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1. Streszczenie

Celem rozprawy doktorskiej byta ocena wptywu polifenoli wystepujacych w zywnosci
pochodzenia ro$linnego na aktywno$¢ peroksydazy tyroidowej (TPO) oraz okreslenie,
ktore z efektorow TPO spelniajg rowniez warunek inhibicji enzymoéw prooksydacyjnych:
lipooksygenazy (LOX) i oksydazy ksantynowej (XO). Badania tego typu miaty pozwoli¢
na potencjalny dobdr skladnikéw zywnos$ci wspomagajacych terapi¢ oraz prewencje
w przypadku nadczynnosci 1 niedoczynnosci tarczycy.

Pierwszym etapem bylo wyselekcjonowanie czystych zwigzkow o pozadanej,
skoordynowanej aktywnosci biologicznej. Badania obejmowaly okreslenie potencjatu
antyoksydacyjnego, zdolnosci do modulowania aktywno$ci TPO oraz inhibicji enzymow
prooksydacyjnych (LOX, XO). Na podstawie uzyskanych wynikéw zostaly wybrane
surowce pochodzenia roslinnego bedace biologicznym zrddtem poszukiwanych zwigzkow
aktywnych.

Poniewaz jednym z kluczowych czynnikow determinujacych bioaktywnos¢
produktow zywnosciowych sg interakcje zwigzkow czynnych z matryca zywnosci,
przeprowadzone zostaty badania rodzaju 1 sity interakcji pomigdzy czystymi zwigzkami,
atakze pomiedzy ekstraktami sporzadzonymi z roslinnych produktéw spozywczych,
w ktorych znajduja si¢ wyselekcjonowane w toku badan substancje aktywne. O wpltywie
oddziatywan ze sktadnikami matrycy zywnosci na potencjal odzywczy i prozdrowotny
zaproponowanych produktow mozna byto wnioskowaé bazujac na wynikach uzyskanych
z wykorzystaniem modelu ludzkiego przewodu pokarmowego.

Innowacyjno$¢ rozprawy doktorskiej polega na kompleksowym ujgciu
rownoczesnego (skoordynowanego) wptywu sktadnikow fitochemicznych wchodzacych
w sktad surowcow roslinnych na aktywnos$¢ peroksydazy tarczycowej (TPO) oraz
enzymow prooksydacyjnych (LOX, XO). Szczegotowe badania pozwolity na uzyskanie
obrazu potencjalnego wptywu sktadnikow pozywienia na profilaktyke schorzen
zwigzanych z zaburzeniami funkcjonowania tarczycy. Pozwolito to na doboér takich, ktore
wykazywaty dziatanie przeciwzapalne oraz w ukierunkowany sposob modulowaty
aktywno$¢ peroksydazy tyroidowej. Wiedza ta moze by¢ przydatna przy doborze
odpowiedniej diety w zaleznosci od wystepujacej dysfunkcji tarczycy (nadczynnos¢
lubniedoczynnos¢). Rozprawa doktorska obejmuje rowniez analiz¢ interakcji sktadnikow

aktywnych, co byto przydatne w ocenie finalnej aktywnosci mieszanek.



Podjete badania wypehity istotng luke w aktualnej wiedzy, tym bardziej, ze wiele
publikacji dedykowanych osobom z zaburzeniami funkcjonowania tarczycy zawiera
informacje wzajemnie si¢ wykluczajgce. Wielu autorow sugerowalo spozywanie
pokarmow, ktore przez innych byly odradzane. Zebrane informacje moga stanowi¢ cenny
wktad w doborze odpowiedniej diety dla pacjentow z dysfunkcjami tarczycy.

Stowa kluczowe: peroksydaza tyroidowa, stres oksydacyjny, interakcje.



Summary

The aim of the doctoral dissertation was to evaluate the influence of plant-derived
food polyphenols on the activity of thyroid peroxidase (TPO) and to determine which TPO
effectors also meet the criteria for inhibiting prooxidative enzymes: lipoxygenase (LOX)
and xanthine oxidase (XO). Such studies aimed to facilitate the potential selection of food
components that could support therapy and prevention in cases of thyroid hyperfunction
and hypofunction.

The first stage involved the selection of pure compounds with desired and
coordinated biological activity. The studies encompassed the determination of antioxidant
potential, the ability to modulate TPO activity, and the inhibition of prooxidative enzymes
(LOX, XO). Based on the obtained results, plant-derived sources containing active
compounds were selected.

Considering that one of the key factors determining the bioactivity of food products
is the interaction between active compounds and the food matrix, investigations were
conducted on the type and strength of interactions between pure compounds, as well as
between extracts prepared from plant food products containing the selected active
substances. The impact of these interactions with food matrix components on the
nutritional and health potential of the proposed products could be inferred from the results
obtained using a human gastrointestinal model.

The innovation of the doctoral dissertation lies in the comprehensive approach to
the simultaneous (coordinated) impact of phytochemical components present in plant
materials on the activity of thyroid peroxidase (TPO) and prooxidative enzymes (LOX,
XO0). Detailed studies provided insights into the potential influence of food components on
the prevention of disorders related to thyroid dysfunction, exhibiting anti-inflammatory
properties, and selectively modulating thyroid peroxidase activity. This knowledge can be
valuable in selecting an appropriate diet based on the specific thyroid dysfunction present
(hyperfunction or hypofunction). The doctoral dissertation also includes an analysis of
interactions between active components, which was useful in assessing the final activity of
mixtures.

The conducted research fills a significant gap in current knowledge, especially
considering that many publications dedicated to individuals with thyroid disorders contain

mutually exclusive information. Numerous authors have suggested consuming foods that



others have discouraged. Obtained results can provide a valuable contribution to the
selection of an appropriate diet for patients with thyroid dysfunctions.

Keywords: thyroid peroxidase, oxidative stress, interactions.
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3. Wstep

W czasach wspolczesnych zdrowie czgsto jest okre§lane przez pryzmat wystepowania
tzw. przewleklych chordb niezakaznych, zwanych réwniez chorobami cywilizacyjnymi. Sg
to choroby wynikajace z nowoczesnego stylu zycia, ktory charakteryzuje si¢ stresem, zbyt
matg ilo$cig ruchu, nieodpowiednio zbilansowang dieta dostarczajaca organizmowi zbyt
duzo kalorii, a takze zanieczyszczeniem S$rodowiska. Wspomniane czynniki sprzyjaja
powstawaniu reaktywnych form tlenu (RFT), czyli tzw. wolnych rodnikow, ktore stanowia
zagrozenie dla organizmu czlowieka poprzez swoje niekorzystne oddzialywanie na
komorki 1 tkanki. Jednym z efektow moze by¢ rozwoj przewlektych stanéw zapalnych oraz
nadmiernej reaktywnosci uktadu odpornosciowego. Warto zaznaczy¢, ze te czynniki czgsto
stanowig podstawe dla chordb tarczycy, zaro6wno w przypadku nadczynnosci, jak
1 niedoczynnosci. Kluczowe dla obu, sukcesu terapii i zapobiegania chorobom tarczycy,
jest wihasciwy styl zycia. Nalezy zwrdci¢ szczeg6lng uwage na unikanie stresu oraz
odpowiedni model Zzywieniowy. Dieta w chorobach tarczycy powinna mie¢ wysoki
potencjal przeciwzapalny i przeciwutleniajacy.

Zapalenie tarczycy Hashimoto (HT) (czyli przewlekte limfocytarne zapalenie tarczycy)
to choroba autoimmunologiczna, w ktorej uklad odpornosciowy atakuje i niszczy ten
gruczol. Wynikajace z tego zapalenie czg¢sto prowadzi do niedoczynno$ci tarczycy.
W krajach zachodnich choroba ta dotyka od 0,1% do 5% dorostej populacji (Chen, Lin,
Cheng, Sung, & Kao, 2013). Glownym antygenem w ludzkiej chorobie Hashimoto jest
peroksydaza tyroidowa (TPO, EC 1.11.1.1-14), enzym bioragcy udzial w syntezie
hormonéw tarczycy. Przeciwciata przeciwko TPO indukuja cytotoksyczno$¢ zalezng od
dopetniacza. Ponadto, u pacjentdow z choroba Hashimoto wykrywane sa przeciwciala
przeciwko dopetniaczowi (przeciwko Clq), ktore koreluja z poziomem hormonu
tyreotropowego (TSH). W zwigzku z tym, wiele przypadkéw wrodzonej niedoczynnosci
tarczycy wigze si¢ z problemami zwigzanymi z syntezg lub jodowaniem tyreoglobuliny
(TG), co z kolei zwigzane jest z niedoborem TPO (Carocho & Ferreira, 2013).

TPO, zwane takze peroksydaza jodowa, jest enzymem bioracym udzial w syntezie
hormonodw tarczycy. W ludzkim organizmie jest kodowany przez gen TPO zlokalizowany
na chromosomie 2p25 (Kimura et al., 1987). TPO katalizuje utlenianie jonow jodkowych,
tworzac atomy jodu, ktore sa dodawane do reszt tyrozyny w tyreoglobulinie, w celu
produkcji tyroksyny lub trojjodotyroniny, czyli hormonéw tarczycy (Ruf & Carayon,

2006). Opisany powyzej mechanizm moze zosta¢ przedstawiony przez reakcje zachodzace

11



w nastgpujacej kolejnosci: TPO jest utleniany przez nadtlenek wodoru (H203z), a nastgpnie
TPO moze utlenia¢ jony jodkowe. Utlenione jony jodkowe tacza si¢ z resztami tyrozyny
w tyreoglobulinie (TG). Powstawanie tyroksyny (T4) i tr6jjodotyroniny (T3) jest efektem
utleniania 1 sprzg¢gania hormonogennych jodotyrozyn (Carvalho & Dupuy, 2017).
Poniewaz enzym TPO jest peroksydaza hemowa, nie moze utlenia¢ substratu bez
uprzedniego utlenienia. Aby utleni¢ TPO, potrzebna jest czasteczka H»O,. Czasteczka
H>0O; jest generowana tylko na powierzchni apikalnej tyreocytow, a czasteczki TPO
obecne na tej powierzchni sg aktywowane (Leonard, Tan, Gilbert, Isaacs, & El-masri,
2016). TPO jest zorganizowany jako homodimer o 933 resztach. N-koncowa propeptyda
(reszty 1-108) jest usuwana w dojrzatym biatku. Trzy domeny w zewnatrzkomorkowej
czesci TPO (reszty 109-846) wykazuja wysoki stopien podobienstwa sekwencji do domen
o znanym trojwymiarowym uktadzie: domena podobna do mieloperoksydazy (MPO)
(reszty 142-738), domena podobna do biatka kontrolujacego dopetniacz (CCP) (reszty
740-795) 1 domena podobna do czynnika wzrostu naskorka (EGF) (reszty 796-846) (Le et
al., 2015). Domena transbtonowa sklada si¢ z reszt 847-871, a domena
wewnatrzkomorkowa z reszt 872-933. Le iin. 2015 (Le et al., 2015) rozwazal rowniez
alternatywna orientacj¢ cis, z czasteczkami hemu zwréconymi w stron¢ btony komadrkowe;j
tarczycy. Zgodnie z powyzszymi badaniami orientacja cis jest nieco bardziej energetycznie
stabilna. Jednak inne dane sugeruja, ze w celu przeprowadzenia utleniania i dalszego
jodowania tyroglobuliny, aktywna katalitycznie czg$¢ enzymu musi wystawaé do §wiatla
pecherzyka tarczycy (Yokoyama & Taurog, 1988), co wymaga orientacji trans
dimerycznej domeny podobnej do mieloperoksydazy (MPO).

Zaburzenia w funkcjonowaniu tarczycy prowadza do licznych konsekwencji dla
zdrowia, w tym stanow zapalnych oraz narazenia na stres oksydacyjny (OS) (Shahbaz et
al., 2018).

Stan zapalny jest naturalnym mechanizmem obronnym zwigzanym z wieloma
chorobami wywolywanymi przez drobnoustroje patogenne, chorobami
autoimmunologicznymi 1 przewleklymi, narazeniem na alergeny, promieniowanie
1 toksyczne substancje chemiczne, otyloscig, nadmiernym spozyciem alkoholu, paleniem
tytoniu oraz wysokokaloryczng dieta. Wiele chordb zwigzanych jest z wyzsza produkcja
RFT, co prowadzi do stresu oksydacyjnego. Glowne enzymy, ktorych aktywnosé
powoduje stres oksydacyjny to lipooksygenaza (LOX), cyklooksygenaza (COX) oraz
oksydaza ksantynowa (XO) (Zhang et al., 2015).
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Istnieja ré6zne mozliwe mechanizmy dziatania przeciwzapalnego zwigzkéw
bioaktywnych, w tym hamowanie aktywnosci lipooksygenaz (LOXs EC 1.13.11.12), ktore
katalizujg utlenianie kwasow ttuszczowych o wielu wigzaniach podwojnych do potgznych
czasteczek sygnatowych biorgcych udziat w procesach zapalnych (Chen et al., 2013).
LOXs uczestnicza w syntezie eikozanoidow, takich jak prostaglandyny lub nieklasyczne
eikozanoidy. Szlak LOX metabolizmu kwasu arachidonowego generuje RFT, ktore wraz
z innymi metabolitami kwasu arachidonowego odgrywaja rol¢ w zapaleniu i wzroscie
nowotworow. Aktywno$§¢ LOX jest zwigzana ze stresem oksydacyjnym w organizmie
cztowieka. Stres oksydacyjny odnosi si¢ do stanu, w ktorym réwnowaga miedzy systemem
ochrony antyoksydacyjnej a produkcja RFT jest zaburzona. W literaturze opisano zwiazki
o potwierdzonej aktywnos$ci dualnego inhibitora 5-LOX/COX jako potencjalne leki do
leczenia stanow zapalnych. Dzialaja one poprzez blokowanie tworzenia zaro6wno
prostaglandyn, jak i leukotrienéw, ale nie wpltywaja na tworzenie lipoksyny (Martel-
Pelletier, Lajeunesse, Reboul, & Pelletier, 2003).

Oksydaza ksantynowa (XO, EC 1.17.3.2) to enzym ulatwiajacy produkcje kwasu
moczowego 1 rodnikow ponadtlenkowych z zasad purynowych hipoksantyny i ksantyny.
XO jest réwniez obecna w komoérkach nabtonka oddechowego, a jej aktywno$¢ moze
prowadzi¢ do przeksztatcenia rodnikéw ponadtlenkowych w rodniki hydroksylowe. Ten
proces moze dalej zaostrza¢ odpowiedz zapalng 1 przyczyni¢ si¢ do rozwoju
hiperzapalenia, ktore powszechnie znane jest jako zespot burzy cytokinowej (CSS)
(Pratomo et al., 2021).

W przypadku wzmozonej aktywnosci XO oraz wystgpujacego czgsto w chorobach
naczyniowych stresu oksydacyjnego, organizm moze odpowiedzie¢ poprzez wzrost
stezenia kwasu moczowego (Nieto, Iribarren, Gross, Comstock, & Cutler, 2000). Skutkiem
nadaktywnosci oksydazy ksantynowej jest stan znany jako dna moczanowa oraz ostre
zapalenie stawow (Yang, Choi, Chen, & Dionysiou, 2008). Istnieja badania naukowe
sugerujace zwigzek miedzy stezeniem kwasu moczowego a wystepowaniem niektorych
chorob przewlektych, takich jak nadcisnienie tetnicze czy cukrzyca (Kivity et al., 2013).
Aby skutecznie leczy¢ wymienione choroby, nalezy wplynag¢ na homeostazg¢ kwasu
moczowego poprzez zwigkszenie jego wydalania lub redukcje produkcji. W tym celu
stosuje si¢ inhibitory oksydazy ksantynowej. Redukujg one naczyniowy stres oksydacyjny
oraz st¢zenie kwasu moczowego. Badania naukowe laczg aktywno$¢ XO zrdéznymi
formami niedokrwienia oraz innymi rodzajami urazoOw tkanek i naczyn oraz przewlekia

niewydolnoscig serca. Inhibitor oksydazy ksantynowej - allopurinol wykazat skuteczno$¢
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w leczeniu tych standw w badaniach eksperymentalnych na zwierzgtach oraz
w niewielkich badaniach klinicznych na ludziach (Umamaheswari et al., 2007). Badania
wykorzystujace ekstrakty roslinne do hamowania aktywnosci XO przeprowadzone przez
Gawlik-Dziki (2012) (Gawlik-Dziki, 2012) potwierdzaja, ze roslinne formuly moga
stanowi¢ skuteczng alternatywe dla lekow syntetycznych. Nalezy zwroci¢ uwage na fakt,
ze preparaty roslinne, w przeciwienstwie do syntetycznych lekéw, nie wywoluja
negatywnych skutkéw ubocznych dla organizmu.

Stres oksydacyjny wynika przede wszystkim z nadmiernej produkcji RFT, ktére nie sg
usuwane przez naturalne mechanizmy naprawcze i mogg by¢ wspomagane przez
dostarczanie organizmowi substancji o aktywnosci przeciwutleniajacej, charakterystycznej
dla zwigzkow fitochemicznych. Grupa metabolitow wtornych roslin o udokumentowane;j
aktywnosci antyoksydacyjnej to zwigzki fenolowe. Ich skuteczno$¢ jako przeciwutleniaczy
wynika z wielokierunkowej aktywno$ci: moga hamowac¢ reakcje wolnorodnikowe poprzez
zablokowanie tworzenia si¢ wolnych rodnikow lipidowych, zakldcanie propagacji
fancuchowych reakcji autooksydacji, ttumienie singletowego tlenu, moga dziata¢ jako
czynniki redukujgce nadtlenki wodoru do stabilnych zwigzkéw, jako zwigzki chelatujace
jony metali przejSciowych oraz jako inhibitory prooksydacyjnych enzyméw (Carocho
& Ferreira, 2013). Uwaza si¢ zatem, ze dieta bogata w produkty pochodzenia roslinnego
stanowi wazny element zapobiegania chorobom cywilizacyjnym. Wiele badan
epidemiologicznych wykazalo, ze spozycie zywnosci i napojow o wysokiej zawartosci
zwigzkow fenolowych wiaze si¢ z zapobieganiem chorobie wiefcowej, nowotworom itp.
(Michael G. L. Hertog, Daan Kromhout, Christ Aravanis, 2015; Scalbert & Williamson,
2000).

Aby polifenole wykazywaly swoje biologiczne wilasciwosci, konieczne jest, by byty
one w wystarczajacym stopniu dostepne w docelowej tkance. Dlatego wiasciwosci
biologiczne polifenoli zawartych zywnos$ci pochodzenia roslinnego moga zaleze¢ od ich
biodostepnosci 1 bioprzyswajalnosci. Ilos¢ bioaktywnych polifenoli w pozywieniu moze
rozni¢ si¢ ilosciowo 1ijakosciowo od polifenoli zawartych w bazach danych
zywno$ciowych. Ponadto wigkszos¢ badan dotyczacych biodostepnosci polifenoli
wykorzystuje glownie pojedyncze czyste molekuly (izolowane zzywnosci lub
syntetyzowane chemicznie), chociaz ich biodost¢pnos$¢ z calych produktow spozywczych
moze by¢ rézna (Saura-Calixto, Serrano, & Gofii, 2007). Aktywnos¢ zwigzkoéow
fenolowych badanych in vitro (po ich izolacji z zywnosci) nie musi by¢ zgodna

z aktywnos$cia wykazang u cztowieka. Proste, tanie i powtarzalne narzedzia do badania
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biodostgpnosci sktadnikow zywnosci to modele in vitro oparte na fizjologii czlowieka. Sa
one szeroko stosowane do badania zmian strukturalnych, strawno$ci iuwalniania
sktadnikow zywnos$ci w symulowanych warunkach przewodu pokarmowego (Oomen et
al., 2002). W przeciwienstwie do syntetycznych lekow, opartych na pojedynczych
substancjach chemicznych, wiele fitolekow wywiera swoje korzystne dziatanie przez
dodatkowe lub synergistyczne dziatanie kilku zwigzkéw chemicznych dziatajacych na
pojedyncze lub wiele miejsc docelowych zwigzanych z procesem fizjologicznym
(Williamson, 2001). Jednak, mimo ze synergizm zwigzkow bioaktywnych odgrywa
znaczacg role, jest niewiele badan dotyczacych tego zagadnienia w tak skomplikowanym
systemie jakim jest zywnos$¢. Ta idea znalazta zastosowanie w farmakologii podczas badan
nad kombinacjami kilku metabolitow w terapii wielokierunkowej (Gawlik-Dziki, 2012).

Jak juz wspomniano, czynnik, ktory istotnie wptywa na koncowy efekt zwigzkow
biologicznie aktywnych, zwlaszcza pochodzacych z systemoéw zywnosciowych, to ich
interakcje. Zatem mogg one istotnie modyfikowac¢ ich dziatanie jako efektorow TPO, LOX
1 XO. Metoda wykorzystywana do identyfikacji interakcji miedzy zwigzkami aktywnymi
to analiza izobolograficzna. Metoda ta jest niezalezna od mechanizmu dziatania. Analiza
izobolograficzna jest uzytecznym narze¢dziem do okreslania interakcji migdzy sktadnikami
dwuskladnikowych mieszanek, jak rowniez tych sktadajacych si¢ z ekstraktow roslinnych
bedacych mieszaning licznych zwigzkow aktywnych (w przypadku liniowej zaleznos$ci
miedzy aktywnoscig a st¢zeniem probki umozliwiajacej okreslenie wartosci ICso). Analiza
izobolograficzna to naukowe podejécie, ktore graficznie przedstawia interakcje
antyoksydacyjne, ulatwiajac ich wizualng oceng. Pozwala na zwigzle i1 klarowne
przedstawienie interakcji kombinacji probek i1 zostala szeroko uznana jako ztoty standard
do testowania interakcji farmakologicznych z réznymi kombinacjami ustalonych frakcji
(Chou, 2006). Stad tez istotne jest oszacowanie, czy 1 w jaki sposob zwigzki polifenolowe,
zdolne do hamowania aktywno$ci enzymow prozapalnych i prooksydacyjnych oraz
wykazujace potencjal antyoksydacyjny modyfikuja aktywnos¢ TPO.

Rozprawa doktorska koncentruje si¢ na badaniu wplywu polifenoli zawartych
w zywnos$ci pochodzenia roslinnego na aktywnos¢ TPO, LOX i1 XO oraz zdolnosci do
zapobiegania stresowi oksydacyjnemu. Zebrane informacje moga stanowi¢ cenny wktad

w dobieraniu odpowiedniej diety dla pacjentow z dysfunkcjami tarczycy.
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4. Hipotezy badawcze i cel pracy

Na podstawie analizy danych literaturowych oraz badan wstgpnych postawiono

nastgpujace hipotezy badawcze:

e Zwiazki fenolowe, bedace gldwnymi metabolitami wtérnymi roslin, sg efektorami
peroksydazy tyroidowej. Dodatkowo wywierany przez nie efekt moze by¢
jednoczesnie skoordynowany z wptywem na enzymy zwigzane z wystgpowaniem
stanow zapalnych oraz na stres oksydacyjny towarzyszacy dysfunkcjom tarczycy.

e W przypadku zywnosci pochodzenia roslinnego ostateczny efekt zalezy od
interakcji migdzy poszczegdlnymi zwigzkami fenolowymi oraz migdzy nimi
a sktadnikami matrycy zywnos$ci. Ponadto, moze by¢ on determinowany przez
zmiany zachodzgce podczas trawienia (aktywno$¢ enzymow 1 warunki pH).

