegladu pisSmiennictwa w zakresie tematyki pracy, przygotowywaniu materialu do badan,
przeprowadzaniu oznaczeni badanych parametréw w moczu, surowicy i homogenatach nerki,
opracowywaniu wynikéw badan tacznie z ich analizg statystyczna, interpretacji wynikéw badan i
ich przedstawianiu w pracy i suplemencie do pracy w formie rycin i tabel oraz pisaniu
manuskryptu, co okreslam jako 60% udzialu w przygotowaniu wyzej wymienionej publikacii.

3. Smereczanski N.M., Brzoska M.M., Rogalska J.: Protective effect of the extract from Aronia
melanocarpa L. berries against cadmium-induced oxidative stress in the kidney: A study in an
in vivo experimental model. Acta Poloniae Pharmaceutica — Drug Research, 2023, 80; doi.:
10.32383/appdr/169782

wchodzgeej w sklad mojej rozprawy doktorskiej polegat na tworzeniu koncepcji pracy, dokonaniu
przegladu pismiennictwa w zakresie tematyki pracy, przeprowadzaniu oznaczeii badanych
parametréw, opracowywaniu wynikéw badan lgcznie z ich analizg statystyczna, interpretacji
wynikéw badan i ich przedstawianiu w pracy w formie rycin i tabel oraz pisaniu manuskryptu, co
okre$lam jako 65% udziatu w przygotowaniu wyzej wymienionej publikacji.

f .@Z-.r?\.#_.ﬁnmemzéf“

Podpis autora rozprawy doktorskiej (czytelny)

Podpis promotora (czytelny)
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13. Oswiadczenia wspélautorow rozprawy doktorskiej (*)

(*) — oryginaly o$wiadczen wspotautorow publikacji wchodzacych w sktad rozprawy doktorskiej
znajduja si¢ w przedmiotowej dokumentacji w Dziekanacie Wydziatu Farmaceutycznego z Oddzialem
Medycyny Laboratoryjnej Uniwersytetu Medycznego w Bialymstoku
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Prof. dr hab. Malgorzata M. Brzdska Bialystok, 20.07.2023 r.
Zaktad Toksykologii
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie wspélautora

Oswiadczam, iz mdj udziat w przygotowaniu publikacji:

1. Smereczanski N.M., Brzéska M.M.: Current levels of environmental exposure to cadmium
in industrialized countries as a risk factor for kidney damage in the general population: A
comprehensive review of available data. International Journal of Molecular Sciences, 2023, 24,
8413. doi.: 10.3390/1JMS24098413 .

wchodzacej w skiad rozprawy doktorskiej Pana mgr Nazara M. Smereczanskiego polegat na
wspoéttworzeniu koncepcji pracy, nadzorze merytorycznym podczas przygotowywania pracy
(pisania pracy oraz opracowywania rycin i tabel) oraz edycji finalnej wersji manuskryptu

24 Smerecza:’iski N.M,, Brzéska M.M., Rogalska J., Hutsch T.: The protective potential of
Aronia melanocarpa L. berry extract against cadmium-induced kidney damage: A study in an

animal model of human environmental exposure to this toxic element. International Journal of
Molecular Sciences, 2023, 24, 11647. doi.: 10.3390/ijms241411647

wchodzacej w sklad rozprawy doktorskiej Pana mgr Nazara M. Smereczanskiego polegal na
wspbttworzeniu koncepcji pracy, pomocy i nadzorze merytorycznym podczas wykonywania
badan, opracowywania i interpretacji wynikow, przygotowywania manuskryptu (pisania pracy
oraz opracowywania rycin i tabel) oraz edycji finalnej wersji pracy

3. Smereczanski N.M., Brzéska M.M., Rogalska J.: Protective effect of the extract from Aronia
melanocarpa L. berries against cadmium-induced oxidative stress in the kidney: A study in an
in vivo experimental model. Acta Poloniae Pharmaceutica — Drug Research, 2023, 80 (4). doi.:
10.32383/appdr/169782

wchodzacej w skiad rozprawy doktorskiej Pana mgr Nazara M. Smereczanskiego polegat na
wspoltworzeniu koncepcji pracy, pomocy i nadzorze merytorycznym podczas wykonywania
badan, opracowywania i interpretacji wynikéw, przygotowywania manuskryptu (pisania pracy
oraz opracowywania rycin i tabel) oraz edycji finalnej wersji pracy

Jednocze$nie wyrazam zgode na przediozenie wyzej wymienionych prac przez Pana mgr
Nazara M. Smereczanskiego jako czg¢$é rozprawy doktorskiej w formie spdjnego tematycznie
cyklu prac opublikowanych w czasopismach naukowych.

