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STRESZCZENIE

Na rozprawe doktorskg sktada sie cykl trzech prac opublikowanych w czasopismach
Journal of Applied Microbiology oraz Molecules poswieconych (I) ocenie ochronnych
wtasciwosci wybranych katechin wzgledem drozdizy przed stresem oksydacyjnym, (ll)
okresleniu wtasciwosci antyoksydacyjnych wybranych katechin wzgledem erytrocytéow
poddanych dziataniu stresu oksydacyjnego, (lll) poréwnaniu witasciwosci ochronnych
wybranych polifenoli przed peroksydacjg lipiddow zawartych w zéttku jaja i btonach
erytrocytdw oraz utlenieniem sktadnikéw erytrocytéw (hemoglobiny i glutationu).

Wykazaliémy, ze badane flawanole [(+)-katechina i galusan (-)-epigallokatechiny]
zwiekszaty przezywalnos$é drozdzy poddanych dziataniu wysokiej temperatury i zamrazanych.
Markery stresu oksydacyjnego takie jak produkcja reaktywnych form tlenu, catkowita
zdolnos¢ antyoksydacyjna czy karbonylacja biatek miaty nizsze wartosci w przypadku drozdzy
poddanych dziataniu tych flawanoli. Dzieki temu mozna wnioskowaé, ze zwigzki te petniag
funkcje ochronng dla drozdzy przed skutkami dziatania stresu oksydacyjnego.

Nasze badania pozwolity wykazaé, ze wybrane katechiny ((+) - katechina,
epigallokatechina (EGC) i galusan epigallokatechiny (EGCG)) chronig ludzkie erytrocyty przed
stresem oksydacyjnym. Wszystkie badane katechiny chronity erytrocyty przed hemoliza
wywofang nadmanganianem, utlenianiem grup tiolowych biatek erytrocytéw oraz
peroksydacjg lipidéw bftonowych, co pozwala na poznanie korzystnego wptywu katechin
obecnych w zywnosci i napojach pochodzenia roslinnego na organizm ludzki.

Praca miafta takie na celu ocene ochronnego wptywu szeregu syntetycznych i
naturalnych antyoksydantéw przed peroksydacjg lipidéw zéttka jaja i bton erytrocytow.
Wiekszos$¢ z badanych zwigzkéw wykazywata takie dziatanie w obydwu uktadach jednak
niektore w interakcji z erytrocytami ujawniaty swoje dziatanie prooksydacyjne, co pokazuje

zréznicowanie dziatania antyoksydantow w réznych ukfadach.



ABSTRACT

My doctoral dissertation consists of three papers published in the Journal of Applied
Microbiology and Molecules devoted to (l) assessment of the protective properties of
selected catechins against oxidative stress, (ll) determination of the antioxidant properties of
selected catechins against erythrocytes subjected to oxidative stress, (Ill) comparison of the
protective properties of selected polyphenols against peroxidation of lipids in egg yolk and
erythrocyte membranes and oxidation of chosen erythrocyte components (hemoglobin and
glutathione).

We showed that studied flavanols [(+) - catechin and (-) - epigallocatechin gallate]
increased the survival of yeasts subjected to thermal stress. Oxidative stress markers such as
production of reactive oxygen species, total antioxidant capacity and protein carbonylation
had lower values in yeast treated with these flavanols. It can be concluded that these
compounds protect yeast against the effects of oxidative stress.

Next, we checked whether selected catechins [(+) - catechin, epigallocatechin (EGC)
and epigallocatechin gallate (EGCG)] affect human erythrocytes and if they protect against
damage caused by oxidative stress. All tested catechins protected erythrocytes against
hemolysis caused by permanganate, oxidation of thiol groups of erythrocyte proteins and
peroxidation of membrane lipids, which show us beneficial effect of catechins present in
plant food and drink on the human body.

We also compared the protective effect of a number of synthetic and natural
antioxidants on the peroxidation of lipids in egg yolk and erythrocyte membranes. Most of
the tested compounds showed this activity in both systems, but some revealed their pro-
oxidative activity in interaction with erythrocytes, which tells us that antioxidant activity may

differ in different systems.



WSTEP

Rodniki ponadtlenkowe (0,"), nadtlenek wodoru (H,0,), rodniki hydroksylowe ("OH) i
tlen singletowy (*0,) s3 najczesciej wystepujacymi reaktywnymi formami tlenu (ROS) i sg one
wytwarzane jako uboczne produkty licznych proceséw metabolicznych w organizmach.
Obecnos¢ ROS w komorkach jest niezbedna do zachodzenia wielu reakcji, takich jak regulacja
fosforylacji biatek, aktywacja licznych czynnikdw transkrypcyjnych, apoptoza, reakcje
odpornosciowe, rédznicowanie czy zwalczanie drobnoustrojow chorobotwdrczych [1,2]. Gdy
produkcja ROS wzrasta w komdrkach, zaczynajg one wykazywaé szkodliwy wptyw na wazne
struktury komédrkowe, takie jak biatka, lipidy i kwasy nukleinowe [1].

Stres oksydacyjny to zaburzenie homeostazy prowadzgce do wzrostu stezen
reaktywnych form tlenu. Prowadzi to do zaburzenia rdéwnowagi prooksydacyjno-
antyoksydacyjnej w kierunku reakcji utlenienia. Tak dilugo, jak system obrony
przeciwutleniajgcej jest zdolny do zmiatania wytworzonych reaktywnych form tlenu,
zwiekszona produkcja ROS lub reaktywnych form azotu (RNS) nie powoduje patologicznych
zmian w organizmie. W starzejgcym sie organizmie dochodzi do zwiekszonego wytwarzania
wolnych rodnikdw przy zmniejszonej wydajnosci endogennego systemu obrony
antyoksydacyjnej. Stres oksydacyjny jest charakterystyczny nie tylko dla starzenia sie
organizmu, ale wystepuje takze w przypadku wielu choréb takich jak nowotwory, choroba
Parkinsona, miazdzyca, zawat miesnia sercowego, zespdt Downa, depresja czy cukrzyca [3].
Organizmy w obronie przed szkodliwym dziataniem utleniaczy wytworzyty szereg zwigzkéw o
charakterze antyoksydantéw. Do najwazniejszych nalezg: niektéore kofaktory enzymoéw
(NADPH, NADH), kwas moczowy, réznorodne sktadniki pokarmowe, w tym witaminy A, C, E,
flawonoidy oraz jony metali (Mg2+, Mn?, Zn2+). Wazng role w tym procesie petnig rowniez
liczne enzymy, m.in. dysmutaza ponadtlenkowa czy peroksydaza glutationowa [4].

Syntetyczne antyoksydanty mogtyby by¢ stosowane jako potencjalne srodki
zapobiegajgce i wspomagajace leczenie chordb zwigzanych ze stresem oksydacyjnym. Jednak
ze wzgledu na potencjalng szkodliwo$é oraz mozliwg toksycznos$¢ i rakotwdrczosé nie sg
wskazane jako dobre dodatki do zywnosci. Dlatego antyoksydanty naturalne budzg duze
zainteresowanie jako czynniki moggce chroni¢ zywno$¢é przed utlenianiem i wspomagad
antyoksydacyjny system obronny organizmu [5]. Zatem doktadne zbadanie mechanizméw
dziatania antyoksydantdéw i ich oddziatywania z komdrkami organizmu jest niezmiernie

istotne [6].
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Flawonoidy to duza klasa polifenolowych wtérnych metabolitow roslin, w tym flawonoli,
flawonéw, izoflawondéw, antocyjanéw i chalkonéw [7]. Polifenole mozna podzieli¢ na grupy
ze wzgledu na liczbe pierscieni fenolowych, ktére zawierajg i na podstawie elementéw
konstrukcyjnych, ktére tacza te pierscienie ze sobg. Trzy gtéwne klasy obejmujg: kwasy

fenolowe, flawonoidy i nie-flawonoidy (stilbeny i lignany ) (ryc. 1) [8, 9].
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Ryc. 1. Schematyczna klasyfikacja polifenoli i przyktady struktur chemicznych
[9;zmodyfikowano].

Nie sg one niezbedne u wiekszosci roslin do prawidtowego wzrostu i rozwoju. Sg one
bardzo zréznicowane strukturalnie, a wiele z nich wystepuje tylko u ograniczonej liczby
gatunkéw. Wiekszos¢ flawonoidéw to skuteczne naturalne przeciwutleniacze. Ich rola,
miedzy innymi wtasnie ze wzgledu na dziatanie przeciwutleniajgce, stata sie wazna dla badan
nad zywieniem cztowieka. Wiele danych wskazuje na ich dziatanie prozdrowotne, ktére moze
by¢ zwigzane z ich wtasciwosciami antyoksydacyjnymi lub niezalezne od nich — m. in.
zmniejszenie zachorowalnosci na nowotwory i choroby przewlekte takie jak choroby
sercowo-naczyniowe i cukrzyca typu |l oraz ochrona przed uposledzeniem funkcji
poznawczych [10, 11].

Zwigzki fenolowe wykazujg silne dziatanie przeciwutleniajgce in vitro i in vivo zwigzane z ich

zdolnoscig do usuwania wolnych rodnikdw, przerywania rodnikowych reakcji taricuchowych i
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chelatowania jondw metali [7]. Katechiny z kolei to grupa zwigzkdow polifenolowych nalezgca
do klasy flawonoidéw, wystepujgca w duzych stezeniach w réznych owocach, warzywach i
napojach pochodzenia roslinnego (ryc.2). Sposrdod zwigzkéw w tej grupie, katechiny zyskaty
w ostatnim czasie duzg popularnosé dzieki odkryciu ich licznych cech prozdrowotnych, przy

braku toksycznego dziatania i innych skutkéw ubocznych dla organizmu cztowieka [12].

oH
. ¢
=
oH
(+)-Katechina (C)
oM
o’ OH
i HO, o ,.»@i
~ 2% oM \Qij # OH
N
“OH
OH

OH
OH

(-)-Epigallokatechina (EGC) (-)-Epikatechina (EC)
HO OH
= OH OH
R I i OH

MO O HO. O —a i
(lm OH & % OH
&
OH

o

(-)-Galusan epikatechiny (ECG)  (-)-Galusan epigallokatechiny (EGCG)

Ryc. 2. Struktury chemiczne wybranych katechin [12;zmodyfikowano].
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CELE PRACY

Celem mojej pracy wykonanej w ramach przygotowania rozprawy doktorskiej byto:
- ocena wifasciwosci ochronnych katechin wzgledem komérek drozdzy przed stresem
oksydacyjnym wywotanym czynnikami fizycznymi i chemicznymi;
- okreslenie czy katechiny chronig przed peroksydacjg lipidéw i utlenianiem biatek w
erytrocytach cztowieka;
- poréwnanie skutecznos$ci wybranych polifenoli w hamowaniu peroksydacji lipidéw w
dwéch uktadach modelowych - zéttku jaja kurzego i btonach erytrocytéw oraz ochronie

wybranych sktadnikéw erytrocytéw przed utlenianiem.
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METODY

Zbadano aktywnos¢ ochronng wybranych zwigzkéw przed stresem oksydacyjnym. W
tym celu wykorzystano szczep drozdzy BY4741 (wt) oraz mutanta BY4741 Asod1. BY4741 jest
czescig zestawu szczepdw pochodzacych ze szczepu S288C, w ktdrych usunieto powszechnie
uzywane selekcyjne geny znacznikowe w celu zminimalizowania lub wyeliminowania
homologii do odpowiednich gendw markerowych w powszechnie uzywanych wektorach bez
istotnego wptywu na sasiednie ekspresje genu. BY4741 Asod1 jest izogenicznym wzgledem
niego szczepem pozbawionym miedziowo-cynkowej dysmutazy ponadtlenkowe;.

W celu okres$lenia cytotoksycznosci badanych zwigzkéw wzgledem wybranych
szczepOw drozdzy wykorzystano testy spektrofotometryczne mierzgc zmiany turbidancji co
byto miarg szybkosci wzrostu hodowli i tym samym liczby podziatow komdrek drozdzy w
ciggu 24 h. Oba szczepy drozdzy potraktowano réznymi dawkami flawonoidéw w zakresie od
5 do 1000 pM.

Kolejno sprawdzono wrazliwos¢ drozdzy na dziatanie wybranych oksydantow:
menadionu, chlorku sodu, podchlorynu sodu, nitroprusydku sodu, dichlorowodorku 2,2'-
azobis(2-amidynopropanu) (AAPH), chlorku 5-amino-3-(4-morfolinylo)-1,2,3-oksadiazolium
(Sin-1), wodoronadtlenku tert-butylu i nadtlenku wodoru. Obydwa szczepy drozdzy
traktowano réznymi dawkami oksydantéw w zakresie od 0,5 do 500 mM.

Nastepnie okreslono wptyw wybranych nitroksydéw, czyli stabilnych rodnikéw
organicznych o matej masie czgsteczkowej posiadajgcych grupe nitroksylowg (>N-0O), na
obydwa szczepy drozdzy poddajac je dziataniu réznych dawek tych zwigzkéw (w zakresie od
5 do 2000 uM): 4-hydroksy-TEMPO, 4-acetamido—-TEMPO, 4-okso-TEMPO, 4-karboksy-
TEMPO, 4-metoksy-TEMPO, 3-karbomoilo-PROXYLu.

Stres indukowano czynnikami fizycznymi w celu wyeliminowania interakcji pomiedzy
badang substancjg a czynnikami oksydacyjnymi. W tym celu zbadano wptyw flawonoidéw na
uszkodzenie drozdzy pod wptywem wysokiej temperatury (50°C). Obydwa szczepy
hodowano do wczesnej fazy logarytmicznej, a nastepnie inkubowano przez 2 godziny z
roznymi dawkami galusanu epigallokatechiny (EGCG) oraz katechiny (C) (10,20,50 uM), po
czym umieszczono poszczegolne serie prébek w termobloku o temperaturze 50°C na 10, 20,
30i 40 min. Wybrano temperature 50°C na podstawie pracy [13].

Zbadano rowniez wptyw flawonoidéw na uszkodzenie drozdzy pod wptywem niskiej

temperatury. Podobnie jak w tescie z wysokg temperaturg obydwa szczepy zostaty poddane
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2-godzinnej inkubacji z réznymi stezeniami flawonoidéw (galusanem epigallokatechiny oraz
katechiny, 10,20,50 uM), a nastepnie zamrozono poszczegdlne serie w temperaturze -20°C.
Po 1h, 2h, 3h i 5h prébki rozmrazano i wykonywano oznaczenia. Zaréwno wysoka
temperatura, jak i zamrazanie/rozmrazanie indukuja stres oksydacyjny w komadrkach drozdzy
[13, 14].

[Publikacja 1. Naparlo K, Zyracka E, Bartosz G, Sadowska-Bartosz I. 2019. Flavanols protect

the yeast Saccharomyces cerevisiae against heating and freezing/thawing injury. J Appl

Microbiol., 126(3):872-880.]

W kolejnej pracy, na podstawie wynikdw uzyskanych na modelu drozdzowym,
sprawdzilismy wptyw tych samych katechin (C, EGCG) oraz epigallokatechine (EGC) na
erytrocyty izolowane z krwi ludzkiej. Oznaczyliémy wptyw wybranych substancji na hemolize
wywotang przez AAPH, podchloryn sodu oraz nadmanganian potasu. Sprawdzono réwniez
ochronny wptyw tych substancji przed peroksydacjg lipidéw i utlenianiem biatek zawartych
w btonach izolowanych z erytrocytow.

Przygotowano serie rozcienczen zawiesiny erytrocytéw do ktérej dodano wybrane
zwigzki - C, epigallokatechine (EGC) lub EGCG tak, aby otrzymac ich koncowe stezenie w
prébce 50 puM. Prébki inkubowano przez 1h w temperaturze pokojowej z ciggtym
mieszaniem, a nastepnie je zwirowano i zmierzono fluorescencje supernatantu (wzbudzenie:
230 nm, emisja: 290 nm). Liczba czasteczek flawanoli zwigzanych przez erytrocyty
przedstawiono jako 10" czasteczek zwigzanych na 10° liczba erytrocytow.

Nastepnie sprawdzono wptyw wybranych substancji (C, EGC lub EGCG) na opornos¢
osmotyczng erytrocytow. Do 10% zawiesiny erytrocytow dodawano katechiny (stezenie
koicowe 50 uM). Nastepnie natychmiast po dodaniu lub po 90 min inkubacji w
temperaturze 37°C pobierano 50 pl zawiesiny i dodawano do roztworéw o réznym stezeniu
NaCl (0.34 - 0.45%). Probke kontrolng stanowito 50 pl zawiesiny erytrocytéw dodane do 950
pl wody destylowanej. Wszystkie probki nastepnie odwirowano i zmierzono absorbancje
supernatantu przy dtugosci fali 540 nm. Z krzywej wzorcowej opornosci osmotycznej
okreslono stezenie NaCl powodujgce 50% hemolizy (c50).

Czynnikiem powodujgcym hemolize erytrocytdow, cho¢ rzadziej stosowanym w
badaniach erytrocytéw jest réwniez nadmanganian potasu (KMnQy,), ktory wykorzystano w

badaniu dotyczgcym okreslenia ochronnego wptywu wybranych zwigzkéw (C, EGC lub EGCG)
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na hemolize erytrocytéw. W tym celu do zawiesiny erytrocytow dodano odpowiednig ilo$¢
badanego zwigzku tak, aby koricowe stezenie wynosito od 1-25 uM i probki inkubowano 15
min w temperaturze 37°C z mieszaniem, po czym do kazdej z nich dodano nadmanganian
potasu, tak aby jego koricowe stezenie wynosito 100 uM. Pomiar absorbancji prébek przy
dtugosci fali 700 nm prowadzono co 2 min przez 120 min. Kontrole stanowita prébka
zawierajgca tylko erytrocyty i KMnO4. Z wykresdw zaleznosci zmian turbidancji zawiesiny
erytrocytow w funkcji czasu wyznaczano wartosc czasu potowicznej hemolizy (t50) czyli czas
odpowiadajgcy zmniejszeniu turbidancji do 50% wartosci poczatkowej. Dla wszystkich
oznaczen czas potowicznej hemolizy (w sekundach) i wzgledny czas potowicznej hemolizy w
stosunku do kontrolnych erytrocytow (przyjety jako 100%) obliczono jako 100% x (t50 w
sekundach w obecnosci badanego zwigzku) / (t50 w sekundach dla kontroli).