Celem pracy byto okreslenie wplywu wybranych zwigzkéw fenolowych, powszechnie
wystepujacych w zywnosci pochodzenia roslinnego, na aktywno$¢ TPO skoordynowang
z aktywnoscig ~ inhibitorowg  skierowang  przeciwko  enzymom  prozapalnym
1 prooksydacyjnym (LOX 1 XO) oraz zdolnoscig przeciwrodnikowg. Kolejnym aspektem
badan bylo okreslenie rodzaju i sily interakcji pomigdzy zwigzkami czynnymi oraz
wplywu matrycy zywnosci i przemian podczas procesu trawienia in vifro na oczekiwana,

wielokierunkowg aktywnos$¢ badanych zwigzkow.
Cele szczegolowe:

1. Okres$lenie wplywu 1 mechanizmu dziatania czystych zwigzkow fenolowych
(wzorcow) na aktywnos$¢ peroksydazy tyroidowej oraz wybranych enzymow
prozapalnych i prooksydacyjnych (etap I).

2. Okreslenie wptywu interakcji pomiedzy efektorami badanych enzymoéw na
skuteczno$¢ 1 mechanizm dzialania przy zastosowaniu analizy izobolograficznej
(etap II).

3. Okreslenie wplywu matrycy zywnosci i przemian zachodzacych podczas trawienia
in vitro na aktywno$¢ zwigzkéw (wybranych w etapie ) zawartych w zywnosci
pochodzenia roslinnego (etap III).

5. Okreslenie wptywu interakcji pomiedzy ekstraktami zawierajgcymi efektory badanych
enzyméw na skuteczno$¢ 1 mechanizm dziatania przy zastosowaniu analizy

izobolograficznej (etap IV).
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5. Etapy badan

1. Wirtualne przeszukiwanie. Baza danych naturalnych polifenoli (http://phenol-explorer.eu)
zostata przetestowana w oparciu o farmakofory. Na tej podstawie wybrano najbardziej
obiecujace zwigzki do dalszych badan. Po weryfikacji in vitro przeprowadzono dokowanie
efektorow do TPO i1 LOX. Hipotetyczne miejsca wigzania polifenoli do biatka enzymu
zostaty zidentyfikowane poprzez analiz¢ modelu homologicznego biatka przy uzyciu
serwerow PASS 1 AlloSite. Nastepnie, miejsca sugerowane przez wspomniane algorytmy
zostaly zdefiniowane jako miejsce docelowe dla dokowania w programie Surflex (czg$¢
pakietu SybylX). Ligandy zostaly dokowane do potencjalnych kieszeni wigzacych.
Najlepsze lokalizacje zostaly wybrane jako cel wirtualnego przesiewu w programie
LigandScout 4.3.

2. Analiza in vitro oddzialywan zwigzkéw wyselekcjonowanych podczas badan in silico na
TPO. Wybor aktywatorow i inhibitorow TPO. Okreslenie mechanizmu hamowania (analiza
metoda Lineweavera-Burka, [-B). W przypadku wystepowania liniowej zaleznosci
aktywnosci od stezenia wyznaczenie wartosci ECso.

3. Okreslenie interakcji miedzy efektorami TPO przy zastosowaniu analizy izobolograficznej.

4. Analiza in vitro oddzialywan na enzymy prooksydacyjne (LOX i XO). OkreSlenie
mechanizmu hamowania (analiza Lineweavera-Burka, L-B). W przypadku wystepowania
liniowej zaleznosci aktywnosci od stezenia wyznaczenie warto$ci ECso.

5. Okreslenie rodzaju i sity interakcji miedzy efektorami LOX 1 XO przy zastosowaniu analizy
izobolograficzne;.

6. Wybor zywnosci pochodzenia roslinnego bedacej zasobnym zrodtem zwigzkdéw
wyselekcjonowanych w trakcie wezesniejszych badan (punkty 1-5)

7. Okreslenie wptywu na TPO, LOX 1 XO ekstraktow kontrolnych (otrzymanych przy
zastosowaniu 50% etanolu) oraz ekstraktow otrzymanych po trawieniu in vitro (w celu
okre§lenia wpltywu matrycy Zzywnosci 1 warunkow panujacych podczas trawienia na
aktywnos¢ zawartych w nich zwigzkow czynnych).

8. Okreslenie rodzaju 1 sily interakcji miedzy ekstraktami zawierajacymi efektory badanych
enzymow przy zastosowaniu analizy izobolograficzne;.

9. Analiza in vitro potencjalu przeciwnowotworowego wybranych pokarméow

roslinnych na przyktadzie ptatkéw owsianych i maki pszenne;.
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6. Materialy i metody
6.1. Material

Tarczyce wieprzowe zostaty pozyskane z lokalnej rzezni (Lublin) i przechowywane
w temperaturze —20°C do momentu uzycia. Platki owsiane (Plony Natury, Polska),
natka pietruszki, zielona kawa (Targroch, Polska), zielona herbata (Herbapol, Polska),
kminek (Prymat, Polska), gorczyca (Prymat, Polska) zostaty zakupione w lokalnym
supermarkecie w Lublinie. Maka pszenna typ 650 (z pszenicy cv. Batuta) zostata

zakupiona w lokalnym mtynie (Lublin).

6.2. Odczynniki chemiczne

Sacharoza (a-d-glukopiranozylo-(1—4)-B-d-fruktofuranozyd), Tris (1,3-
propanodiol-2-amino-2-hydroksymetylo), KCIl, NaCl, MgCl,, etanol 90%, NaOH,
gwajakol (2-metoksyfenol), H>O> (nadtlenek wodoru), odczynnik Bradforda, ABTS
(2,20-azinobis-(3-etylobenzotiazolin-6-sulfonian), kwercetyna, kwas rozmarynowy,
kwas chlorogenowy, rutyna i1 Trolox (6-hydroksy-2,5,7,8-tetrametylochroman-2-
karboksylowy), lipoksygenaza (LOX), oksydaza ksantynowa (XO), ksantyna,
pankreatyna, pepsyna, wyciag zolciowy, kwas linolowy, a-amylaza, kwas synapinowy,
apigenina, katechina, kempferol, kwas trans-cynamonowy, kwas syryngowy, kwas
ferulowy bufor fosforanowo-wodoroweglanowy o pH 7,2 (PBS), EDTA, ludzkie
komorki raka tarczycy B-CPAP (ACC 273, DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH) oraz 8505C,$rodowisko RPMI 1640
i DMEM/F12 HAM, roztwér trypsyny/EDTA/PBS bez obecnosci Ca’”Mg?*, zostaty
zakupione w firmie Sigma-Aldrich (Poznan, Polska)., 10% termicznie inaktywowana
surowica krwi ptodowej zostata zakupiona w firmie Thermo Fisher Scientific
(Warszawa, Polska), 1% roztwor antybiotykowo-antymykotycznego zakupiono
w firmie Merck (Warszawa, Polska). Wszystkie pozostale odczynniki byty w klasie

czystosci laboratoryjne;.

6.3. Metodologia badan in silico:

Ligandy zostaly przygotowane do dokowania przy uzyciu narzedzia LigPrep
z pakietu Schrodinger. Dokowanie molekularne zostato przeprowadzone za pomoca
narzedzia Glide z pakietu Schrodinger lub Surflex wchodzacego w skiad Sybyl-X.

Wirtualne przeszukiwanie oparte zostalo na dokowaniu za pomocg Glide oraz na
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farmakoforach przy uzyciu narz¢dzia Ligand Scout. Wstepne badania przeprowadzono
w celu wyszukiwania efektorow TPO, LOX 1 XO. Metodologia badan in silico zostala

szczegblowo opisana w pracach I i II1.

6.4. Wybor surowcow roslinnych bogatych w wyselekcjonowane

polifenole
Wyboru surowcéw dokonano wykorzystujac baz¢ Phenol Explorer 9 (http://phenol-
explorer.eu ). uwzgledniajac zawarto$¢ polifenoli, czestotliwos¢ spozycia oraz

dostepno$¢ produktu na rynku.

6.5. Przygotowanie prob do badan

W przypadku zwiazkéw wzorcowych przygotowano roztwory w 50% etanolu.
Szczegdtowa metodyka zostata opisana w pracach I, IT i I1I.

W przypadku surowcéw roslinnych przygotowano dwa rodzaje préb — kontrolne
(ekstrakcja przy zastosowaniu 50% etanolu) oraz proby po trawieniu in vitro (Minekus
et al., 2014) zpewnymi modyfikacjami. Szczegdétowa metodyke przedstawiono

w pracach ITiIV.

6.6. Badanie zdolnosci do neutralizowania wolnych rodnikow

ABTS

Aktywno$¢ przeciwutleniajagca wobec wolnych rodnikéw ABTS zostata oznaczona
zgodnie z metodyka opisang przez Re et al. (Re et al., 1999) z pewnymi

modyfikacjami. Szczegdtowy opis zawarto w pracach I, I, ITLi IV.

6.7. Oznaczanie calkowitej zawartosci zwigzkow fenolowych
(TPC)

Analizy TPC przeprowadzono zgodnie z protokotem Singletona i Rossiego
(Singleton & Rossi, 1965) dostosowanym do czytnika mikroptytek (Epoch 2
Microplate Spectrophotometer, BioTek Instruments, Winooski, Vermont, USA).
Stezenie zwiazkow fenolowych odczytano z krzywej kalibracyjnej ustalonej dla kwasu
galusowego 1 wyrazono jako odpowiednik kwasu galusowego (GAE) w mg/g sm.

Szczegbdlowy opis zawarto w pracy IV.
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6.8. Przygotowanie preparatu peroksydazy tyroidowej (TPO)

Preparat enzymatyczny przygotowano zgodnie z procedura opisang przez Jomaa
(Jomaa, 2015) z niewielkimi modyfikacjami. Zamrozong tarczyce pokrojono na
plasterki i zhomogenizowano w buforze zawierajagcym 0,25 M sacharozy, 2 mM Tris—
HCL, 100 mM KCl, 40 mM NaCl, 10 mM MgCl> (pH 7,4).. Homogenat zostat
odwirowany przy 4000 obr./min przez 15 minut w temperaturze +4 °C. Biatko zostalo
nastepnie wysolone do 60% siarczanem amonu ((NH4)2SO4. Frakcja ta zostata uzyta do
dalszych analiz. Zawarto$¢ biatka zostala oznaczona zgodnie z Bradford (Bradford,
1976) z pewnymi modyfikacjami. Pomiar wykonano przy uzyciu spektrofotometru
ptytkowego (BioTek, Model Epoch2TC, Winooski, Vermont, VT, USA) w plytach 96-
dotkowych przy dlugosci fali 595 nm. Aktywno$¢ enzymu zostala oznaczona za
pomocg testu z gwajakolem (Jomaa, 2015). Szczegdélowa procedura otrzymywania

preparatu enzymatycznego zostata przedstawiona w pracach L, IL, IIT i IV.

6.9. Ocena wplywu badanych prob na aktywno$¢ peroksydazy
tyroidowej (TPO)
Badanie przeprowadzono zgodnie z metodyka opisang przez Jomaa (Jomaa, 2015)
z pewnymi modyfikacjami. Pomiar wykonano za pomoca spektrofotometru ptytkowego
(BioTek, Model Epoch2TC, Winooski, Vermont, VT, USA) na ptytach 96-dotkowych przy
dtugosci fali 470 nm. Do 50 pL buforu dodano 40 puL badanej proby, 50 uL gwajakolu,
20 uL preparatu TPO i 50 pL H>0O,. Caltkowita objetos¢ mieszaniny wynosita 210 pL.
Odczyty absorbancji byly rejestrowane co minut¢ przez tacznie 3 minuty w temperaturze
37°C. Jako jednostka aktywnosci TPO definiowana jest zmiana absorbancji o 0,001 na

minute. Szczegdtowy opis zawarto w pracy L.

6.10. Hamowanie aktywnosci lipoksygenazy (LOX)

Zdolno$¢ do hamowania aktywnosci LOX zostala okreslona zgodnie z metodyka
podang przez Axelrod i in. (Axelrod, Cheesbrough, & Laakso, 1981) i dostosowane do
czytnika mikroptytek (Spektrofotometr mikroptytek Epoch 2, BioTek Instruments). Sposob
hamowania enzymu zostat okreslony przy uzyciu wykresOw Lineweaver-Burka. Jako
jednostke aktywnosci LOX zdefiniowano zmiang absorbancji na minutg przy dtugosci fali

234 nm. Wartosci ICso obliczono na podstawie dopasowanych modeli jako st¢zenie
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testowanego zwigzku, ktore powoduje 50% maksymalnego hamowania w zaleznosci od

dawki. Szczegotowy opis zawarto w pracach IL, IITi IV.

6.11. Hamowanie aktywnosci oksydazy ksantynowej (XO)
Zdolnos¢ do hamowania aktywnosci XO zostata okre§lona zgodnie z metodg opisang
przez Sweeney et al. (Sweeney, Wyllie, Shalliker, & Markham, 2001) zpewnymi
modyfikacjami. Jako jednostke aktywnosci XO zdefiniowano zmiang absorbancji na

minute przy dtugosci fali 295 nm. Szczegdtowy opis zawarto w pracy IV.

6.12. Analiza interakcji

Do okreslenia rodzaju 1 sily interakcji miedzy substancjami aktywnymi
wykorzystano metod¢ analizy izobolograficznej. Metoda ta jest niezalezna od mechanizmu
dziatania substancji aktywnych i1 umozliwia okreslenie rodzaju interakcji migdzy
sktadnikami mieszanek dwuskladnikowych oraz zlozonych ekstraktow roslinnych.
Warunkiem koniecznym jest wystgpowanie liniowej zalezno$ci miedzy aktywnoscia
astgzeniem probki. Warto podkreslié, ze analiza izobolograficzna jest dos¢
skomplikowana i wymaga duzego naktadu pracy, ale stanowi przydatne narze¢dzie
w badaniach nad interakcjami migdzy sktadnikami mieszanek oraz substancjami
aktywnymi. Ksztalt izoboli daje informacje o rodzaju interakcji 1 wartosci indeksu
kombinacji, CI. Gdy CI jest mniejsze niz jeden wskazuje na synergizm; gdy CI jest rowne
jeden wskazuje na addycje; gdy CI jest wigksze niz jeden wskazuje na antagonizm.

Izobologramy zostaly wykonane zgodnie z metodg Chou (Chou, 2006).
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Rysunek 1. Klasyczny oraz znormalizowany izobologram dla dwoch lekow. (Chou, 2006).

Roztwory czystych polifenoli zostaly wymieszane w réznych stosunkach objetosciowych:
1:4, 4:1, 3:2, 2:3, 1:1, natomiast ekstrakty w proporcjach 3:2, 2:3, 1:1. Wszystkie
mieszaniny zostaly wykonane jako kombinacje dwoch roztworow/ekstraktow. Ocena
interakcji zostata przeprowadzona za pomocg wzoru na wkaznik kombinacji (CI) dla

kombinacji n-sktadnikowej przy x% hamowaniu, zgodnie z ponizszym réwnaniem:

_ D)y (D)

=0y, " 0o,

Gdzie:
CI — wskaznik kombinacji;
D- stezenie sktadnika (w mieszaninie) dla ktorego osiggni¢to zmierzong aktywnosc;

Dx - wartos¢ ICso dla pojedynczego sktadnika

6.13. Badanie wlasciwosci przeciwnowotworowych ekstraktow z maki

pszennej i platkow owsianych
6.13.1. Hodowla komorek
Ludzkie komorki raka tarczycy B-CPAP (ACC 273, DSMZ-German Collection of
Microorganisms and Cell Cultures GmbH) oraz 8505C (Sigma No. 94090184) byty
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hodowane w standardowych warunkach w pozywce RPMI 1640 i DMEM/F12 HAM
(Sigma No. D8437) z dodatkiem 10% plodowej surowicy cielecej (FBS; Gibco, No.
A3840402) oraz antybiotykéw (Merck, No. A5955). Komorki byly pasazowane
z wykorzystaniem trypsyny/EDTA/PBS bez Ca?*/Mg?" (Gibco No. 25200072), liczone
w liczniku czasteczek Z2 (Beckman Coulter), wysiewane do wielostudzienkowych naczyn
hodowlanych (Falcon®), a nast¢pnie traktowane ekstraktami podanymi w st¢zeniu 0,01,
0,05, 0,1, 1 1 3% w pozywce hodowlanej (odpowiadajace 1,5, 7,5, 15, 150 1 450 g
produktu/75 kg masy ciata) przez 48 godzin.
6.13.2. Testy dotyczace proliferacji i przezywalnosci komorek

Do oceny dobrostanu i proliferacji komorek B-CPAP i1 8505C, komorki wysiewano
do naczyn 12-dotkowych (Corning®Costar®) na 24 godziny przed podaniem ekstraktow.
Przezywalno$¢ komorek byta oceniana za pomocg testu EtBr/FDA przy uzyciu
mikroskopu fluorescencyjnego Leica DMI6000B, a proliferacja za pomoca licznika
Coulter 48 godzin po podaniu ekstraktow (Ryszawy et al., 2019).
6.13.3. Test gojenia si¢ rany

Komoérki B-CPAP 1 8505C byty wysiewane do naczyn 12-dotkowych. Po 24
godzinach, dodawano ekstrakty (wraz z nowa pozywka; 0,1 i 1%). Po kolejnych 48
godzinach, w centralnej cze$ci kazdego dotka wykonywano ran¢ za pomoca pipety.
Nastepnie rejestrowano 16 zdje¢ rany bezposrednio po jej wykonaniu oraz 24 godziny
pozniej, aby obliczy¢ postep zarastania rany przez komoérki przy uzyciu mikroskopu

fluorescencyjnego Leica DMI6000B.

6.13.4. Immunofluorescencja

Komérki B-CPAP 1 8505C byly wysiewane do naczyn wielodotkowych
zumieszczonymi w nich szkietkami nakrywkowymi, poddane dziataniu ekstraktow,
utrwalane 3,7% formaldehydem, a nastgpnie permeabilizowane 0,1% Tritonem X-100
(Pudetek et al.,, 2020). Barwienie cytoszkieletu przeprowadzano z wykorzystaniem
przeciwcial przeciw winkulinie (Sigma no. V9131), przeciwciata Il-rzedowego
skoniugowanego z AlexaFluor488 (ThermoScientific No. A-11029), falloidyny
skoniugowanej z AlexaFluor546 (Invitrogen, No. A22283) oraz barwnika Hoechst 33258
(Sigma). Zdjecia zostalty wykonane za pomocg mikroskopu fluorescencyjnego Leica
DMI6000B wyposazonego w kamer¢ CCD DFC360FX i poddano obrébcee liniowej przy

uzyciu oprogramowania ImagelJ. Metodyke szczegdtowo opisano w pracy IV.
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7. Omowienie wynikow badan

7.1. Wplyw czystych zwiazkow polifenolowych (wzorcow chemicznych)
na aktywnos¢ peroksydazy tyroidowej (TPO, EC 1.11.1.1-14) oraz
lipooksygenazy (LOX, EC. 1.13.11.12)

Polifenole to grupa zwigzkéw organicznych wystepujacych w roslinach, zawierajace
przynajmniej dwie grupy hydroksylowe przylaczone do pierscienia aromatycznego.
Polifenole wystepuja naturalnie w roslinach. Badania naukowe wskazuja na potencjalne
korzy$ci zdrowotne wynikajace z ich spozycia, w tym dziatanie przeciwutleniajace,
przeciwzapalne oraz antyproliferacyjne (Hossen et al., 2017; Rathod et al., 2023).
W niniejszej czgsci pracy przedstawiono wyniki badan in vitro dotyczace wptywu czystych
polifenoli na aktywno$¢ enzyméw TPO 1 LOX. Wyniki zostaty zawarte w pracy 1, Il oraz
III. Zwiazki polifenolowe: apigening, kwercetyne, katechine, rutyne, kwas chlorogenowy,
kwas rozmarynowy, kwas ferulowy, kwas trans — cynamonowy, kempferol, kwas
synapinowy oraz kwas syryngowy wytypowano na podstawie wirtualnego przeszukiwania
(badania in silico) ibadan wstepnych. Okreslono ich wplyw na aktywno$¢ TPO
i stwierdzono, iz apigenina, kwercetyna, katechina, rutyna, kwas chlorogenowy, kwas
rozmarynowy, kempferol i kwas synapinowy hamowaty dzialanie enzymu (Praca I i II),
podczas gdy kwas ferulowy, kwas frans-cynamonowy oraz kwas syryngowy okazaty si¢
by¢ jego aktywatorami (Praca III).

Rutyna 1 kwas rozmarynowy dziataty jako inhibitory kompetencyjne. Wybrane pozycje
wigzania tych inhibitoréw przedstawiono na rysunku 2 w Pracy I. Rutyna (Rysunek 2A)
tworzy wiazania wodorowe z Gln 235, His 239, Phe 243, Thr 244, GIn 246, Ser 247 i Glu
399. Kwas rozmarynowy (Rysunek 2B) tworzy wigzania wodorowe z Gln 235, Asp 238,
His 239, Thr 244, Gln 246, Arg 396, Glu 399 i Arg 582. Poréwnanie rysunku 2 i rysunku
1 pozwala wywnioskowaé, ze oba konkurencyjne ligandy oddziatluja z resztami
zaangazowanymi w wigzanie hemu. Ponadto, blokuja dostep hemu do His 239 w miejscu
katalitycznym, uniemozliwiajgc proces katalityczny. W przypadku kwercetyny i kwasu
chlorogenowego stwierdzono niekompetyncyjny sposob hamowania. Rysunek 4 w Pracy
I przedstawia wyniki dokowania kwasu chlorogenowego (Rysunek 4A i 4B) i kwercetyny
(Rysunek 4C i4D) do TPO. Miejsce wigzania kwasu chlorogenowego znaleziono
w kieszeni wigzace] pomig¢dzy podjednostkami biatka. Inhibitor ten tworzy wigzania
wodorowe z Ala 172, Arg 175 1 Thr 480 z jednej podjednostki oraz z Ser 309, Asn 312
1Gln 315 z drugiej podjednostki. Kwercetyna zajmuje miejsce peryferyjne w obrgbie
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jednej podjednostki i tworzy wigzania wodorowe z Phe 195, Leu 202, Pro 271, Gln 581
1 Arg 584. (Praca 1, Rysunek 4D). Katechina, kwas sinapinowy i kempferol dziataty jako
inhibitory kompetycyjne, podczas gdy apigenina wykazywata aktywno$¢ inhibitora
akompetycyjnego (Praca II, Rysunek 1). Te wyniki sugeruja, ze polifenole moga
potencjalnie hamowac¢ syntez¢ hormonow tarczycy przez hamowanie aktywnosci TPO.