’

Podpis (czytelny)
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Dr n. med. Joanna Rogalska Bialystok, 24.07.2023 r.
Zaktad Toksykologii
Uniwersytet Medyczny w Biatymstoku

Oswiadczenie wspolautora

Oswiadczam, iz moj udziat w przygotowaniu publikacji:

1. Smereczafiski N.M., Brzoska M.M., Rogalska J., Hutsch T.: The protective potential of
Aronia melanocarpa L. berry extract against cadmium-induced kidney damage: A study in an
animal model of human environmental exposure to this toxic element. International Journal of
Molecular Sciences, 2023, 24, 11647. doi: 10.3390/ijms241411647

wchodzacej w sklad rozprawy doktorskiej Pana mgr Nazara M. Smereczanskiego polegat na
pomocy podczas wykonywania badan oraz analizy statystycznej i graficznego opracowywania
wynikéw

2. Smereczanski N.M., Brzéska M.M., Rogalska J.: Protective effect of the extract from Aronia
melanocarpa L. berries against cadmium-induced oxidative stress in the kidney: A study in an

in vivo experimental model. Acta Poloniae Pharmaceutica — Drug Research, 2023, 80 (4). doi:
10.32383/appdr/169782

wchodzacej w sklad rozprawy doktorskiej Pana mgr Nazara M. Smereczanskiego polegal na
pomocy podczas wykonywania badan oraz analizy statystycznej i graficznego opracowywania
wynikéw

Jednocze$nie wyrazam zgodg¢ na przedtozenie wyzej wymienionej pracy/prac przez Pana mgr
Nazara M. Smereczanskiego jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie
cyklu prac opublikowanych w czasopismach naukowych.

Podpis (czytelny)
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dr n. med. Tomasz Hutsch Biatystok, 20.07.2023 r.
Katedra Patologii i Diagnostyki Weterynaryjnej,

Szkota Gtéwna Gospodarstwa Wiejskiego

w Warszawie

ALAB Bioscience

Oswiadczenie wspélautora

Oswiadczam, iz méj udziat w przygotowaniu publikacji:

Smereczanski N.M., Brzéska M.M., Rogalska J., Hutsch T. The protective potential of Aronia
melanocarpa L. Berry Extract against Cadmium-induced Kidney Damage: A Study in an Animal Model
of Human Environmental Exposure to this Toxic Element, International Journal of Molecular Sciences
(MDPI), 2023, 24, 11647.-

wchodzacej w skiad rozprawy doktorskiej Pani/Pana mgr Nazara M. Smereczariskiego polegat na
wykonaniu badan histopatologicznych nerek (przygotowanie szkielek histopatologicznych, ocena
mikroskopowa przygotowanych preparatéw wraz z dokumentacja zdjgciows)

Jednocze$nie wyrazam zgode na przedtozenie wyzej wymienionej pracy/prac przez Pana mgr Nazara
M. Smereczaiiskiego jako czg$¢ rozprawy doktorskiej w formie spojnego tematycznie cyklu prac

opublikowanych w czasopismach naukowych.
oot « Attt

------------------------

Podpis (czytelny)
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14. Dorobek naukowy, dydaktyczny i organizacyjny

Wyksztalcenie

2018 — Uniwersytet Medyczny w Biatymstoku, Wydzial Farmaceutyczny z Oddzialem
Medycyny Laboratoryjnej, Studia doktoranckie w dziedzinie nauk medycznych i nauk

farmaceutycznych

2012 - 2018 — Uniwersytet Medyczny w Biatymstoku, Wydzial Farmaceutyczny z Oddziatem
Medycyny Laboratoryjnej, Studia magisterskie, kierunek: Farmacja

Szkolenia i staze zawodowe

01.06.2017 r. — 30.09.2017 r. — staz w aptece Day Lewis (Liverpool, Wielka Brytania)
01.10.2017 r. — 30.03.2018 r. — staz w Aptece pod Lwem (Biatystok)