Sprawdzono réwniez wptyw badanych zwigzkéw na aktywnos¢
acetylocholinoesterazy znajdujacej sie w btonach erytrocytéw. Aktywnos¢ enzymu mierzono
metodga kolorymetryczng opisang przez Ellmana z niewielkimi modyfikacjami, stosujgc jako
substrat jodek acetylotiocholiny (AcTCh). W tym celu do 5 pl zawiesiny bton erytrocytéow
dodano badane zwiazki do koncowego stezenia 0, 1, 2, 3, 5, 10, 20, 30 lub 50 uM oraz 0,1 M
bufor fosforanowy o pH 7.4, 0,5 mM kwas 5,5'-ditiobis(2-nitrobenzoesowy) (DTNB;
odczynnik Ellmana) i 0,5 mM jodek acetylotiocholiny. Prowadzono pomiar kinetyczny
absorbancji przy dtugosci fali 412 nm co 10 sekund przez 3 minuty.

Oszacowano kinetyke hamowania acetylocholinoesterazy poprzez sporzadzenie
dwdch serii prébek: jedna zawierata 0,1 M bufor fosforanowy o pH 7.4, odczynnik Ellmana,
rézne ilosci substratu i wybrane flawanole o korncowym stezeniu 50 uM, druga za$ réznita sie
brakiem flawanoli. Pomiar absorbancji prowadzono przy dtugosci fali 412 nm. Obliczono
aktywnos¢ acetylocholinoesterazy i na podstawie uzyskanych srednich wartosci sporzadzono
wykres Lineweavera-Burka (1 / (predkos$¢ reakcji enzymatycznej) vs. 1 / (stezenie substratu))
pod nieobecnos¢ i w obecnosci badanych zwigzkédw. Na tej podstawie okreslono rodzaj
inhibicji.

Wykorzystujgc spektroskopie elektronowego rezonansu paramagnetycznego (EPR)
okreslono ptynnos¢ bton erytrocytéw. W tym celu do 200 pl bton erytrocytéw (2,7 mg
biatka/ml) dodano katechiny do koricowych stezeri 0, 50, 100 i 250 uM. Do kazdej prébki

dodano 2 pl wybranych 10 mM sond: kwasu 5-doksylostearynowego (5DS) i kwasu 16-

16



doksylostearynowego (16DS) rozpuszczonych w dimetylosulfotlenku (DMSO). Po 10
minutowej  inkubacji  wykonano  pomiary EPR z  wykorzystaniem  kapilar
mikrohematokrytowych (nieheparynizowane probdéwki mikrohemokrytowe ~75 ul; 1,55x75
mm) w wieloczestotliwosciowym rezonansowym aparacie BRUKER FT-EPR ELEXSYS E580.
Kapilary z prébkami umieszczono w kwarcowej probéwce EPR i wysrodkowano w komorze
mikrofalowej. Widma EPR rejestrowano i analizowano przy uzyciu oprogramowania Xepr
2.6b.74.

Okreslono réwniez ochronny wptyw badanych katechin na uszkodzenia biatek i
peroksydacje lipidow zawartych w bfonach erytrocytédw. Uszkodzenia biatek oszacowane
zostaty na podstawie ilosci powstatych grup tiolowych. W tym celu btony erytrocytéw (1 mg
biatka/ml) zawieszone w 0,1 M buforze fosforanowym o pH 7.4, traktowano podchlorynem
sodu o stezeniu koncowym 500 uM przez 30 minut, przy braku lub w obecnosci réznych
stezen badanych zwigzkéw. Nastepnie oznaczono ilos¢ grup tiolowych w prébkach i
zmierzono absorbancje przy dtugosci fali 412 nm. Procent ochrony obliczono jako 100% x
((ilos¢ grup tiolowych w prébce potraktowanej NaOCl i dane stezenie katechiny) - (ilos¢ grup
tiolowych w prébce potraktowanej NaOCI przy braku jakiegokolwiek srodka ochronnego)) / (
(ilos¢ grup tiolowych w prébce kontrolnej) - (ilos¢ grup tiolowych w préobce potraktowanej
NaOCl przy braku jakiegokolwiek srodka ochronnego)).

W zawiesinie bton erytrocytéw traktowanych podchlorynem sodu oznaczono takze
peroksydacje lipidow. W tym celu zawiesine bton traktowano zimnym 10% kwasem
trichlorooctowym i 0,67% kwasem tiobarbiturowym. Probdwki ogrzewano w temperaturze
100°C przez 20 min, a nastepnie zmierzono absorbancje supernatantow przy dtugosci fali
532 nm. Procent ochrony obliczono jako 100% x ((ilo$¢ produktow peroksydacji lipidow w
probce traktowanej NaOCl i danym stezeniem katechiny) - (ilo$¢ produktéw peroksydacji
lipiddw w probce traktowanej NaOCI przy braku jakiegokolwiek srodka ochronnego)) / ((ilo$¢
produktow peroksydacji lipidéw w prébce kontrolnej) - (ilo$¢ produktédw peroksydacji
lipidow w prébce potraktowanej NaOCI przy braku jakiegokolwiek srodka ochronnego))

[Publikacja 2. Naparlo K., Bartosz G., Stefaniuk I., Cieniek B., Soszynski M., Sadowska-Bartosz

I. 2020. Interaction of Catechins with Human Erythrocytes. Molecules, 24:25(6)]

W trzeciej pracy postanowiliSmy rozszerzy¢ zakres testowanych zwigzkéw z grupy
polifenoli, nie tylko katechiny, ale takze inne naturalne i syntetyczne antyoksydanty. Badania

dotyczace ochronnych wtasciwosci wybranych polifenoli przed peroksydacjg lipidéw
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rozpoczeto od oznaczenia peroksydacji lipidéow w systemie bezkomorkowym. 10% zawiesine
26ttka jaja traktowano AAPH w obecnosci wybranych antyoksydantow w zakresie stezen 0,01
— 5 mM. Do monitorowania peroksydacji lipiddw wykorzystano intensywnie fluoryzujaca
sonde BODIPY®581/591. Prowadzono pomiar kinetyczny wzrostu fluorescencji (wzbudzenie:
485 nm, emisja: 526 nm) i na tej podstawie obliczono procent ochrony przed peroksydacjg
lipidow przez wybrane antyoksydanty.

Kolejno okreslono ochronny wptyw wybranych zwigzkédw na peroksydacje lipiddw
bton erytrocytéw, do tego celu réwniez wykorzystano sonde BODIPY® 581/591. Btony
traktowano wybranymi zwigzkami w zakresie stezert 10-1000 mM. Fluorescencje mierzono
co 2 minuty przez 150 minut. Procent ochrony przed peroksydacjg lipidow przez wybrane
antyoksydanty obliczono jak powyze;j.

Na podstawie przeprowadzonych badan wybrano pie¢ zwigzkdéw do dalszych
oznaczen. Do badania hemolizy wybrano metode turbidymetryczng, ktéra, cho¢ jest mnigj
precyzyjna niz metoda oparta na wirowaniu zawiesin erytrocytéw i pomiarze uwolnionej
hemoglobiny, jest znacznie prostsza, moze by¢ wykonana w czytniku mikroptytek i jest
zadowalajaca dla celéw poréwnawczych.

Sprawdzono ich wptyw na inhibicje hemolizy erytrocytéw wywotang przez wolne
rodniki, ktérych wytwarzanie indukowano przez AAPH. W wyniku rozpadu tego zwigzku
powstaja rodniki alkilowe R®, ktdre w reakcji z tlenem tworzg rodniki nadtlenkowe ROO"® .
Zawiesine erytrocytéw traktowano roztworem odpowiedniego antyoksydantu do
koncowego stezenia w zakresie 25-1000 upuM i inkubowano z wytrzgsaniem w
obecnosci/nieobecnosci 50 mM AAPH w temperaturze 37°C. Absorbancje (700 nm)
mierzono co 1 godzine przez 12 godzin przy uzyciu czytnika Tecan Spark. Dla wszystkich
oznaczen czas hemolizy i procent czasu hemolizy obliczono jako: 100% [czas (min) dla
badanego zwigzku/sredni czas (min) dla prébki kontrolnej zawierajacej tylko erytrocyty i
AAPH].

Dioctan 2’,7’-dichlorodihydrofluoresceiny (H,DCF-DA, znany réwniez jako dioctan
2’,7’-dichlorofluorescyny) jest chemicznie zredukowang formg dioctanu 2',7’-
dichlorofluoresceiny stosowang jako wskaznik ilosci ROS w komadrkach. Po rozszczepieniu
grup octanowych przez wewnatrzkomérkowe esterazy, a nastepnie po utlenieniu,
niefluorescencyjny H,DCF-DA przeksztatca sie w wysoce fluorescencyjng 2',7’-

dichlorofluoresceine (DCF). 10 mM H,DCF-DA dodano do 10 % zawiesiny erytrocytéw do
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koncowego stezenia 10 uM i inkubowano w 37°C przez 30 min. Nastepnie traktowano je
odpowiednim roztworem antyoksydantu w PBS do uzyskania koricowego stezenia w zakresie
25-1000 uM. Kolejno dodawano AAPH i prowadzono pomiar fluorescencji (wzbudzenie: 485
nm, emisja: 529 nm). Obliczano sume wartosci fluorescencji uzyskanych w kolejnych
pomiarach i na tej podstawie wyznaczono ICsy (stezenie przeciwutleniacza hamujace
tworzenie RFT o0 50%).

Kolejno sprawdzono wptyw antyoksydantédw na utlenianie hemoglobiny. W tym celu
do 10 % zawiesiny erytrocytow dodano antyoksydant (koricowy zakres stezer 5-1000 uM) i
AAPH (koncowe stezenie 50 mM) i inkubowano w temperaturze 37°C przez 5h. Kontrole
stanowity prébki zawierajgce zawiesine erytrocytéw i antyoksydanty, ale bez AAPH.
Zmierzono absorbancje przy dtugosci fali 540 nm oraz 630 nm i na tej podstawie wyznaczono
stosunek absorbancji A630 / A540 jako miare utlenienia hemoglobiny.

Oznaczono takze zawartos¢ glutationu (GSH) w komdérkach traktowanych
antyoksydantami i AAPH. W tym celu 2% zawiesine erytrocytéw traktowano rdéznymi
stezeniami wybranych przeciwutleniaczy i AAPH i inkubowano przez 1 godz. w temperaturze
37°C. Nastepnie oznaczono poziom glutationu w préobkach stosujgc metode fluorymetryczna
opartg na reakcji z aldehydem o-ftalowym [15] i odczytano stezenie GSH z krzywej
kalibracyjnej.

[Publikacja 3. Naparlo K., Soszynski M., Bartosz G., Sadowska-Bartosz I. 2020. Comparison of

antioxidants: the limited correlation between various assays of antioxidant activity.

Molecules, 25; 3244]
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WYNIKI

Na podstawie badan cytotoksycznosci do kolejnych testéow wybrano flawonoid, w
obecnosci ktorego badane komorki drozdzy wykazaty najwiekszg intensywnos¢ wzrostu:
galusan epigallokatechiny (EGCG) . Do badan wykorzystano takze drugi flawonoid: katechine
(C) ktoéry rowniez wspomagat wzrost komorek drozdzy.

Poddanie drozdzy dziataniu temperatury 50°C spowodowato zalezne od czasu
obnizenie zywotnosci drozdzy. Traktowanie ich flawanolami (50 pM) spowodowato
statystycznie znaczgca ochrone przed utratg zywotnosci zaréwno w szczepie typu dzikiego
jak i mutanta. Zamrozenie drozdzy w temperaturze -20°C i rozmrozenie po 1 lub 2 godzinach
przechowywania w stanie zamrozonym réwniez zmniejszyto zywotno$é drozdzy. W tym
przypadku zaréwno EGCG jak i C zapewniaty istotng statystycznie ochrone przed utratg
zywotnosci w obu szczepach.

Zaréwno ogrzewanie, jak i zamrazanie-rozmrazanie drozdzy powodowato pojawienie
sie u nich objawdw stresu oksydacyjnego: zwiekszone tworzenie reaktywnych form tlenu
(ROS) i zwiekszong karbonylacje biatek oraz spadek catkowitej zdolnosci antyoksydacyjnej
(TAC).

Pomiar wewnatrzkomérkowego poziomu ROS za pomocy H,DCFDA wykazat brak
znaczacych zmian w komadrkach typu dzikiego ogrzewanych przez 7 minut w temperaturze
50°C oraz znaczgcy wzrost poziomu ROS w komérkach poddanych zamrazaniu. (+)-Katechina
obnizyta poziom ROS w komdérkach kontrolnych (nie poddanych dziataniu wysokiej
temperatury). Galusan epigallokatechiny zwiekszat poziom ROS w komérkach traktowanych
temperaturg 50°C (w odniesieniu do komoérek nie poddanych dziataniu flawanolu); oba
flawanole obnizaty poziom ROS w komodrkach poddanych zamrazaniu-rozmrazaniu (w
odniesieniu do komérek nie poddanych dziataniu flawanolu).

W przypadku mutanta A4sodl zaobserwowano wzrost poziomu ROS jedynie w
komoédrkach traktowanych temperaturg -20°C i tylko tu pojawit sie istotny statystycznie
wptyw EGCG na zmniejszenie ilosci ROS.

Inkubacja erytrocytéw z katechinami spowodowata wychwyt tych zwigzkéw przez
komoérki. Badanie zaleznosci ilosci pobieranych katechin od ilosci erytrocytéw wskazato na
wystgpienie efektu wysycenia erytrocytdw zwigzkiem. Przedstawienie danych w postaci

podwdjnego wykresu zaleznosci odwrotnosci liczby pobranych czasteczek flawanoli od
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odwrotnosci liczby erytrocytow wykazato podobny wychwyt wszystkich badanych zwigzkéw
przez erytrocyty. Liczba czgsteczek badanych zwigzkéw pobranych przez 2,5x10° erytrocytow
z 500 ul 50 uM roztwordw flawanoli (te warto$ci odpowiadajg stezeniu erytrocytéw we krwi)
wynosity (1,1940,03)x10° dla katechiny, (1,23+0,21)x10° dla epigallokatechiny (EGC) i
(1,18+0,14)x10° dla EGCG.

Z krzywych opornosci osmotycznej okreslono wartosci stezenia NaCl wywotujgce 50%
hemolizy (c50). Gdy erytrocyty o hematokrycie 10% inkubowano z 50 uM wybranymi
flawanolami w 37°C przez 90 minut, katechiny zmniejszaty oporno$¢ osmotyczng
erytrocytow, o czym $wiadczy wzrost wartosci ¢50. Niemniej jednak, po dodaniu katechin do
erytrocytdw i natychmiastowej ocenie opornosci osmotycznej zwigzki te chronity erytrocyty
przed hemolizg osmotyczng, o czym swiadczg podwyzszone wartosci ¢50.

Na podstawie pomiarow widm EPR kwasu 5-doksylostearynowego (5DS) i 16-
doksylostearynowego (16DS) mozna wywnioskowaé, ze katechiny majg tendencje do
zwiekszania czasu korelacji rotacyjnej t. 16DS oraz parametru uporzgdkowania (S) obu sond
osadzonych w lipidach bfon erytrocytéw.

Katechina w stezeniach do 50 uM nie miata zauwazalnego wptywu na aktywnosc
acetylocholinoesterazy btonowej erytrocytow. EGC i EGCG hamowaty
enzym w sposob zalezny od stezenia, wywotujgc odpowiednio okoto 30% i 35% hamowania
przy stezeniu 50 pM. Wykres Lineweavera-Burka dla hamowania acetylocholinoesterazy
przez 50 uM EGC i EGCG wskazat na mieszany typ hamowania reakcji w obu przypadkach.

Krzywe zmian w funkcji czasu turbidancji zawiesin erytrocytéw poddanych dziataniu
100 puM nadmanganianu potasu w obecnosci réznych stezen katechiny wykazaty, ze
potowiczny czas hemolizy przy braku badanych zwigzkdéw wyniosto 19,941,9 min, a katechiny
wydtuzyty czas niezbedny do osiggniecia 50% hemolizy. Innym sposobem oceny ilosciowej
hemolizy byto zsumowanie kolejnych wartosci zmetnienia podczas 2-godzinnych pomiaréw i
takze ten parametr wykazat ochronne dziatanie katechin.

Badanie mikroskopowe erytrocytow poddanych dziataniu nadmanganianu wykazato
catkowita hemolize komodrek pod nieobecno$é¢ badanych flawanoli po ponad 20 min i
ochrone przed hemolizg przez wybrane flawanole. Co ciekawe, podczas gdy poczgtkowo
erytrocyty traktowane flawanolami monomerycznymi wykazywaty echinocytoze, pdzniej ta
echinocytoza znikneta, najwyrazniej z powodu utlenienia badanych zwigzkéw i stabszej
interakcji produktéw utleniania flawanoli monomerycznych z btonami erytrocytéw.
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Wszystkie badane zwigzki wykazywaty zalezing od dawki ochrone przed indukowanym
podchlorynem utlenianiem btonowych biatkowych grup tiolowych i peroksydacja lipidéw.