W dostepne;j literaturze opisano potencjat hamowania TPO przez rézne flawony, takie
jak apigenina, chryzyna, witexyna i baicaleina, obecnych w natce pietruszki, czeres$niach,
tymianku, oliwkach, herbacie 1 brokutach (Paunkov et al., 2019). Flawanole, takie jak
kempferol, kwercetyna, fisetyna, morina, mirycetyna i rutyna, obecne w jarmuzu, cebuli,
pomidorach, czere$niach, jablkach i czerwonym winie, wraz z flawanonami, narynging
1 naryngening, rowniez wykazuja zdolno$¢ do hamowania jodowania tyrozyny przez TPO
(Cai, Luo, Sun, & Corke, 2004; Liu et al., 2019). W przypadku hamowania aktywnosci
TPO, co prowadzi do zmniejszenia syntezy hormonoéw tarczycy, moze wystapic
kompensacyjny wzrost TSH, co moze prowadzi¢ do powstania charakterystycznego wola,
zwlaszcza przy znacznym spozyciu tych zwigzkéw (Paunkov et al., 2019). Jednakze,
wedtug naszej najlepszej wiedzy, w dostepnej literaturze brak jest danych dotyczacych
aktywatorow fenolowych TPO.

Po weryfikacji in vitro wynikoOw otrzymanych w badaniach in silico stwierdzono, ze
kwas ferulowy, kwas syryngowy oraz kwas trans-cynamonowy aktywuja TPO. Dla
wszystkich zwigzkow okreslono wartosci ACso - stezenia efektora, w ktorym uzyskano
50% aktywacji. Biorac pod uwagg ten parametr, przetestowane kwasy fenolowe mozna
sklasyfikowaé nastgpujaco: kwas trans-cynamonowy> kwas ferulowy> kwas syryngowy.
Aktywujace dzialanie wszystkich badanych zwigzkéw moze wynika¢ z interakcji
z miejscem allosterycznym TPO. Zaproponowano zmian¢ konformacyjng wynikajaca
z wigzania aktywatora z kieszenig allosteryczng TPO bedacej skutkiem elastycznosci
pobliskiej petli utworzonej przez reszty Val352-Tyr363. (Praca II1, Rysunek 2 i 4).

W zwiazku z tym, ze choroby tarczycy sa zwigzane z wystgpowaniem stanu zapalnego,
kolejnym etapem badan byto okreslenie, czy te same polifenole wykazuja zdolnos¢ do
hamowania LOX,. Dane opublikowane w Pracy III potwierdzity, ze polifenole wykazuja
zdolno§¢ do hamowania aktywnosci tego enzymu. W przypadku kwasu trans —
cynamonowego, kwasu syryngowego jak i kwasu ferulowego, stwierdzono akompetycyjny
mechanizm hamowania LOX. Wartos¢ ICso byla najwyzsza dla kwasu ferulowego
(0,027 £0,0013 mM), natomiast plasowata si¢ na zblizonym poziomie w przypadku

dwoch pozostatych kwasow — trans - cynamonowego oraz syryngowego (0,009 + 0,0004
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mM). We wszystkich przypadkach sugerowana jest interakcja migdzy inhibitorami grup
karboksylowych i atomami tancucha bocznego Argl02 i Argl39 w allosterycznej kieszeni
LOX. (Praca IIlI, Rysunek 3, Tabela 2).

Dodatkowo przeprowadzono badanie wilasciwosci antyoksydacyjnych badanych
zwigzkéw. Wyniki jednoznacznie wskazuja na ich wysoki potencjal przeciwrodnikowy.
Biorac pod uwage wartos¢ ECso badane zwigzki mozna uszeregowaé nastepujaco:
katechina (0,078 + 0,008 mM) > kwas synapinowy (0,084 + 0,001 mM) > kwas
rozmarynowy (0,151 +£0,006 mM) > kwas syryngowy (0,22 £ 0,011 mM) > kwas
chlorogenowy (0,267 +£0,008 mM) > rutyna (0,292 + 0,010 mM) > kempferol (0,337
+ 0,002mM) > apigenina (0,406 = 0,003 mM) > kwas ferulowy (0,41 + 0,02 mM) >
kwercetyna (0,447 = 0,018 mM) > kwas trans — cynamonowy ( 2,12 + 0,106) (Praca I, 11
i III).

7.1.1. Wplyw interakcji zwigzkéw wzorcowych na zdolnos¢ do

modulowania aktywnosci TPO i LOX

Polifenole wystepuja w zywnosci w bardziej ztozonych kombinacjach, co stanowi
wyzwanie dla wyodrgbnienia ich wlasciwosci biologicznych. Jednakze badania wykazuja,
ze leki zawierajace wigcej niz jedng substancje aktywna sg bardziej skuteczne (Leonard et
al., 2016). Z tego powodu, kolejnym etapem badan nad wptywem polifenoli na aktywnos¢
TPO oraz LOX bylo oszacowanie rodzaju interakcji miedzy badanymi czystymi
polifenolami (wzorcami), ktére dziatajg jako efektory TPO.

Analiza izobolograficzna inhibitoréw TPO wykazata, Ze rutyna i kwas chlorogenowy
dziataly synergistycznie, podczas gdy interakcja addytywna zostata stwierdzona
w przypadku rutyny i kwercetyny oraz rutyny i kwasu rozmarynowego. Antagonizm
stwierdzono natomiast w przypadku kwasu chlorogenowego i kwas rozmarynowego,
kwasu chlorogenowego i1 kwercetyny oraz kwasu rozmarynowego i kwercetyny (Praca I,
Rysunek 5). Wszystkie rodzaje interakcji zostalty wyrazone jako warto$¢ CI zgodnie
z interpretacjag Chou (Chou, 2006), ktéra wyjasnia sile interakcji. Jak wykazaty wartosci
CI, czyste substancje wykazywaty umiarkowany antagonizm (kwas
rozmarynowy/kwercetyna oraz kwas rozmarynowy/kwas chlorogenowy), antagonizm
(kwas  chlorogenowy/kwercetyna), addycje¢ (rutyna’kwas rozmarynowy  oraz
rutyna/kwercetyna) i lekki synergizm (kwas chlorogenowy/rutyna) (Praca I, Tabela 5).

W wyniku przeprowadzonej analizy izobolograficznej aktywatorow TPO stwierdzono,

ze kwas trans — cynamonowy oraz kwas ferulowy dzialaja addytywnie (CI = 0,98 + 0,06).
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Z kolei kwas syryngowy i kwas ferulowy wykazuja silng synergi¢ (CI = 0,24+ 0,05),
a kwas syryngowy i kwas trans - cynamonowy dziataja synergistycznie (CI = 0,46 + 0,04)
(Praca II1, Rysunek 5, Tabela 4).

W dostepnej literaturze brak jest danych na temat wptywu interakcji zwigzkoéw
polifenolowych na aktywno$¢ TPO.

Wyniki analizy izobolograficznej wykazaty, ze w przypadku hamowania aktywnosci
LOX kwas trans —cynamonowy/kwas syryngowy dziataja antagonistycznie. Z kolei kwas
ferulowy/trans-cynamonowy  oraz  kwas  ferulowy/kwas  syryngowy  dziataja

synergistycznie (Praca III, Rysunek 6).
7.2. Wplyw matrycy pokarmowej oraz przemian zachodzacych podczas
trawienia in vitro na fenolowe efektory enzymow TPO, LOX oraz

XO zawarte w Zzywnosci pochodzenia roslinnego

W badaniach nad wptywem substancji bioaktywnych zawartych w zywnosci na
organizm ludzki istotne znaczenie ma nie tylko zrozumienie wtasciwosci poszczegdlnych
zwigzkéw czynnych, ale rowniez zjawiska interakcji migdzy nimi w bardziej zlozonych
uktadach jakimi sa ekstrakty oraz wplywu samej matrycy zywnos$ci. Dlatego tez
w kolejnym etapie badan wybrano zywnos$¢ pochodzenia roslinnego zasobng w zwigzki,
ktorych badania przeprowadzono w poprzednich etapach. Poréwnano aktywnosc
ekstraktow etanolowych (bedacych ekstraktami kontrolnymi) oraz ekstraktoéw po
symulowanym trawieniu na aktywno$§¢ TPO oraz enzymow prooksydacyjnych LOX i XO.
Poznanie skomplikowanej wzajemnej zalezno$ci migdzy sktadnikami pokarmowymi oraz
pomigdzy sktadnikami a matryca zywnosci jest kluczowe dla pelnego zrozumienia wplywu
substancji bioaktywnych na zdrowie cztowieka. Wyniki badan do tej czesci zawarto
w Pracach I1i IV.

Cho¢ w niektorych przypadkach stwierdzono wystgpowanie analogii pomi¢dzy
aktywno$cig 1 mechanizmem dziatania zwiazkéw wzorcowych 1 zawierajacych je
ekstraktow otrzymanych z surowcow roslinnych, zalezno$¢ taka nie jest oczywista. I tak,
czysta katechina dzialala jako inhibitor kompetycyjny TPO, podobnie jak etanolowe
ekstrakty z zielonej herbaty i zielonej kawy (Praca II, Rysunek 1B, 2B i 3B).Ten sam
mechanizm inhibicji TPO stwierdzono w przypadku kempferolu i bogatego w ten zwigzek
ekstraktu z kminku (Praca II, Rysunek 1C, 2D i 3D oraz kwasu synapinowego i ekstraktu
z gorczycy (Praca II, Rysunek 1D i 2E). Wplyw matrycy zywnosci zaobserwowano

poréwnujac dziatanie apigeniny i ekstraktu z pietruszki. Apigenina dzialata jako inhibitor
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akompetycyjny, podczas gdy ekstrakt etanolowy z wykazywat kompetycyjny mechanizm
hamowania (Praca II, Rysunek 1Ai 2A).

W przypadku dietorapii i dietoprewencji kluczowa jest biodostepno$¢ zwigzkéw
czynnych, fundamentalng rol¢ odgrywaja réwniez zmiany zachodzace pod wptywem
warunkéw panujacych w przewodzie pokarmowym. Z badan przedstawionych w Pracy 11
wynika, iZ moga one drastycznie zmieni¢ ostateczny efekt. Podczas gdy ekstrakty
etanolowe z badanych roslin hamowaty aktywno§¢ TPO, warunki zachodzace podczas
trawienia in vitro skutkowaly zdolnoscig aktywacji tego enzymu. Najwigksza zdolnos$¢ do
aktywacji TPO stwierdzono w przypadku potencjalnie biodostgpnych zwigzkow
pochodzacych z gorczycy (24,66%) 1 kminku (19,85%).

W przypadku analogicznych badan przeprowadzonych dla enzymu LOX (Praca II)
najwyzszy potencjal inhibicyjny LOX zaobserwowano dla etanolowych ekstraktoéw
zielonej herbaty i1 kawy (ICso = 13,74 1 15,96 mg DW/mL, odpowiednio), a najnizszy dla
ekstraktu z gorczycy (29,01 mg DW/mL) (Praca 11, Tabela 5). W przypadku wigkszo$ci
etanolowych ekstraktow uzyskano mieszany typ inhibicji LOX. Jedynie w przypadku
etanolowego ekstraktu z gorczycy zaobserwowano kompetycyjny model inhibicji (Praca
II, rysunek 4). Po przeprowadzeniu symulowanego trawienia, sposob inhibicji LOX
zmienit si¢ w wigkszosci ekstraktow, z wyjatkiem gorczycy, nastgpit takze spadek
zdolnosci do hamowania LOX, o czym §wiadczy wzrost wartosci ICso (w poréwnaniu do
ekstraktow etanolowych) (Praca II, Rysunek 5, Tabela 5).

Jako dietetyczne zrodla kwasu ferulowego — aktywatora TPO (Praca I1I, Rysunek 1A)
wybrano make pszenng i platki owsiane (Praca IV), W przeciwienstwie do wynikow
uzyskanych dla czystego kwasu ferulowego (Praca III, Rysunek 1A), zaobserwowano
hamowanie dla kontrolnego (etanolowego) ekstraktu z ptatkow owsianych, co wskazuje na
wpltyw matrycy zywnos$ci. Zaleznos$ci takiej nie stwierdzono w przypadku maki pszennej
(Praca III rysunek 1A). Co wazne, w obu przypadkach po trawieniu in vitro otrzymano
proby dzialajace jako aktywatory TPO, co dla ptatkéw owsianych jasno wskazuje na
kluczowa role tego procesu w ksztattowaniu bioaktywnosci (Praca IV, Rysunek 1A).
Mozna przypuszczaé, ze w trakcie trawienia in vitro kwas ferulowy jest uwalniany z jego
nieaktywnych potaczen (Praca IV, Rysunek 1B).

Aktywacja zostala zaobserwowana w przypadku obydwu ekstraktéw z maki pszennej
(zarowno kontrolnych jak i po symulowanym trawieniu), co wykazato podobienstwo do
wyniku uzyskanego dla czystego kwasu ferulowego (Praca III rysunek 1A). W tym

wypadku matryca zywnosciowa oraz warunki panujace podczas symulowanego trawienia
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nie miaty znaczacego wpltywu na zmian¢ mechanizmu dziatania substancji aktywnej Dla
kontrolnych ekstraktow owsianych stwierdzono mieszany rodzaj hamowania (Praca IV,
Rysunek 1A).

Kolejnym krokiem byto sprawdzenie wptywu ekstraktow kontrolnych i trawionych na
aktywno$¢ LOX. Stwierdzono, ze zaréwno ekstrakty z maki pszenniej, jak i platkow
owsianych hamowaty aktywno$¢ LOX. W przypadku maki pszennej zaobserwowano
niekompetycyjny mechanizm inhibicji dla ektraktu kontrolnego oraz mieszany rodzaj
inhibicji dla ekstraktu po trawieniu in vitro (Praca IV, Rysunek 1D). Natomiast dla
czystego kwasu ferulowego zaobserwowano akompetycyjny mechanizm hamowania LOX
(Praca III, Rysunek 3A),. Roznice w mechanizmie inhibicji sugeruja, ze mogt on ulec
zmianie pod wplywem matrycy zywnosci oraz warunkoOw panujacych podczas
symulowanego trawienia. W przypadku ptatkéw owsianych obserwowano mechanizm
hamowania akompetycyjnego dla obydwu rodzajow ekstraktow (Praca IV, Rysunek 1C,
Tabela 3), czyli analogiczny do zaobserwowanego w przypadku czystego zwigzku
referencyjnego (Praca III, Rysunek 3A).

Dodatkowo wykonano badania dotyczace hamowania aktywno$ci oksydazy
ksantynowej ze wzgledu na coraz wigkszg liczbe doniesien naukowych wskazujacych na
role tego enzymu w procesach chorobowych, w tym procesach zapalnych. Ponadto, XO
jest gtdwnym endogennym zrodtem RFT.

Wszystkie rodzaje ekstraktow z obydwu surowcow dziataly jako inhibitory
akompetycyjne XO, co moze sugerowac, ze zmiany zachodzace podczas symulowanego
trawienia nie miaty decydujacego wptywu na mechanizm oddzialywania na enzym (Praca

IV, Rysunek 1E i 1F).

7.2.1. Badanie interakcji ekstraktow zawierajacych efektory TPO, LOX
i X0

Wiadomo, ze polifenole zawarte w roslinnych sktadnikach zywnos$ci wystepuja
w bardziej zlozonych kombinacjach. Potencjalnie bioaktywne zwiazki z testowanych
ro$lin: kminek, zielona herbata, zielona kawa, gorczyca, ptatki owsiane oraz maka pszenna
aktywowaly TPO. Jest to bardzo wazne zwlaszcza dla oséb cierpiagcych na chorobe
Hashimoto. Jednak przyjmowanie ilosci dajacej znaczacy efekt jest w praktyce bardzo
trudne, dlatego nastgpnym krokiem byto okreslenie rodzaju interakcji miedzy testowanymi

ekstraktami. Jak juz wcze$niej wspomnianio, analiza interakcji jest metodg stosowang do
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identyfikacji interakcji migdzy zwigzkami aktywnymi. Metoda ta jest niezalezna od
mechanizmu dziatania; jest przydatnym narzedziem do okre$lania interakcji migdzy
sktadnikami mieszanek dwusktadnikowych oraz tych sktadajacych si¢ z ekstraktow
roslinnych bedacych mieszaninami wielu aktywnych zwigzkow (Chou, 2006). W pracy 11,
w ktorej przebadano interakcje pomigdzy ekstraktami trawionymi w ukladach: zielona
herbata/zielona kawa, kminek/zielona kawa/gorczyca/zielona herbata, kminek/zielona
herbata gorczyca/kminek w przypadku wszstkich wymienionych kombinacji stwierdzono
oddziatywania synergistyczne (Praca II, Rysunek 6) .

Kolejnym etapem prowadzonych badan bylo okres§lenie rodzaju interakcji miedzy
potencjalnie biodostgpnymi ekstraktami, ktore pehity role aktywatorow TPO,
1 rownoczesnie inhibitoréw LOX. Analiza interakcji wykazata, ze w przypadku mieszanek
wszystkich ekstraktow uzyskano synergistyczny rodzaj oddziatywan (Praca II,
Rysunek 5). Biorac pod uwage charakter oddziatywan, jak i fakt, Zze wszystkie
z komponentéw byty aktywatorami TPO, polaczenia te s3a obiecujace dla ludzi
zmagajacych si¢ z chorobg Hashimoto.

W kolejnej czesci badan przeprowadzono analize interakcji pomiedzy aktywatorami
TPO oraz inhibitorami LOX i XO.zawartymi w kontrolnych (etanolowych) i trawionych
ekstraktach z ptatkdbw owsianych i maki pszennej. Sita interakcji zostata okre§lona za
pomoca wartosci indeksu kombinacji (CI) (Chou, 2006). W przypadku kontrolnych
ekstraktow (etanolowych) stwierdzono, ze probki z maki pszennej aktywowaly TPO,
a z platkéw owsianych — hamowaty; nie przeprowadzono wigc w tym wypadku analizy
izobolograficznej (Praca IV, Rysunek 1A i1B). Wynika to z faktu, Ze potaczenie
aktywatora 1 inhibitora moze prowadzi¢ do problemow z interpretacjg wynikow. Z drugiej
strony, jesli chodzi o trawione ekstrakty, uzyskano silny efekt synergizmu w stosunku do
aktywacji TPO (Praca IV, Rysunek 2A), co potwierdza wartos¢ indeksu kombinacji (CI)
wynoszaca 0,18 + 0,02 (Praca IV, Rysunek 2A). W przypadku inhibitoréw enzymu LOX
obserwowano silne synergiczne interakcje dla obu rodzajow ekstraktow z platkow
owsianych 1 maki pszennej, czyli kontrolnych oraz po symulowanym trawieniu (wartosci
CI wynosity odpowiednio 0,23 + 0,03 1 0,25 = 0,01) (Praca IV, Rysunek 2B i 2C).
W przypadku inhibitoréw enzymu XO réwniez zaobserwowano oddziatywania
synergiczne. Wartosci CI dla ekstraktu wyjsciowego i ekstraktu po trawieniu wynosity
odpowiednio 0,26 + 0,04 1 0,45 = 0,02 (Praca IV, Rysunek 2D i 2E).

Jak wspomniano wczesniej, naukowcy zwracajg uwage gtownie na interakcje migdzy

lekami, ale istniejg rowniez badania skupiajgce si¢ na interakcjach migdzy dodatkami do
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zywnosci lub zrodtami zywnos$ci. Dane te sa stosunkowo nowe. Badania przeprowadzone
przez Lau i in. (Lau, McLean, Williams, & Howard, 2006) wykazaty synergistyczny rodzaj
interakcji miedzy popularnymi dodatkami do zywnosci, takimi jak aspartam i Quinoline
Yellow 1 migdzy Brilliant Blue a L-glutaminianem. Wiedza na temat interakcji substancji

innych niz leki jest wcigz niewielka. Brak informacji generuje potrzebe takich badan.

7.2.2. Badania potencjalu przeciwnowotworowego in vitro

Poniewaz zdolno$¢ do hamowania aktywnosci LOX jest czgsto skorelowana
z aktywnoscig przeciwnowotworowa badania poszerzono o cze$¢ dotyczaca wihasciwosci
przeciwnowotworowych ekstraktow pochodzacych z maki pszennej oraz ptatkow
owsianych.

W badaniach in vitro wykorzystano model eksperymentalny oparty na komoérkach linii
B-CPAP wykazujacych ekspresje¢ peroksydazy tarczycowej (ang. thyroperoxidase; TPO+)
izolowanych ze stabo zroznicowanego raka tarczycy (PDTC)(Patel & Shaha, 2006) oraz na
komorkach niewykazujacych ekspresji peroksydazy tarczycowej (TPO-) linii 8505C
pochodzacych z anaplastycznego (niezréznicowanego) raka tarczycy (Meireles et al.,
2007). Oba te typy nowotworOw tarczycy zwigzane s3 ze zlym rokowaniem
1 Smiertelno$cig pacjentdéw obcigzonych ta choroba. Model ten umozliwit oszacowanie
wpltywu statusu zroznicowania komorek raka tarczycy i/lub ekspresji TPO na ich
wrazliwo$¢ na dziatanie substancji zawartych w ekstraktach otrzymanych z ptatkow
owsianych i maki pszenne;j.

Testy zywotnosci komorek B-CPAP wykazaty podobng (zalezng od dawki) aktywnos$¢
cytotoksyczng obu ekstraktow poddanych trawieniu in vitro. Po podaniu w stezeniu od
0,01% do 3% (odpowiadajacemu odpowiednio od 1,5 do 450 g produktu natywnego/75 kg
masy ciala), oba te ekstrakty zmniejszaty frakcj¢ zywych komorek do ok. 85% (Praca 1V,
Rysunek 3A). Z kolei wyrazniejsza aktywno$¢ cytostatyczng ekstraktu z ptatkéw
owsianych ilustruje wolniejsza proliferacja komoérek B-CPAP hodowanych w obecnosci
ekstraktu z ptatkdbw owsianych do ok. 60%, w porownaniu do 75% dla ekstraktu z maki
pszennej (Praca IV Rysunek 3B). Ta obiecujaca obserwacja potwierdza wczesniejsze
dane dotyczace bioaktywnosci obu produktéow w modelach nowotworowych (Meireles et
al., 2007) 1 rozszerza je na raka tarczycy.

Od dawna sugeruje si¢, ze kwas ferulowy hamuje proliferacj¢ komorek
nowotworowych, jednak jego stezenia w bardziej aktywnym ekstrakcie z ptatkow

owsianych poddanych trawieniu in vitro byly nizsze niz w analogicznym ekstrakcie z maki
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pszennej (Praca IV Tabela 1). Wskazuje to na udziat innych substancji w cytostatycznej
aktywnosci badanych ekstraktow. Aktywnos$¢ ta korelowata z ich hamujagcym wpltywem na
aktywnos¢ LOX, co sugeruje, ze rézna wrazliwo$s¢ komoérek B-CPAP na ekstrakty
z platkéw owsianych 1 maki pszennej po trawieniu in vitro moze by¢ czgsciowo zwigzana
z 16zng zawarto$cig modulatorow LOX (w tym kwasu ferulowego).

Co zaskakujace, oczekiwanym efektom cytostatycznym obu badanych ekstraktow
towarzyszytl ich nieoczekiwany stymulujacy wpltyw na ruchliwo$¢ komoérek B-CPAP
(Praca IV, Rysunek 3C). Jednocze$nie zaobserwowano wyrazne rearanzacje
cytoszkieletu aktynowego komorek B-CPAP hodowanych w obecnosci obu ekstraktow,
w tym tworzenie wigzek mikrofilamentow (tzw. widkien naprezeniowych; ang. stress
fibers) 1 dojrzewanie kontaktow zogniskowanych (ang. focal contacts) (Praca IV Rysunek
3D). Najwyrazniej silnemu efektowi cytostatycznemu ekstraktow z maki pszennej
i ptatkbw owsianych po trawieniu in vitro stosowanych w dawkach fizjologicznych
towarzyszy indukcja ruchliwos$ci B-CPAP. Jednoczes$nie nie zaobserwowaliSmy zadnych
wyraznych oznak apoptotycznej odpowiedzi B-CPAP na substancje zawarte w ekstraktach.
Potwierdza to, ze za ten efekt odpowiada indukcja ruchliwo$ci (czesci?) komorek, a nie
negatywna selekcja komorek o niskiej ruchliwosci 1 wysokiej wrazliwosci na
cytotoksyczne dziatanie ekstraktow z natury rzeczy heterogennych populacji komorek
nowotworowych. Dane te moga wskazywac na cytoprotekcyjng aktywno$¢ ekstraktow
wzgledem komoérek (na przyktad zwigzang z wygaszaniem wolnych rodnikéw) i/lub
aktywacje proinwazyjnych szlakow sygnatowych w komoérkach B-CPAP).