10.11.2020 r. — szkolenie dla 0s6b odpowiedzialnych za planowanie procedur i doswiadczen
oraz ich przeprowadzanie, wykonujacych procedury i dla oséb usmiercajacych zwierzeta

wykorzystywane w procedurach (Bialystok)

15.09.2021 r. - Warsztaty pt. ,Model Zebrafish — przyszio$¢ i wyzwanie. Warsztaty na temat
metod utrzymywania i pracy z modelem Zebrafish” (Olsztyn)

Doswiadczenie zawodowe

01.04.2018 r. — 30.06.2018 r. — Apteka Sieciowa, Gora Kalwaria — stanowisko: magister farmacji
01.07.2018 r. — 30.01.2020 r. — Apteka pod Lwem, Bialystok — stanowisko: magister farmacji
01.10.2021 r. — obecnie — Zakltad Toksykologii, Uniwersytet Medyczny w Biatymstoku —
stanowisko: asystent dydaktyczny

Dziatalnos¢ dydaktyczna

v Cwiczenia laboratoryjne z toksykologii dla studentéw Wydziatu Farmaceutycznego
z Oddziatem Medycyny Laboratoryjnej (kierunek: Farmacja, Analityka Medyczna,
Kosmetologia I i II stopnia), Wydzialu Nauk o Zdrowiu (kierunek: Ratownictwo
Medyczne, Dietetyka, Zdrowie Publiczne, Zdrowie Publiczne i Epidemiologia) i
Wydziatu Lekarskiego (kierunek: lekarski)

v Cwiczenia z toksykologii w jezyku angielskim dla studentéw Medical Faculty na
Wydziale Lekarskim z Oddziatem Stomatologii i Oddziatem Nauczania w Jezyku
Angielskim

v Cwiczenia z toksykologii w jezyku polskim i angielskim z wykorzystaniem platform
nauczania zdalnego (Blackboard i MS Teams)
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Dzialalno$¢ spoleczna na rzecz promocji Uniwersytetu Medycznego w Bialymstoku

2018 - 2023 — koordynator i aktywny uczestnik wszystkich akgcji , Skonsultuj z Farmaceuta!”

Polskiego Towarzystwa Studentéw Farmacji (oddziat w Biatymstoku), majacych na celu

popularyzacje postaw prozdrowotnych i udzielania informacji na temat zagrozen dla

zdrowia, jak astma, cukrzyca, nadcisnienie (lokalizacja akcji: Atrium Biata, Galeria , Alfa”,

Galeria ,, Jurowiecka”)

20.05.2020 r. — Prowadzenie webinaru pt. ,Farmaceuta za granica: Wielka Brytania” we

wspotpracy z Polskim Towarzystwem Studentéw Farmaciji

28.10.2020 r. — Prowadzenie webinaru pt. ,,Uzaleznienia od lekow OTC”

Wykaz publikacji stanowiacych rozprawe doktorska

1)

2)

3)

Smereczanski N.M., Brzoska M.M.: Current levels of environmental exposure to
cadmium in industrialized countries as a risk factor for kidney damage in the general
population: A comprehensive review of available data. International Journal of
Molecular Sciences, 2023, 24 (9), 8413. doi.: 10.3390/JMS24098413

IF =5,6; MEiN =140

Smereczanski N.M., Brzoska M.M., Rogalska ]., Hutsch T.: The protective potential of
Aronia melanocarpa L. berry extract against cadmium-induced kidney damage: A study
in an animal model of human environmental exposure to this toxic element.
International Journal of Molecular Sciences, 2023, 24 (14), 11647. doi.:
10.3390/ijms241411647

IF =5,6; MEiN =140

Smereczanski N.M., Brzoska M.M., Rogalska ].: Protective effect of the extract from
Aronia melanocarpa L. berries against cadmium-induced oxidative stress in the kidney:
A study in an in vivo experimental model. Acta Poloniae Pharmaceutica — Drug
Research, 2023, 80 (4), praca w druku. doi.: 10.32383/appdr/16982

IF = 0,4; MEiN =140

Wykaz innych publikacji naukowych

D)

2)

Brzoska M.M., Kozlowska M., Rogalska J., Gatazyn-Sidorczuk M., Roszczenko A.,
Smereczanski N.M.: Enhanced zinc intake protects against oxidative stress and its
consequences in the brain: a study in an in vivo rat model of cadmium exposure.
Nutrients, 2021, 13 (2), 478. doi.: 10.3390/nu13020478