Porédwnaliémy szereg syntetycznych i naturalnych antyoksydantéw pod wzgledem
skutecznosci hamowania peroksydacji lipidow indukowanej przez AAPH w dwéch uktadach:
zawiesinie z6ttka jaja i btonach erytrocytdw. Szybkosé¢ peroksydacji mierzono za pomoca
BODIPY® 581/591. Sonda ta emituje czerwong fluorescencje przy 595 nm. Utlenianiu sondy
rodnikami nadtlenkowymi towarzyszy zanik czerwonej fluorescencji i pojawienie sie zielonej
fluorescencji przy okoto 520 nm. Zmniejszenie intensywnosci czerwonej fluorescencji,
zmiany stosunku intensywnosci zielonej i czerwonej fluorescencji lub wzrost intensywnosci
zielonej fluorescencji s3 wykorzystywane przez réznych autoréw jako wskazniki peroksydacji
[16—18]. Tempo wzrostu intensywnosci zielonej fluorescencji byto najbardziej powtarzalng i
miarodajng miarg szybkosci peroksydacji dlatego zostato wykorzystane w tych badaniach. W
zawiesinie z6ttka jaja tert-butylohydrochinon (t-BHQ) byt najbardziej skutecznym
antyoksydantem, wykazujac najnizszg warto$é stezenia wymaganego do zahamowania
peroksydacji w 50% (IC50). Niektdre naturalne substancje, w tym kwas galusowy, galusan
epikatechiny (ECG) i melatonina wykazaty poréwnywalng skutecznosé. Mniejszg skutecznosé
wykazywaty antyoksydanty hydrofilowe takie jak glutation (GSH), cysteina, naringina,
hesperetyna i kwas askorbinowy. W innym ukfadzie, tj. btonach erytrocytéw ECG byt
najbardziej skuteczny, niemniej jednak kolejnos¢ skutecznosci pozostatych zwigzkéw byta
inna. Podczas gdy niektére przeciwutleniacze, takie jak ECG lub resweratrol, miaty podobne
wartosci IC50 w obu uktadach, wartosci dla wiekszosci zwigzkdw réznity sie znaczgco w obu
systemach, w wiekszosci przypadkdéw byty wyzisze dla bton erytrocytéow. Wspdiczynnik
korelacji liniowej Pearsona miedzy wartosciami IC50 w obu systemach wynosit zaledwie 0,30.
Rdznice te moga wynika¢ z faktu, ze w bardziej ztozonej btonie erytrocytéw niektére
antyoksydanty mogg wigzad sie z biatkami btonowymi i moga nie by¢ dostepne lub mogg by¢
dostepne tylko czesciowo dla reakcji z rodnikami nadtlenkowymi. Stosunek wagowy biatek
do lipidow wynosi okoto 1 : 1 w btonach erytrocytow [19] i jest znacznie nizszy (okoto 0,5 : 1)
w z6ttku jaja kurzego [20], a sktad biatek rézni sie znacznie w obu materiatach. Wyniki te
pokazujg, ze odnoszenie wynikdw oceny zdolnosci do hamowania peroksydacji lipidéw z
jednego ukfadu do drugiego moze byé mylace.

Do dalszych eksperymentéw (ochrona hemoglobiny i glutationu w erytrocytach

przed utlenieniem wywotanym przez AAPH) wybrano pie¢ skutecznych antyoksydantéw
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rozpuszczalnych w PBS (w celu unikniecia wptywu rozpuszczalnika organicznego na btone
erytrocytow): EGCG, C, kwas galusowy, kwas gentyzynowy i kwas askorbinowy.

Wiekszos¢ wybranych przeciwutleniaczy czeSciowo wigze sie z btonami, ale sg one
réwniez obecne w Srodowisku wodnym komorki, podczas gdy askorbinian jest praktycznie
catkowicie obecny w roztworze, wiec wszystkie badane przeciwutleniacze mogg wchodzié¢ w
interakcje z rodnikami generowanymi przez AAPH poza komdrkami i wewnatrz komérek. W
odniesieniu do zmiatania tych ostatnich rodnikdbw mozna oczekiwaé, ze polifenole beda
bardziej reaktywne niz kwas askorbinowy, ze wzgledu na wiekszg liczbe reaktywnych grup
hydroksylowych. Chociaz wszystkie badane antyoksydanty byly skuteczne, najwyisze
stezenia oddziatujgcych z btong przeciwutleniaczy wydtuzaty czas niezbedny do uzyskania
50% spadku turbidancji zawiesin erytrocytéw do ponad 1000%, podczas gdy 1 mM kwas
askorbinowy wydtuzat wzgledny czas hemolizy tylko do okoto 300% . Do skutecznosci
hydrofilowego antyoksydantu, jakim jest kwas askorbinowy, moze przyczynié sie jego
zdolnos¢ do regeneracji rodnikédw innych przeciwutleniaczy powstajgcych w procesie
hamowania peroksydacji lipidéw.

AAPH wytwarzat w erytrocytach duze ilosci RFT reagujgcych z H2DCF-DA. Wszystkie
zastosowane antyoksydanty w sposdb zalezny od dawki obnizyty poziom RFT w erytrocytach.
Co ciekawe, EGCG okazat sie najskuteczniejszym przeciwutleniaczem w tym tescie, C i kwas
galusowy wykazywaty podobng skutecznos$¢, podczas gdy kwas gentyzynowy okazat sie
najmniej skuteczny pomimo podobienstwa strukturalnego do kwasu galusowego.

RFT generowane przez AAPH powodowaty utlenianie hemoglobiny, ktéra jest obecna
w bardzo wysokim stezeniu wewnatrz erytrocytéw (ponad 30% wagowych); dlatego tylko
wysokie stezenia antyoksydantéw byty skuteczne w zapobieganiu utlenianiu hemoglobiny.
Jednak EGCG i kwas galusowy byty skuteczne tylko w pewnym zakresie stezen, podczas gdy
efekt ochronny zanikat wraz z dalszym wzrostem stezenia antyoksydantéw. Poniewaz efekt
ten byt powtarzalny, sprawdzilismy, czy badane przeciwutleniacze same utleniajg
hemoglobine. Wyniki uzyskane dla najwyzszego stezenia przeciwutleniaczy wykazaty, ze
rzeczywiscie EGCG i kwas galusowy byly w stanie utlenia¢ hemoglobine, co wyjasnia
zaobserwowang dziwng zaleznos$¢ od dawki. Wczesniej odnotowano utlenianie hemoglobiny
do methemoglobiny przez ekstrakty z czarnej i zielonej herbaty zawierajgce EGCG [8].
Zaréwno kwas galusowy, jak i EGCG zawierajg reszte kwasu trihydroksybenzoesowego, ktdra

moze by¢ odpowiedzialna za ich prooksydacyjny wptyw na hemoglobine.
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Inkubacja zawiesiny erytrocytow z roztworem AAPH przez 1 godzine spowodowato
zmniejszenie stezenia glutationu (GSH) w erytrocytach z wartosci 1875 + 164 uM do 865 +
233 uM, tj. o 54%. Kwas askorbinowy i katechina w zaleznosci od dawki chronity przed
utlenianiem GSH. Przeciwny efekt wystgpit w przypadku EGCG, kwasu galusowego i kwasu
gentyzynowego, ktére znacznie zwiekszyty utrate GSH w erytrocytach. Gdy erytrocyty
inkubowano z antyoksydantami w tych samych warunkach, ale bez AAPH, kwas askorbinowy,
C i kwas gentyzynowy nie obnizaty poziomu GSH, podczas gdy wyzsze stezenia EGCG i kwasu
galusowego powodowaty znaczng utrate GSH. Badania innych autorow wykazaty, ze kwas
galusowy utlenia GSH w erytrocytach [21], a bogate w EGCG ekstrakty czarnej i zielonej
herbaty takze obnizajg poziom GSH w tych komérkach [22]. Zatem dane dotyczgce EGCG i
kwasu galusowego sg zrozumiate (utrata GSH indukowana przez sam ten zwigzek nakfada sie
na utrate wywotang AAPH). Wyniki dla kwasu gentyzynowego s3 trudniejsze do wyjasnienia.
Mozna postulowa¢, ze reaktywne zwigzki powstate w wyniku interakcji AAPH z kwasem
gentyzynowym mogg wykazywaé wiasciwosci prooksydacyjne, ktdrych nie wykazuje natywny
kwas gentyzynowy. Wyniki badan innych autoréw pokazujg, ze inne przeciwutleniacze,
melatonina i resweratrol, miaty dziatanie prooksydacyjne wobec dehydrogenazy
gliceroaldehydo-3-fosforanowej, gdy byty stosowane razem z tlenkiem azotu; efekt ten byt
spowodowany tworzeniem sie ich reaktywnych pochodnych, a mianowicie rodnika
fenoksylowego w przypadku resweratrolu [23,24]. Poniewaz rodnik fenoksylowy powstaje
rowniez podczas utleniania kwasu gentyzynowego [25], mechanizm prooksydacyjnego
dziatania kwasu gentyzynowego moze by¢ podobny.

Oczywistym wynikiem tego badania jest ograniczona korelacja lub brak korelacji miedzy
wynikami réznych testéw zdolnosci antyoksydacyjnej tych samych zwigzkéw. EGCG i kwas
galusowy, ktdre sg dobrymi antyoksydantami w tescie hamowania peroksydacji lipidéw i
hemolizy, powodowaty utlenianie hemoglobiny i glutationu w nieobecnosci innych

czynnikéw utleniajgcych.
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DYSKUSJA

Wyniki naszych badan potwierdzajg, ze flawonoidy sg dobrymi antyoksydantami.
Drozdze poddane dziataniu flawanoli takich jak EGC-G i C wykazywaty zwiekszong
przezywalnos¢ w odpowiedzi na czynniki fizyczne i chemiczne indukujgce stres oksydacyjny.
Sposdb dziatania tych substancji wymaga dalszych badan, jednak najprostszym wyjasnieniem
jest to, ze ochrona wynika z bezposredniego dziatania antyoksydacyjnego flawanoli, ktére sg
doskonatymi przeciwutleniaczami. Flawonoidy mozna uzna¢ za zwigzki zwiekszajgce
stabilnos¢ drozdzy w ekstremalnych warunkach temperaturowych i prawdopodobnie w
innych warunkach indukujgcych stres oksydacyjny, takich jak przechowywanie preparatéow
zawierajgcych drozdze.

Podobne wnioski mozna wysnu¢ na podstawie badan interakcji katechin zawartych w
Zywnosci, a erytrocytami. Zastosowano stezenia, ktére nie sg mozliwe do osiggniecia in vivo
jednak pozwala to na wnioskowanie, ze podobne efekty, cho¢ w znacznie mniejszym stopniu,
zachodzg in vivo. Ochrona erytrocytdw przed hemolizg przez ekstrakt z zielonej herbaty i
EGCG zostato juz wczesniej opisane [8]. Nasze badania potwierdzity te obserwacje nie tylko
dla EGCG, ale i dla wszystkich badanych flawanoli.

W kolejnych testach poréwnatam wiekszg ilosé¢ substancji z grupy flawonoidéw pod
wzgledem ich aktywnosci antyoksydacyjnej. Uzyskane wyniki pokazaty, ze wiele zwigzkow z
tej grupy byto skutecznych. Korelacja pomiedzy efektywnoscig substancji w poszczegdélnych
testach byta niewielka, a niektdre z nich ujawnity prooksydacyjne dziatanie antyoksydantéw,
indukujgc utlenianie pod nieobecnos¢ oksydantu i wzmacniajgc ten proces w obecnosci
oksydantu, co nie bylo widoczne w przypadku innych testéw. Dlatego przy okreslaniu
zdolnosci antyoksydacyjnej danej substancji nalezy pamietaé, ze mierzone parametry sg
zalezne od zastosowanych warunkdéw i nie nalezy bezkrytycznie odnosi¢ wynikéw jednego

testu na inne testy.
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Abstract

Aims: The aim of the study was to check whether two flavanols ((—)-
epigallocatechin gallate and (+)-catechin) can ameliorate oxidative stress (OS)
accompanying and contributing to the lethal effects of heating (50°C) and
freezing-thawing on the yeast Saccharomyces cerevisiae.

Methods and Results: The flavanols studied increased yeast survival during
heating and freezing-thawing, estimated by the colony forming assay. They
improved also such indices of OS as increased production of reactive oxygen
species, decrease of total antioxidant activity of yeast cell extracts and increase
in the level of protein carbonyls.

Conclusions: Amelioration of OS by flavanols increases the survival of the
yeast subjected to high temperature and freezing-thawing.

Significance and Impact of the Study: Flavanols may be considered as means
of enhancing yeast survival under extreme temperature conditions and
probably in other conditions involving OS.

Introduction

Flavanols (flavan-3-ols), the main components of tea
extracts, present also in cocoa and wine and other plant
products, rise increasing interest due to their diverse bio-
logical effects. They have strong antioxidant properties,
mainly due to reactions with reactive oxygen, nitrogen
and halogen species and to binding transition metal ions
(Rice-Evans 1995; Grzesik et al. 2018a,b). However, in
the body they exert a plethora of other effects which can
be only partly or not at all related to their antioxidant
action. They have been reported to lower blood pressure,
especially in prehypertensive and hypertensive individuals,
modulate metabolism and respiration including maximal
oxygen uptake, O, cost of exercise and energy expendi-
ture, and reduce inflammation, resulting in increased
skeletal muscle efficiency and endurance capacity (Al-
Dashti et al. 2018), positively modulate blood platelet
aggregation (Peluso et al. 2015), improve endothelial
function (Aprotosoaie et al. 2016) as well as protect
against obesity (Akhlaghi et al. 2018). Flavanols influ-
ence also positively insulin signalling by relieving

insulin-signalling pathways from oxidative stress (OS)
and inflammation and/or via a heightened incretin
response (Strat et al. 2016). Protective effects of long-
term flavanol consumption on cognition and behaviour,
including age- and disease-related cognitive decline, were
seen in animal models of normal ageing, dementia and
stroke (Sokolov et al. 2013). Flavanols induce release of
nitric oxide ('NO) through activation of endothelial ‘"NO
synthase which, in turn, accounts for vasodilation and
cardioprotective effects, and switch on some important
signalling pathways such as toll-like receptor 4/nuclear
factor kf/signal transducer and activator of transcription
(Magrone et al. 2017). They were reported to have bene-
ficial effects in type 2 diabetic patients by enhancing insu-
lin secretion, improving insulin sensitivity in peripheral
tissues and exerting a lipid-lowering effect (Ramos et al.
2017). Flavanols may inhibit digestive enzymes and glu-
cose transporters, causing a reduction in glucose absorp-
tion, which helps patients with metabolic disorders to
maintain glucose homeostasis. Unabsorbed flavanols and
those which undergo enterohepatic recycling exert prebi-
otic effects on the gut microbiota. Interactions with the
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gut microbiota may improve gut barrier function, result-
ing in attenuated endotoxin absorption (Strat et al
2016). Thus, flavanols can be regarded as dietary bioac-
tives, that is, food constituents that although not essential
to human life and procreation, may nevertheless play an
important role in disease risk reduction, primary disease
prevention and healthy ageing (Ottaviani et al. 2018).
Interestingly, studies of activation of Nrf2-, FoxO- and
PPARy-dependent signalling pathways by other flavo-
noids showed that the activity of the flavonoids to acti-
vate gene expression shows no correlation with their
antioxidant activities found in in vitro tests (Pallauf et al.
2017). Therefore, it is not easy to ascertain antioxidant
effects of flavanols in human and animal systems and to
distinguish them from other effects of these compounds.

In order to study the antioxidant effects of flavanols
on the cellular level, a simpler system, in which antioxi-
dant effects are more directly evaluated and less depen-
dent on whole-body mechanisms, is more convenient.
The budding yeast Saccharomyces cerevisiae may consti-
tute such a system. This eukaryotic system is relevant
from ecophysiological and biotechnological point of view
since both under natural conditions and in biotechnolog-
ical processes the yeast is exposed to OS and may be in
contact with flavanols.

The aim of this study was to examine the capacity of
selected flavanols ((—)-epigallocatechin gallate (EGC-G)
and (+)-catechin (C)) to protect S. cerevisiae against
freeze-thaw injury and heat-induced lethality at 50°C.
These modalities were chosen as both conditions were
shown to induce OS as demonstrated by increased pro-
duction of reactive oxygen species (ROS) in yeast cells
during heating (Davidson et al. 1996) and formation of
oxygen radicals during freezing-thawing of yeast cells as
detected by spin trapping (Park et al. 1998); moreover,
OS contributes to cell killing induced by both treatments
since CuZn-superoxide dismutase (SOD) deficient
mutants of the yeast were more sensitive to both freeze-
thaw injury and heating (Davidson et al. 1996; Park et al.
1998).

Both wild-type and Asodl mutant were used in the
study to compare the effects of flavanols on a normal
yeast strain and on a strain of increased sensitivity to OS.

Materials and methods

Yeast strains and culture

Two yeast strains were used: wild-type BY4741 (genotype
MATa his3A1 leu2A0 metl15A0 ura3A0) and its mutant
devoid of CuZn-SOD BY47414s0odl (genotype MATa
his3A1 leu2A0 met15A0 ura3A0 sodl). They were grown
usually in a liquid YPD medium (2% glucose, 1% yeast

Flavanols protect yeast against oxidative stress

extract, 1% bacto peptone) on a rotary shaker or on solid
medium of the above composition but with 2% agar, at
28°C. The liquid cultures were used for experiments in
the early exponential phase.

Materials

All  substances were purchased from Sigma-Aldrich
(Poznan, Poland) except for sodium chloride (Chempur,
Piekary Sl@skie, Poland), p-(+)-glucose as well as ethanol
(Polskie Odczynniki Chemiczne, Gliwice, Poland), Bacto™
Yeast Extract, Bacto Peptone and Difco™ Agar Granulated
(obtained from Becton Dickinson (BD) Biosciences, War-
saw, Poland). Distilled water was purified using a Milli-Q
system (Millipore, Bedford, MA). Fluorometric and
absorptiometric measurements were done in a Tecan Infi-
nite 200 PRO multimode reader or a Spark multimode
microplate reader (Tecan Group Ltd, Méannedorf, Switzer-
land). All measurements were performed in triplicate and
repeated at least three times on different preparations.

Selected flavanols were dissolved in distilled water.

Effects of flavonoids on yeast growth

Yeast cultures of density of 2 x 107 cells per ml were ali-
quoted to wells of a multiwell plate, added with appro-
priate concentrations of the flavanols tested and their
growth was monitored under constant shaking by mea-
suring turbidity in a Bioscreen C Automated Growth
Curve System (Oy Growth Curves AB Ltd, Raisio, Fin-
land) at 600 nm. As EGC-G concentrations higher than
50 umol 17" inhibited the growth of the Asodl mutant
(Fig. 1b,d), the flavanol concentration of 50 umol 1!
was chosen for further experiments.