Ponadto nie zaobserwowano znaczacych réznic w jakos$ci reakcji komorek 8505C i B-
CPAP na obecnos¢ obu ekstraktow (Praca IV Rysunek. 5A, 3C 4C). Stosunkowo wysoka
wrazliwo$¢ komorek 8505C, ktore nie wykazujg ekspresji TPO, na zwigzki zawarte
w badanych ekstraktach wskazuje na marginalng rolg¢ aktywacji TPO w reaktywnosci
komorkowej na substancje w nich zawarte. Guzy anaplastyczne, ktorych "reprezentantem"
jest linia 8505C, stanowia podgrupg guzéw tarczycy zwigzang z najgorszym rokowaniem,
a komorki 8505C wykazujg wysokg inwazyjnos¢. Dlategoobserwacje potwierdzaja
rowniez, ze ekstrakty z ptatkéw owsianych/ maki pszennej moga wywotywac dzialania

niepozadane u pacjentdOw z zaawansowanymi nowotworami tarczycy.
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8. Whnioski

1.

Zwiazki fenolowe wykazuja wielokierunkowa, skoordynowana aktywnos$¢
biologiczng in vitro dziatajac rdownoczesnie jako efektory TPO, inhibitory LOX
1 XO oraz przeciwutleniacze drobnoczasteczkowe. Aktywno$¢ ta w istotny
sposob modyfikowana jest poprzez interakcje zwigzkdéw czynnych.

Z uwagi na zdolno$¢ do réwnoczesnego aktywowania TPO, hamowania
aktywnosci LOX 1 XO oraz dziatania przeciwrodnikowego kwasy syryngowy,
trans - cynamonowy oraz ferulowy moga by¢ wskazane w przypadku
niedoczynnosci tarczycy.

Kwas chlorogenowy, kwercetyna, kwas rozmarynowy i rutyna okazaty si¢
inhibitorami wszystkich badanych enzymow, co wskazuje na ich potencjalne
korzystne oddziatywania w przypadku nadczynnosci tarczycy.

W przypadku zwigzkéw fenolowych pochodzacych z zywnosci kluczowa rolg
w kreowaniu aktywnos$ci odgrywaja interakcje z matrycag Zywnosci 1 przemiany
zachodzace podczas trawienia.

Proby otrzymane po trawieniu in vitro pietruszki, zielonej kawy, zielonej
herbaty, kminku 1 gorczycy aktywowaty TPO, podczas gdy ekstrakty etanolowe,
podobnie jak zwiazki referencyjne, hamowaty aktywno$¢ tego enzymu. Fakt ten
wskazuje na ztozonos$¢ przemian i konieczno$¢ dalszych, doglebnych badan.

W przypadku ekstraktow otrzymanych po trawieniu in vitro ptatkdéw owsianych
1 maki pszennej stwierdzono zdolno$¢ do aktywowania TPO oraz hamowania
LOX 1XO podobnie jak w przypadku zwigzku referencyjnego - kwasu
ferulowego. Co wazne, w przypadku tych produktéw potwierdzono synergizm
dziatania. Wyniki te wskazuja na potencjalne korzystne dziatanie tych
produktéw w przypadku osob cierpigcych na niedoczynnos¢ tarczycy.

Wstepne badania potencjatu przeciwnowotworowego ekstraktow z platkow
owsianych 1 maki pszennej wskazuja raczej na ich potencjat prewencyjny, co
stanowi kolejng przestanke sugerujaca zasadno$§¢ wprowadzenia ich do
codziennej diety 0sob cierpiacych na niedoczynnos$¢ tarczycy.

Whnioskowanie o aktywnosci biologicznej pokarméw bogatych w zwigzki
czynne jedynie na podstawie znajomos$ci zawarto$ci, aktywnosci
1 mechanizméw dzialania czystych wzorcow moze prowadzi¢ do istotnych

btedow. W celu potwierdzenia prozdrowotnego dziatania sktadnikow
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pokarmowych zawierajacych zwiazki polifenolowe i opracowania konkretnych
zalecen dotyczacych suplementacji lub stosowania tych skladnikow w celach

prewencyjnych i/lub wspomagania farmakoterapii niezbedne sg dalsze badania,

zar6wno in vitro jak 1 in vivo.
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9. Dalsze perspektywy badawcze

1. Poszerzenie badan o enzym cykooksygenazg¢ (COX, EC 1.14.99.1), ktorego
aktywno$¢, podobnie jak w przypadku LOX, moze by¢ przyczyna powstania stanu
zapalnego w organizmie ludzkim.

2. Poszerzenie badan o kolejne zrédta pokarmowe i okreslenie wptywu zawartych w nich
zwigzkow potencjalnie biodostepnych na aktywnos$¢ TPO, LOX, COX oraz XO.

3. Stworzenie bazy wiedzy dotyczacej optymalnych potaczen sktadnikow zywnosci
o okreslonym dziataniu na TPO, LOX, COX i XO, dobrane pod katem konkretnego

zaburzenia funkcjonowania tarczycy
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Abstract: The aim of this study was to estimate the mode of thyroid peroxidase (TPO) inhibition by
polyphenols: Chlorogenic acid, rosmarinic acid, quercetin, and rutin. All the tested polyphenols
inhibited TPO; the ICsy values ranged from 0.004 mM to 1.44 mM (for rosmarinic acid and
rutin, respectively). All these pure phytochemical substances exhibited different modes of TPO
inhibition. Rutin and rosmarinic acid showed competitive, quercetin—uncompetitive and chlorogenic
acid—noncompetitive inhibition effect on TPO. Homology modeling was used to gain insight into
the 3D structure of TPO and molecular docking was applied to study the interactions of the inhibitors
with their target at the molecular level. Moreover, the type and strength of mutual interactions
between the inhibitors (expressed as the combination index, CI) were analyzed. Slight synergism,
antagonism, and moderate antagonism were found in the case of the combined addition of the pure
polyphenols. Rutin and quercetin as well as rutin and rosmarinic acid acted additively (CI = 0.096
and 1.06, respectively), while rutin and chlorogenic acid demonstrated slight synergism (CI = 0.88)
and rosmarinic acid with quercetin and rosmarinic acid with chlorogenic acid showed moderate
antagonism (CI = 1.45 and 1.25, respectively). The mixture of chlorogenic acid and quercetin
demonstrated antagonism (CI = 1.79). All the polyphenols showed in vitro antiradical ability against
2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), ABTS. The highest ability (expressed as ICsp)
was exhibited by rosmarinic acid (0.12 mM) and the lowest value was ascribed to quercetin (0.45 mM).

Keywords: thyroid peroxidase (TPO); dietary polyphenols; molecular modeling; interactions

1. Introduction

Thyroid peroxidase, also called thyroperoxidase (TPO, EC 1.11.1.1-14) or iodide peroxidase, is
an enzyme participating in the synthesis of thyroid hormones. In the human body, it is encoded
by the TPO gene located on chromosome 2p25 [1]. TPO catalyzes iodide oxidation to form iodine
atoms, which are added onto tyrosine residues on thyroglobulin for the production of thyroxine or
triiodothyronine, i.e., thyroid hormones [2]. The mechanism mentioned above can be described by
reactions occurring in the following order: TPO is oxidized by H,O, and then TPO can oxidize iodide
ions. Oxidized iodide ions bind to tyrosyl residues of thyroglobulin (TG). Formation of T4 and T3
iodothyronines is an effect of oxidation and coupling of hormonogenic iodotyrosines [3].

As the TPO enzyme is a heme peroxidase, it cannot oxidize the substrate without having been
oxidized. To oxidize TPO, the HyO, molecule is necessary. The HyO, molecule is generated only at the
apical surface of thyrocytes, and TPO molecules present at this surface are activated [4].
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TPO is organized as a 933-residues homodimer. The N-terminal propeptide (residues 1-108)
is cleaved in the mature protein. Three domains in the TPO extracellular region (residues 109-846)
display a high degree of sequence similarity to domains of known 3D structure: Myeloperoxidase
(MPO)-like domain (residues 142-738), complement control protein (CCP)-like domain (residues
740-795), and epidermal growth factor (EGF)-like domain (residues 796-846), [5]. The transmembrane
domain is constituted by residues 847-871 and intracellular domain by residues 872-933. Figure 1
presents the dimeric MPO-like domain in trans orientation with heme molecules exposed to thyroid
follicular lumen. Le [5] considered also an alternative cis orientation, with heme molecules facing the
thyrocyte membrane. According to the above studies cis orientation is slightly more energetically
stable. However, other reported data suggested that in order to perform the oxidation and further
iodination of thyroglobulin the catalytically active portion of the enzyme projects into the follicular
lumen [6], which requires trans orientation of the dimeric MPO-like domain.
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Figure 1. Lineweaver—Burk double reciprocal plots for the inhibition of TPO by rutin (A), quercetin
(B), chlorogenic acid (C) and rosmarinic acid (D). Plots are expressed 1/velocity versus 1/guaiacol
[ng/mL] without or with inhibitors in reaction solution.

Thyroid peroxidase is the major antigen in human Hashimoto’s disease, and anti-TPO antibodies
induce complement-dependent cytotoxicity. Furthermore, antibodies against complement (anti-C1q)
are detected in patients with Hashimoto’s disease. They are correlated with thyroid-stimulating
hormone (TSH) levels. Many patients with congenital hypothyroidism have problems related to
synthesis or iodination of TG that are connected to TPO deficiency. When TPO activity is not normal
or is totally absent, thyroid iodide organification may occur giving rise to congenital hypothyroidism.
Another autoimmune disease correlated with pathological thyroid gland functioning is Grave’s disease.
It is characterized by the presence of antibodies against the TSH receptor, thyroid peroxidase enzyme
(TPO), and thyroglobulin (TG). TSH receptor antibodies play a crucial role in the development of
hyperthyroidism. The increase in thyroid hormone synthesis is associated with the onset of Grave’s
disease, showing T3 dominance [7]. Pathological conditions of the thyroid are associated with oxidative
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stress. Oxidative stress results mainly from excessive production of ROS, which are not removed by
natural repair mechanisms. These mechanisms may be supported by substances with antioxidative
activity, e.g., phytochemical compounds, especially phenolics, provided to the organism [8]. Thus,
diet rich in food of plant origin is considered an important element of prevention of so called lifestyle
diseases (for example Alzheimer’s disease, arteriosclerosis, cancer, cirrhosis, chronic obstructive
pulmonary disease, diabetes, hypertension, heart disease, stroke). Many epidemiological studies have
found that the consumption of foods and drinks with high phenolic content is associated with the
prevention of coronary disease, cancer, etc. [9,10]. It is known that plants are a rich source of secondary
metabolites (i.e., antioxidants) such as polyphenols with documented biological activity.

Combinations of different pure bioactive compounds or their extracts from food sources can
increase the benefits of individual bioactive compounds. This type of interaction is referred to as
synergism [11]. In some cases, mixtures of two compounds may lower the biological effects, e.g., they
can decrease the capability to scavenge free radicals in comparison with this ability exhibited by single
substances [12]. The available studies of the influence of food compounds on TPO activity are not
sufficient and sometimes inconsistent, hence the need for additional, more complex investigation. The
first step of the investigation should be to carry out an analysis in simple model systems; therefore,
studies of pure chemical substances: Quercetin, chlorogenic acid, rutin and rosmarinic acid were
carried out. Quercetin is a natural flavonoid present in many plants such as berries, onions, tea, or
apples. It has anti-inflammatory, antioxidant, anti-apoptotic, and anticancer properties [13]. Studies
reported by Cheng et al. [14] showed that quercetin could be used in the treatment of human retinal
inflammatory diseases. Chlorogenic acid is present mainly in coffee and tea, as well as in grape wines,
tropical fruits, cabbages, and root vegetables [15]. This polyphenolic acid plays a role in inducing
apoptosis in chronic myeloid leukemia cells [16], glucose and lipid metabolism, inhibition of DNA
methylation. It also has anti-obesity and anti-inflammatory activity, attenuates hypertension, and
modifies the concentrations of cholesterol, triacylglycerols, and minerals [15]. Rutin is a non-toxic
biologically active flavonoid. It is present in many plant products, such as tea, coffee, red wine,
oil [17], and linden and heather honeys [15]. Rutin plays a role as an antioxidant mostly in free
radical scavenging and in the treatment of hypertension, hemorrhoids, and spontaneous bleeding.
It also protects vascular walls and shows antiviral and antimicrobial activity. Moreover, rutin has
anti-inflammatory and anti-allergic properties [17]. Plants from the Lamiaceae family comprising many
herbs: Rosemary, oregano, marjoram, sage, basil, thyme, and chia seeds are a source of rosmarinic
acid [18]. Rosmarinic acid has a high antioxidant potential as well as anti-inflammatory, antiviral,
antimicrobial, and antimutagenic activity [19].

In the natural environment, all substances appear not as single compounds but in connection
with other substances. Due to this fact, our study includes the isobolographic analysis. This method is
widely used for analysis of drug combinations and is also applied in the analysis of food compounds

The study is a part of more complex investigations, which focus on the influence of biologically
active substances contained in food components on TPO activity. The obtained data can be useful
in choosing an appropriate diet coordinated with the type of thyroid disorder (hyperthyroidism,
hypothyroidism). The present study determines the effect of four most common dietary polyphenols
(chlorogenic acid, rosmarinic acid, quercetin, and rutin) on TPO activity to elucidate these mechanisms.

2. Results and Discussion

2.1. Antioxidant Capacity

The antioxidant capacities of pure polyphenols (quercetin, rutin, rosmarinic acid, chlorogenic acid)
were evaluated by the most commonly used antioxidant assay, i.e., ABTS method. The results clearly
indicated that the polyphenols significantly scavenged free radicals in this assay. The ABTS radical
scavenging ability of rosmarinic acid was found to be the highest. The lowest antiradical activity was
observed for the quercetin (Table 1).
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Table 1. Chemical structure and ABTS (2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical
scavenging properties of chosen polyphenols (quercetin, rutin, chlorogenic acid, rosmarinic acid)
expressed in ICs (Efficient Concentration), n = 9.

Compound Chemical Formula ICs59 [mM]

OH
quercetin HO O ° | O 0.447 + 0.018 e *
OH

OH

O

oo Y
|
rutin % 0.292 + 0.010
H O
05{;00 0
CH3 OH
H OH o OH

HQ, COH

o
chlorogenic acid Ho\“é\o)‘\/\@\ 0.267 + 0.008 b
OH
OH
OH
o o ),C(}OH

rosmarinic acid HO_@_//_,QO_\_Q_OH 0.151 + 0.006 a

OH

HO O

Trolox (positive control) B 0.407 £0.014d
o

* The values designated by the different letters are statistically significantly different.

The results obtained by Grzesik et al. [20] showed antiradical properties in grapes (which are a
source of quercetin) [21] for a solution concentration of 50 pg/mL at the level of 43.06% in the case of
skin, 16.75%—seeds, and 7.01%—flesh. Chlorogenic acid exhibited ABTS radical scavenging activity at
a ICsg value of 0.267 mM, which was higher than the results obtained for quercetin (0.447 mM) and
rutin (0.292 mM) but lower than for rosmarinic acid (0.151 mM).

2.2. TPO Inhibitory Studies

The biochemical characteristic of TPO isolated from the thyroid gland is shown in Table 2.

Table 2. Km value, Vmax and content of proteins in thyroid peroxidase (TPO) enzyme solution
prepared from porcine thyroid gland, (n = 9).

Parameter Value
Proteins [mg/mL] 0.67 = 0.02
Km [ug/mL] 11.07 = 0.47
Vmax [AAU/min] 140.85 + 5.22
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Polyphenols showing inhibitory effect on TPO activity used in the study and ICsj value, which
was calculated at fitted models as the concentration of the tested compound that gave 50% of the
maximum response based on a dose-dependent mode of action were presented in Table 3.

Table 3. ICsy [uM] value of polyphenols showing inhibitory effect on TPO activity used in the study,

n=09.
Compound ICs5¢ [mM]
Rutin 0.122 + 0.004 ¢ **
Rosmarinic acid 0.004 £ 0.00014 a
Quercetin 0.199 = 0.008 d
Chlorogenic acid 1.439 £+ 0.041 e
Propylthiouracil (PTU, positive control) * 0.004 a
Methimazole (MM, positive control) * 0.0107 b

* According to literature data [22]; ** The values designated by the different letters are statistically
significantly different.

All the tested polyphenols inhibited TPO, but with quite different potencies (Table 3). The EC50
values ranged from 0.004 mM to 1.44 mM with the following order of potency: Rosmarinic acid >
rutin > quercetin > chlorogenic acid. Studies conducted by Divi and Doerge [23] showed a similar
relationship between quercetin and rutin, where quercetin had a higher TPO inhibitory effect than
rutin (ICsp: 2.4 pM for quercetin and 40.6 uM for rutin).

Polyphenols are not the only substances, which can inhibit TPO activity. Amino acids are TPO
inhibitors as well [24]. Scientists found that different amino acids inhibited TPO with different strength.
Similar results were observed in the case of polyphenols.

It has been demonstrated that TPO inhibitors are potential therapeutic agents in hyperthyroidism.
Pure substances were chosen on the basis of preliminary studies (unpublished data) and the main
reason for choosing the polyphenols was their presence in plant food sources and the high antioxidant
potential. The antioxidant potential is the main property of polyphenols, which show anticarcinogenic,
antimutagenic, and antiaging activity, contained in medicinal plants [25]. The next step of our
investigation was to determine the inhibitory potential of the tested polyphenols against TPO activity.
As expected, the pure chemical solutions demonstrated high TPO inhibitory activity. The chosen
polyphenols showed different modes of TPO inhibition. Rutin and rosmarinic acid acted as competitive
inhibitors (Figure 1A,D). The uncompetitive mode of inhibition was determined for quercetin with
respect to the guaiacol concentration, since Km and Vmax were affected (Figure 1B). The noncompetitive
type of inhibition was indicated in the case of chlorogenic acid, where Vmax, but not Km, was affected
(Figure 1C).

In our study, the IC5y value for quercetin was 0.199 mM, whereas data obtained by Divi and
Doerge [23] showed that the ICsy value was 2.4 uM in relation to TPO. In our study, the ICs; value for
rutin was 0.121 mM, whereas data obtained by Divi and Doerge [22] showed an ICs5, value of 40.6 uM.
The differences in these data can be associated with the differences in the methodology, solvents, and
the source of TPO. Elucidation of the mechanisms observed in the analyzed polyphenols may provide
important insight in the development and possibly prevention of inflammation.

Data obtained in this study indicate the ability of dietary polyphenols to inhibit TPO activity
(Table 3). Of course, their ability to inhibit the activity of TPO is definitely lower than the commonly used
drugs propylthiouracil (PPT) and methimazole (MMI) [22]. The major role in creating the biological
activity of phenolic compounds plays their bioavailability, however it is still not fully understood. The
intestinal absorption and metabolism of chlorogenic acids (385 umol) following a single intake of 200 mL
of instant coffee by human with an ileostomy was investigated by Stalmach et al. [26]. The HPLC-MS3
analysis of 0-24 h post-ingestion ileal effluent revealed the presence of 274 umol of chlorogenic acids
and their metabolites accounting for 71 of intake [26]. Quercetin is widely distributed in edible plants,
mainly as glycosides such as rutin. It has been reported to be absorbed in mammals, but its metabolism
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needs further investigation to evaluate its possible physiological effects [27]. Hollman et al. [28]
have found a human plasma concentration of about 0.65 umol/l quercetin after consumption of a
meal containing 150 g of fried onions (equivalent to 64 mg of pure quercetin). Rutin was absorbed
more slowly than quercetin because it must be hydrolysed by the cecal microflora. Following six
weeks supplementation with rutin, significant changes in the plasma levels of quercetin, kaempferol
and isorhamnetin were measured in the rutin-treated volunteers. The increase of 2.5 fold in plasma
quercetin, 3-fold in plasma kaempferol and 10 fold in plasma isorhamnetin was found [29]. Rosmarinic
acid (RA) exhibits diverse pharmacological effects, however, its oral absolute bioavailability and dose
proportionality in vivo have not been comprehensively studied. The absolute bioavailability of RA
in rats was estimated as 1.69%, 1.28% and 0.91% after oral administration of RA at the doses of 12.5,
25 and 50 mg/kg, respectively [30]. The serum concentration of total rosmarinic acid peaked at 1 h after
administration of Melissa officinalis extract containing 500 mg rosmarinic acid in a fasted state, with a
maximum serum concentration 162.20 nM [31]. In the light of the cited works, it seems difficult to
achieve bioavailability at the ICsg level obtained in our study, therefore, the further part of the work is
to determine of interaction between these compounds as a factor that can increase their effectiveness.

There are not many data about the influence of pure chemicals on TPO activity. The first data
reports the influence of extracts from peanut seed coats [32]. The study showed the total polyphenol
content in the plant material, but did not focus on the interactions between the substances. Attention
was also paid to the inhibitory influence of the polyphenols contained in the peanut seed coat on the
TPO activity. As shown by literature studies, peanuts are a rich source of dietary flavonoids [33]. In
another study, the influence of the green tea extract on TPO activity was investigated. Green tea is a
rich source of dietary polyphenols such as catechin, quercetin, kaemferol, and chlorogenic acid. It was
found that green tea extracts inhibited TPO in a dose-dependent manner. Therefore, it was concluded
that most of the polyphenols contained in tea extracts are potential inhibitors of TPO [32].

Many studies aimed to explore the influence of particular drug components on TPO activity and
interactions between these components. Data concerning the influence of pure polyphenols on in vitro
TPO activity are sparse. There are data on the influence of polyphenols on other enzymes e.g., xanthine
oxidase, and lipoxygenase. Data obtained by Gawlik-Dziki et al. [34] showed the influence of pure
chlorogenic and ferulic acid extracts on LOX activity. Lin [35] showed the ability of pure polyphenolic
substances to inhibit xanthine oxidase and their mode of action. As described above, there are literature
data confirming that polyphenolic compounds have an impact on enzymatic activity, but there are
very limited data about the influence of pure polyphenolic substances on TPO activity.

To characterize further the binding region of TPO, the Lineweaver—Burk double reciprocal plots
are shown in Figure 1; kinetic parameters were presented in Table 4.

Table 4. Mode of inhibition, K; and Vmax values of chosen polyphenols on TPO activity, n = 9.

Compound Mode of Inhibition Ki [mM] Vmax [AAU/min]
Chlorogenic acid noncompetitive 0.17 £ 0.005d * 149.25+597 a*
Quercetin uncompetitive 0.02 +0.001 b 14925+ 4.35a
Rosmarinic acid competitive 0.001 + 0.00 a 17544 +7.01b
Rutin competitive 0.13 +0.003 ¢ 149.25 +5.01 a

* The values designated by the different letters are statistically significantly different.