IF =5,9; MEiN =140

Brzoska M.M., Gatazyn-Sidorczuk M., Koztowska M., Smereczanski N.M.: The body
status of manganese and activity of this element-dependent mitochondrial superoxide
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3)

4)

dismutase in a rat model of human exposure to cadmium and co-administration of
Aronia melanocarpa L. extract. Nutrients, 2022, 14 (22), 4773. doi.: 10.3390/nu14224773
IF =5,9; MEiN =140

Grudziniska M., Jakubowska K., Koda M., Kanczuga-Koda L., Kisielewski W.,
Smereczanski N.M., Rogoz-Jezierska N., Famulski W.: Systemic inflammation
markers in blood samples of colorectal cancer patients. Progress in Health Sciences,
2020, 10 (1), 92-101. doi.: 10.5604/01.3001.0014.1917

MEiN =20

Grudziniska M., Jakubowska K., Kanczuga-Koda L., Kisielewski W., Famulski W.,
Smereczanski N.M., Lomperta K., Plonski M.A., Rogoz-Jezierska N., Koda M.:
Correlation of clinico-pathologic data with inflammatory cells infiltration in colorectal
cancer. Progress in Health Sciences, 2020, 10 (1), 69-76. doi.: 10.5604/01.3001.0014.1902
MEiN =20

Laczny dorobek naukowy

Sumaryczny wskaznik oddziatywania Impact Factor (IF) = 24,206

Sumaryczna liczba punktow MEiN = 740

Wykaz doniesien zjazdowych

1)

2)

3)

4)

Smereczanski N.M., Brzoska M.M.: Wplyw ekstraktu z owocoéw Aronia melanocarpa L.
na caltkowity potencjat oksydacyjny i antyoksydacyjny nerek szczurow poddanych
niskiej ekspozycji przewlektej na kadm. VI Ogoélnopolska Konferencja Studentow
Medycyny Laboratoryjnej i Mlodych Diagnostow ,Wschodzaca Diagnostyka”,
Biatystok, 13.04.2019 r.

Prezentacja ustna w sesji doktoranckiej. Praca zajeta 2 miejsce w sesji doktoranckiej.

Smereczanski N.M., Brzéska M.M.: The influence of the extract from Aronia
melanocarpa L. berries on the total antioxidative and oxidative status of the rats” kidneys
moderately exposed to cadmium. 14th Bialystok International Medical Congress for
Young Scientists, Biatystok, 17.05.2019 r.

Prezentacja ustna podczas PhD Session. Praca zajeta 1 miejsce w PhD Session.

Smereczanski N.M., Brzoska M.M.: Wptyw ekstraktu z owocow Aronia melanocarpa L.
na stezenie glutationu zredukowanego i utlenionego w nerkach szczuréw poddanych
niskiej dlugotrwatej ekspozycji na kadm. VII Ogolnopolska Konferencja Studentéw
Medycyny Laboratoryjnej i Mtodych Diagnostoéw ,Wschodzaca Diagnostyka”,
Biatystok, 05.06.2021 r.

Prezentacja ustna w sesji doktoranckiej. Praca wyr6zniona.

Smereczanski N.M., Brzoska M.M., Rogalska J.: Ekstrakt z owocdw Aronia melanocarpa

L. chroni przed uszkodzeniami oksydacyjnymi kwaséw nukleinowych w nerkach
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szczurdw dtugotrwale eksponowanych na kadm. XIII Konferencja Naukowo -
Szkoleniowa Polskiego Towarzystwa Toksykologicznego, Gdansk, 16-17.09.2021 r.
ePoster

5) Smereczanski N.M., Brzoska M.M.: Ocena wplywu ekstraktu z owocéw aronii
czarnoowocowej na stezenie wybranych metaloproteinaz i ich inhibitorow
tkankowych w nerce w warunkach ekspozycji na kadm. XIV Naukowy Zjazd
Polskiego Towarzystwa Farmaceutycznego, Lublin, 22-24.09.2021 r.

Prezentacja plakatowa

6) Smereczanski N.M., Brzoska M.M.: Wplyw ekstraktu z owocdéw Aronia melanocarpa L.
na stopien nasilania stresu oksydacyjnego i uszkodzen oksydacyjnych w nerce w
warunkach ekspozycji przewlektej na kadm — badania w modelu doswiadczalnym in
vivo narazenia $rodowiskowego cztowieka na ten ksenobiotyk. Seminarium
,Pierwiastki fizjologicznie istotne i toksyczne”, Gugny, 13.05.2022 r.