Estimation of colony forming units

Control yeast and yeast subjected to appropriate treat-
ments were diluted to a density 10’ cells per ml and
200 ul of such suspensions was applied to a Petri dish
containing solid YPD medium. The plates were incubated
at 28°C for 48 h, and the number of colonies formed was
counted.

Heating and freezing of the yeast

Cells (except for control) were preincubated with the fla-
vanols (50 gmol 17') in the YPG medium for 1 and 2 h
and then washed with flavanol-free medium. Aliquots
(200 pl) of yeast suspensions in YPD of density of 10’
cells per ml were heated in a water bath at 50-0 + 0-1°C
for various time intervals or frozen at —20°C for 1, 2 or
3 h and thawed in air at room temperature.

Journal of Applied Microbiology 126, 872-880 © 2018 The Society for Applied Microbiology 873
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Figure 1 Effect of EGC-G (a, b) and C (c, d) on the growth of yeast, wild-type BY4741(a, c) and BY47414sod1 mutant (b, d) in the liquid YPD
medium. Yeast growth was monitored under constant shaking by measuring turbidity in a Bioscreen C Automated Growth Curve System at

600 nm (—e— 5 pmol I™'; —e— 10 pumol I

20 pmol I7"; —e— 50 pmol I="; —e— 100 pmol I7";

200 pmol I="; —e— 500 pmol I7'; —e—

1000 pmol I="; —e— control). [Colour figure can be viewed at wileyonlinelibrary.com]

Estimation of ROS production

Yeast suspensions (2 x 107 cells) were centrifuged and sus-
pended in 200 ul of 100 mmol 1! phosphate buffer,
pH = 7-0, containing 0-1% glucose and 1 mmol 1"
EDTA, applied to wells of a 96-well plate and added with
2',7'-dichlorodihydrofluorescein diacetate (H,DCF-DA) to
a final concentration of 20 umol 17" or dihydroethidine
(DHE) to a final concentration of 18 umol 17, Fluores-
cence was measured at excitation/emission wavelengths of
495 nm/525 nm for H,DCF-DA and at 405 nm/570 nm
for DHE (to increase the specificity of the assay for super-
oxide (Nazarewicz et al. 2013)), after 10-min incubation
at 28°C.

Estimation of total antioxidant capacity of yeast extracts

Total antioxidant capacity (TAC) of yeast extracts was esti-
mated by a modified method of Re et al. (1999). Briefly,

yeast was sedimented by centrifugation, washed and sus-
pended in 100 mmol 1”! phosphate buffer, pH 7-0 con-
taining 1 mmol 1! EDTA to a density of 10° cells per ml.
The acid-soluble fraction was obtained by treatment with
5% (final) trichloroacetic acid, incubation on ice (20 min)
and centrifugation. Appropriate amount of the supernatant
was added to a cuvette containing the 2,2'-azinobis(3-
ethylbenzthiazoline-6-sulfonic acid) radical (ABTS*) solu-
tion of absorbance of 1-0 at 414 nm. After 10 s, the
decrease in absorbance was measured. Total antioxidant
capacity was calculated on a basis of a standard curve
obtained with Trolox.

Estimation of carbonyl group content

Protein carbonyls were estimated by ELISA using OxiS-
electTM Protein Carbonyl Fluorometric Assay kit (Cell
Biolabs Inc., San Diego, CA) according to the instruction
of the manufacturer.
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Protein assay

Protein concentration was assayed using a Coomassie
(Bradford) Protein Assay Kit (Thermo Scientific, Rock-
ford, IL).

Statistical analysis

Statistical significance of differences was evaluated using
the paired Student’s ‘t’ test. Statistical analysis of the data
was performed using staTisTICA software package (ver.
13.1; StatSoft Inc. 2016, Tulsa, OK: www.statsoft.com).

Results

We examined the effects of two flavanols, EGC-G and C,
on the growth of yeast in a liquid medium and found no
apparent toxicity of both flavanols at concentrations
lower than 500 pumol 17" for the wild-type strain (Fig. 1a,
¢). Interestingly, the growth of the Asodl strain was
enhanced by low concentrations (5-20 pmol 'Y of
EGC-G and all C concentrations used (5-1000 umol 17,
up to the level of that of the wild-type strain. (—)-Epigal-
locatechin gallate was more toxic for the Asodl strain,
concentrations higher than 50 pumol 1™' inhibited the
growth of the mutant (Fig. 1b,d).

Exposure of the yeast to the temperature of 50°C
resulted in a time-dependent decrease in yeast viability.
Pretreatment of yeast with flavanols (50 pmol I
resulted in a statistically significant protection against the
viability loss both in the wild-type strain and in the
Asod]l mutant (Fig. 2).

Freezing of yeast at —20°C and thawing after 1 or 2 h
storage in the frozen state also reduced yeast viability. In
this case, both EGC-G as well as C (50 umol 17") offered
protection against viability loss in both strains (Fig. 3).

Both heating and freezing-thawing of the yeast induced
symptoms of OS: increased formation of ROS and pro-
tein carbonyls, and decrease in the content of TAC.

Measurement of intracellular ROS level with H,DCF-
DA demonstrated a lack of significant changes in wild-
type cells heated for 7 min at 50°C and a significant
increase in ROS level in cells subjected to freezing-
thawing. (+)-Catechin decreased the ROS level in con-
trol cells (not subjected to any treatment). (—)-Epigal-
locatechin gallate increased the ROS level in cells
heated at 50°C (with respect to cells containing no fla-
vanol); both flavanols decreased the ROS level in cells
subjected to freezing-thawing (with respect to cells
containing no flavanol). In the 4sodl mutant, due
to higher scatter, only increase in the ROS level in
freeze-thawed cells and its attenuation by EGC-G were
significant (Fig. 4).

Flavanols protect yeast against oxidative stress

The ROS level estimated with DHE, reflecting mainly
the level of superoxide (O, ) was higher in the Asodl
mutant than in the wild-type strain (P < 0-001) and
increased in yeast cells subjected to both heating at 50°C
and to freezing/thawing in both strains. In both strains,
the flavanols decreased the ROS level in cells not sub-
jected to any treatment. In the wild-type strain, C
decreased the level of ROS in cells subjected to heating
while EGC-G increased this level (an effect seen also with
DA-H,DCF although without statistical significance for
C). In the Asodl strain, both flavanols decreased the ROS
level in cells subjected to freezing/thawing, while C (but
not EGC-G) decreased the ROS level in cells subjected to
heating (Fig. 5).

Total antioxidant capacity of yeast
decreased by both heating and freezing/thawing of yeast
cells of both strains. Lower decrease was observed in the
presence of EGC-G or C (Fig. 6).

Another index of OS, the level of protein carbonyls,
increased in yeast cells subjected to heating and freezing/
thawing in both strains studied. Flavanols decreased the
level of protein carbonyls both in control cells and in

extracts was

cells subjected to temperature treatments (Fig. 7).

Discussion

As SODs are critical for the survival in aerobic atmo-
sphere (Fridovich 1974), mutants of S. cerevisiae deficient
in SODs are more sensitive to OS. The Asodl mutant,
devoid of cytoplasmic SOD, cannot grow in the atmo-
sphere of pure oxygen, has decreased replicative and
chronological lifespan, and is hypersensitive not only to
superoxide-generating agents but also to a plethora of
other factors inducing OS (Bilinski et al. 1985; Wawryn
et al. 2002; Fabrizio and Longo 2003). Antioxidants can
compensate for the effects of lack of CuZn-SOD; their
protective effect is usually more discernible in the
mutant, which is therefore a better sensor of OS and
antioxidant effects than the wild-type strain (Koziol et al.
2005; Zyracka et al. 2005). For this reason, the Asodl
mutant was employed in this study, apart from the
wild-type strain.

The flavanols studied: EGC-G at low concentrations
and C in the whole concentration range used restored the
defective growth of the Asodl strain in the liquid med-
ium (Fig. 1b,d), apparently compensating for the lack of
an important antioxidant enzyme or some secondary
consequences of this mutation, perhaps by stimulation of
biosynthesis of some elements of the antioxidant barrier.

In order to examine the antioxidant action of flavanols
on the yeast, treatments with high and low temperature
were chosen, procedures involving OS, but avoiding the
use of external chemicals. Such an approach was chosen

Journal of Applied Microbiology 126, 872-880 © 2018 The Society for Applied Microbiology 875
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Figure 2 Effect of EGC-G and C on the survival of yeast heated at a temperature of 50°C for various time intervals. *P < 0.05; **P < 0-01,
**%p < 0.001 (effect of temperature); °P<0.05 (effect of flavanols) (] 0 min; [0 2 min; 1 5 min; [ 7 min; [@ 10 min; [ 20 min; @ 30 min).
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Figure 3 Effect of EGC-G and C on the survival of yeast subjected to freezing and thawing after 1 or 2 h at —20°C. **P < 0-01, ***P < 0-001
(effect of temperature); °P < 0-05, bp < 0.01 (effect of flavanols) ((J0 h; 11 h; W 2 h). [Colour figure can be viewed at wileyonlinelibrary.com]

in order to avoid situations, which may point to artifac-
tual protection by antioxidants caused by neutralization
of antioxidants outside the cells. If OS accompanies and
contributes to the lethal effects of both heating and freez-
ing-thawing, antioxidants should provide protection
against lethality caused by both procedures. At the con-
centration of 50 umol 17!, both flavanols used proved
effective in small, but significant protection against both
heating at 50°C and freezing-thawing injury in both
strains studied (Figs 2 and 3).

The protective action of flavanols was most probably
due to their antioxidant action and amelioration of OS
since these compounds attenuated changes in several
markers of OS. While generation of ROS estimated with
H,DCEF-DA provided partly inconclusive results (Fig. 4),
ROS level estimated with DHE was increased by both
heating and freezing/thawing of the cells, confirming ear-
lier findings (Davidson et al. 1996; Park et al. 1998).
Interestingly, the basic ROS level estimated with DHE,

under conditions optimal for detection of 2-
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hydroxyethidium, the specific product of reaction with
superoxide (Nazarewicz et al. 2013), was higher in the
Asodl strain in comparison with the wild-type strain,
according to expectations (Fridovich 1974). In the
wild-type strain, the effects of both flavanols on the
increase in ROS production induced by heating were
opposite. While C diminished/tended to diminish the
increased in ROS production detected by both fluoro-
genic probes used, EGC-G further increased the ROS
level. These results suggest an additional mode of
action of C with respect to EGC-G. In the case of

Journal of Applied Microbiology 126, 872-880 © 2018 The Society for Applied Microbiology

freeze/thaw injury, both probes indicated a protective
role of C and EGC-G against the increase in the ROS
level (Figs 4 and 5).

Total antioxidant capacity of acid-soluble yeast
extracts, a measure of activity of low-molecular weight
antioxidants present in yeast cells, decreased after both
heating and freezing/thawing, the decrease being reduced
by the flavanols (Fig. 6). The level of protein carbonyls, a
measure of oxidative damage to cellular proteins, was ele-
vated after both treatments, and this elevation was inhib-
ited by the flavanols (Fig. 7).
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Flavanols have been reported to protect the yeast
against OS generated by other agents. (+)-Catechin pro-
tected the yeast against OS induced by hydrogen perox-
ide, carbon tetrachloride and cadmium (Dani et al
2008). (—)-Epigallocatechin gallate and flavanol-rich
green tea extract could protect yeast against light- and
singlet oxygen-dependent toxicity (Mitrica et al. 2012).

The mode of action of flavanols on the viability of
yeast subjected to heating and freezing/thawing requires
further studies. The simplest explanation is that the pro-
tection is due to the direct antioxidant action of the

878

7 min/50°C; M 1 h/=20°C). [Colour figure

flavanols which are excellent antioxidants (Grzesik et al.
2018a,b). However, it has been also reported that EGC-G
and other tea polyphenols activate the Yapl transcription
factor mounting elevated expression of endogenous
antioxidant proteins (Maeta et al. 2007).

Interestingly, the flavanols decreased the level of ROS
detectable with DHE and the level of protein carbonyls
also in control cells upon 2-h incubation with the cells,
not subjected to temperature treatment, indicating that
they attenuate OS also under typical cell culture condi-
tions.
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The vulnerability of yeast to both high temperature
and freezing/thawing may be of crucial importance for
their survival in natural environment as well as for out-
put of various biotechnological processes. Flavanols are
compounds that yeast can encounter both in nature and
in biotechnology; in the latter cases materials rich in fla-
vonoids can be considered as means of enhancing yeast
stability under extreme temperature conditions and prob-
ably in other conditions involving OS such as storage of
yeast-containing preparations.

Conflict of Interest

The authors declare no conflicts of interest.

References

Akhlaghi, M., Ghobadi, S., Mohammad Hosseini, M.,
Gholami, Z. and Mohammadian, F. (2018) Flavanols are
potential anti-obesity agents, a systematic review and
meta-analysis of controlled clinical trials. Nutr Metab
Cardiovasc Dis 28, 675—690.

Al-Dashti, Y.A., Holt, R.R., Stebbins, C.L., Keen, C.L. and
Hackman, R.M. (2018) Dietary flavanols: a review of select
effects on vascular function, blood pressure, and exercise
performance. ] Am Coll Nutr 37, 553-567.

Aprotosoaie, A.C., Miron, A., Trifan, A., Lucam, V.S. and
Costache, LI. (2016) The cardiovascular effects of cocoa
polyphenols-an overview. Diseases 4, 39.

Bilinski, T., Krawiec, Z., Liczmanski, A. and Litwinska, J. (1985)
Is hydroxyl radical generated by the Fenton reaction in vivo?
Biochem Biophys Res Commun 130, 533-539.

Dani, C., Bonatto, D., Salvador, M., Pereira, M.D., Henriques,
J.A. and Eleutherio, E. (2008) Antioxidant protection of
resveratrol and catechin in Saccharomyces cerevisiae. ] Agric
Food Chem 56, 4268—4272.

Davidson, J.F., Whyte, B., Bissinger, P.H. and Schiestl, R.H.
(1996) Oxidative stress is involved in heat-induced cell
death in Saccharomyces cerevisiae. Proc Natl Acad Sci U S
A 93, 5116-5121.

Fabrizio, P. and Longo, V.D. (2003) The chronological life
span of Saccharomyces cerevisiae. Aging Cell 2, 73-78.

Fridovich, I. (1974) Superoxide dismutases. Adv Enzymol Relat
Areas Mol Biol 41, 35-97.

Grzesik, M., Bartosz, G., Dziedzic, A., Narog, D., Namiesnik,
J. and Sadowska-Bartosz, I. (2018a) Antioxidant
properties of ferrous flavanol mixtures. Food Chem 268,
567-576.

Grzesik, M., Naparlo, K., Bartosz, G. and Sadowska-Bartosz, I.
(2018b) Antioxidant properties of catechins: comparison
with other antioxidants. Food Chem 241, 480—492.

Koziol, S., Zagulski, M., Bilinski, T. and Bartosz, G. (2005)
Antioxidants protect the yeast Saccharomyces cerevisiae
against hypertonic stress. Free Radic Res 39, 365-371.

Flavanols protect yeast against oxidative stress

Maeta, K., Nomura, W., Takatsume, Y., Izawa, S. and
Inoue, Y. (2007) Green tea polyphenols function as
prooxidants to activate oxidative-stress-responsive
transcription factors in yeasts. Appl Environ Microbiol
73, 572-580.

Magrone, T., Russo, M.A. and Jirillo, E. (2017) Cocoa and
dark chocolate polyphenols: from biology to clinical
applications. Front Immunol 8, 677.

Mitrica, R., Dumitru, I., Ruta, L.L., Ofiteru, A.M. and
Farcasanu, I.C. (2012) The dual action of epigallocatechin
gallate (EGCG), the main constituent of green tea, against
the deleterious effects of visible light and singlet oxygen-
generating conditions as seen in yeast cells. Molecules 17,
10355-10369.

Nazarewicz, R.R., Bikineyeva, A. and Dikalov, S.I. (2013)
Rapid and specific measurements of superoxide
using fluorescence spectroscopy. J Biomol Screen 18,
498-503.

Ottaviani, J.I., Heiss, C., Spencer, J.P.E., Kelm, M. and
Schroeter, H. (2018) Recommending flavanols and
procyanidins for cardiovascular health: revisited. Mol
Aspects Med 61, 63-75.

Pallauf, K., Duckstein, N., Hasler, M., Klotz, L.O. and
Rimbach, G. (2017) Flavonoids as putative inducers of the
transcription factors Nrf2, FoxO, and PPARy. Oxid Med
Cell Longev 2017, 4397340.

Park, J.I., Grant, C.M., Davies, M.]J. and Dawes, LW. (1998)
The cytoplasmic Cu,Zn superoxide dismutase of
Saccharomyces cerevisiae is required for resistance
to freeze-thaw stress. Generation of free radicals
during freezing and thawing. J Biol Chem 273,
22921-22928.

Peluso, I., Palmery, M. and Serafini, M. (2015) Effect
of cocoa products and flavanols on platelet aggregation
in humans: a systematic review. Food Funct 6,
2128-2134.

Ramos, S., Martin, M.A. and Goya, L. (2017) Effects of cocoa
antioxidants in type 2 diabetes mellitus. Antioxidants
(Basel) 6, pii: E84.

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M.
and Rice-Evans, C. (1999) Antioxidant activity applying
an improved ABTS radical cation decolorization assay.
Free Radic Biol Med 26, 1231-1237.

Rice-Evans, C. (1995) Plant polyphenols: free radical
scavengers or chain-breaking antioxidants? Biochem Soc
Symp 61, 103-116.

Sokolov, A.N., Pavlova, M.A., Klosterhalfen, S. and Enck, P.
(2013) Chocolate and the brain: neurobiological impact of
cocoa flavanols on cognition and behavior. Neurosci
Biobehav Rev 37, 2445-2453.

Strat, K.M., Rowley, T.J. 4th, Smithson, A.T., Tessem, J.S.,
Hulver, M.W., Liu, D., Davy, B.M., Davy, K.P. et al.
(2016) Mechanisms by which cocoa flavanols improve
metabolic syndrome and related disorders. ] Nutr Biochem
35, 1-21.