2.3. Molecular Modelling

In order to study the interactions of the considered inhibitors with TPO at the molecular level, the
homology model of TPO was built. The homodimeric model with two molecules of heme bound in the
MPO-domain is presented in Figure S1A.

Competitive inhibitors, i.e., rutin and rosmarinic acid were docked to the catalytic site of TPO.
In general, rutin was scored higher than rosmarinic acid in molecular docking simulations, which is
in agreement with experimental data. The selected binding poses of these inhibitors are shown in
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Figure 2. Rutin (Figure 2A) forms hydrogen bonds with GIn 235, His 239, Phe 243, Thr 244, GIn 246,
Ser 247 and Glu 399. Rosmarinic acid (Figure 2B) forms hydrogen bonds with GIn 235, Asp 238, His
239, Thr 244, Gln 246, Arg 396, Glu 399 and Arg 582. Comparison of Figure 2 and Figure S1 enables to
conclude that both competitive ligands interact with residues involved in heme binding. Moreover,
they block access of heme to His 239 in the catalytic site, making the catalytic process impossible.
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Figure 2. 3D view of rutin (A) and rosmarinic acid (B) in the catalytic site of TPO. Inhibitor molecules
shown as sticks with green carbon atoms. Heme shown as sticks with magenta carbon atoms. Protein
presented in wire representation with grey carbon atoms. Most important residues shown as sticks.
Hydrogen bonds depicted as red dashed lines. Non-polar hydrogen atoms omitted for clarity.

In order to find possible binding sites for binding of a non-competitive inhibitor chlorogenic acid
and uncompetitive inhibitor quercetin AlloPred, PARS and Achilles on-line tools were used. Figure 3
presents possible allosteric binding sites of TPO predicted with AlloPred (Figure 3A,B) and PARS
(Figure 3C) using the normal mode analysis approach. In particular both tools predicted that allosterism
at TPO might be connected with ligand binding in the domain between protein subunits. Moreover, all
allosteric sites predicted by PARS may affect protein flexibility and lead to a conformational change
upon ligand binding but none of them was found to be structurally conserved.

Non-competitive inhibitor chlorogenic acid and uncompetitive inhibitor quercetin were docked
using the blind docking approach so the whole protein was considered as a potential site for interaction.
Uncompetitive inhibitors bind to the enzyme simultaneously as the substrate of the enzyme. The
binding of the inhibitor influences the binding of the substrate, and vice-versa. The uncompetitive
inhibitor usually binds to an allosteric binding site and exerts the allosteric effect on the active
site by changing its conformation so that the affinity of the substrate for the active site is reduced.
Non-competitive inhibitors bind to an allosteric site and change the conformation of the enzyme’s
active site making it unsuitable for the substrate binding.
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Figure 3. Prediction of allosteric sites at TPO using the normal mode analysis approach. (A) and
(B) allosteric sites predicted using AlloPred on-line tool, top view and side view, respectively; (C)
allosteric site predicted using PARS; all sites were found to affect protein flexibility but none of them
was predicted as structurally conserved.

Figure 4 presents the results of blind docking of chlorogenic acid (Figure 4A,B) and quercetin
(Figure 4C,D) to TPO. The identified binding pockets of both ligands were also found by AlloPred and
PARS. Chlorogenic acid binding site was found in the binding pocket between the protein subunits.
This inhibitor forms hydrogen bonds with Ala 172, Arg 175 and Thr 480 from one subunit and with Ser
309, Asn 312 and GIn 315 from the other subunit. Quercetin occupies a peripherial site within one
subunit and forms hydrogen bonds with Phe 195, Leu 202, Pro 271, GIn 581 and Arg 584.

In order to find how binding chlorogenic acid in this pocket allosterically prevents TPO from
heme binding, molecular dynamics simulations should be performed, which will be the subject of our
future work.
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Figure 4. Results of blind docking of chlorogenic acid (A,B) and quercetin (C,D) to TPO. Parts A and
C show general position of the binding site. Protein shown in cartoon representation. Heme and
inhibitors shown as spheres with magenta and green carbon atoms, respectively. Parts B and D show
details of the binding site. Inhibitor molecules shown as sticks with green carbon atoms. Protein
presented in wire representation with grey carbon atoms. Most important residues shown as sticks.
Hydrogen bonds depicted as red dashed lines. Non-polar hydrogen atoms omitted for clarity.

2.4. Interactions Assay

It is known that polyphenolic substances contained in food sources appear in more complex
combinations. Additionally, medicines with more than one active substance are more effective [4].
Therefore, the next step of the study was to estimate the type of interaction between the studied pure
chemical standards (acting as TPO inhibitors). A method used for identification of the interactions
between active compounds is the isobolographic analysis. This method is independent of the
mechanism of activity; however, it should be emphasized that this analysis is quite complicated and
labor consuming. The isobolographic analysis is a useful tool for determination of interactions between
components of two-component mixtures, as well as those composed of plant extracts being mixtures
of numerous active compounds (in the case of a linear relationship between the activity and sample
concentration enabling determination of the IC5 value). The shape of the isobole gives information
about the type of interaction and the CI value, i.e., the strength of interaction.

As presented in Figure 5, the interactions between the polyphenols used in the study were
synergistic, antagonistic, and additive. Synergism means that two components mutually enhance their

50



Molecules 2019, 24, 2766 10 of 17

activities (concave isobole), antagonism means that two components decrease the activity of the single
component (convex isobole), and additive interaction (the isobole is a straight line) [36].
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Figure 5. Dose-normalized isobolograms for chosen polyphenols with TPO inhibitory activity.

The isobolographic analysis showed that the rutin and chlorogenic acid acted synergistically
(Figure 5E), whereas additive interaction was found in the case of rutin and quercetin or rutin and
rosmarinic acid (Figure 5C,F). Chlorogenic acid and rosmarinic acid showed antagonistic interaction
(Figure 5B) as well as chlorogenic acid with quercetin and rosmarinic acid with quercetin (Figure 5D,A).
All types of interactions were expressed as a CI (Combination index) value in accordance with the
interpretation by Chou [36], which explains the strength of the interactions. As shown by the CI
values, the pure chemicals showed moderate antagonism, antagonism, nearly additive action, and
slight synergism (Table 5).

The isobolographic analysis is used for characterization of pharmaceuticals. There are no data
on the influence of polyphenolic combinations on TPO activity. Some studies have shown the
influence of phytochemical compounds on the activity of other enzymes, e.g., xanthine oxidase (XO)
and lipoxygenase (LOX). Studies carried out by Gawlik-Dziki [37] demonstrated inhibitory activity
of pure and dietary polyphenols on XO activity and interactions between these inhibitors. Other
studies focused on the interactions of LOX and OX inhibitors derived from natural sources of dietary
polyphenols [38].

Table 5. CI (Combination Index) value between polyphenolic mixtures. Scale according to Chou,
2006 [39], n = 9.

Compound Quercetin Rutin Chlorogenic Acid Rosmarinic Acid
Quercetin ) 0.096 + 0.05 179 +02 11\/‘[1(? dtroé?:
Nearly additive Antagonism .
antagonism
Rutin 0.096 + 0.05 ) 0.88 + 0.02 1.06 = 0.05
Nearly additive Slight synergism Nearly additive
. 1.79 0.2 0.88£0.02 1.25+0.05
Chlorogenic acid Antagonism Slieht svnereism - Moderate
& ght synerg antagonism
o . 1.45 +0.03 1.06 + 0.05 1.25 + 0.05
Rosmarinic acid Moderate .. Moderate -
. Nearly additive .
antagonism antagonism
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3. Materials and Methods

3.1. Chemicals

Sucrose (x-p-glucopyranosyl-(1—4)-3-p-fructofuranoside), Tris (1,3-Propanediol-2-amino-2-
hydroxymethyl), KCl, NaCl, MgCl,, 90% ethanol, NaOH, guaiacol (2-methoxyphenol), HO; (hydrogen
peroxide), Bradford reagent, ABTS (2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), quercetin,
rosmarinic acid, chlorogenic acid, rutin and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) were purchased from Sigma-Aldrich Company (Poznan, Poland). All other chemicals were of
analytical grade.

3.2. Material

Porcine thyroid glands were obtained at a local slaughterhouse (Lublin, Poland) and stored in
—20 °C until used.

3.3. Preparation of Pure Substance Solutions

Chlorogenic acid, quercetin, rosmarinic acid, and rutin were diluted to concentrations of 25 ug/mL
(only for rosmarinic acid), 50 pg/mL, 100 pg/mL, 200 png/mL and used for further assay.

3.4. In Vitro Antioxidant Capacity Assay

The ABTS radical scavenging activity was determined according to Re et al. [39] with some
modifications. 250 puL of ABTS solution was mixed with 10 pL of each pure polyphenols solutions
(concentration 50 pg/mL) and measured at the wavelength 724 nm using a UV/Vis spectrophotometer
(BioTek, Model Epoch2TC, Winooski, Vermont, VT, USA) after 15 min of incubation in room temperature.
The inhibition percentage of ABTS discoloration was calculated using the following equation:

Ac—Ap

AA =
Ac

X 100%

Where Ac.—the absorbance of control, A,—the absorbance of pure polyphenols solutions.

3.5. TPO Preparation

The assay was prepared according to Jomaa [22] with some modifications. The frozen thyroid
gland was cut into slices and homogenized in a buffer containing 0.25 M sucrose, 2 mM Tris—HC],
100 mM KCl, 40 mM NaCl, 10 mM MgCl, (pH 7.4) with a Philips homogenizer. The thyroid gland was
than centrifuged two times at 4000 RPM per 15 min in temperature +4 °C. The enzyme protein was then
salted-out to 60%. The supernatant was used for further analysis and was stored in a —20 °C freezer.

Protein content was determined according to the Bradford [40] with some modification. The
measurement was made using a plate spectrophotometer (BioTek, Model Epoch2TC, Winooski,
Vermont, VT, USA) in 96-well plates at a wavelength of 595 nm. In the single well 10 uL of the sample
probe and 250 pl of Bradford reagent were mixed. The measurement was made with three repetitions.

The activity of the enzyme was assayed using a guaiacol assay. The reaction mixture contained:
33 mM guaiacol, 0.27 mM H,0,, and 33 mM of prepared sucrose buffer. The reaction components
were incubated in 37 °C before the assignment. The absorbance was determined using a Shimadzu
spectrophotometer (Model UV-1280, Shimadzu Corporation, Kyoto, Japan) at a wavelength of 470 nm.
The assay was conducted as follows: To a cuvette, 180 pL of buffer, 100 pL of guaiacol and 40 pL of TPO
were mixed to the final volume of 420 pL. The cuvette was then placed into the spectrophotometer and
the reaction was started by the addition of 100 uL H,O,. Absorbance readings were recorded every
minute for a total of 3 min. Verification of the TPO activity was accomplished by linearly correlating
the TPO concentration with absorbance readings.
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3.6. TPO Inhibitory Assay

The assay was used according to Jomaa [22] with some modification. The measurement was made
using a plate spectrophotometer (BioTek, Model Epoch2TC, Winooski, Vermont, VT, USA) in 96-well
plates at a wavelength of 470 nm. The assay was conducted as follows: 50 pL of buffer, 40 uL of pure
substance solution, 50 uL of guaiacol, 20 uL of TPO enzyme and 50 pL H,O;. The total volume of the
mixture was 210 pL. In the sample probe, extracts were replaced by the buffer. Absorbance readings
were recorded every minute for a total of 3 min in 37°. As a unit of TPO activity is defined as the
change of absorbation per minute.

TPO inhibitory activity was calculated as follows:

AA
MiNtest

AAminblank

%inhibition = |1

]xlOO

Where: AA/min test is the linear absorbance change per minute of the test material and AA min blank
is the linear change in absorbance per minute of the blank.

The IC5 value was determined by the interpolation of dose response curves. The ICsg values
were calculated at fitted models as the concentration of the tested compound that gave 50% of the
maximum inhibition based on a dose-dependent mode of action. The mode of inhibition of the enzyme
was performed using the Lineweaver—Burk plot.

3.7. Molecular Modelling

The protein sequence of human TPO was extracted in a FASTA format from the UniProt
database (Entry ID: P07202) [41]. Searching for templates was performed using the NCBI BLAST
web server (https://blast.ncbi.nlm.nih.gov/). The MPO-like, CCP-like and EGF-like domains as well
as a transmembrane domain were modelled with the homology modelling approach using five
different templates. The MPO-like domain was modelled applying X-ray crystal structures of human
myeloperoxidase at a 1.8 A resolution (PDB ID: 1CXP as a template [42] (residues 142-738 of TPO
modelled using residues 167-744 of the template, sequence identity: 47%). The CCP-like domain was
modelled applying X-ray structures of N-terminal domain of complement factor H-related protein at a
1.99 A resolution (PDB ID: 3ZD2) as a template [43] (residues 730-795 of TPO were modelled using
residues 57-123 of a template, sequence identity: 38%). The EGF-like domain was modelled applying
X-ray structures of EGF-like module containing mucin-like hormone receptor-like 2 precursor ata 2.6 A
resolution (PDB ID: 2BO2) [44] and venom prothrombin activator pseutarin-C non-catalytic subunit at
a 3.32 A resolution (PDB ID: 4BXS) [45] as templates (residues 794-830 of TPO were modelled using
residues 41-77 of 2BO2, sequence identity: 41%; residues 814-844 of TPO were modelled using residues
100-130 of 4BXS, sequence identity: 42%). The transmembrane domain was modelled applying a
solution NMR structure of receptor tyrosine-protein kinase erbB-4 dimeric membrane domain (PDB ID:
2L2T) as a template [46] (residues 851-871 of TPO were modelled using residues 647-667 of a template
as previously reported [5]. A population of 150 homology models of TPO was generated using
Modeller 9.19 [47]. The symmetry of the homodimer was maintained by appropriate constraints in the
Modeller software. Constraints were also used to model the inter-subunit disulfide bridge (at Cys 296).
Residues 841-847 were modelled applying the appropriate loop modelling protocol of the Modeller
software. Secondary structure constraints were applied to assure the «-helical structure of the protein
transmembrane part. Heme molecule was modelled using Modeller.

The final models were evaluated based on their Discrete Optimized Protein Energy (DOPE)
profiles obtained from the Modeller software. Twenty models with lowest DOPE values were further
validated using Verify3D [48], ANOLEA (Atomic Non-Local Environment Assessment) [49] and
ProCheck [50]. The best model was properly protonated with H++ server [51]. Next, the final TPO
model was minimized using 500 steps minimization with Gromacs v. 5.0.7 [52] applying the Amber03
force field.

53


https://blast.ncbi.nlm.nih.gov/

Molecules 2019, 24, 2766 13 of 17

The 3D structures of quercetin, rutin, rosmarinic acid and chlorogenic acid were modelled with
the Hartree-Fock approach and 6-31G* basis set of Spartan v. 10 VI.0.1 (Spartan 10 VI.01 (2016)
Wavefunction, Inc., Irvine). Molecular docking of competitive ligands was carried out using the
Molegro Virtual Docker 6.0 software for docking simulations of flexible ligands into the rigid TPO
model. The docking space was limited and centered around the heme molecule for competitive
inhibitors. The actual docking simulations were performed using the following settings: Number
of runs = 100; maximal number of iterations = 10,000; maximal number of poses = 50, and the
poses representing the lowest value of the scoring function (MolDockScore) were further analyzed as
previously reported [53]. In order to identify the potential binding sites for a non-competitive ligand
and an uncompetitive ligand, AlloPred [54] and PARS [41] on-line tools were used. AlloPred uses a
novel method of normal mode analysis and pocket features to predict allosteric pockets on proteins.
PARS is also based on the normal mode analysis and constitutes a simple and fast method that queries
protein dynamics and structural conservation to identify pockets on a protein structure that may exert
a regulatory effect upon the binding of a small-molecule ligand. The achilles blind docking on-line
tool [54] was used to find possible binding poses of a non-competitive and an uncompetitive ligand.

Visualization of molecular modelling results was achieved with the Maestro Release 2019.1
(Small-Molecule Drug Discovery Suite 2019-1, Schrodinger, LLC, New York, NY, USA, 2019) and
PyMol 2.0.4 (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC, New York, NY,
USA) software.

3.8. Effect of Pure Substances Combinations on TPO Activity (Isobolographic Analysis)

Results (type and strength of interactions) can be shown on the isobolograms and described
by the combination Index (CI). When Cl is lower than one, indicates synergy; when Cl is equal to
one, indicates addition; when CI is higher than one, indicates antagonism [36]. Isobolograms were
performed according to Chou [36]. For this assay only substances with 100 pg/mL concentrations were
used (according to previous results). Pure substances were mixed in various volume ratios: 1:4, 4:1,
3:2,2:3,1:1. All of the mixtures were made in combinations of two substances. The inhibitory assay
was made using the same proportions as with single solutions. The evaluation of the interaction was
done using the combination index (CI) equation for n-drug combination at an x% inhibition as follows:

(D); . (D), 1 1

=y, " ™), ~ DR, ' DR,

Where CI—sum of the dose of drugs that exerts x% when combined; Dx—for D as a single substance that
inhibits a system X%. CI value shows the type of interactions, which can be synergistic, antagonistic or
additive, when its value is smaller, greater or equal to one.

3.9. Statistics

Experimental data were presented as a means + S.D. For biochemical analyses and means + SEM
for anticancer activity assays. In biochemical analyses, statistical significance was estimated with
Tukey’s test (for the data obtained from three independent samples of each extract in three parallel
experiments; n = 9).

4. Conclusions

Our investigation was mainly focused on the interactions between pure polyphenolic inhibitors
of TPO in simple models where single polyphenols were applied.

In this study, simple combinations of substances were used to visualize the type of interactions
between the food components and their inhibitory influence on the TPO enzyme and thus on changes in
biological properties. The most effective TPO inhibitor as well as the compound capable of scavenging
free radicals is the rosmarinic acid.
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We performed molecular modeling studies of ligand-inhibitor interactions to illustrate and clarify
their competitive, uncompetitive, or non-competitive modes of action at the molecular level. In the
study, we found nearly additive interactions between rutin and quercetin and between rosmarinic acid
and rutin. Slight synergism was observed between the chlorogenic acid and rutin, whereas moderate
antagonism was detected between rosmarinic acid and quercetin and between rosmarinic acid and
chlorogenic acid. There was antagonism between chlorogenic acid and quercetin. More research
should be undertaken to understand completely the mechanism of interactions between bioactive
compounds and their influence on TPO activity. It seems difficult to achieve bioavailability at the ICs
level obtained in our work (Table 3), more importantly is the knowledge about the interactions of these
compounds. As has been shown, they substantially affect their potential inhibitory activity (Figure 5,
therefore the effect of the mixture of inhibitors can be substantially different from the predicted and
even lower concentrations can be effective. An explanation of these relationships is extremely difficult
and requires further, extensive and interdisciplinary research.

Supplementary Materials: The following are available online, Figure S1: A—Homology model of TPO. Protein
shown in cartoon representation with subunits colored light and dark blue. Disulfide bridges depicted as spheres
with yellow sulfur atoms. Heme molecules in the MPO domain presented as spheres with magenta carbon atoms.
B—The Ramachandran plot for the homology model of TPO. Glycine residues shown as triangles and proline
residues as squares. C—3D view of heme binding site at TPO. Heme molecule shown as sticks with magenta
carbon atoms. Protein presented in wire representation with grey carbon atoms. Most important residues shown
as sticks. Hydrogen bonds depicted as red dashed lines. Non-polar hydrogen atoms omitted for clarity.
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Abstract: This study focused on the effect of kaempferol, catechin, apigenin, sinapinic acid, and extracts
from plants (i.e., parsley, cumin, mustard, green tea, and green coffee) on thyroid peroxidase (TPO)
and lipoxygenase (LOX) activity, antiradical potential, as well as the result of interactions among
them. Catechin, sinapinic acid, and kaempferol acted as a competitive TPO inhibitors, while apigenin
demonstrated an uncompetitive mode of inhibitory action. Ethanol extracts from all plants acted as
competitive TPO inhibitors, while, after in vitro digestion, TPO activation was found especially in the case
of mustard (24%) and cumin (19.85%). Most importantly, TPO activators acted synergistically. The TPO
effectors acted as LOX inhibitors. The most effective were potentially bioaccessible compounds from
green tea and green coffee (IC59 = 29.73 mg DW/mL and 30.43 mg DW/mL, respectively). The highest
free radical scavenging ability was determined for catechin and sinapinic acid (ICsy = 78.37 ug/mL and
84.33 pg/mL, respectively) and potentially bioaccessible compounds from mustard (0.42 mg DW/mL)
and green coffee (0.87 mg DW/mL). Green coffee, green tea, cumin, and mustard contain potentially
bioaccessible TPO activators that also act as effective LOX inhibitors, which indicate their potentially
health-promoting effects for people suffering from Hashimoto’s disease.

Keywords: thyroid peroxidase; lipoxygenase; inhibition; dietary polyphenols; antioxidant activity

1. Introduction

Thyroid peroxidase, also called thyroperoxidase (TPO, EC 1.11.1.1-14) or iodide peroxidase,
catalyzes iodide oxidation to form iodine atoms which are added onto tyrosine residues on thyroglobulin
for the production of thyroxine or triiodothyronine, i.e., thyroid hormones [1]. Thyroid peroxidase is the
major antigen in human Hashimoto’s disease, and anti-TPO antibodies induce complement-dependent
cytotoxicity. Furthermore, antibodies against complement (anti-C1q) are detected in patients with
Hashimoto’s disease. They are correlated with thyroid-stimulating hormone (TSH) levels [2].
During common thyroid disorders (hyper- and hypothyroidism) the activity level of TPO is changed.
Thyroiditis is the inflammation of the thyroid gland due to the numerous etiologies [3]. Graves’ disease
accounts for 50-80% of cases of hyperthyroidism. The most commonly used group of anti-thyroid
drugs in patients with Graves’ disease are thionamides: methimazole (MMI), propylthiouracil (PTU),
and carbimazole (CBZ). Their main effect is to inhibit the synthesis of thyroid hormone by blocking the
action of TPO [4].

Hashimoto’s thyroiditis (HT) (i.e., chronic lymphocytic thyroiditis) is an autoimmune disease that
causes the immune system to attack and destroy the thyroid gland. The resulting inflammation often
leads to an underactive thyroid gland (i.e., hypothyroidism). The disease affects between 0.1% and 5%
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of all adults in Western countries. Hashimoto’s thyroiditis has been associated with thyroid carcinoma
and malignant lymphoma of the thyroid. In addition, patients with HT were at higher risk for breast
and lung cancer than those in the control group. However, a number of studies did not confirm such
an association with thyroid, breast, and lung cancers [5]

Inflammation is a natural defense mechanism against pathogens and is associated with many
pathogenic diseases. Many of them are linked with higher production of reactive oxygen species
(ROS) resulting in oxidative stress and a variety of protein oxidation events. One of the main enzymes
whose activity induces oxidative stress are lipoxygenases (LOXs) [6]. In animal and cell culture studies,
activation of the lipid-oxidizing enzyme 12/15-lipoxygenase (12/15-LOX) plays a central role as an
inflammatory mediator in the pathology of oxidative stress. The mechanism of 12/15-LOX involves the
production of reactive oxygen species through the metabolism of arachidonic acid as well as direct
detrimental effects on organelle membranes [7].