Prezentacja ustna
Wykaz innych aktywnosci naukowych

v" Kierownik czterech projektéw realizowanych ze srodkéw Uniwersytetu Medycznego w
Bialymstoku przeznaczonych na utrzymanie potencjatu badawczego oraz na badania
naukowe lub prace rozwojowe oraz zadania z nimi zwigzane, stuzace rozwojowi mtodych

naukowcoOw oraz uczestnikow studiéw doktoranckich:

,,Ocena wplywu wodnego ekstraktu z owocdw Aronia melanocarpa L. na stezenie 8-
hydroksy-2’-deoksyguanozyny w nerkach szczuré4w w warunkach niskiej i umiarkowanej
ekspozycji na kadm’ (nr projektu SUB/2/DN/19/001/2221)

,, Wplyw ekstraktu z owocow Aronia melanocarpa L. na stan oksydacyjno — redukcyjny nerki
— badania w modelu doswiadczalnym in vivo narazenia na kadm” (nr projektu
SUB/2/DN/20/002/2221)

,Wplyw ekstraktu z owocow (Aronia melanocarpa L. na stezenie biatka KIM-1w nerce i
moczu —badania w modelu doswiadczalnym narazenia populagji generalnej na kadm” (nr
projektu SUB/2/DN/21/002/2221)

»,Ocena wptywu ekstraktu z owocoéw Aronia melanocarpa L. na stezenie endotelialnej
syntazy tlenku azotu — badania w modelu doswiadczalnym in vivo narazenia populacji
generalnej na kadm” (nr projektu SUB/2/DN/22/002/2221)

v' Czlonek =zespotu badawczego czterech projektow realizowanych ze srodkéw
Uniwersytetu Medycznego w Bialymstoku przeznaczonych na utrzymanie potencjatu

badawczego oraz na badania naukowe lub prace rozwojowe oraz zadania z nimi
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zwiazane, sluzace rozwojowi mlodych naukowcédw oraz uczestnikéw studiow
doktoranckich w roku 2019, 2020, 2022, 2023:

,Ocena wpltywu ekstraktu z owocdéw Aronia melanocarpa na uszkodzenia oksydacyjne
biatek, lipidow i DNA w mozgu oraz strukture i wybrane biomarkery funkcji nerek w
warunkach ekspozycji na kadmu — badania w modelu doswiadczalnym in vivo narazenia
populacji generalnej na ten ksenobiotyk.” Kierownik: Prof. dr hab. Matgorzata M. Brzdska
(nr projektu: SUB/2/DN/19/006/2221)

,Ocena wplywu ekstraktu z owocoéw aronii czarnoowocowej (Aronia melanocarpa L.) na
stezenie wybranych metaloproteinaz i ich inhibitoréw tkankowych w nerce w warunkach
ekspozycji na kadm — badania w modelu doswiadczalnym in vivo narazenia populacji
generalnej na ten ksenobiotyk.” Kierownik: Prof. dr hab. Matgorzata M. Brzdska (nr
projektu: SUB/2/DN/20/001/2221)

,Ocena wplywu ekstraktu z owocdéw aronii czarnoowocowej (Aronia melanocarpa L.) na
stezenie wybranych cytokin antyresorpcyjnych i biatek niekoloagenowych w tkance
kostnej oraz markeréw osteoliozy w surowicy i moczu w warunkach ekspozycji na kadm
— badania w modelu doswiadczalnym in vivo narazenia populacji generalnej na ten
ksenobiotyk.” Kierownik: Prof. dr hab. Malgorzata M. Brzdska (nr projektu:
SUB/2/DN/22/001/2221)

,Ocena wybranych mechanizméw ochronnych wplywu ekstraktu z owocéw aronii
czarnoowocowej (Aronia melanocarpa L.) na tkanke kostna podczas narazenia na kadm —
badania w modelu doswiadczalnym in vivo niskiej i umiarkowanej ekspozycji
Srodowiskowej czlowieka na ten ksenobiotyk”. Kierownik: Prof. dr hab. Malgorzata M.
Brzoska (nr projektu: B.SUB.23.313)

Nagroda naukowa III stopnia Rektora Uniwersytetu Medycznego w Biatymstoku za

osiggniecia naukowe w 2021 r.
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