Journal of Applied Microbiology 126, 872-880 © 2018 The Society for Applied Microbiology 879



Flavanols protect yeast against oxidative stress K. Naparlo et al.

Wawryn, J., Swiecito, A., Bartosz, G. and Bilinski, T. (2002) Zyracka, E., Zadrag, R., Koziol, S., Krzepitko, A., Bartosz, G.
Effect of superoxide dismutase deficiency on the life span and Bilinski, T. (2005) Ascorbate abolishes auxotrophy
of the yeast Saccharomyces cerevisiae. An oxygen- caused by the lack of superoxide dismutase in
independent role of Cu,Zn-superoxide dismutase. Biochim Saccharomyces cerevisiae. Yeast can be a biosensor for
Biophys Acta 1570, 199-202. antioxidants. J Biotechnol 115, 271-278.

880 Journal of Applied Microbiology 126, 872-880 © 2018 The Society for Applied Microbiology



2. Naparlo K., Bartosz G., Stefaniuk 1., Cieniek B., Soszynski M., Sadowska-Bartosz I.
2020. Interaction of Catechins with Human Erythrocytes. Molecules, 25(6):1456.
(|F2020= 3,267, Punkty MNiSWzozo = 100), doi: 103390/m0|ECU|6525061456

Liczba cytowan wedtug bazy Web of Science: 0

35



molecules m\py

Article
Interaction of Catechins with Human Erythrocytes

Katarzyna Naparlo !, Grzegorz Bartosz 2, Ireneusz Stefaniuk 3, Bogumil Cieniek 30,
Miroslaw Soszynski 4 and 1zabela Sadowska-Bartosz 1-*

1" Department of Analytical Biochemistry, Institute of Food Technology and Nutrition, College of Natural

Sciences, Rzeszow University, 35-601 Rzeszow, Poland; katarzyna.naparlo@gmail.com

Department of Bioenergetics and Food Analysis, Institute of Food Technology and Nutrition, College of
Natural Sciences, Rzeszow University, 35-601 Rzeszow, Poland; gbartosz@ur.edu.pl

Teaching and Research Center of Microelectronics and Nanotechnology, College of Natural Sciences,
University of Rzeszow, 35-959 Rzeszow, Poland; istef@univ.rzeszow.pl (L.S.); cieniek@if.univ.rzeszow.pl (B.C.)
Department of Molecular Biophysics, Faculty of Biology and Environmental Protection, University of Lodz,
90-236 Lodz, Poland; miroslaw.soszynski@biol.uni.lodz.pl

*  Correspondence: isadowska@poczta.fm

check for
Received: 26 February 2020; Accepted: 20 March 2020; Published: 24 March 2020 updates

Abstract: The aim of this study was to characterize the interaction of chosen catechins ((+)-catechin,
(-)-epigallocatechin (EGC), and (—)-epigallocatechin gallate (EGCG)) with human erythrocytes
and their protective effects against oxidative damage of erythrocytes. Uptake of the catechins by
erythrocytes was studied by fluorimetry, their interaction with erythrocyte membrane was probed
by changes in erythrocyte osmotic fragility and in membrane fluidity evaluated with spin labels,
while protection against oxidative damage was assessed by protection against hemolysis induced
by permanganate and protection of erythrocyte membranes against lipid peroxidation and protein
thiol group oxidation. Catechin uptake was similar for all the compounds studied. Accumulation of
catechins in the erythrocyte membrane was demonstrated by the catechin-induced increase in osmotic
resistance and rigidification of the erythrocyte membrane detected by spin labels 5-doxyl stearic acid
and 16-doxyl stearic acid. (—)-Epigallocatechin and EGCG inhibited erythrocyte acetylcholinesterase
(mixed-type inhibition). Catechins protected erythrocytes against permanganate-induced hemolysis,
oxidation of erythrocyte protein thiol groups, as well as membrane lipid peroxidation. These results
contribute to the knowledge of the beneficial effects of catechins present in plant-derived food
and beverages.

Keywords: erythrocyte; monometric flavanols; catechin; (—)-epigallocatechin; (—)-epigallocatechin
gallate; hemolysis; membrane rigidity; antioxidant

1. Introduction

Catechins (monomeric flavanols) and their gallate derivatives are a class of flavonoids mainly
present in fruits and vegetables and derived products like fruit juices or jams [1]. Monomeric flavanols
are abundant in teas derived from the tea plant Camellia sinensis, as well as in some cocoas and
chocolates (made from the seeds of Theobroma cacao) [2]. Catechins are also present in wine and are
found in many other plant species. One gram of dried green tea leaves contain more than 200 mg
catechins [3], although total catechin content varies widely depending on species, variety, and growth
conditions. The main catechins present in green tea, as well as in black tea, are (—)-epigallocatechin
(EGC) and the ester of epigallocatechin and gallic acid, (—)-epigallocatechin gallate (EGCG) [4,5].
(+)-Catechin is present in tea in minor amounts but is the main catechin in broad bean, black as well as
white grape, plum, rhubarb, and raisins [6]. The food sources of catechins (tea, chocolate, apples, pears,
grapes, and red wine) are very popular and highly consumed. Tea catechins consumed by volunteers
at a total dose of 240 mg have been found to reach a concentration of up to 0.5 uM in blood plasma [7].
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Consumption of eight cups of black tea every 2 h daily by volunteers has brought their blood plasma
catechin level up to 1 uM [8].

As the consumption of catechins is significant, these compounds raise considerable interest
with respect to their health effects. Numerous beneficial health effects of catechins have been
demonstrated. These compounds have been claimed to reduce cardiovascular disease mortality by
inhibiting endothelial dysfunction [9], to disrupt inflammation mediated by lipid and cholesterol
oxidation [10], prevent onset and complications of diabetes [11], as well as prevent and slow down the
development of metabolic syndrome [12]. They are thought to exert renoprotective actions that may be
of importance in diseases, such as glomerulonephritis, diabetic nephropathy, and chemically-induced
kidney insufficiency [13], have antihypertensive and neuroprotective actions [14] and improve exercise
performance and recovery [15]. The action of catechins is mainly, though by no means exclusively,
ascribed to their direct or indirect antioxidant activities. Previously, we demonstrated excellent
antioxidant properties of selected catechins to compare with several other natural and synthetic
compounds and related to glutathione and ascorbate as key endogenous antioxidants [16].

The effects of catechins are critically dependent on their cellular action. We studied the protective
effect of (+)-catechin and (-)-epigallocatechin gallate on the yeast Saccharomyces cerevisiae with
respect to cellular mortality dependent on oxidative stress [17]. There are reports on the effects
of catechins on erythrocytes. (+)-Catechin has been found to protect human erythrocytes against
pentachlorophenol-induced oxidative damage [18]. Tea catechins have been demonstrated to show
significant protection to erythrocyte against oxidative stress induced by tert-butyl hydroperoxide. The
effectis more pronounced in the older age group compared to the lower age group [19]. We demonstrated
that selected monomeric catechins, including (+)-catechin and EGCG, protected erythrocytes
against oxidative hemolysis induced by 2,2’-azobis(2-amidinopropane) dihydrochloride (AAPH)
and hypochlorite [16]. Protection against hypochlorite-induced hemolysis has also been confirmed by
others [20]. Black tea extract is found to protect erythrocytes against damage induced by y-radiation [21].
EGCG has protected erythrocyte membrane Ca?*-ATPase and (Na*, K*)-ATPase against inactivation
induced by tert-butyl hydroperoxide [22], protected erythrocytes against oxidative effects of cigarette
smoke [23], and partly prevented hemolysis induced by cyclosporine [24]. (+)-Catechin has protected
erythrocyte membranes against lipid peroxidation induced by hydrogen peroxide [25] and erythrocytes
against hemolysis induced by cumene hydroperoxide [26]. Catechins, including EGCG and (+)-catechin,
among other flavonoids, have been reported to increase the activity of a plasma membrane redox
system (PMRS) that transfers electrons from intracellular substrates to extracellular electron acceptors
by entering erythrocytes and donating electrons to PMRS [27].

However, EGCG and other catechins have been found to inhibit catalase in a cell-free system
and in K562 cells, thus contributing to oxidative stress and an increase in the intracellular level of
reactive oxygen species [28]. Prooxidative effects of tea catechins, including EGCG (decrease in the
level of reduced glutathione, increase in the ratio of oxidized/reduced glutathione, and elevation
in methemoglobin level), have been observed in glucose-6-phosphate dehydrogenase-deficient
erythrocytes, leading to a recommendation against excessive consumption of concentrated tea
polyphenolic products by glucose-6-phosphate dehydrogenase-deficient subjects [29].

The aim of this study was to further characterize the interaction of chosen catechins (Figure 1)
with model human cells, viz. erythrocytes, which are considered a prime target for oxidant attack due,
i.e., to their function as oxygen carriers and the presence of high contents of polyunsaturated fatty acid
in their membranes. These simple cells allow for easy studies of the effects of xenobiotics on the cellular
membrane, studies of their transport, and examination of antioxidant effects not complicated by the
intermediacy of cellular effects dependent on protein synthesis de novo. Erythrocytes interact with
xenobiotics circulating in blood after ingestion in the intestine. We wanted to quantify and compare
the uptake of catechins by human erythrocytes, which, according to our best knowledge, has not been
studied quantitatively. Due to their hydrophobicity, catechins can be expected to accumulate partly in
the erythrocyte membrane; if so, a decrease in osmotic fragility of erythrocytes should be expected
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due to membrane expansion, and we intended to verify this expectation. Moreover, the accumulation
of catechins in the membrane should affect membrane fluidity, and this effect was checked by EPR
spectroscopy using fatty acid spin probes. Although antioxidant effects of flavonoids on erythrocytes
have already been studied, we wanted to provide additional data in this respect by studying the
protection of erythrocytes against oxidative hemolysis induced by potassium permanganate and
protection of erythrocyte membranes against lipid peroxidation and protein thiol oxidation.

(+)-Catechin
OH OH
o
oH *in

OH

\Q:J (-)-Epigallocatechin gallate
“OH

OH

(-)-Epigallocatechin
Figure 1. Structures of monomeric flavanols used in this study.

2. Results

2.1. Catechin Uptake by Erythrocytes

Incubation of erythrocytes with catechins resulted in the uptake of these compounds by the cells.
The study of the dependence of the amount of catechins taken up on the amount of erythrocytes
showed a saturation behavior. Presentation of the data in the form of a double reciprocal plot of
dependence of the number of molecules of monomeric flavanols taken up on the number of erythrocytes
(Figure 2) demonstrated similar uptake of all compounds tested. The number of molecules of the
studied compounds taken up by 2.5 x 108 erythrocytes from 500 pL of 50 M solutions of monomeric
flavanols (these values correspond to erythrocyte concentration in the blood) was (1.19 + 0.03) x 10°
for catechin, (1.23 + 0.21) x 10° for epigallocatechin (EGC), and (1.18 + 0.14) x 10° for EGCG.

16
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10

y=0.2735x + 7.3851

(o]
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Figure 2. The double reciprocal plot of the uptake of selected flavanols by human erythrocytes. EGC,
epigallocatechin; EGCG, epigallocatechin gallate.
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2.2. Effect of Selected Flavanols on Osmotic Fragility of Erythrocytes

From osmotic fragility curves, the values of NaCl concentration evoking 50% hemolysis (csg)
were determined (Figure S1). When erythrocytes (hematocrit of 10%) were incubated with 50 pM
selected flavanols at 37 °C for 90 min, catechins increased erythrocyte’s osmotic fragility, as evidenced
by an increase in c5y values. Nevertheless, when catechins were added to erythrocytes, and osmotic
fragility was assessed immediately (the contact of catechins with erythrocytes was about 5 min at room
temperature), these compounds protected erythrocytes against osmotic hemolysis, as evidenced by
decreased values of csy (Table 1).

Table 1. Effect of selected catechins on NaCl concentration causing 50% hemolysis (cs() of erythrocytes
(mM). Mean = SD, n = 3.

cso (mM) c50 (mM)
Compound (Measurement after Incubation (Measusr(:ement Asap)
(37 °C, 90 min)) P
Control 654 + 0.4 652 +0.8
C 66.5+0.5* 62.8+0.8*
Epigallocatechin (EGC 67.0+0.7* 63.5+0.7*
Epigallocatechin gallate (EGCG) 66.1 +0.4* 62.7 £ 0.8 **

*p <0.05,* p<0.01.

2.3. Effect of Selected Catechins on Membrane Fluidity

Examples of EPR spectra of 5-doxyl stearic acid (5DS) and 16-doxyl stearic acid (16NS) embedded
in erythrocyte membranes in the absence and in the presence of EGCG are shown in Figure S2.
The catechins had generally a tendency to increase the rotational correlation time T, of 16DS (Table 2)
and order parameter (S) (Table 3) of both probes embedded in erythrocyte membrane lipids.

Table 2. Effect of catechins on the rotational correlation time (in nanoseconds) of 16-doxyl-stearic acid
in erythrocyte membranes. Mean values + SD, n > 3.

Compound Rotational Correlation Time T, (ns)
Concentration (uM) Catechin EGC EGCG
0 1.73 £0.03
50 1.62 +0.08 1.78 + 0.005 1.77 £ 0.10
100 1.73 £ 0.28 1.86 + 0.03 ** 1.83 £ 0.20
250 1.81 +£0.15 1.99 £0.23 1.79 £0.01*

*p <0.05,*p<0.01.

Table 3. Effect of catechins on the order parameter of 5-doxyl stearic acid (5DS) and 16-doxyl-stearic
acid (16DS) in erythrocyte membranes. Mean values + SD, n > 3.

5DS
Compound Order Parameter S
Concentration (uM) Catechin EGC EGCG
0 0.610 + 0.006
50 0.616 + 0.007 0.616 + 0.007 0.616 + 0.007
100 0.617 + 0.012 0.617 + 0.012 0.617 + 0.012

250 0.618 + 0.008 0.618 + 0.008 0.618 = 0.008
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Table 3. Cont.

16DS
Compound S
Concentration (uM) Catechin EGC EGCG
0 0.145 + 0.001
50 0.150 + 0.002 ** 0.148 + 0.003 0.147 £ 0.001 *
100 0.152 + 0.003 ** 0.150 + 0.004 * 0.147 + 0.002
250 0.153 + 0.002 *** 0.156 + 0.010 * 0.150 + 0.002 **

Note: *p < 0.05, ** p < 0.01, ** p < 0.001

2.4. Effect of Catechins on Membrane Acetylcholinesterase

Catechin at reasonable concentrations (up to 50 M) did not have any discernible effect on the
activity of erythrocyte membrane acetylcholinesterase (not shown). EGC and EGCG inhibited the
enzyme in a concentration-dependent manner, evoking a ca 30% and 35% inhibition, respectively, at a
concentration of 50 uM. Lineweaver—Burk plot of inhibition of acetylcholinesterase by 50 uM EGC and
EGCG pointed to a mixed type of inhibition in both cases (Figure 3, Table 4).

50
_ X
40 y=09337x 1 Q.182
730 _
=3 y = 0.5667x + 4.97.2.7,.
> o0 Xt
20T g e Py
10 y = 0.3625x +3.0703
0
0 5 10 15 20 25 30 35 40
1/S [mM7]
® Control ¢ EGC X EGCG

Figure 3. Lineweaver-Burk plot of erythrocyte membrane acetylcholinesterase activity in the absence
and in the presence of 50 uM (—)-epigallocatechin (EGC) and 50 uM (-)-epigallocatechin gallate (EGCG).

Table 4. Effect of EGCG on the kinetic parameters of erythrocyte membrane acetylcholinesterase. Mean
values = SD, n > 3.

Michaelis Constant Ky, (uM) Maximal Velocity Vy, (U/g Protein)
Control 118+ 9 479 £0.34
+50 uM EGC 139 £ 16 3.66 +0.45*
+50 uM EGCG 151 +25* 241 £ 0. 28 #rxks

*p < 0.05, ** p < 0.001 with respect to catechin, ** p < 0.01 with respect to ECG.

2.5. Protection against Oxidative Hemolysis

We chose the turbidimetric method of monitoring hemolysis, which, although being less precise
than the approach based on the centrifugation of erythrocyte suspensions and measurement of
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released hemoglobin, is much simpler, can be executed in a microplate reader, and is satisfactory for

comparative purposes.

An example of the time course of turbidity of erythrocyte suspensions subjected to the action
of 100 uM potassium permanganate in the presence of various concentrations of catechin is shown
in Figure 4. Hemolysis of half-time (time corresponding to a decrease of turbidance to 50% of the
initial values) in the absence of studied compounds was 19.9 + 1.9 min. Catechins increased the time
necessary to reach 50% hemolysis (Figure 5). Another means of quantifying the extent of hemolysis
was the summation of subsequent turbidance values during 2-h measurements. Also, this parameter

demonstrated the protective effect of catechins (Figure 6).

12

0.8

Turbidance
(=]

0.4

0.2

B Erythrocytes in PBS

nA ° e, .
A . ‘A 0... = « = Erythrocytes + permanganate
A .
}! ° A‘ ... T"-- A E+P+1pM catechin
.
$ . A‘ .... B E+P+5pM catechin
L] L]
g‘ . AA o.. e E+P+10uM catechin
l L]
\ . ‘. ... 4 E+P+15uM catechin
An A .0. .
\ . * ., ® E+P+ 20uM catechin
Y . A ... .
" A .. - E+P+25uMcatechin
° A Ce,
u o B ...o
A\ . A, ..Oo.
] A .
a8 ®e e,
a 'c. Aa,
A

'Y °e Aaaa,
AATER D ittt ot e Bl @ o Ao Ao b et b et

0 20 40 60 80 100 120

Time [min]

Figure 4. The exemplary curve of permanganate-induced hemolysis in the presence of various
concentrations of catechin. E—erythrocytes; P—permanganate.
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Figure 5. Effect of monomeric flavanols on the relative hemolysis half-time of erythrocytes. Half-time

of hemolysis of control samples assumed as 100%. * p < 0.05, ** p < 0.01, *** p < 0.001 (with respect to
control).
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Figure 6. Effect of monomeric flavanols on the hemolysis of erythrocytes estimated from the sum of
turbidance values during 120-min measurements (every 2 min). * p < 0.05, ** p < 0.01, ** p < 0.001
(with respect to control). Values for control samples were assumed as 100%.