Lipoxygenases (LOXs, EC. 1.13.11.12) are widely known for their presence in plants and animals.
They are known as nonheme iron-containing dioxygenases. Lipoxygenase isozymes take part in the
metabolism of eicosanoids, e.g. prostaglandins, or non-classic eicosanoids [8]. Human lipoxygenases
are located on chromosome 17.p13 with the exception of the 5-LOX gene (located on chromosome
10411.2) [5]. The described human lipoxygenases along with their products are associated with such
conditions as inflammatory and allergic diseases, atherosclerosis, and several types of cancers [9].
Lipoxygenase is an enzyme with activity that is related with oxidative stress in the human body.
The activity of ROS influence the cells’ death.

Under normal physiological conditions, the thyroid gland participates in the autoregulation of the
redox balance. Excessive ROS activity can disturb this balance, which can affect thyroid enzyme activity.
This mechanism is still unclear and some studies should be undertaken to explore this occurrence [10].
Inflammation and oxidative stress (OS) are closely related processes. Among the various hormonal
influences that operate on the antioxidant balance, thyroid hormones play particularly important roles,
since both hyperthyroidism and hypothyroidism have been shown to be associated with OS in animals
and humans [11].

It is known that plants are a rich source of secondary metabolites (i.e., antioxidants) such
as polyphenols with documented biological activity. Many polyphenols are known as bioactive
substances with antioxidative, antimutagenic, antibacterial, and antiviral activity. To exhibit their
biological properties, polyphenols have to be available to some extent in the target tissue. Therefore,
the biological properties of dietary polyphenols may depend on their absorption in the gut and
bioavailability. The amount of bioaccessible food-related polyphenols may differ quantitatively and
qualitatively from polyphenols included in food databases. Moreover, most studies on polyphenol
bioavailability used mainly pure single molecules (isolated from food or chemically synthesized),
although their bioavailability from whole foods may be substantially different [12]. Furthermore,
the activity of phenolic compounds studied in vitro (after isolation thereof from food) does not have
to coincide with the activity demonstrated in the human organism. In vitro models based on human
physiology are simple, cheap, and repeatable tools for studying the bioaccessibility of food components.
They are widely used to investigate structural changes, digestibility, and release of food components
in simulated conditions of the alimentary tract [13].

In contrast to synthetic pharmaceuticals, based upon single chemicals, many phytomedicines exert
their beneficial effects through the additive or synergistic action of several chemical compounds acting
at single or multiple target sites associated with a physiological process [14]. However, the synergism
of bioactive compounds plays a considerable role; however, there are only a few studies of this issue
in such a complicated system as whole foods.

The method used for identification of the interactions among active compounds is referred to as
isobolographic analysis. isobolographic analysis is a useful tool for determination of the interactions
among components of two-component mixtures as well as those composed of plant extracts being
mixtures of many active compounds [15].
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This study focused on the influence of biological active substances contained in food components
on TPO and LOX activity, as well as the impact of interactions among active substances contained
in plant food sources on TPO activity. The results were compared with those obtained for pure chemical
compounds which helped draw conclusions about the impact of the food matrix on the biological
activity of phytochemicals. The present study determined the effect of four frequently occurring
dietary polyphenols (kaempferol, catechin, apigenin, and sinapinic acid) and extracts from five plants
rich in such polyphenols (i.e., parsley, cumin, mustard, green tea, and green coffee) on TPO and LOX
activity in order to explain these mechanisms. Polyphenols were chosen on the basis of the database
of natural polyphenols [16] and preliminary studies of the influence of pure polyphenols and selection
of those which simultaneously act as TPO and LOX inhibitors (data unpublished). Plants were selected
based on a database of natural polyphenols [16].

2. Materials and Methods

2.1. Chemicals

Sucrose (x-D-glucopyranosyl-(1—4)-B-D-fructofuranoside), tris (1,3-propanediol-2-amino-2-
hydroxymethyl), KCl, NaCl, MgClI2, 90% ethanol, NaOH, guaiacol (2-methoxyphenol), H,O,
(hydrogen peroxide), ABTS (2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid), lipoxygenase (LOX),
xanthine oxidase (XO), xanthine, pancreatin, pepsin, bile extract, linoleic acid, x-amylase, sinapinic acid,
apigenin, catechin, and kaempferol were purchased from Sigma—Aldrich (Poznan, Poland). All other
chemicals were of analytical grade.

2.2. Material

Porcine thyroid glands were obtained at a local slaughterhouse (Lubmeat S.A., Lublin, Poland) and
stored at —20 °C until used. The experimental material consisted of lyophilized parsley leaves, green coffee,
green tea, cumin, and mustard which were bought from a local supermarket (TESCO, Lublin, Poland).

2.3. Preparation of Pure Substance Solutions

Sinapinic acid, catechin, apigenin, and kaempferol were diluted in 50% ethanol to concentrations
0.125 pug/mL, 0.25 ug/mL, 0.5 ug/mL, 1.0 pg/mL, 2.0 pg/mL, 25 ug/mL, 50 pg/mL, 100 ug/mL, 200 pg/mL
and used for further assay.

2.4. Raw Extracts Preparation

For extraction 1.5 g of individual vegetables were homogenized with 15 mL of 50% ethanol and,
subsequently, the samples were shaken for 30 min at room temperature. After centrifuging (15 min,
4000 rpm), the extraction procedure was repeated. The final volume was brought to 50 mL with 50%
ethanol. The final extract concentration was 30 mg/mL. Extracts were then diluted to a concentration
0.3 mg/mL and 3 mg/mL.

2.5. High-Performance Liquid Chromatography-Diode-Array Detector Analysis

The high-performance liquid chromatography-diode-array detector (HPLC-DAD) analysis was
carried out on a Shimadzu Model SPD-M20A 230V equipped with a column (COSMOSIL 5Diol-20-I1
Packed Column 7.5 mm ID x 300 mm, UVISON TECHNOLOGIES LIMITED Wrotham, England),
city, state (if U, country). For analysis, a 100 pL sample of the extract was injected onto a column.
Acetic acid (1%) with formic acid (0.1%, v/v) and acetonitrile with 0.1% formic acid were used as mobile
phases A and B, respectively. The column temperature was maintained at 30 °C. Polyphenols were
monitored at 280 nm [17]. Pure phenolic peaks (apigenin, catechin, kaempferol, sinapinic acid) in four
concentrations (25 uL, 50 puL, 100 pL, 200 pL) were used to prepare the standard curve. The number
of phenolic compounds (ug/g dry weight) was calculated by comparison of the peak areas of the
samples with those of standards.
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2.6. In Vitro Digestion

In vitro digestion of plant materials was performed according to Minekus et al. [18] with some
modifications. The amount of 0.5 g of plant source was mixed with 6 mL of simulated saliva fluid (SSF).
22.75 mL of SSF, 0.163 mL CaCl,, and 3.25 mL of amylase were added to sample probe. The mixture
was incubated for 2 min at 37 °C. The gastric phase was performed as follows: 48.75 mL of simulated
gastric fluid SGF, 4.518 mL of H,O, 1.3 mL of HCl, and 10.4 mL of pepsin were mixed with a sample
probe after a simulated oral phase, brought to pH 2.0, and incubated for two hours. The intestinal phase
was performed as described in the protocol. A blank sample was prepared with 0.5 mL of distilled
water. In the end, the mixture was centrifuged at 4500 rpm for 15 min. The supernatant was then
stored at -20 °C until further analysis.

2.7. In Vitro Antioxidant Capacity Assay

The ABTS radical scavenging activity was determined according to Re et al. [19], with some
modifications. A 250 uL. ABTS solution was mixed with 10 uL of each pure polyphenols solutions
(concentration 50 pg/mL), ethanol extracts, and digested extracts (concentrations: 0.3 mg/mL), and then
was measured at the wavelength 724 nm using a UV/Vis spectrophotometer (BioTek, Model Epoch2TC,
Winooski, VT, USA) after 15 min of incubation at room temperature. The inhibition percentage of ABTS
discoloration was calculated using the fallowing equation:

AA =[(Ac — Ap)/(Ac)] x 100% (1)

where Ac is the absorbance of control, Ap is the absorbance of pure polyphenols solutions

The half maximal inhibitory concentration ICsy value was determined by interpolation of the
dose-response curves. The ICsg values were calculated at fitted models as, the concentration of the
tested compound gave 50% of the maximum inhibition based on a dose-dependent mode of action.

2.8. Thyroid Peroxidase Preparation

The assay was prepared according to Jomaa et al. [20] with some modifications. Frozen thyroid
gland was cut into slices and homogenized in buffer containing 0.25 M sucrose, 2 mM Tris-HCl, 100 mM
KCl, 40 mM NaCl, and 10 mM MgCl2 (pH 7.4) with Philips homogenizer. The thyroid gland was than
centrifuged two times at 4000 RPM for 15 min at 4 °C. The enzyme protein was then salted-out to 60%.
The supernatant was used for further analysis and stored at —20 °C.

The activity of the enzyme was assayed using guaiacol assay. The reaction mixture contained:
33 mM guaiacol, 0.27 mM H0O;, and 33 mM prepared sucrose buffer. The reaction components
were incubated in 37 °C before assignment. The absorbance was determined using a Shimadzu
spectrophotometer (Model UV-1280, Shimadzu Corporation, Kyoto, Japan) at a wavelength 470 nm.
The assay was conducted as follows: to a cuvette, 180 puL of buffer, 100 uL of guaiacol, and 40 pL of TPO
were mixed to the final volume of 420 pL. The cuvette was then placed into the spectrophotometer and
the reaction was started by the addition of 100 uL H,O;. Absorbance readings were recorded every
minute for a total of 3 min. Verification of the TPO activity was accomplished by linearly correlating
TPO concentration with absorbance readings.

2.9. Thyroid Peroxidase Inhibitory Assay

The assay was used according to Jomaa et al. [20] with some modification. The measurement was
made using a plate spectrophotometer (BioTek) in 96 well plates at a wavelength of 470 nm. The assay
was conducted as follows: 50 uL of buffer, 40 pL of pure substance solution or ethanol extracts solution
or in vitro digested solution, 50 pL of guaiacol, 20 uL of TPO enzyme, and 50 uL H,O,. The total
volume of the mixture was 210 pL. In the sample probe, extracts were replaced by buffer. Absorbance
readings were recorded every minute for a total of 3 min at 37 °C, as a unit of TPO activity is defined
as the change in the absorbance per minute. All measurements were performed in three replicates.
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The TPO inhibitory activity was calculated as follows:
%inhibition = (1- (AA/[min]_test )/(AA[[min)_blank )) x 100% )

where AA/min test is the linear absorbance change per minute of the test material and AA min blank is
the linear change in absorbance per minute of blank.

The IC5 value was determined by interpolation of dose-response curves. The ICsy values were
calculated at fitted models as the concentration of the tested compound that gave 50% of the maximum
inhibition based on a dose-dependent mode of action. The mode of inhibition of the enzyme was
performed using the Lineweaver—Burk plot.

2.10. Inhibition of Lipoxygenase Activity

The inhibition of LOX with linoleic acid as a substrate was measured spectrophotometrically, based
on Axelrod et al. [21] and adopted for a microplate reader (Epoch 2 Microplate Spectrophotometer,
BioTek Instruments). The mixture contained 240 uL 0.066 M phosphate buffer, 10 L. LOX solution,
10 pL pure substance solution, ethanol extract solution or digested extract. The reaction was started by
adding 40 uL 2.5 mmol/L linoleic acid. For a unit of LOX activity, the change in the absorbance per
minute at the wavelength 234 nm was defined. All measurements were performed in three replicates.

The IC5 values were calculated at fitted models as the concentration of the tested compound
that gave 50% of the maximum inhibition based on a dose-dependent mode of action. The mode
of inhibition of the enzyme was performed using the Lineweaver—Burk plots.

2.11. Isobolographic Analysis

The results (type of interactions) can be shown on isobolograms as per Chou’s method [15].
Synergism means that two components mutually enhance their activities (concave isobole) antagonism
means that two components decrease the effect of the single component (convex isobole), and additive
interaction (straight line) [15].

For this assay, only substances with a 100 pg/mL concentration were used (according to previous
results). Pure substances were mixed in various volume ratio: 3:2, 2:3, and 1:1. All of mixtures were
made in combinations of two pure substances or two extracts (digested in concentrations of 0.3 mg/mL).

2.12. Statistical Analysis

All tests were performed in triplicate. The results were statistically analyzed in the Statistica.
One-way analysis of variance (ANOVA) was made with the significance level « = 0.05. Tukey’s test
was used to evaluate the differences among means.

3. Results and Discussion

3.1. High-Performance Liquid Chromatography-Diode-Array Detector Phenolic Analysis

As previously mentioned, fruits and vegetables are rich sources of polyphenols. In present study,
five plant extracts were used as a source of different polyphenols. Green tea and green coffee are
a rich source of catechin; however, a significantly higher content was found in green coffee beans
(Table 1). Apigenin can be found in parsley leaves, kaempferol in cumin, and sinapinic acid in mustard.
The content of each polyphenol is shown in Table 1.
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Table 1. Concentration of chosen polyphenols in ethanol extracts (n = 9).

Concentration
Plant Source Polyphenol (mg/g DW)
Green coffee Catechin 47.7 +0.232
Green tea Catechin 115+ 0.58b
Parsley Apigenin 0.69 + 0.034
Cumin Kaempferol 0.09 + 0.004
Mustard Sinapinic acid 1.25 +£ 0.627

The values are expressed as the mean = SD; means with different letter superscripts (3,°) are significantly different
(= 0.05).

The data concerning kaempferol content in cumin were in accordance with those provided
by Shan et al. [22]. Studies conducted by Ani et al. [23] showed a higher amount of kaempferol
(94.70 pg/g DW) detected in Cumin nigrum seeds.

The content of apigenin in parsley depends on the place where it was bought. Such conclusions
were drawn by Glowacki et al. [24]. In our study, the lower content of apigenin was determined
(0.69 mg/g DW). On the other hand, it was higher than that given by Yashin et al. [25]. The concentration
of sinapinic acid in mustard detected by Engels et al. [26] (2.66 mg/g) was higher than that obtained
in our study; however, no alkaline hydrolysis was carried out in our studies. The content of catechin
depends on the source of the tea or coffee. Our results are in agreement with those obtained by
Henning at al. [27]. Of course, plant extracts contain the entire spectrum of polyphenols, and the
activity depends on their composition and interactions. Stan et al. [28] identified flavones apigenin and
luteolin and the flavonols quercetin and kaempferol in ethanolic extracts from parsley leaves using an
HPLC Shimadzu apparatus equipped with PDA and MS detectors. In mustard cotyledons and hulls,
the major phenolics were sinapine (SP), with small amounts of sinapoyl glucose (SG), and sinapinic acid
(SA) with a significant difference in phenolic contents among the two seed fractions. Cotyledons showed
a relatively high content of SP, SA, SG, and total phenolics in comparison to hulls [29]. In the study by
Acimovic at al. [30], hydroxybenzoic and hydroxycinnamic acids, as well as glycosides of flavonones
and flavonoles were most abundant in the cumin samples from Serbia. The phenolic content of green
tea is widely diverse, although catechins are the major constituents; however, other flavonoids and
phenolic acids have also been identified [31].

Thus, an additional goal of our work was to show that predicting the activity of plant extracts
based only on the content of one specific compound (as it happens in the standardization of plant
extracts) can lead to errors.

3.2. Antioxidant Analysis

The antioxidant capacity of pure polyphenols (i.e., kaempferol, apigenin, catechin, and sinapinic
acid), ethanolic, and digested extracts was evaluated by the most commonly used antioxidant assay—the
ABTS method. The ABTS radical scavenging abilities of catechin and sinapinic acid were found to be
the highest (78.37 ug/mL and 84.33 ug/mL, respectively). The lowest antiradical activity was observed
for apigenin (405.93 ng/mL) (Table 2).
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Table 2. Comparison of ABTS radical scavenging ability (expressed as ICs( values) of pure chemicals,
ethanol plant extracts (EEs), and digested plant extracts (DEs) (n = 9).

Pure chemical standards ICsp (mg/mL)
Sinapinic acid 0.084 + 0. 0012
Apigenin 0.406 + 0.003 ©
Catechin 0.078 = 0.008 @
Kaempferol 0.337 + 0.002®
Plant extracts IC5p (mg DW/mL)
Plant EE DE
Parsley 347 +0.17 ¢ 1.09 £0.05°¢
Green coffee 0.78 +0.04 9 0.87 +0.04P
Green tea 0.06 + 0.0003 @ 1.33 +0.06 4
Cumin 0.32+0.01° 6.52 +0.32¢
Mustard 041 +0.02¢ 0.42 +0.022

Values are expressed as the mean + SD; means with different letter superscripts (°-°) in the columns are
significantly different (o« = 0.05). ABTS -(2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid, ICs5p—The half
maximal inhibitory concentration.

The present results show the mutual dependence between pure polyphenolic solutions (Table 2) and
plant extracts, which are a source of the investigated polyphenols (Table 1). As expected, the antioxidant
activities of plant extracts were significantly lower than the activity of the pure compounds; however,
the antiradical activity of the tested extracts was relatively high. The lowest antiradical activity
(IC50 = 3.47 mg DW/mL) was determined for parsley ethanolic extract. Hinneburg et al. [32] reported
that the parsley hydro-distilled extract showed an IC5p value of 12.0 + 0.10 mg/mL in the DPPH
scavenging assay. This shows that phenolic compounds of parsley could be responsible for the observed
DPPH radical scavenging activity, since these compounds can readily donate hydrogen atoms to the
radical. On the other hand, Tang et al. [33] indicated the lack of antiradical activity of methanol
extract from parsley. The highest antiradical activity was determined for ethanol extract from green tea.
Interestingly, the simulated digestion caused a decrease in antiradical activity in all the raw materials
tested (with the exception of mustard). These types of impacts are documented in the literature [34].

3.3. Thyroid Peroxidase Inhibitory Potential

The next step of our investigation was to determine the inhibitory potential of the tested
polyphenols and prepare ethanol and digested extracts with anti-TPO activity. As expected,
the pure chemical solutions demonstrated high TPO inhibitory activity. Pure substances showed
a dose-independent inhibitory effect, thus effective concentrations (EFCsp) inhibiting TPO in 50%,
of pure polyphenolic substances were used in the study. The highest TPO-inhibitory activity was
found for sinapinic acid and catechin, whereas the lowest was for apigenin (EFCsy = 25.42, 29.76,
and 116.28 pg/mL, respectively). The chosen polyphenols showed a different mode of TPO inhibition
(Table 3). Catechin, sinapinic acid, and kaempferol acted as competitive inhibitors, while apigenin
demonstrated an uncompetitive mode of inhibitory action (Figure 1).

Table 3. The EFCs (effective concentration), Ki, and Vimax values and mode of thyroid peroxidase
inhibition of catechin, kaempferol, sinapinic acid, and apigenin solutions (1 = 9).

iy ey EFCsg Ki .

Substance Mode of Inhibition (ng/mL) (ng/mL) Vmax (AAU/min)
Sinapinic acid Competitive 2542 +1.13% 4592 +3.22° 149.25 +6.26 2
Apigenin Uncompetitive 116.28 £ 5384 338.73 + 12314 149.25 +5.122
Catechin Competitive 29.76 £ 2.05 b 3342 +1.352 14493 +£4.332
Kaempferol Competitive 61.68 £3.12°¢ 186.95 £ 6.89 € 192.31 £ 8.34b

The values are expressed as the mean + SD; means with different letter superscripts (®-9) in the columns are
significantly different («x = 0.05).
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Figure 1. Mode of TPO inhibition by pure polyphenols: apigenin (A), catechin (B), kaempferol (C),
and sinapinic acid (D).

Based on preliminary studies two concentrations of the extracts were chosen, i.e., 0.3 mg DW/mL
and 3 mg DW/mL. Depending on the content of each polyphenol in the tested extracts,
some interrelations were observed. As a rich source of catechin, green tea showed a competitive
mode of inhibition in the case of the ethanol extracts and activation in the case of the digested extracts
(Figures 2 and 3). The same result was observed for cumin and kaempferol (Figure 1) as well as for green
coffee and catechin (Figures 2 and 3). In the case of sinapinic acid, a competitive mode of inhibition was
observed for the pure substance and for mustard ethanol extract (at a concentration of 0.3 mg DW/mL).
For higher concentrations, a competitive mode of inhibition was found (Figure 3). In the case of digested
extract from mustard, slight activation was observed for concentrations of 0.3 mg DW/mL (Figure 3).
Different modes of inhibition were observed, depending on the concentration of the extract used.
Apigenin showed an uncompetitive mode of inhibition, whereas the ethanol extract of parsley (a rich
source of apigenin) exhibited a competitive mode of inhibition (Figure 2). The digested parsley extract
showed activation at the lower concentration and mixed type of inhibition for the higher concentration.
The possible cause of these differences may be the influence of the food matrix. As shown, simulated
digestion can strongly affect the final mode of action against the TPO enzyme. While the ethanol
extracts from the tested plants inhibited the activity of TPO, conditions occurring during in vitro
digestion resulted in the loss of the ability to inhibit this enzyme. Most importantly, in all cases, the
ability to activate the TPO enzyme was observed. The highest ability to activate TPO was found for
potentially bioaccessible compounds from mustard (24.66%) and cumin (19.85%) (Table 4). Similar
dependencies were reported by Gawlik-Dziki et al. [35] during studies on the effect of plant extracts on
LOX activity.
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Figure 2. Mode of TPO inhibition by ethanol extracts from parsley (A), green coffee (B), green tea (C),

cumin (D), and mustard (E).

In our investigation, unexpected results were obtained using classic Lineweaver-Burk analysis.
As shown in the graph below (Figure 3), the line without an inhibitor runs higher than that with the

inhibitor, which indicates activation.
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Figure 3. Mode of TPO influence by digested extracts of parsley (A), green coffee (B), green tea (C),
cumin (D), and mustard (E).

Table 4. ICs) value, Ki value, Vinax value and impact on TPO of ethanol and digested extracts from
parsley, cumin, green tea, green coffee, and mustard (n = 9).

Ethanol Extracts Extracts after Digestion

in Vitro
Plant
Mode IC50 Ki Vmax . o, . .
of Inhibition ~ (mgDW/mL)  (mgDW/mL) (A AU/min)  Action % of Activation

Parsley competitive 103.45 +3.12%>  387.42+11.53°¢ 238.1 activation 0.39+0.06
Green coffee competitive 185.01 + 6.32 4 1971.0 £ 53.54 238.1 activation ~ 17.73 +1.12°¢
Green tea competitive 126.26 +4.15 ¢ 107.12 +£3.152 238.1 activation ~ 14.07 + 0.92°
Cumin competitive 100.00 £3.212 1891.5 + 42.6 4 238.1 activation ~ 19.85 +1.30 ¢
Mustard competitive 106.13 + 4.15 P 2184 +539P 285.7 activation  24.66 +1.424

The values are expressed as the mean + SD; means with different letter superscripts (*~9) in the columns are

significantly different (o = 0.05).