Microscopic examination of erythrocytes subjected to the action of permanganate showed complete
hemolysis of cells in the absence of studied flavanols after >20 min (Figure S3b) and protection from
hemolysis by selected flavanols. Interestingly, while initially erythrocytes treated with monomeric
flavanols showed echinocytosis (Figure S3e), later on, this echinocytosis disappeared (Figure S3f),
apparently due to oxidation of the compounds studied by peroxymanganate and weaker interaction of
oxidation products of monomeric flavanols with erythrocyte membranes.

2.6. Protection against Oxidation of Erythrocyte Membrane Components
All the compounds studied tested dose-dependently protected against hypochlorite-induced

oxidation of membrane protein thiol groups (Table 5) and lipid peroxidation (Table 6).

Table 5. Protection by monomeric flavanols against hypochlorite-induced oxidation of erythrocyte
membrane protein thiol groups. * p < 0.05, ** p < 0.01 (with respect to control).

Compound Catechin EGC EGCG
0.1 103 +1.1* 11.1+£19* 136 +12*
0.2 16.7+£34* 177 £2.1* 182+20*
0.5 328 +£3.8* 283 +34* 31.5+8.6*
1 58.4 +13.5** 44.6 £9.9** 502 +5.7*

Table 6. Protection by monomeric flavanols against hypochlorite-induced erythrocyte membrane lipid
peroxidation. * p < 0.05, ** p < 0.01 (with respect to control).

Compound Catechin EGC EGCG
0.1 19.0+21* 16.8+£1.3* 248+20%
0.2 36.1+57% 277 £22% 411+19*
0.5 447 +15% 374+26% 46.8 +3.2*%

1 60.6 £2.0* 59.7 £ 1.5 ** 62.9 + 3.3 **
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3. Discussion

The present study was aimed at the characterization of the interaction of three chosen catechins
with the human erythrocyte and the protective effect of the catechins against oxidant-induced damage.
Erythrocytes are a main component of blood, and ingested catechins can interact with these cells.
Moreover, erythrocytes are a simple and convenient model to study the cellular effects of catechins,
especially effects on the plasma membrane.

The catechins studied were bound by erythrocytes at similar amounts (Figure 1), corresponding to
about 1.12 x 10° molecules, when 2.5 x 10® erythrocytes interacted with 50 uM solutions of monomeric
flavanols in a total volume of 500 uL (this erythrocyte concentration corresponds roughly to that
in the blood). Such a high concentration of catechins is not attainable in vivo; nevertheless, these
model conditions allow for an easy examination of the effect of monomeric flavanols on erythrocytes,
while fractions of these effects can take place in vivo.

Due to their considerable hydrophobicity, catechins are expected to accumulate predominantly
in the plasma membrane of the erythrocyte. Scanning electron microscopy observations showed
that EGCG induced morphological alterations in human erythrocytes from their normal discoid
form to crenated echinocytes. We confirmed this observation also for other catechins (Figure S3).
According to the bilayer couple hypothesis [30], the shape changes induced in human erythrocytes
by foreign molecules are due to differential expansion of the two monolayers of the red blood cell
membrane. When the exogenous molecules locate into the outer membrane leaflet, echinocytosis occurs.
NMR studies have shown that EGCG molecules are preferably located in regions near to the surface
of the lipid bilayer with their B-ring and the galloyl moiety at the level of the trimethylammonium
groups of phosphatidylcholines [31].

Accumulation of catechins in the erythrocyte membrane should lead to membrane expansion and
an increase in the osmotic resistance of erythrocytes. According to the Ponder’s classical description
of hemolysis [32], erythrocytes (which in isotonic solutions have a surface excess with respect to the
spherical shape) swell in hypotonic solutions until attaining a spherical shape. Since the erythrocyte
membrane is essentially inextensible, hemolysis then occurs. If the membrane surface is augmented
(e.g., by incorporation of exogenous substances), a spherical shape is attained at a lower osmolarity of
the medium, i.e., erythrocyte osmotic fragility is decreased. The protection of erythrocytes against
osmotic hemolysis by green tea extract and EGCG has been reported [33]. We confirmed this observation
for all catechins studied (Table 1).

Interestingly, the protective effect of catechins on erythrocyte osmotic fragility was observed only
under conditions of short (up to 5 min) incubation of catechins with erythrocytes. Prolonged incubation
(90 min at 37 °C) evoked a reverse effect, viz. increase in osmotic fragility of erythrocytes by the
catechins studied. It is a surprising effect, pointing to the cautious design of experiments and the
interpretation of experimental results. We could suggest two reasons for an explanation of this effect
(i) during prolonged incubation, more and more catechins are taken up by erythrocytes, which may
lead to increase in the osmolarity of cell interior and thus easier hemolysis in hypotonic solutions due
to a greater difference in osmolarity between cell interior and exterior; however, this effect does not
seem significant at low concentration of catechins employed; (ii) as demonstrated previously, catechins
generate hydrogen peroxide during prolonged incubation [34,35]. Hydrogen peroxide may damage
the erythrocyte membrane and increase its fragility, including osmotic fragility.

Accumulation of exogenous compounds in the erythrocyte membrane can lead to changes in the
ordering of membrane lipids. We observed generally an increase in the rotational correlation time of
16DS (Table 2) and order parameter of membrane lipids (Table 3), estimated with two spin labels—5DS
and 16DS. The use of these spin probes is complicated by the fact that pK, values of fatty acid spin
probes are in the range of near-neutral pH, which leads to the appearance of two components in their
EPR spectra, corresponding to non-ionized and ionized molecules [36,37]. However, the resolution of
both components is not easy in standard EPR spectra, so we restricted our analysis to the dominant
component, corresponding to non-ionized probes (Figure S2). Both probes evidenced an increase in the
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rigidity of the hydrophobic core of the membrane. Our results pointed to the rigidification of membrane
lipids at high catechin concentrations, not attainable in vivo. Apparently, such concentrations were
saturated with respect to the effects of catechins on membrane fluidity, which could explain the lack of
concentration dependence of the effect. Nevertheless, other reports document membrane rigidification
by monomeric flavanols also at their lower concentrations. EGCG-induced increase in erythrocyte
membrane anisotropy measured with DPH, known to be located in the hydrophobic zone of the
erythrocyte, has been found [33]. In isolated human erythrocyte membranes, EGCG has induced a
moderate increase in laurdan general polarization, a result that implies a decrease in the molecular
dynamics at the hydrophobic-hydrophilic interphase, which indicates an increase in the rigidity of this
region of the membrane [20]. The rigidifying effect of catechins can contribute to their antioxidant
effect. As initiation and propagation of free radical reactions depend on the mobility of membrane
components, increased membrane rigidity hampers lipid peroxidation [38,39].

Inhibition of acetylcholinesterase by natural compounds, including polyphenols, is of interest
as acetylcholine deficit accompanies Alzheimer’s disease (AD). During the progression of AD,
many different types of neurons deteriorate, although there is a profound loss of forebrain cholinergic
neurons, accompanied by a progressive decline in acetylcholine, and acetylcholinesterase inhibitors
provide effective temporary relief of symptoms at least in some patients [40]. Although the function of
acetylcholinesterase on the erythrocyte surface remains a mystery, this membrane-bound enzyme is
very useful for model studies of acetylcholinesterase inhibitors. Inhibition of erythrocyte membrane
acetylcholinesterase by EGCG has been reported [41,42], although the kinetic aspects of this inhibition
have not been reported to our best knowledge. Our results pointed to a mixed-type inhibition of
erythrocyte membrane acetylcholinesterase activity by EGC and EGCG.

An association between the consumption of tea, rich in catechins, and the reduced risk of AD
have been reported. Tea has been suggested to have anti-amyloid effects [43] and ameliorate cognitive
dysfunction [44]. These effects have been mainly ascribed to the antioxidant and anti-inflammatory
effects of tea catechins, but the inhibition of acetylcholinesterase by EGCG may contribute to this effect.
The EGCG concentration attainable in the blood is low, but the octanol/PBS partition coefficient of
this compound is about 26 [45], so it can reach much higher concentrations in the membranes where
acetylcholinesterase is located.

We found a protective effect of all catechins studied on the hemolysis induced by potassium
permanganate (Figures 3-5). Potassium permanganate is a strong oxidizing agent that can induce
hemolysis and methemoglobinemia [46,47]. Protection by catechins against other oxidants inducing
hemolysis has been reported previously [16,20,24]. Catechins protected also against oxidation of
erythrocyte membrane protein thiol groups and membrane lipid peroxidation. In all cases, the effects
of three catechins studied were similar, speaking against a significant contribution of the gallate group
of EGCG to the antioxidant properties of this compound.

The parameters of membrane oxidative damage studied (lipid peroxidation and membrane thiols)
are typically used in studies of oxidative damage and antioxidant effects. In these experiments, we
used hypochlorite, which is a physiologically relevant oxidant. HOCI is generated by the reaction
of H,O, with chloride ions (CI7) catalyzed by myeloperoxidase. Up to 80% of the H,O, generated
by activated neutrophils may be used to produce local concentrations as high as 20-400 uM HOC1
within an hour [48]. Relatively high concentrations of the catechins were used in order to observe
the significant effects of membrane protection. However, other parameters may be more sensitive to
demonstrate the protective effects of lower antioxidant concentrations. One such parameter is the
rate of Band 3-mediated sulfate transport, which has been demonstrated to be affected by hydrogen
peroxide under conditions inducing neither lipid peroxidation nor thiol oxidation [49].
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4. Materials and Methods

4.1. Chemicals and Equipment

Dimethyl sulfoxide (DMSO; DMS555.500, Purity: > 99.9%), sodium phosphate monobasic
(SPM306.500; purity > 98-103%), sodium phosphate dibasic (SPD579.500; purity > 98-102%), as well
as phosphate-buffered saline (PBS tablets; PBS404.200), produced by BioShop Canada Inc. (Burlington,
Ontario, Canada), were purchased from Lab Empire (Rzeszow, Poland). Sodium chloride (NaCl; 31434,
purity > 99.5%), produced by Honeywell Speciality Chemicals (Seelze, Germany), was purchased from
Alchem (Rzeszow, Poland). Sodium hypochlorite (1.05614) was purchased from Merck (Darmstadt,
Germany). Trichloroacetic acid (TCA; 115779700, purity > 98%) was purchased from Chempur (Piekary
Slaskie, Poland). 2-Thiobarbituric acid (TBA) was purchased from Serva Electrophoresis GmbH
(Heidelberg, Germany). TBA was dissolved in 0.1 M NaOH at a concentration of 0.67%. Spin probes
[5-doxyl stearic acid (5DS) and 16-doxyl stearic acid (16DS)] and all other reagents, if not stated
otherwise, were purchased from Sigma-Alrich (Poznan, Poland) and were of analytical grade. Distilled
water was purified using a Milli-Q system (Millipore, Bedford, MA, USA).

Fluorometric and absorptiometric measurements were done in a Spark multimode microplate
reader (Tecan Group Ltd., Mdnnedorf, Switzerland). All measurements were performed in triplicate
and repeated at least three times on different preparations. (+)-Catechin (C; 43412, purity > 99%),
(-)-Epigallocatechin gallate (EGCG; E4143, purity > 95%) and (—)-Epigallocatechin (EGC; E3768,
purity > 95%) were purchased from Sigma-Aldrich (Poznan, Poland). They were dissolved in PBS.

4.2. Ethical Approval

The study was approved by the Bioethics Committee of the University of Lodz (Permit No.
KBBN-UL/1/3/2013).

4.3. Preparation of Erythrocytes

Eight milliliters of peripheral blood from healthy donors (lab volunteers) were collected in EDTA
tubes and used within the day of its collection. Erythrocytes were isolated by centrifugation for 10 min
at 3000 rpm at 4 °C. The plasma and buffy coat were removed by aspiration. The red blood cells (RBCs)
were washed four times with ice-cold PBS. Washed RBCs were suspended at various hematocrit from
4% to 60%.

4.4. Preparation of Erythrocyte Ghosts

Erythrocyte ghosts were prepared from washed erythrocytes according to the method of Dodge et
al. [50] with some modifications. Briefly, after incubation, erythrocytes were hemolyzed on ice with
20 volumes of 20 mM phosphate buffer, pH 7.4, containing 1 mM ethylenediaminetetraacetic acid
(EDTA) and centrifuged at 4 °C at 20,000x g for 20 min. The ghosts were resuspended in ice-cold
10 mM and then 5 mM phosphate buffer, pH 7.4 containing 1 mM EDTA, centrifuged, and this process
was continued until the ghosts were free from residual hemoglobin. Finally, the erythrocyte ghosts
were resuspended in 20 mM phosphate buffer, pH 7.4. The protein concentration was estimated by the
method of Lowry et al. [51].

4.5. Transport of Catechins into Erythrocytes

The solution of a selected flavanol was incubated with different volumes of erythrocytes, and,
after centrifugation, the catechin concentration in the supernatant was determined by measurements
of fluorescence of the monomeric flavanol.
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4.5.1. Determination of Optimal Excitation and Emission Wavelengths of Catechins

The optimal excitation and emission wavelengths for 50 uM C, EGCG, as well as EGC,
were determined. The standard curve was prepared to determine the concentration dependence of the
fluorescence of a studied compound.

4.5.2. Uptake of Catechins by Human Erythrocytes

A series of erythrocytes suspensions in PBS were prepared (total volume 450 uL), and 50 puL
of the solution of a selected compound (catechin, EGC, or EGCG) in PBS was added to obtain a
final catechin concentration of 50 pM. Then, the samples were mixed and incubated for 1 h at room
temperature (22-25 °C) with constant mixing. Finally, the samples were centrifuged (10 min, 5000
rpm), and the fluorescence was measured for 100 pL of selected supernatant mixed with 100 puL of
DMSO (excitation 230 nm, emission 290 nm). The amount of catechins taken up was dependent on the
amount of erythrocytes, and the reciprocal plots (plots of the (1/(number of molecules bound) as a
function of 1/(erythrocyte number)) were linear. They were presented as 10'®/(number of molecules
bound by erythrocytes in the sample) vs. 10%/(number of erythrocytes).

4.6. Effect of (+)-Catechin, (—)-Epigallocatechin, and (—)-Epigallocatechin Gallate on the Osmotic Fragility of
Human Erythrocytes

Washed RBCs were suspended at 10% hematocrit and added with catechins to a final concentration
of 50 uM. Immediately or after 90-min incubation at 37 °C, 50 uL of erythrocyte suspensions were
added to 950 uL solutions of various NaCl concentrations (0.34, 0.35, 0.36, 0.37, 0.38, 0.39, 0.40, 0.41,
0.43, 0.44, and 0.45%). The control sample consisted of 50 puL erythrocyte suspension and 950 puL
of water. Immediately, the samples were centrifuged (5 min, 5000 rpm), and the absorbance of the
supernatant was measured (540 nm). From the osmotic fragility curves, NaCl concentration causing
50% hemolysis (c5p) was determined.

4.7. Potassium Permanganate (KMnOy)-Induced Hemolysis

Aliquots of erythrocyte suspensions in PBS were mixed with selected catechin at a final
concentration range of 1-25 uM (final volume of 200 pL) and incubated for 15 min with shaking
at 37 °C. Then, 0.1 mM potassium permanganate (final concentration), as optimal concentration to
induce hemolysis, was added, and turbidance (700 nm) was measured every 2 min for 120 min,
with intermittent shaking.

For all determinations, hemolysis time (seconds) and relative hemolysis time with respect to
that of control erythrocytes, assumed as 100%, were calculated as 100% X (time (seconds) for test
compound)/(mean time (seconds) for control sample containing erythrocytes and KMnOy only)
(Figure 5). As an alternative measure of the extent of hemolysis, the sums of turbidances of erythrocyte
suspensions measured at 2-min intervals were calculated. Again, the value for control erythrocytes was
assumed as 100%, and appropriate values for samples supplemented with catechins were expressed as
a percent of this value (Figure 6).

4.8. Estimation of Acetylcholinesterase (AChE) Activity

The activity of AChE was measured using the colorimetric method described by Ellman et al. [52]
with slight modifications, employing acetylthiocholine iodide (AcTCh) as a substrate. Briefly, 5
uL of erythrocyte membranes were added to O, 1, 2, 3, 5, 10, 20, 30 uM, or 50 uM (+)-catechin,
(—)-epigallocatechin, or (—)-epigallocatechin gallate solutions with 0.1 M phosphate buffer pH 7.4,
0.5 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB, Ellman reagent) (10 uL of 10 mM DTNB stock),
as well as 0.5 mM acetylthiocholine iodide (20 pL of 5 mM acetylthiocholine iodide stock) (the final
volume: 200 uL). The absorbance was measured in a plate reader, every 10 s for 3 min, at 412 nm.
The membrane protein concentration in the assay mixture was 67 pg/mL.
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Kinetics of inhibition of acetylcholinesterase was also estimated. Two measuring series (one with
phosphate buffer, pH 7.4, Ellman reagent, different amounts of the substrate, and 50 uM selected
flavanol (final volume 200 puL), another without the flavanol) were added to wells of a 96-well plate,
and time course of the increase in absorbance at 412 nm was measured. Acetylcholinesterase activity
was calculated, and based on the obtained average values, a Lineweaver-Burk graph ((1/(velocity of
enzymatic reaction) vs. 1/(substrate concentration)) in the absence and in the presence of the studied
compounds was made (Figure 2), and the type of inhibition was determined.