3.4. Lipoxigenase Inhibitory Potential

Another very interesting question was whether there was some dependency among the modes
of action of TPO-effective plant extracts with LOX. As presented in Table 5, the highest LOX inhibitory
potential was found for green tea and green coffee ethanol extracts (ICsp = 13.74 and 15.96 mg DW/mL),
whereas the lowest was in the case of mustard extract (29.01 mg DW/mL). As presented in Table 5 and
Figure 4, a mixed type of LOX inhibition was obtained in most of the ethanol extracts. Only in the case
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of mustard ethanol extract was a competitive mode of inhibition observed. After simulated digestion,
the mode of LOX inhibition changed in most of the extracts except for mustard (Figure 5).

Table 5. ICsq value, Ki value, Vmax value, and mode of LOX inhibition by ethanol and digested extracts

from parsley, cumin, green tea, green coffee, and mustard (n = 9).

Ethanol Extracts

Extracts after Digestion in Vitro

Plant Mode ICs Ki Mode ICso Ki
of Inhibition (mg DW/mL) (mg DW/mL) of Inhibition (mg DW/mL) (mg DW/mL)
Parsley mixed 24.39 + 1.18° 32.85 + 1.434 uncompetitive 45.05 + 1.98° 6.44 + 0.53
Green coffee mixed 15.96 + 1.12° 2.82 +0.16% noncompetitive 30.43 + 1.52% 30.43 + 1.164
Green tea mixed 13.74 +£ 0.922 2.84 +0.212 uncompetitive 29.73 + 1.122 4.96 +£0.19%
Cumin mixed 21.54 +1.23° 12.61 + 0.96° competitive 34.13 + 0.85° 26.94 + 0.97¢
Mustard competitive 29.01 + 1.41°¢ 22.46 +1.18¢ competitive 32.01 + 1.022P 72.74 +2.16°

The values are expressed as the mean + SD; means with different letter superscripts (*-°) in the columns are
significantly different (« = 0.05).
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Figure 4. Mode of LOX inhibition by ethanol extracts from parsley (A), green coffee (B), green tea (C),

cumin (D), and mustard (E).
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Figure 5. Mode of LOX inhibition by digested extracts from parsley (A), green coffee (B), green tea (C),
cumin (D), and mustard (E).

3.5. Interaction Assay

Many studies have been undertaken to explore the influence of particular drug components on
TPO activity and interactions among these components. The data on the influence of plant extracts
on in vitro TPO activity are sparse. As described above, there are literature data confirming that
polyphenolic compounds have an impact on enzymatic activity, but there are very limited data about
the influence of polyphenolic compounds on TPO activity. It is known that polyphenolics contained
in food sources appear in more complex combinations. Additionally, medicines with more than one
active substance are more effective [36].

As shown in Figure 3, potentially bioaccessible compounds from tested plants activate TPO.
This is very important especially for people suffering from Hashimoto’s disease. However, the intake
of the amount giving a significant effect is in practice very difficult, which is why the next step was
to determine the type of interaction among the tested extracts. Isobolographic analysis is a method
used for identification of interactions among active compounds. This method is independent of the
mechanism of activity; it is a useful tool for determination of interactions between the components
of two-component mixtures, as well as those composed of plant extracts being mixtures of many active
compounds [15].

As shown in the graphs (Figure 6), the digested extract acted synergistically in all mixtures.
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Figure 6. Dose-normalized isobolograms for digested extracts from green tea and green coffee (A),
cumin and green coffee (B), mustard and green tea (C), cumin and green tea (D), mustard and green
coffee(E), mustard and cumin (F) affecting TPO activity.

Isobolographic analysis is mainly used for characterization of pharmaceuticals. There are not
much data about the influence of polyphenolic combinations on TPO activity. As mentioned above,
scientists pay attention mainly for the interactions among pharmaceuticals, but there are some studies
focused also on the interactions between food additives or food sources. These data are relatively
new. Studies provided by Lau et al. [37] show the synergistic type of interaction among popular
food additives such as aspartame, Quinoline Yellow, and between Brilliant Blue and L-glutamic acid.
Synergism means that the occurrence of both substances in consumed food has a higher impact on
humans” health than the occurrence of each substance separately. Used combinations of additives
showed higher neurotoxicity by reducing the length of neurite outgrowth. Knowledge about the
interactions of substances different than pharmaceuticals is still scarce. The lack of information
generates a need for these kinds of studies.

The influence of pure phenolic substances on TPO activity has been shown by Divi and Doerge [38].
There are some studies showing the influence of phytochemical compounds on the activity of other
enzymes, e.g., lipoxygenase. Studies conducted by Durak et al. [39] demonstrated inhibitory activity
of pure and dietary polyphenols on LOX activity and interactions among these inhibitors. The biological
advantages of polyphenols included in plant sources of food appear useful for the development
of bioactive functional food. Potent TPO effectors (inhibitors and activators) and potent inhibitors of LOX
could be dedicated for subjects with some health diseases, e.g., hyperthyroidism and hypothyroidism.
The occurrence of these types of diseases is associated with inflammation caused by the activity
of prooxidative enzymes. Selection of foods with documented desirable features may provide dual
benefits to human health. The raw material and the proposed functional combinations may be helpful
in dietary therapy and prevention of thyroid dysfunctions correlated with an increase in the activity
of LOX. This study highlights the need for the testing of interactions between active ingredients
of designed functional products.
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4. Conclusions

Green coffee, green tea, cumin, and mustard contain potentially bioaccessible TPO activators
that also act as effective LOX inhibitors, which may point to their potentially health-promoting effects
for people suffering from Hashimoto’s disease. It should be emphasized, however, that these are
preliminary tests carried out in model systems and require further verification. Additionally, the results
presented in this paper indicate a number of factors that complicate the biochemical studies that have
been used for years. First is the dose-independent mode of action, which makes it impossible to set
ICsp values. In addition, in many cases, the mechanism of inhibition varies with the concentration
of the compound/extract.

In the case of activators, it is also difficult to determine classic kinetic parameters based on
the classic Lineweaver—Burk analysis. The obtained results also indicate clearly that the prediction
of biological activity of plant extracts based only on their chemical composition may lead to erroneous
inference, because the key role in their case is played by changes occurring during digestion and/or
interactions with other components of the food matrix.
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Abstract: The presented research concerns the triple activity of trans-cinnamic (tCA), ferulic (FA) and

El;fdca"‘tz’sr syringic acids (SA). They act as thyroid peroxidase (TPO) activators, lipoxygenase (LOX) inhibitors

and show antiradical activity. All compounds showed a dose-dependent TPO activatory effect,
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thus the ACsq value (the concentration resulting in 50% activation) was determined. The tested
compounds can be ranked as follows: tCA > FA > SA with ACsq = 0.10, 0.39, 0.69 mM, respectively.
Strong synergism was found between FA and SA. The activatory effects of all tested compounds
may result from interaction with the TPO allosteric site. It was proposed that conformational change
resulting from activator binding to TPO allosteric pocket results from the flexibility of a nearby

the Model Systems. Int. J. Mol. Sci. loop formed by residues Val352-Tyr363. All compounds act as uncompetitive LOX inhibitors. The
2021, 22, 5108. https://doi.org/ most effective were tCA and SA, whereas the weakest was FA (IC59 = 0.009 mM and ICs; 0.027 mM,
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atoms of Argl02 and Arg139 in an allosteric pocket of LOX was suggested. FA/tCA and FA/SA
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o 1. Introduction
iations.

Hashimoto’s thyroiditis (HT) (i.e., chronic lymphocytic thyroiditis) is an autoimmune

disease, in the course of which the thyroid gland is attacked and destroyed by the im-

mune system. The resulting inflammation often leads to an underactive thyroid gland
(i.e., hypothyroidism). The disease affects between 0.1% and 5% of the adult population in
Western countries [1]. Unfortunately, the major antigen in human Hashimoto’s disease is
thyroid peroxidase (thyroperoxidase, TPO, EC 1.11.1.1-14), an enzyme that participates in
the synthesis of thyroid hormones. Anti-TPO antibodies induce complement-dependent cy-
conditions of the Creative Commons _ fotoxicity. Furthermore, antibodies against complement (anti-C1q) are detected in patients
Attribution (CC BY) license (https://  With Hashimoto’s disease. They are correlated with thyroid-stimulating hormone (TSH)
creativecommons.org/ licenses /by / levels. Thus, many patients with congenital hypothyroidism have problems related to the
40/). synthesis or iodination of thyroglobulin (TG), which is connected to TPO deficiency [2].
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Disturbances in the functioning of the thyroid have many effects on human health, such as
inflammation and oxidative stress [3]. Our previous studies showed that the selected pure
polyphenolic substances can affect TPO activity [4].

Inflammation is a natural defense mechanism against pathogens, and it is associated
with many disorders, such as microbial and viral infections and exposure to allergens, radi-
ation and toxic chemicals, as well as autoimmune and chronic diseases. There are various
possible mechanisms for the anti-inflammatory effects of bioactive compounds, including
the inhibition of lipoxygenases (LOX) that catalyze the oxygenation of polyunsaturated
fatty acids into potent signal molecules involved in inflammatory processes [5]. LOXs
participate in eicosanoid syntheses, such as prostaglandins or nonclassic eicosanoids. The
LOX pathway of arachidonic acid metabolism generates reactive oxygen species (ROS),
which, together with other arachidonic acid metabolites, play a role in inflammation and
tumor growth [1]. LOX activity is related to oxidative stress (OS) in the human body. OS
refers to a condition in which the balance between the antioxidant protective system and
the production of ROS is disturbed. The oxidative protection system can be effectively
supported by various types of exogenous compounds with antioxidant activity. Some of the
most effective antioxidants are phenolic compounds, the group of secondary plant metabo-
lites with documented antioxidant activity [6]. The antioxidant effects of polyphenols are
mainly due to their redox potential, which enables them to act as reducing agents, donors
of hydrogen and quenchers of single oxygen. They also may be inhibitors of free-radical
reaction through the inhibition of lipid radical formation and disruption of the propagation
of chain auto-oxidation reactions [2].

Our previous studies showed that polyphenols can affect TPO activity [4]. During
in vitro and in silico screening tests, some phenolic acids commonly found in food have
been found to activate TPO. Ferulic acid can be found, especially in cereals, fruits and
vegetables. For human health, it effectively scavenges free radicals and inhibits lipid
peroxidation [7]. Some studies mention its cardioprotective effect and its inhibition of
tumor promotion [8]. Sources of cinnamic acid are vegetable oils, berries and citrus
juices. This compound shows mainly gastroprotective effects [9]. Syringic acid shows
hepatoprotective, antihyperglycemic and antimicrobial activity and can be found in several
types of alcohols: brandy, rum, whisky, nut liquors and fortified wines. Good sources of
these polyphenols also include cereals, dried fruits and vegetable oils [8].

Since phenolic compounds are widely known for their anti-inflammatory and antioxi-
dant properties, it has been hypothesized that TPO activators can inhibit LOX activity and
have antioxidant effects.

A factor that essentially influences the final effect of biologically active compounds,
especially from food system:s, is their interaction. Therefore, another hypothesis has been
made, that the interactions of the test compounds may substantially modulate their action
as TPO and LOX effectors. To investigate possible interactions, the isobolographic method
was used. Isobolographic analysis is a scientific approach that graphically represents antiox-
idant interactions, thereby facilitating their visual evaluation. It makes the interactions of
sample combinations succinct and clear and has been widely established as a gold standard
for testing pharmacological interactions with various combinations of fixed fractions [10].

Thus, this research aimed to estimate TPO-activatory and LOX-inhibitory effects, as
well as the antiradical potential of ferulic, syringic and trans-cinnamic acids. To elucidate
the mechanism of the effectors’ action, in silico studies were carried out. Another part of
this paper consists of the analysis of the kind and strength of possible interactions between
tested compounds.

2. Results and Discussion
2.1. TPO Assay

A previous study [4] contained the first part of the investigation, which showed the
TPO-inhibitory potential of pure polyphenols. During the next stage of investigation,
activatory effects were observed for some other polyphenols. This paper contains the
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second part, which contains the TPO activatory effect of the following phenolic compounds:
ferulic (FA), syringic (SA) and trans-cinnamic acids (tCA). To present this effect, Lineweaver—
Burk plots were prepared. A plot without the polyphenol addition, which is above the
plots with addition of polyphenols, shows activation (Figure 1).

¢ No activator  A50 pg/ml X100 pg/ml 200 pg/ml ¢ No activator A50pg/ml X100 pg/ml @ 200 pg/ml
0.016 0.016
A B
0.014 0.014
0.012
é > 0.012

* 4
-0.15 -0.1 -0.05 s 0 0.05 0.1 15 -0.1 -0.05 0 0.05 0.1

# No activator 25pg/ml AS50pg/ml X 10 pg/ml
0.016

C

0.014

-0.15 5 -0. . 0.1
1/8

Figure 1. Activatory effect of ferulic acid (A), syringic acid (B) and trans-cinnamic acid (C) on thyroid peroxidase TPO
activity. Plots are expressed 1/velocity versus 1/guaiacol [pg/mL] without or with activators in a reaction solution.

Tested compounds show a dose-dependent activatory effect, which allowed the de-
termination of the ACsy value—the concentration of effector at which 50% activation was
obtained. Taking into account this parameter, the tested phenolic acids can be ranked as
follows: tCA > FA > SA. The kinetic parameters of TPO activation were presented in Table 1.

Table 1. Ky, Vimax and ACs values of the chosen phenolic acids on thyroid peroxidase (TPO) activity,

n=9.
Compound Ky [mM] Vmax [AAU/min] AC5p [mM]
Guaiacol ! 0.06 4+ 0.003 120.5 + 5.38 d -
trans—cinnamic acid - 1282 +£4.12°¢ 0.10 £ 0.005 €
Syringic acid - 2439 +£9.54° 0.69 £0.034 2
Ferulic acid - 2941 +9.122 0.39 + 0.019

L TPO substrate. Values are expressed as the mean + SD; means with different letter superscripts (a—d) in the
columns are significantly different («x = 0.05).

The data showing the influence of phenolic compounds on TPO activity are still incom-
plete. Most of the studies available concern the inhibitory effect of phenolic compounds on
the activity of TPO. TPO-inhibitory potential was described for flavones apigenin, chrysin,
vitexin and baicalein, present in parsley, cherries, thyme, olives, tea and broccoli [11]. The
flavanols kaempferol, quercetin, fisetin, morin, myricetin and rutin, present in a wide range
of food sources such as kale, onions, tomatoes, cherries, apples and red wine, together
with the flavanones naringin and naringenin, can also inhibit tyrosine iodination by TPO
with varying potencies [12,13]. The antithyroid potential of dihydroxybenzoic acid is also
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described [14]. When TPO activity is inhibited, reducing thyroid hormone synthesis, a
compensatory increase in TSH may be observed; this may lead to goiter, especially when
these compounds are consumed in high quantities [11]. To the best of our knowledge, there
are no data on phenolic TPO activators in the available literature.

2.2. Molecular Modeling of TPO Activation

To study TPO activation, a new model of the protein was elaborated. The new model
was significantly improved compared to the previous version [4].

The activatory activity of the studied compounds on TPO may be nonspecific and
result from their antioxidant properties. In this manner, they may neutralize reactive
oxygen species and protect the enzyme against damage. On the other hand, the activatory
effect can be specific and result from small-molecule interaction with an allosteric or
regulatory site of the enzyme, leading to protein conformational change and enhancing its
catalytic activity. Here, such binding sites were identified using PARS and Fpocket online
tools and molecular docking with Glide was used to discriminate between the pockets.

Three potential binding cavities were considered most likely to act as regulatory sites
for TPO activation: (i) in the vicinity of the heme-binding site, centered around Pro245,
Arg370 and Phe523; (ii) on the enzyme dimer interface, centered around Argl75 and Trp176
from one subunit and Trp176, Asp474, Asn478, Lys662 and Asp66 from the other subunit;
and (iii) at the binding site centered around Arg412 and Asp536, as shown in Figure 2A.
Molecular docking indicated that the highest Glide scores were obtained for all compounds
at the binding site involving Arg412 and Asp536. Moreover, docking scores to this site
only corresponded to the order of Vmax values. Thus, this pocket, marked in a red square
in Figure 2A, was selected for further analysis. Figure 2B-D shows the interactions of the
studied compounds with the chosen binding cavity. In the case of all activators, there
is an interaction between their carboxylic groups and the main chain atoms of Leu535
and their orientation in the binding pocket is similar. Ferulic acid displays additional
interactions between its carboxylic group and the main chain atoms of Asp536 and between
its methoxy and hydroxy groups and the main chain atoms of Leu391 (Figure 2B). Syringic
acid has its methoxy and hydroxy moieties involved in hydrogen-bond interactions with
the side-chain atoms of Arg412 (Figure 2C), while trans-cinnamic acid does not form any
additional contacts (Figure 2D).

It can be hypothesized that a conformational change resulting from activators binding
to this TPO binding pocket results from the flexibility of a nearby loop formed by residues
Val352-Tyr363.

2.3. LOX Assay

As inflammation occurs in HT, the next step was to determine the effect of TPO
activators on the activity of LOX, one of the main enzymes associated with the occurrence
of inflammation and oxidative stress. The similarity in inhibition behavior between soybean
LOX-1 and human 5-LOX has been observed, and soybean LOX (sLOX) type 1b has been
used for the evaluation of LOX inhibition in drug screening for years [15].

To illustrate this influence, Lineweaver-Burk plots were prepared. As presented in
Figure 3, all of the used phenolic acids showed an inhibitory effect. All tested compounds
act as uncompetitive LOX inhibitors (Figure 3). The kinetic parameters of LOX inhibition
were presented in Table 2. The most effective LOX inhibitors were trans-cinnamic and
syringic acids with ICsy = 0.009 mM, whereas ferulic acid was the weakest LOX inhibitor
(ICs0 = 0.027 mM).
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Figure 2. Molecular interactions of activators with thyroid peroxidase (TPO). (A) Ferulic acid bound to three considered
binding pockets. The protein is shown in dark blue cartoon representation, ferulic acid in yellow ball representation and
heme in magenta ball representation. The selected pocket is marked with a red square. (B) Ferulic acid, (C) syringic acid and
(D) trans-cinnamic acid in a binding pocket of TPO. The protein is shown with cyan carbon atoms in wire representation
with the most important residues shown as sticks. Activators depicted with gray carbon atoms in stick representation. Polar
bonds are shown as red dashes. Nonpolar hydrogen atoms omitted for clarity.
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Figure 3. Lineweaver—Burk double reciprocal plots for the inhibition of lipoxygenase (LOX) by ferulic acid (A), syringic

acid (B) and trans-cinnamic acid (C). Plots are expressed 1/velocity versus 1/linoleic acid [ug/mL] without or with inhibitors
in a reaction solution.
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Table 2. Mode of inhibition, Kj (Km without inhibitor), Vimax and ICs5q values of chosen phenolic
acids on lipoxygenase (LOX) activity.

Mode of K; [mM] Vmax
Compound Inhibition (K, without Inhibitor)  [AAU/min] 1Cso [mMI
Linoleic acid * - 0.007 & 0.0003 2 1111 £45.12 -
trans-cinnamic acid ~ uncompetitive 0.009 + 0.0004 © 556 + 10.13 P 0.009 + 0.0004 ®
Syringic acid uncompetitive 0.005 £ 0.0003 4 526.3 +11.02°¢ 0.009 + 0.0004 ®
Ferulic acid uncompetitive 0.008 + 0.0004 ® 455 +994 0.027 + 0.0013 @

* LOX substrate values are expressed as the mean & SD; means with different letter superscripts (a—d) in the
columns are significantly different («x = 0.05).

In our previous studies [7], it was found that ferulic acid acts as a competitive inhibitor
of LOX. The difference may be due to the type of enzyme used for the test and the
concentration of the reacting components. The obtained inhibitory potential of pure
ferulic acid and trans-cinnamic acid are in accordance with Devi et al. [16], where these
polyphenols showed 74.4 and 66.6% of inhibition respectively but in different concentration
than in the presented study. The weak activity of ferulic acid as a LOX inhibitor is confirmed
by the studies by Landberg et al. [5], which showed that low or no inhibition was observed
with avenanthramides containing ferulic or para-coumaric acid. Another study provided
by Saleem et al. [17] showed the LOX inhibitory activity (34.8% of inhibition) of extracts
from Filago germanica, wherein syringic acid was detected in the amount of 2.23 ug/mL.

2.4. Molecular Modeling of LOX Inhibition

As shown in the experimental part, all tested phenolic acids display an uncompetitive
type of inhibition. Uncompetitive inhibitors bind to the enzyme-substrate complex only.
The binding of the substrate can result in a conformational change allowing the inhibitor to
bind, or the inhibitor binds to the enzyme-bound substrate directly. In all cases, the inhibitor
binds in an allosteric pocket and does not compete with the substrate for a binding site.

Similarly as in the case of TPO, searching for potential binding pockets was performed
using PARS and Fpocket. A number of potential binding sites were identified, including
one situated between the membrane-binding and catalytic domains of 5-LOX also found
in an X-ray structure of 5-LOX in complex with an allosteric modulator AKBA, a penta-
cyclic triterpene acid (PDB ID: 6NCF [18]. According to the PARS online tool, this pocket
affects protein flexibility. This binding pocket is shown in Figure 4A and was used for
further analysis.

Figure 4B-D shows the details of the interactions of the studied inhibitors with the
allosteric pocket of 5-LOX. In all compounds, there is an interaction between their carboxylic
groups and the side-chain atoms of Arg102 and Arg139. The mechanism of inhibition may
be similar to that reported for AKBA, in which AKBA is wedged in a deep groove between
the amino-terminal and catalytic domains and induces a conformational change of the
protein which results in enzyme inhibition [18].

2.5. Antiradical Analysis

Under normal physiological conditions, oxidative homeostasis is autoregulated by the
thyroid gland. Excessive ROS level can disrupt this balance, which can influence thyroid
enzyme activity. However, this mechanism is still unclear [19]. Therefore, it is justified to
determine the antioxidant potential of the tested compounds.

For the antioxidant activity of tested phenolic compounds evaluation, the ABTS
radical scavenging assay was used. ABTS may be used to determine the activity of both
hydrophilic and hydrophobic antioxidants; it is not affected by ionic strength, and it reacts
with most antiradical compounds [20]. The lowest radical scavenging ability was shown
by trans-cinnamic acid (2.12 mM). The highest value of this parameter showed syringic
acid (0.22 mM) (Table 3).

80



Int. J. Mol. Sci. 2021, 22, 5108

7 of 16

i
' P
A S
\ pat
d\ &g Arg102 || )
Arg102 \ ~ %'!\-,-%.\ 5)
N, 5 S ey O
] .:3_.:?‘ {5’ i = ‘{—« ~
“d I U7 £ = & <
ot s : Arg139

Figure 4. Molecular interactions of inhibitors with 5-lipoxygenase (5-LOX). (A) trans-cinnamic
acid bound to an allosteric binding pocket (general view). The protein is shown in dark blue
cartoon representation, trans-cinnamic acid in yellow ball representation and iron ion in magenta ball
representation. (B) trans-cinnamic acid, (C) syringic acid and (D) ferulic acid in a binding pocket of
5-LOX. The protein is shown with cyan carbon atoms in wire representation with the most important
residues shown as sticks. Inhibitors are depicted with gray carbon atoms in stick representation.
Polar bonds are shown as red dashes. Nonpolar hydrogen atoms omitted for clarity.

Table 3. ABTS radical scavenging ability of chosen phenolic compounds, n = 9.

Compound ICs5¢ [mM]
trans-cinnamic acid 212 £0.106 2

ferulic acid 0.41 +0.020

syringic acid 0.22 £0.011°¢

Values are expressed as the mean + SD; means with different letter superscripts (a—) in the columns are
significantly different ( = 0.05).