4.9. Assessment of Membrane Fluidity

Briefly, 200 puL aliquots of erythrocyte membranes (2.7 mg protein/mL) were added with 10 mM
catechins to desired concentrations (0, 50, 100, and 250 uM). Two microliters of selected 10 mM probes
(5DS or 16DS) in DMSO were added to each sample, mixed, and after 10 minutes of incubation, electron
paramagnetic resonance (EPR) measurements were performed using microhematocrit capillaries
(non-heparinized microhematocrit tubes ~75 pL; 1.55 X 75 mm; Medlab Products, Raszyn, Poland) in a
BRUKER multifrequency and multi resonance FI-EPR ELEXSYS E580 apparatus (BRUKER BIOSPIN,
Billerica, MA, USA) [X-band(~9.5GHz) CW-EPR spectrometer consisting of an ER4119-HS cavity].
Sample capillaries were placed into a quartz EPR sample tube and centered in a microwave cavity.
The following settings were used: central field, 3353 G; modulation amplitude, 1 G; modulation
frequency, 100 kHz; microwave power, 23.77 mW; power attenuation 2 dB; scan range, 100 G; conversion
time, 25 ms; sweep time, 25.6 s. The spectra were recorded in 1024 channels, and the number of
accumulated scans was 3. The EPR spectra were recorded and analyzed using the Xepr 2.6b.74 software.
Xepr is a comprehensive software package of the ELEXSYS series, accommodating the needs of every
user with highly developed acquisition and processing tools.

Rotational correlation time T, was calculated according to Schreier et al. [53]:

_1 /h_o [To _
TCZKW(][ h+1+ e 2] 1

where T—time when the spin probe undergoes full rotation, k- constant equal to 1.19 x 10~ s,
Wy—width of the mid-line spectrum, hp—the height of the mid-line spectrum, h;—the height of the
low-field line of the spectrum, h_;—the height of the high-field line of the spectrum.

Order parameter (S) was calculated according to Hubbell and McConnell [54]:

_ 2A-2A
2[Azz = (Ax + Ayy) /2]

@

where 2 Ajand 2 A, are the separations between the outer and inner extrema, respectively, in the
experimental spectrum, and Axx, Ayy, and A, are the values of the principal components of the
hyperfine tensor (Axx = Ayy =6 G, Az, =32 G) [53].

4.10. Estimation of the Protective Effects of Catechins on Erythrocyte Membrane Protein Thiol Groups

Erythrocyte membranes (1 mg protein/mL) in 0.1 M sodium phosphate buffer, pH 7.4, were treated
with 500 uM (final concentration) sodium hypochlorite for 30 min, in the absence or in the presence of
various concentrations of the compounds studied. Then, 100 uL aliquots of membrane suspension
were added to wells of a 96-well microplate, followed by 50 pL of 10% solution of sodium dodecyl
sulfate (SDS), 50 uL of 0.2 M phosphate buffer, pH 8, and 10 pL of 10 mM DTNB solution. After 15-min
incubation in the dark, absorbance was measured at 412 nm. Corrections were made for the absorbance
of DTNB solution and absorbance of solutions of the compounds studied. Percent protection was
calculated as 100% X ((amount of thiol groups in a sample treated with NaOCl and a given concentration
of catechin) — (amount of thiol groups in a sample treated with NaOCl in the absence of any protective
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agent))/((amount of thiol groups in a control sample) — (amount of thiol groups in a sample treated
with NaOCl in the absence of any protective agent)) (Table 5).

4.11. Estimation of the Protective Effects of Catechins on Erythrocyte Membrane Lipid Peroxidation

Erythrocyte membranes were treated as above. Then, 200 uL aliquots of membrane suspensions
were pipetted to Eppendorf tubes, followed by 250 puL of cold 10% trichloroacetic acid and 250 pL
of 0.67% thiobarbituric acid in 0.1 M NaOH. The tubes were heated at 100 °C for 20 min, cooled,
centrifuged, and the absorbance of the supernatants was measured at 532 nm. Percent protection was
calculated as 100% X ((amount of lipid peroxidation products in a sample treated with NaOCl and a
given concentration of catechin) — (amount of lipid peroxidation products in a sample treated with
NaOCl in the absence of any protective agent))/((amount of lipid peroxidation products in a control
sample) — (amount of lipid peroxidation products in a sample treated with NaOCl in the absence of
any protective agent)) (Table 6).

4.12. Statistical Analysis

The error bars are standard deviation. The paired Student’s t-test was performed to estimate
the differences between samples and control. Kruskal-Wallis test was also performed to determine
differences between antioxidant-treated and non-treated cells. p < 0.05 was considered as statistically
significant. Statistical analysis of the data was performed using the STATISTICA software package
(version 13.3, StatSoft Inc. 2016, Tulsa, OK, USA).

5. Conclusions

The presented results characterized quantitatively the interaction of catechins with human
erythrocytes, showing the similarity of the interaction of catechin, EGC, and EGCG, confirmed their
rigidifying effect on erythrocyte membrane, demonstrated and, characterized inhibition of erythrocyte
acetylcholinesterase activity by EGC and EGCG, and extended the knowledge on the antioxidant effects
of catechins on the erythrocyte as well as erythrocyte membranes. Antioxidant effects of catechins on
the erythrocyte shown contribute to the understanding of the beneficial effects of catechins present in
plant-derived food and beverages on human health.

Supplementary Materials: The following are available online, Figure S1. Osmotic fragility curves of control
erythrocytes and erythrocytes treated with 50 uM catechins. Incubation with catechins <5 min. Figure S2. EPR
spectra of 5DS and 16DS embedded in control erythrocyte membranes and erythrocyte membranes treated with
250 uM EGCG. Figure S3. Microscopic images of control erythrocytes and erythrocytes treated with 100 uM
permanganate. Human erythrocytes were analyzed using Olympus CKX53 microscope with a U-TV0.5XC-3 digital
microscope camera; (a) untreated erythrocytes; erythrocytes incubated with (b) 100 uM potassium permanganate,
(c) 20 uM catechin and 100 uM potassium permanganate, (d) 20 utM EGC and 100 uM potassium permanganate,
(e) 20 uM EGCG and 100 uM potassium permanganate (incubation time: 5 min), (f) 20 uM EGCG and 100 uM
potassium permanganate (incubation time: 20 min).
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Figure S2. EPR spectra of 5DS and 16DS embedded in control erythrocyte membranes and erythrocyte
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Figure S3. Microscopic images of control erythrocytes and erythrocytes treated with 100 uM

potassium permanganate. Human erythrocytes were analyzed using Olympus CKX53 microscope
with a U-TV0.5XC-3 digital microscope camera. Images: (a) untreated erythrocytes; erythrocytes
incubated with (b)100 uM potassium permanganate, (c) 20 uM (+)-catechin and 100 uM potassium
permanganate, (d) 20 uM EGC and 100 pM potassium permanganate, (e) 20 uM EGCG and 100 uM
potassium permanganate (incubation time: 5 min), (f) 20 uM EGCG and 100 uM potassium
permanganate (incubation time: 20 min).
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Abstract: The inhibitory effects a range of synthetic and natural antioxidants on lipid
peroxidation of egg yolk and erythrocyte membranes induced by a free radical generator
2,2’-azobis(2-amidinopropane) dihydrochloride (AAPH) was compared, with significant differences
being found between both systems. When the protection by selected antioxidants against the effects
of AAPH on erythrocytes (hemolysis, oxidation of hemoglobin and glutathione (GSH) and generation
of reactive oxygen species (ROS)) was studied, most antioxidants were protective, but in some tests
(oxidation of hemoglobin and GSH) some acted as prooxidants, inducing oxidation in the absence of
AAPH and enhancing the AAPH-induced oxidation. These results demonstrate a diversified action
of antioxidants in different systems and point to a need for careful extrapolation of any conclusions
drawn from one parameter or experimental system to another.

Keywords: antioxidant; lipid peroxidation; AAPH; hemolysis; glutathione; reactive oxygen
species; hemoglobin

1. Introduction

Antioxidants are indispensable for the proper functioning of aerobic organisms and are important
in the food industry for the preservation of oxidizable products. They are also used in cosmetics,
are believed to be prophylactic agents against various diseases as well as proposed to be potential
therapeutics [1]. For food preservation, efficient synthetic antioxidants are usually employed,
nevertheless there are concerns about their possible adverse effects [2-4]. Administration of
antioxidants for the prevention and possible treatment of diseases imposes additional requirements
such as bioavailability, lack of toxicity and the ability to penetrate the blood-brain barrier in the
case of antioxidants aimed to ameliorate neurodegenerative diseases [5,6]. Often, rankings of
antioxidants are created for different purposes based on their efficiency in particular systems. However,
procedures proposed to determine antioxidant activity often yield widely divergent results [7].
Moreover, under certain conditions antioxidants may behave as prooxidants [5,8], which should be
taken into account in more comprehensive antioxidant rankings.

The purpose of this work was to compare the protective effect of a range of antioxidants such
as synthetic antioxidants, phenolic acids, flavonoids as well as other natural antioxidants against
lipid peroxidation in two systems (egg yolk lipids and erythrocyte membrane lipids). The choice
of antioxidants was a result of our previous participation in a project aimed at ranking of natural
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antioxidants as potential health-promoting agents [9]. We employed two systems for studying
protection against lipid peroxidation: a homogenous, but biologically relevant system of egg
yolk and a model membrane system (erythrocyte membranes, which are easy to prepare in a
pure form). Then, five effective PBS-soluble antioxidants [2,5-dihydroxybenzoic acid (gentisic acid),
(—)-epigallocatechin gallate (EGCG), (+)-catechin, gallic acid as well as ascorbic acid] were selected to
study the protective effect of these compounds against oxidative stress (OS) on erythrocytes employing
four different parameters. 2,2-Azobis (2-amidinopropane) dihydrochloride (AAPH) was chosen as a
model oxidant inducing lipid peroxidation. This compound decomposes in a temperature-dependent
manner generating free radicals; the half-life of AAPH is about 175 h at neutral pH, at the temperature
of 37 °C, and the rate of free radical generation is 1.3 X 107® [AAPH]/s at these conditions [10].
Under aerobic conditions primary radicals are converted into peroxyl radicals, which induce oxidation
of polyunsaturated lipids causing a chain reaction known as lipid peroxidation, and oxidation of other
substrates [11-13].

This study demonstrates that for the same compounds, the relative antioxidant effects may differ
even in simple model cell-free systems and prooxidant effects may be revealed at the level of a simple
model cell such as the human erythrocyte even if they are not evident in other assays.

2. Results and Discussion

2.1. Inhibition of Lipid Peroxidation

We compared a range of synthetic and natural antioxidants with respect to inhibition of
AAPH-induced lipid peroxidation in two systems: egg yolk suspension and erythrocyte membranes.
Peroxidation rate was measured with BODIPY® 581/591. This probe emits red fluorescence centered at
595 nm. Oxidation of the probe by peroxyl radicals is accompanied by decay of the red fluorescence and
appearance of green fluorescence centered at about 520 nm. Decrease of the red fluorescence intensity,
changes in the ratio of green and red fluorescence intensities or increase in the green fluorescence
intensity have been used by various authors as indices of peroxidation [14-16]. In our hands, the rate
of increase of the green fluorescence intensity was the most reproducible and reliable measure of the
rate of peroxidation and was used in this study [16]. In egg yolk suspension, tert-butylhydroquinone
(t-BHQ;) was the most efficient antioxidant, showing the lowest value of the concentration required for
50% inhibition of peroxidation (ICsg).

Some natural antioxidants, including gallic acid, (—)-epicatechin gallate and melatonin showed
comparable efficiency. Generally, hydrophilic antioxidants such as glutathione (GSH), cysteine,
naringin, hesperetin and ascorbic acid exhibited lower efficiency. In another system, i.e., erythrocyte
membranes (—)-epicatechin gallate was the most efficient, nevertheless the sequence of efficiency was
different. While some antioxidants, such as (—)-epicatechin gallate or resveratrol had similar ICsg
values in both system, the values for most compounds differed significantly in both systems, in most
cases being higher for erythrocyte membranes (Table 1).

The Pearson linear correlation coefficient between ICsy values in both systems was only 0.30
(Figure 1). These differences may be due to the fact that in the more complex erythrocyte membrane
systems some antioxidants may associate with membrane proteins and may be not, or only partly
available for reactions with peroxide radicals in the lipid phase. The weight ratio of proteins to lipids
is about 1:1 in erythrocyte membranes [17] and is significantly lower (about 0.5:1) in hen egg yolk [18],
and protein composition differs considerably in both materials.

These results show that it may be misleading to extrapolate even results of evaluation of antioxidant
potency to inhibit lipid peroxidation from one system to another.
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Table 1. Inhibition of BODIPY® 581/591 oxidation by synthetic and natural antioxidants.

Compound IC5p Egg Yolk [uM] ICsp Erythrocyte Membranes [uM]
Synthetic antioxidants
+-BHQ 12.04 + 3.55 37.57 £ 1.91 **
Pyrogallol 60.79 + 14.17 70.80 + 6.46
Trolox 62.78 £2.90 87.46 +7.38 **
BHA 7142 +15.54 50.04 +5.26 *
N-Acetyl-L-cysteine 231.50 £ 2.21 554.99 + 60.34 ***
Phenolic acids
Gallic acid 15.33 + 6.81 72.35 + 4.09 ***
Caffeic acid 15.45 +0.33 34.92 + 0.40 ***
Propyl gallate 19.60 + 3.04 65.32 + 3.27 ***
Chlorogenic acid 2292 +£191 33.33 £ 1.22 ***
2,5-Dihydroxybenzoic acid 29.38 + 6.22 56.52 + 0.60 ***
(Gentisic acid)
Vanillic acid 34.67 + 6.34 114.72 + 17.69 ***
Ferulic acid 80.80 +2.33 7487 £1.12**
p-Coumaric acid 89.28 £ 0.12 256.39 + 31.65 ***
Sinapic acid 124.71 + 4.67 40.83 £ 1.6 ***
Flavonoids
(-)-Epicatechin gallate 13.68 + 0.51 14.46 + 0.39
(—)-Epicatechin 16.45 +1.22 27.06 + 1.04 ***
Quercetin 17.89 + 0.83 27.67 £ 1.29 ***
(-)-Epigallocatechin gallate 18.16 + 0.55 22.64 + 0.03 ***
(+)-Catechin 21.26 + 0.67 30.51 £ 1.1 *
Mangiferin 21.98 £ 6.32 35.95 £ 3.59 *
(-)-Epigallocatechin 28.35 +0.15 61.34 + 2.48 ***
Rutin trihydrate 34.40 + 0.63 27.94 £ 1.12 **
Daidzein 67.37 + 6.36 3331.1 + 429.76 ***
Hesperidin 84.41 +7.23 242.86 + 3.72 ***
Naringenin 91.67 +5.40 441.84 +30.72 ***
Naringin 359.11 + 59.28 1782.29 + 76.34 ***
Hesperetin 426.96 + 18.13 165.58 + 6.15 ***
Other natural antioxidants
Melatonin 14.37 £ 429 1098.96 + 65.19 ***
Resveratrol 31.38 £2.79 35.57 £ 3.59
-Carotene 66.19 +10.40 748.75 + 20.35 ***
L-Ascorbic acid 118.71 £ 5.38 138.19 £7.24 %
L-Cysteine 241.95 + 52.86 705.92 + 32.68 ***
Glutathione 341.85 +7.09 655.90 + 41.89 ***

Antioxidant concentrations providing 50% inhibition of the probe oxidation (ICs¢) are presented (mean + SD, 1 > 3).
t-BHQ, tert-butylhydroquinone; BHA, butylated hydroxyanisole; * p < 0.05, ** p < 0.01, *** p < 0.001 with respect to
the value obtained for egg yolk suspension.
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Figure 1. Correlation between ICs, values of antioxidants presented in Table 1 in two systems of lipid
peroxidation: egg yolk suspension and erythrocyte membranes.
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2.2. Protection Against AAPH-Induced Hemolysis

For further experiments, five effective antioxidants soluble in PBS (to avoid the effects of organic
solvent on the erythrocyte membrane), viz. (-)-epigallocatechin gallate, (+)-catechin, gallic acid,
gentisic acid, and ascorbic acid were tested for their efficiency in preventing AAPH-induced oxidative
damage on erythrocytes.

The hemolysis of erythrocytes has been extensively used as an ex vivo model in the study of
ROS-induced disruption of cell membranes. AAPH is one of the most frequently studied compounds
inducing oxidative hemolysis [19]. The mechanism of erythrocyte hemolysis induced by thermolysis of
AAPH is not completely understood, but it has been correlated with lipid peroxidation and oxidation
of membrane proteins. Accumulation of oxidized lipids around aggregated Band 3 protein most
probably leads to the formation of hemolytic holes in the membrane [20].

Catechins (flavanols) are flavonoids that are found in black tea, green tea and other plant foods.
They have been demonstrated to have numerous physiological effects, mostly dependent on their
antioxidant action [21]. The antioxidant properties of polyphenols are mostly due to their redox
properties, which let them act as reducing agents, hydrogen donors and singlet oxygen quenchers [22].
In contrast to GSH, polyphenols cannot be synthesized by humans, but are ingested in the diet;
so, free radicals that are originated during body metabolism can be better neutralized by regular intake
of a diet containing a high content of fruits and vegetables [23].

The best studied catechin is EGCG, the major polyphenol in green and black tea [24]. (+)-Catechin
is mostly found in cacao and tea constituents, as well as in Vitis vinifera grapes, and is among the
main polyphenols present in fruit wine [25]. Gallic acid (3,4,5-trihydroxybenzoic acid) is a natural
phenolic antioxidant belonging to the most abundant phenolic antioxidants in wines and green tea [26].
Gallic acid is a phenolic acid, found in gallnuts, sumac, witch hazel, tea leaves, oak bark as well as
other plants. This phytochemical is known for its antibacterial, anti-inflammatory, antimutagenic and
chemopreventive properties. It is commonly used in the pharmaceutical industry as a standard for
determination of the phenol content of various analytes by the Folin-Ciocalteau assay; results are
usually reported in gallic acid equivalents [27,28]. Gentisic acid is a metabolite of acetylsalicylic acid,
which shows a potent free radical scavenging activity with a minimal chelating effect. The antioxidant
property of gentisic acid may partly account for the anti-atherogenic effects of aspirin [29]. It has been
proposed that the antioxidant properties of gentisic acid are exerted by its phenoxyl group, leading to
the formation of a phenoxyl radical. Ascorbate has been found to quench the phenoxyl radical of
gentisic acid [30].

If the AAPH-induced oxidative hemolysis is mainly due to lipid peroxidation and membrane
protein oxidation, membrane-interacting antioxidants should prevent hemolysis more effectively
than those which do not interact with the membranes. All catechins are known to interact with
the lipid bilayer, EGCG having higher affinity for membranes than non-esterified catechins [31].
However, AAPH is a water-soluble compounds and water-soluble antioxidants must be important in
scavenging radicals generated by AAPH decomposition, while membrane-interacting antioxidants are
crucial for inhibiting the chain process of lipid peroxidation [32].

Most of the chosen antioxidants are partly associated with membranes, but also present in the
aqueous medium while ascorbate is practically totally present in solution, so all of the antioxidants
tested can interact with AAPH-generated radicals outside the cells. With respect to scavenging of the
latter radicals, polyphenols can be expected to be more reactive than ascorbic acid, due to the higher
number of reactive hydroxyl groups [33]. Indeed, although all antioxidants studied were effective,
the highest concentrations of membrane-interacting antioxidants prolonged the time necessary to
obtain a 50% decrease in the turbidity of erythrocyte suspensions to more than 1000%, while 1 mM
ascorbic acid increased the relative hemolysis time to only about 300% (Figure 2). The efficiency of a
hydrophilic antioxidant, ascorbic acid, may be contributed by its property of regeneration of radicals
of other antioxidants formed in the process of inhibition of lipid peroxidation [34,35].
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Figure 2. Effect of selected antioxidants on the AAPH-induced hemolysis of human erythrocytes.
Hemolysis half-time expressed as percent of hemolysis half-time of “positive control” samples,
containing no antioxidant (t;, = 96.3 + 1.4 min), assumed as 100%. The turbidity of “negative control”
samples, not added with AAPH, did not change during the incubation time. * p < 0.05, ** p < 0.01,
*** p < 0.001 with respect to control (100%).

2.3. Attenuation of ROS Level

Exposure to AAPH induced an abundant generation of ROS reacting with HyDCF-DA. All the
antioxidants used dose-dependently decreased the ROS level inside erythrocytes (Figure 3). The ICsq
values of the antioxidants tested for the inhibition of ROS formation in erythrocytes are given in Table 2.
Interestingly, EGCG proved to be the most effective antioxidant in this test, catechin and gallic acid

showed similar effectivity while gentisic acid was the least effective, in spite of its structural similarity
to gallic acid.
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Figure 3. Attenuation of AAPH-generated intracellular ROS level by chosen antioxidants. The ROS
level in the absence of any additive assumed as 100%. Endogenous ROS level in the absence of AAPH:
8.5 + 0.3% of that found with AAPH. * p < 0.05, ** p < 0.01, *** p < 0.001 with respect to control (100%).

Table 2. ICs5; values of chosen antioxidants for inhibition of ROS formation in erythrocytes. Mean + SD, n > 3.

Compound ICs0 [uM]
Ascorbic acid 209.7 £ 35.2
EGCG 64.0 +18.2
Catechin 138.5 +29.4
Gallic acid 140.3 £ 20.0
Gentisic acid 333.3 +46.2

2.4. Protection against Hemoglobin Oxidation

ROS generated by AAPH-induced oxidation of intracellular hemoglobin. As hemoglobin is
present at very high concentration inside erythrocytes (over 30% by weight), it is obvious that only
high concentrations of antioxidants were effective in preventing hemoglobin oxidation (Figure 4).
However, EGCG and gallic acid were effective only in some concentration range while the protective
effect disappeared with a further increase in the antioxidant concentration. As this effect was
reproducible, we checked if the antioxidants studied oxidized hemoglobin themselves. The results
obtained for the highest antioxidant concentration showed that, indeed, EGCG and gallic acid were
able to oxidize hemoglobin (Figure 5), which explains the strange dose dependence observed.
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Figure 4. Prevention of AAPH-induced hemoglobin oxidation by selected antioxidants. * p < 0.05,
**p <0.01, *** p < 0.001 with respect to control.

A630/A540

0.7

0.6

0.5

0.4

03

0.2

0.1

Ascorbic acid EGCG Catechin Gallic acid
oo 100 uM =500 uM 1000 pM

Gentisic acid

Figure 5. Oxidation of hemoglobin by selected antioxidants in the absence of AAPH. * p < 0.05,
**p <0.01, *** p < 0.001 with respect to control.
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Previously, oxidation of hemoglobin to methemoglobin by black and green tea extracts, containing
EGCG, was noted [35]. Both gallic acid and EGCG contain the trihydroxybenzoic acid residue,
which might be responsible for their prooxidative effect on hemoglobin.

2.5. Glutathione Loss

Treatment of erythrocyte suspension with AAPH solution for 1 h resulted in a decrease of
erythrocyte glutathione concentration from a value of 1875 + 164 uM to 865 + 233 uM i.e., by 54%.
Ascorbic acid and catechin dose-dependently protected against GSH loss. On the contrary, EGCG,
gallic acid and gentisic acid significantly augmented GSH loss (Figure 6). When erythrocytes were
incubated with antioxidants under the same conditions but without AAPH, ascorbic acid, catechin and
gentisic acid did not decrease the GSH level, while higher concentrations of EGCG and gallic acid
produced a considerable GSH loss (Figure 7). Gallic acid has been reported to oxidize glutathione in
erythrocytes [19] and EGCG-rich extracts of black and green tea were found to decrease the level of
erythrocyte GSH [35]. Thus, the data for EGCG and gallic acid are understandable (GSH loss induced
by these compound alone is superposed on the AAPH-induced loss).

120

100 — — — —
* kK *
* %k *
* %k
80 =
X
T 60 = e
@ - x| ki
_ - *T*
40 *T*
pi ok k-
- pr % %
T
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20 _ T * ok k
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sk %k k
******
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0 m
Ascorbic acid EGCG Catechin Gallic acid Gentisic acid

00 m50uM m100pM m250 uM m500 uM m 1000 pM

Figure 6. Effect of antioxidants on the AAPH-induced loss of erythrocyte glutathione (GSH). GSH level
in AAPH-treated erythrocytes was assumed as 100%. * p < 0.05, ** p < 0.01, *** p < 0.001 with respect
to control.
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Figure 7. Effect of antioxidants on the GSH level in erythrocytes in the absence of AAPH. The level of
GSH in control erythrocytes was assumed as 100%. * p < 0.05, *** p < 0.001 with respect to control.

The results for gentisic acid are more difficult to explain. It can be postulated that reactive species
formed by interaction of AAPH with gentisic acid may exhibit prooxidative properties not shown by
native gentisic acid. We and others have shown such that other antioxidants, melatonin and resveratrol
showed prooxidant effects on glyceraldehyde 3-phosphate dehydrogenase when applied together with
nitric oxide; this effect was due to formation of their reactive derivatives, viz. phenoxyl radical in the
case of resveratrol [36,37]. As a phenoxyl radical is formed also during oxidation of gentisic acid [30],
the mechanism of the prooxidant action of gentisic acid may be similar.

An obvious outcome of this study is the limited correlation or lack of correlation between results
of various assays of antioxidant efficiency of the same compounds. EGCG and gallic acid, which are
good antioxidants in the test of inhibition of lipid peroxidation and hemolysis, promoted hemoglobin
oxidation and glutathione loss. However, another aspect of the prooxidant effects of some antioxidants
is their physiological relevance. It should be noted that the latter effects were observed under model
experimental conditions, with antioxidant concentrations not attainable in vivo and under oxygen
concentrations much higher than those prevailing inside the body. Under conditions which can be
physiologically achieved, the prooxidants effects of these compounds are most probably of negligible
significance. From that point of view, limited bioavailability of many food antioxidants, may be not
necessarily their disadvantage, preventing their undesired reactions in the body, and could be even an
evolutionary adaptation.

3. Materials

Chemicals and Equipment

Dimethyl sulfoxide (DMSO; purity: >99.9% sterile filtered) produced by BioShop Canada
Inc. (Burlington, ON, Canada) was purchased from Lab Empire (Rzeszéw, Poland).
2,2-Azobis(2-amidinopropane) dihydrochloride (AAPH) was purchased from Polysciences (Warrington,
PA, USA). A stock solution of AAPH was freshly prepared in PBS before each experiment.
2’,7'-dichlorodihydrofluorescein diacetate (HyDCF-DA), Rutin trihydrate and Lipid Peroxidation
Sensor (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-un-decanoic acid;
C11-BODIPY® 581/591) were purchased from Thermo Fisher Scientific (Warsaw, Poland). Daidzein
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
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All other reagents, if not mentioned otherwise, were purchased from Sigma (Poznan, Poland)
and were of analytical grade. Distilled water was purified using a Milli-Q system (Millipore, Bedford,
MA, USA). Fluorometric and absorptiometric measurements were done in an Infinite 200 PRO
multimode reader (C11-BODIPY fluorescent microplate assay) or a Spark multimode microplate reader
(Tecan Group Ltd., Mdnnedorf, Switzerland). All measurements were performed in triplicate and
repeated at least three times. Other reagents were dissolved in PBS or DMSO. Minimal amounts of
the solvents present in the samples had a small effect on the protection (up to a few %). The effect of
DMSO was subtracted from the effects of substances introduced in this solvent.

4. Methods
4.1. Experiments in a Cell-Free System

Lipid Peroxidation

Forty uL of 10% egg vyolk suspension in PBS (1 mL of egg yolk
suspended with vigorous vortexing in PBS) was treated with 50 mM AAPH
(final concentration) in the presence of selected antioxidants. The concentration range
of these compounds was 0.01-5 mM. The intensely fluorescent BODIPY®581/1591
(4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-un-decanoic acid;
C11-BODIPY) fluorophore was used for monitoring lipid peroxidation. BODIPY® 581/591
undecanoic acid (5 pL of 0.1 mM solution in DMSO) was added to each well of a black 96-well plate.
The final volume of a sample was 200 uL. The kinetic measurement of fluorescence increase at 526 nm
was carried using the excitation wavelength of 485 nm at 37 °C for 150 min and the rate of fluorescence
increase was measured.

Percent protection against lipid peroxidation by selected antioxidants was calculated as:

% Protection = 100% [1 — (An — Ad)/(Ao — Al)]

where A,—fluorescence of sample incubated with AAPH; Ap—fluorescence of a sample containing a
protective agent; A.—fluorescence of a sample not treated with an oxidizing agent.

4.2. Experiment with Erythrocytes

4.2.1. Ethical Approval

The study was approved by the Bioethics Committee of the University of Lodz (Permit No.
KBBN-UL/I/3/2013).

4.2.2. Preparation of Erythrocytes

Eight milliliters of peripheral blood from healthy donors (lab volunteers) were collected in EDTA
tubes and used within the day of its collection. Erythrocytes were isolated by centrifugation for 10 min
at 3000x g at 4 °C. The plasma and buffy coat were removed by aspiration. The red blood cells (RBCs)
were washed four times with ice-cold PBS. Washed RBCs were suspended at various hematocrit from
4% to 60%.

4.2.3. Preparation of Erythrocyte Ghosts

Erythrocyte ghosts were prepared from washed erythrocytes according to the method of
Dodge et al. [17] with some modifications. Briefly, after incubation, erythrocytes were hemolyzed on
ice with 20 volumes of 20 mM phosphate buffer, pH 7.4, containing 1 mM ethylenediaminetetraacetic
acid (EDTA) and centrifuged at 4 °C at 20,000 g for 20 min. The ghosts were resuspended in ice-cold
10 mM and then 5 mM phosphate buffer, pH 7.4 containing 1 mM EDTA, centrifuged, and this process
was continued until the ghosts were free from residual hemoglobin. Finally, the erythrocyte ghosts
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were resuspended in 20 mM phosphate buffer, pH 7.4. The protein concentration was estimated by the
method of Lowry et al. [38].

4.2 4. Estimation of the Protective Effects of Selected Compounds on Erythrocyte Membrane Lipid
Peroxidation

BODIPY® 581/591 undecanoic acid was dissolved in DMSO by adding 475 uL DMSO to 25 pL
2 mM BODIPY® 581/591 stock solution (dissolved also DMSO). First, PBS was pipetted so that the
volume of each well of a black 96-well plate was 200 pL. Next, 40 uL aliquots of membrane suspensions
were pipetted into the 96-well black plate, followed by selected compounds in a range of concentrations
10-1000 uM (10 mM GSH, N-acetyl-L-cysteine, L-ascorbic acid stock solutions in PBS or 10 mM BHA,
mangiferin, naringenin, hesperetin, rutin trihydrate, naringin, p-coumaric acid, hesperidin, ferulic acid,
chlorogenic acid, Trolox stock solutions in DMSO and then diluted with PBS to obtain concentrations
of 5 or 1 mM), 5 uL of BODIPY® 581/591 (0.1 mM stock solution) as well as at the end 100 uL. AAPH
(100 mM stock solution). The fluorescence (480 nm/524 nm) was measured every 2 min for 150 min.
Percent protection against lipid peroxidation by selected antioxidants was calculated as above.

4.2.5. The Assay of AAPH-Induced Hemolysis

The inhibition of free radical-induced RBCs hemolysis was performed by a modification of a
previously published method [39], in which hemolysis was monitored turbidimetrically. Hemolysis
was induced by thermal decomposition of AAPH. The protective effect of selected antioxidants against
AAPH-induced hemolysis was measured only for compounds dissolved in PBS. The RBCs suspension
was added with appropriate antioxidant solution to a final concentration in the range of 25-1000 uM
and incubated with shaking in the presence/absence of 50 mM AAPH, as optimal concentration to
induce hemolysis at 37 °C. The absorbance (700 nm) was measured every 1 h for 12 h using the Tecan
Infinite 200 PRO multimode reader. All measurements were performed in triplicate and repeated at
least three times. For all determinations, hemolysis time and percentage of hemolysis time with respect
to control erythrocytes were calculated as 100% X [time (min) for test compound/mean time (min) for
control sample containing RBCs and AAPH only].

4.2.6. Determination of Intracellular ROS Generation

2’,7’-Dichlorodihydrofluorescein diacetate (H,DCE-DA, also known as 2’,7’-dichlorofluorescin
diacetate) is a chemically reduced form of 2’,7’-dichlorofluorescein diacetate used as an indicator for
ROS in cells. Upon cleavage of the acetate groups by intracellular esterases as well as oxidation, the
nonfluorescent HyDCF-DA is converted to the highly fluorescent 2’,7’-dichlorofluorescein (DCF) [39,40].
The indicator HyDCF-DA (10 mM stock solution in DMSO) was added to the erythrocyte suspension
(10% final hematocrit) to a final concentration of 10 M of with subsequent incubation at 37 °C for
30 min. Then, samples were washed 2 times with ice cold PBS by centrifugation at 4000x g for 5 min
and supernatant was discarded to remove excess HyDCF-DA. Afterwards, 10 uL of suspension of
H,DCF-DA-loaded erythrocytes (hematocrit of 10%) were pipetted into wells of a 96-well black plate
containing appropriate amount of PBS to provide final volume of 200 uL, followed by addition of an
appropriate antioxidant solution in PBS to obtain concentrations in the range of 25-1000 uM. AAPH
(50 mM final concentration) was then added with good mixing. The fluorescence (485 nm/529 nm) was
measured every 2 min for 120 min and sum of fluorescence values obtained in successive measurements
was calculated. From these sums of fluorescence values, per cent inhibition of ROS formation and ICs
values (antioxidant concentration inhibiting ROS formation by 50%) were calculated.

4.2.7. Hemoglobin Oxidation

Aliquots of RBC suspensions in PBS (hematocrit of 10%) were added with appropriate antioxidant
(final concentration range of 5-1000 uM) and AAPH (final concentration of 50 mM), and incubated
with shaking at 37 °C for 5 h. A set of control samples contained antioxidants but no AAPH. After
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incubation, 1.5 mL distilled water was added to the 0.4 mL samples, the samples were mixed and
centrifuged (3 min, 8000x g). Next, 200 uL of supernatants were taken and added to a transparent
96-well plate. The absorbance was measured at the wavelengths of 540 and 630 nm. The absorbance
ratio Agzo/Asso was calculated as a measure of hemoglobin oxidation.

4.2.8. Glutathione Content

Suspensions of erythrocytes (RBCs) in PBS (final hematocrit of 2%) were treated with different
concentration of selected antioxidants (5 mM stock solution) and/or AAPH (100 mM stock solution)
and incubated for 1 h at 37 °C with continuous shaking. Then, all samples were centrifuged at 10,000x g
for 3 min and the supernatants were discarded. Samples were washed with 300 uL of cold 1 x PBS
(pH = 7.2). The erythrocyte pellet was precipitated with cold 100 uL RQB-TCA buffer (20 mM HCI,
5 mM diethylenetriaminepentaacetic acid, 10 mM ascorbic acid, 5% trichloroacetic acid), kept on ice for
10 min, centrifuged (13,000x g, 2 °C, 5 min) and the supernatant was taken for the GSH assay [41].
For GSH determination, 5 pL of deproteinized supernatant diluted by adding 25 uL. RQB-TCA were
put on two wells (denoted ‘~" and ‘+’) of a 96-well black plate. The sample ‘~" was added with 4 uL of
7.5 mM N-ethylmaleimide in RQB-TCA, both samples added with 40 puL of 1 M potassium phosphate
(pH = 7.0), mixed and incubated at room temperature for 5 min. Then 160 pL of 0.1 M potassium
phosphate buffer (pH = 7.0), was added, followed by 25 uL of 0.5% o-phtalaldehyde in methanol
and the plate was shaken (1 min). After 30-min incubation (room temperature) the fluorescence was
read at 355 nm/460 nm. The value obtained for the ‘~’ sample was subtracted from that obtained for
the ‘+" value and GSH concentration was read from a calibration curve obtained with glutathione as
a standard.

4.2.9. Statistical Analysis

Statistical significance of differences was evaluated using paired Student’s “t” test. Statistical
analysis of the data was performed using the STATISTICA software package (version 12, StatSoft Inc.
2014, Tulsa, OK, USA, www.statsoft.com).

5. Conclusions

Results of this study demonstrate a limited correlation between various assays of antioxidant
activity. Some assays reveal prooxidant effect of antioxidants which are not evident in other systems.
Thus, rankings of antioxidants should not be based on a single parameter, but take into account their
behavior in different systems.
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