As expected, tested compounds showed high radical scavenging potential. The ob-
tained results are significantly higher than those obtained by Samsonowicz et al. [21], who
showed the antioxidant properties of coffee substitutes containing polyphenols investi-
gated in our study (trans-cinnamic acid, ferulic acid and syringic acid). The paper showed
that the ABTS radical scavenging activity values were in the range of 0.021-0.066 mg
dw/mL. On this basis, we can conclude that pure polyphenolic substances show higher
ABTS radical scavenging potential than substances contained in plant food sources.

2.6. Interaction Assay

The next step of the investigation was to estimate the type of mixed-polyphenol
interactions and their influence on TPO and LOX enzymatic activity.

Isobolographic analysis of the TPO activators showed that tCA and FA (Figure 5A)
acted additively; SA and FA (Figure 5B) showed strong synergism, whereas SA and tCA
(Figure 5C) acted synergistically. All types of interactions were expressed as a CI value [10],
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which explains the strength of the interactions. As the CI values reveal, pure chemicals
exhibited synergism and strong synergism for TPO (Table 4).
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Figure 5. Dose-normalized isobolograms for chosen phenolic acids with thyroid peroxidase activation activity. (A) trans-
cinnamic acid and ferulic acid, (B) syryngic acid and ferulic acid, (C) syringic acid and trans-cinnamic acid).

Table 4. Combination index (CI) value between mixtures consisting of two polyphenols on thyroid
peroxidase activity, n = 9.

Compound Ferulic Acid trans—Cinnamic Acid Syringic Acid
Ferulic acid ) 0.98 +£0.062 024 £0.05°¢
Nearly additive Strong synergism
trans—cinnamic acid 0.98 + 0.06°° - 046 +0.04°
Nearly additive Synergism
o 0.24 +£0.05°¢ 0.46 & 0.04°
Syringic acid S . . -

trong synergism Synergism

Values are expressed as the mean + SD; means with different letter superscripts (a—c) in the columns are
significantly different (« = 0.05).

Isobolographic analysis of the LOX enzyme showed that trans-cinnamic acid and sy-
ringic acid acted antagonistically (Figure 6A), and FA/tCA and FA /SA acted synergistically,
(Figure 6B,C). The CI values are presented in Table 5.

There are many scientific reports concerning interactions between drug components.
At present, the clinically combined use of drugs is extremely common because the thera-
peutic effect of combined drugs is often better than that of a single drug [22]. The same
effect was observed for the phytochemicals in fruits and vegetables that are responsible
for their potent antioxidant and anticancer activities, and the benefit of a diet rich in fruits
and vegetables is attributed to the complex mixture of phytochemicals present in whole
foods [12]. One effective method for interactions assay is isobolographic analysis. It is
useful to determine the interactions between mixtures consisting of two or three compo-
nents [22]. It has also been shown to be useful in studying the interactions of bioactive
plants and food ingredients [23].
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Figure 6. Dose-normalized isobolograms for chosen phenolic acids with lipoxygenase inhibitory activity. (A) trans-cinnamic
acid and syryngic acid, (B) ferulic acid and trans-cinnamic acid, (C) ferulic acid and syryngic acid).

Table 5. Combination index (CI) value between mixtures consisting of two polyphenols on lipoxyge-
nase LOX activity, n = 9.

trans—Cinnamic

Compound Ferulic Acid Acid Syringic Acid
S 0.53 £0.022 048 £0.01°
Ferulic acid - . .
Synergism Synergism
. S 0.53 £0.022 2.15+0.08°
trans—cinnamic acid . - )
Synergism Antagonism
L 048 +0.0172 2.15+0.08"°
Syringic acid S . . -
ynergism Antagonism

Values are expressed as the mean + SD; means with different letter superscripts (a,b) in the columns are signifi-
cantly different (o« = 0.05).

Our previous studies used this method on pure polyphenolic compounds and plant
extracts against TPO and LOX [4,24]. Studies [7] showed the synergistic action of ferulic
and chlorogenic acids as LOX inhibitors. The same kind of interaction was found between
chlorogenic and cinnamic acid [25], as well as chlorogenic and vanillic acid [26]. So far
there is no information on TPO activators and their interactions in the literature.

The antiradical potential of phenolic compounds is well known [27], however, in-
vestigations concerning the interactions between them are still quite rare. In our study
synergism was found in FA/ tCA and tCA/SA mixtures (CI = 0.63 and 0.69, respectively),
while FA and SA acted antagonistically (CI = 2.21) (Figure 7, Table 6).

83



Int. J. Mol. Sci. 2021, 22, 5108

10 of 16

2.5
o 12 B
g 2 A 4] 1
& =
= J
Cs 208
ch
g
2 £ 0.6
T3 =
£ Eo4 B
0.5 <
L 202 "
s
0 ” = 0 »
0 02 04 06 03 ! 12 0 02 04 0.6 0.8 1 12
Ferulic acid C/TCS0 Ferulic acid C/ICS50
o 12
. C
= 1
S
208
o
-
§ 0.6
]
E04
£ 0.2
’; L
= .
0 »
0 0.2 0.4 0.6 0.8 1 1.2

Syringic acid C/ICS0

Figure 7. Dose-normalized isobolograms for chosen polyphenols with antiradical activity. (A) syryngic acid and ferulic
acid, (B) trans-cinnamic acid and ferulic acid, (C) trans-cinnamic acid and syryngic acid).

Table 6. Combination index (CI) value between mixtures consisting of two polyphenols on antiradical
activity, n =9.

trans—Cinnamic

Compound Ferulic Acid Acid Syringic Acid
. 0.63 +0.022 2.2140.06°
Ferulic acid - . .
Synergism Antagonism
. .. 0.63 +0.022 0.69 +0.032
trans—cinnamic acid . - .
Synergism Synergism
o 2214 0.06° 0.69 + 0.03 @
Syringic acid . . -
Antagonism Synergism

Values are expressed as the mean £ SD; means with different letter superscripts (a,b) in the columns are signifi-
cantly different (o = 0.05).

During research on antiradical activity, antagonism was found between chlorogenic
acid and cinnamic acid [25], chlorogenic acid and vanillic acid [26], and chlorogenic acid and
caffeic acid [28]. On the other hand, chlorogenic acid and ferulic acid acted synergistically as
hydroxyl radical scavengers [29].

As shown in the present investigation, all tested phenolic acids show triple activity.
They effectively activate TPO and inhibit LOX activity, demonstrating at the same time
antioxidant potential. To the best of our knowledge, there are no reports of phenolic TPO
activators with correlated anti-inflammatory and antioxidant potential in the literature to
date. Most importantly, all TPO activators mentioned in the paper belong to the group
of dietary polyphenols, commonly found in food of plant origin. However, the key issue
here is bioavailability. Bioavailability measures the degree of an active compound/drug
that reaches blood circulation and is therefore available at the site of action. As a natural
antioxidant, tCA plays an important role in reducing the risk of chronic diseases, delaying
ageing and improving immunity. However, the application of tCA is reduced by its
poor water solubility and low oral bioavailability [30]. Previous reports indicate tCA
is absorbed by all the gastrointestinal organs of the rat digestive tract and recovered
in urine; however, the lowest rate of absorption was in the stomach [31]. Low plasma
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concentrations are most likely due to limited absorption, intensive metabolism and/or fast
elimination of tCA and its derivatives from circulation. These effects may not be sufficient
to produce significant in vivo biological effects. To increase the bioavailability of tCA,
new formulations have been prepared in which tCA is entrapped into solid and liquid
particles [30,32]. High bioavailability of FA (about 50%) was found when FA was perfused
as a free pure compound in the rat intestine. The urinary excretion of FA in humans
was also high (19-98%) when FA is present in its free form, for example from beer [33].
Although the main source of ferulic acid is cereals, the limited bioavailability of FA from
the cereal matrix is due to the embedding of FA in the indigestible polysaccharides of the
cell walls [34]. Recent pharmacological studies demonstrated that SA possesses various
activities, including antitumor, chemoprevention against skin cancer and antithrombotic
activity [35]. Nevertheless, the lipophilicity of SA coupled with its rapid excretion in vivo
results in low bioavailability and poor therapeutic effect. On the other hand, the absolute
bioavailability of SA in blood samples of rabbits was found to be 86.27% [35].
Food-derived phytochemicals with multidirectional biological properties have already
been tested for potential use in a wide range of diseases, including diabetes; viral, microbial
and parasitic infections; inflammation; cardiac and psychiatric disorders, as well as can-
cer [11]. However, little is known about the impact of phytochemicals on thyroid function.

3. Materials and Methods
3.1. Chemicals

Sucrose (x-D-glucopyranosyl-(1-4)-3-D-fructofuranoside), tris (1,3-propanediol-2-amino-
2-hydroxymethyl), KCl, NaCl, MgCl,, 90% ethanol, NaOH, guaiacol (2-methoxyphenol),
H,0, (hydrogen peroxide), ABTS (2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid),
soybean lipoxygenase type 1-B (LOX), trans-cinnamic acid, syringic acid and ferulic acid
were purchased from Sigma-Aldrich Company (Poznan, Poland). All other chemicals were
of analytical grade.

3.2. Preparation of Phenolic Acids Solutions

Syringic acid, trans-cinnamic acid and ferulic acid were diluted in ethanol to the
concentrations 0.125 pg/mL, 0.25 pg/mL, 0.5 ug/mL, 1.0 pg/mL, 2.0 pg/mL, 25 pg/mL,
50 pg/mL, 100 pg/mL and 200 ug/mL and were used for further assay.

3.3. Molecular Modeling
3.3.1. Small Molecules Modeling

The studied compounds were downloaded from PubChem (syringic acid [36], trans-
ferulic acid [37] and trans-cinnamic acid [38]) and modelled using LigPrep [39] from the
Schrodinger suite of software (Release 2020—4). To determine protonation states at the
physiological pH, the Epik [40] module of the Schrodinger suite of software was applied.

3.3.2. Protein Models

Due to the lack of plausible templates for the complete TPO structure, the construction
of a homology model of TPO including its transmembrane domain had to be performed in
several steps, which included using preliminary models for positioning templates in space.

In the first step, preliminary homology models of the catalytic, MPO-like domain and
the transmembrane domain were prepared with Modeller 9.23 [41]. Human promyeloper-
oxidase (proMPO, PDB ID: 5SMFA) was used as a template for the dimer of the MPO-
like domain, due to the high sequence similarity and high resolution of the X-ray struc-
ture (1.2 A). For the transmembrane region, no obvious template was available. There-
fore, a search for distant homologs was performed with the MPI Bioinformatics toolkit
(https:/ /toolkit.tuebingen.mpg.de accessed on 21 April 2021) [42]. After several HH-
pred runs, three structures were identified as possible templates (PDB IDs: 6HUM, 61TH,
6NBY). All these structures allowed the modeling of the monomer of the transmembrane
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domain. To align these models in a dimer, a 2L2T PDB structure was used, based on
literature data [43].

In the next step, preliminary models of the complete monomer were created with
trRosetta [44]. These preparatory models were intended to serve as a scaffold for connecting
the MPO-like domain and transmembrane domain. Candidate trRosetta models were
superimposed with the model of the catalytic domain dimer, and the trRosetta model that
allowed undisturbed dimerization was selected. Two copies of the selected trRosetta model
were superimposed to two monomers of the MPO-like domain dimer, and the resulting
structure was used as a spatial scaffold for further modelling.

In the final step, the trRosetta model of the whole TPO dimer was used to orient all
the necessary templates in space. A homology model of TPO with its transmembrane
domain was created with Modeller, using the 5MFA structure as a template for the MPO-
like domain, 6HUM, 6ITH, 6NBY and 2L2T structures for the transmembrane domain,
and the trRosetta model as a template for the region connecting the MPO-like domain
and the transmembrane domain. Four hundred models were generated. The best model
was chosen based on the DOPE score and its orientation relative to the membrane—the
model with the highest DOPE score, not hindering the membrane plane obtained from the
Orientations of Proteins in Membranes (OPM) database record for a 2L.2T structure [45]
was chosen for further studies.

After the homology modelling stage, the obtained model was refined with a 100 ns
molecular-dynamics simulation using Gromacs 2019 [46]. The model was immersed in
a membrane composed of POPC, POPE and cholesterol, using the orientation of a 2L2T
structure from the OPM database as a template. The simulation box was prepared with
CHARMM-GUI [47]. A CHARMMBS36m force field was used. An NPT ensemble with a
timestep of 2 fs was used for the production run.

Regarding 5-lipoxygenase (5-LOX), an X-ray structure of the human enzyme in com-
plex with allosteric modulator AKBA, a pentacyclic triterpene acid (PDB ID: 6NCF [18],
was used after applying the necessary mutations.

The structures of the biomolecules were preprocessed using the Protein Preparation
Wizard of Maestro Release of the Schrodinger software [48] to optimize the hydrogen
bonding network and to remove any possible artifacts as reported previously [49].

3.3.3. Binding Site Identification and Molecular Docking

Two online tools, i.e., PARS [50] and Fpocket [51], were used for putative binding
site detection. PARS relies on normal mode analysis and is a simple and fast tool, which
queries protein dynamics and structural conservation to find pockets on a protein structure
that may exert a regulatory effect upon the binding of a small-molecule ligand. Fpocket is
a binding site detection package based on Voronoi tessellation and alpha spheres [52] built
on top of the publicly available package Qhull. Binding pockets identified simultaneously
by both tools were used for molecular docking. Molecular docking was performed using
the standard precision (SP) approach of Glide [53] from the Schrodinger suite of software.
Grid files were generated at default settings. Fifty poses were generated for each binding
site and each ligand. The final poses were selected by visual inspection. Discrimination
between binding sites was carried out based on scoring values. PyMol v. 2.3.3 [53] and
Yasara Structure [54] were used for visualization of the results.

3.4. Enzymatic Assay
3.4.1. TPO Preparation

The assay was prepared according to Jomaa et al. [55], with some modifications.
Porcine thyroid glands were purchased at a slaughterhouse (Lublin, Poland) and stored
at —20 °C until used. The frozen thyroid gland was minced with a fork. The mince was
suspended in a buffer containing 0.25 M sucrose, 2 mM tris—HCI, 100 mM KCl, 40 mM
NaCl and 10 mM MgCl, (pH 7.4) and homogenized using Philips homogenizer. The
thyroid gland was centrifuged two times at 4000 RPM per 15 min at a temperature + 4 °C.
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The enzyme protein was then salted out to 60%. The supernatant was stored at —20 °C
until used.

3.4.2. TPO Assay

The assay was used according to Jomaa et al. [55], with some modification. The mea-
surement was made using a plate spectrophotometer (BioTek, Model Epoch2TC, Winooski,
VT, USA) in 96-well plates at a wavelength of 470 nm. Absorbance readings were recorded
every minute for a total of 3 min at 37 °C. TPO activity is expressed as a change of absorp-
tion per minute. All measurements were performed in three replicates. The ACs (activator
concentration) values were calculated at fitted models as the concentration of the tested
compound providing 50% of the activation based on a dose-dependent mode of action.

3.4.3. Inhibition of Lipoxygenase Activity (LOXI)

The inhibition of LOX with linoleic acid as a substrate was measured spectrophoto-
metrically, based on Axelrod et al. [56] adopted for microplate reader (Epoch 2 Microplate
Spectrophotometer, BioTek Instruments, Winooski, VT, USA). Measurement was made at a
wavelength of 234 nm. One unit of LOX activity was defined as an increase in absorbance
of 0.001 per minute at 234 nm. All measurements were performed in four replicates.

The ICgy (inhibitor concentration) values were calculated at fitted models as the
concentration providing 50% of activity was based on a dose-dependent mode of action.

3.5. In Vitro Antiradical Capacity Assay

ABTS radical scavenging activity was determined according to Re et al. [57] with slight
modifications using a microplate spectrophotometer (BioTek, Model Epoch2TC, Winooski,
VT, USA) after 15 min of incubation at room temperature.

The ICsy (inhibitor concentration) values were calculated at fitted models as the
concentration providing 50% of activity was based on a dose-dependent mode of action.

3.6. Isobolographic Analysis

Dose-normalized isobolograms were performed according to Chou [10]. Tested solu-
tions were mixed in various volume ratios: 1:4, 4:1, 3:2, 2:3, 1:1. Results (type and strength
of interactions) were showed as normalized isobolograms and described by combination
index (CI). The quantification of interaction was done by the general Equation (1) for
n-drug combination at x% inhibition using the CI for interaction interpretation:

(D), 1 1

), (@, _ 1
(D), " (B, ~ (DR, " (DRI,

Cl= 1)
where: Cl is the sum of the dose of drugs that exerts x% inhibition in a combination. In the
denominator, (Dx) is for D “alone” that inhibits a system x%. When CI is lower than 1, it
indicates synergy; when Cl is equal to 1, it indicates addition; when Cl is higher than 1, it
indicates antagonism.

3.7. Statistical Analysis

All experimental results were the mean =+ SD of four parallel measurements, and data
were evaluated by a two-way analysis of variance (Tukey test) using Statistica 6.0 software
(StatSoft, Inc., Tulsa, OK, USA). The statistical tests were carried out at a significance level
of o = 0.05.

4. Conclusions

The use of phytochemicals can be a widely accepted and inexpensive way to support
the treatment and prevention of many diseases, including thyroid disorders. Importantly,
this solution is available to both poor societies that do not have access to expensive drugs
and developed societies that struggle with the problem of ageing societies and rising health
care costs. Our in silico results indicate that both activatory and inhibitory effects on TPO
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and LOX, respectively, are mediated by compounds’ interaction with the allosteric site of
the enzymes. Further studies will be performed to address the mechanism of synergistic,
additive or antagonistic interactions between the studied dietary phenolic compounds.

However, it should be kept in mind that the results obtained during in vitro tests
in model systems may, to a varying degree, translate into actual effects obtained during
in vivo tests, therefore, the results presented in this paper are treated as preliminary and
will be verified during further extensive research.
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Oatmeal and wheat flour as the sources of thyroid peroxidase (TPO),
lipoxygenase (LOX) and xanthine oxidase (XO) modulators potentially
applicable in the prevention of inflammatory thyroid diseases
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Abstract: Despite the widespread potential pro-health effects of ferulic acid (FA), their interference in the
progression of thyroid dysfunction has mainly remained unresolved. Here, we combined in vitro enzyme
studies with the in vitro cellular approach to investigate the potential of main dietary sources of FA - the
oatmeal (OM) and wheat flour (WF) compounds for the prophylactics of inflammatory thyroid diseases.
Potentially bioaccessible OM and WF compounds activated thyroid peroxidase (TPO), while inhibiting the
activity of lipoxygenase (LOX) and xanthine oxidase (XO). Isobolographic studies revealed cooperation
between them. Relatively strong inhibitory activity of bioaccessible OM compounds on LOX activity
correlated with their cytostatic and pro-invasive effects in thyroid cancer model in vitro. These data indicate
the potential of OM and WF products for the prophylactics of inflammatory thyroid diseases (incl.
hypothyroidism). However, it should be considered with care, especially in the context of the oncological
status of the patient.

Keywords: thyroid peroxidase (TPO), lipoxygenase (LOX), xanthine oxidase (XO), dietary polyphenols,
antioxidant activity, hypothyroidism, cancer

1. Introduction
Inflammation is a natural process that occurs in tissues as a defensive mechanism against tissue injury or

microbial infection. However, chronic inflammation is often associated with the pathogenesis and progression
of autoimmune, cardiovascular and neurological diseases (Jaismy et al., 2018). It also contributes to the
autoimmune destruction of the thyroid gland (Danailova et al., 2022). Development of thyroid diseases, like of
many other autoimmune disorders, is believed to result from the combinations of versatile stimuli, including
environmental, lifestyle, and genetic factors. For instance, regular consumption of ”’proinflammatory” food
can result in the intestinal inflammation that spreads to other organs in the body, eventually contributing to the
development of thyroid diseases, incl. hypothyroidism and cancer (Kochman et al., 2021).

Thyroid malfunctions prevalently occur in women. Overt hyperthyroidism results from an overproduction
of thyroid hormones and is primarily related to Graves' disease. In turn, hypothyroidism results from a
deficiency of thyroid hormones, and its most prevalent syndrome is Hashimoto's thyroiditis (Xu et al., 2019).
Several clues indicate the involvement of redox enzymes in its etiopathology. For instance, a deficiency or
abnormal function of TPO can lead to impaired thyroid hormone synthesis, resulting in congenital
hypothyroidism. TPO plays a key role in catalyzing the oxidation of iodide, which is necessary for the
iodination of tyrosyl residues in thyroglobulin (TG) - a process known as organification. Additionally, TPO is
responsible for the oxidative coupling of iodothyronine residues to form the hormones T4 and T3. In
hypothyroidism, TPO acts as an autoantigen, prompting the generation of circulating autoantibodies and
thyroid inflammation in patients with Hashimoto's thyroiditis (Williams, 2008).

Inflammatory etiopathology of thyroid diseases implies the involvement of inflammatory
mediators/enzymes in their development. For instance, cyclooxygenase (COX) and lipoxygenase (LOX) are
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responsible for a wide range of physiological and pathophysiological responses (Yao et al., 2015).
Lipoxygenases (LOXs) are responsible for the oxygenation of polyunsaturated fatty acids, such as arachidonic
acid, to bioactive lipids, including leukotrienes and hydroxyeicosatetraenoic acids (HETEs). LOX products
are involved in a wide range of physiological processes, including inflammation, immune responses, and the
proliferation of cancer cells, thus linking the inflammation with carcinogenesis (Yao et al., 2015; Zabiulla et
al., 2022). While the participation of COXs and LOXs in inflammatory processes and in oxidative stress
induction is well documented, the participation of xanthine oxidase (XO) in these processes has recently
gained an increasing interest. Its activity can result in the conversion of superoxide radicals into hydroxyl
radicals, which exacerbate inflammatory responses and contribute to the development of the cytokine storm
syndrome (CSS) (Pratomo et al., 2021). Whereas several studies reported on the inhibitors that can
concomitantly affect the COX and LOX activity (Jaismy et al., 2018), only few studies have been focused on
the substances that concomitantly affect XO/LOX activity. Given the possible interrelations between the
inflammation and oxidative stress in hypothyroidism, there is also a need to identify and isolate LOX/XO
inhibitors that would concomitantly activate TPO (Zabiulla et al., 2022).

We have previously shown that pure polyphenolic substances, such as ferulic acid (FA), can enhance TPO
activity in silico (Habza-Kowalska, Kaczor, Zuk, Matosiuk, & Gawlik-Dziki, 2019; Habza-Kowalska, Kaczor,
Bartuzi, Pitat, & Gawlik-Dziki, 2021). On the other hand, the interference of FA-rich plant products with the
activity of LOX and XO has not been addressed so far. In the current study, we (i) identified wheat flour (WF)
and oat flakes (oatmeal; OM) as the products relatively rich in FA. Then, we estimated the interference of
bioaccessible OM and WF compounds with TPO, LOX and XO activities to assess their potential in diet
supplementation for the patients with hypothyroidism. Finally, (iii) using an in vitro cellular approach, we
addressed the potential consequences of their activity for the patients with thyroid carcinoma. To the best of
our knowledge, this work is the first to consider the activity of diet TPO/LOX/XO modulators in the context of
their side effects.

2. Materials and Methods
2.1. Chemicals

Sucrose (o -D-glucopyranosyl-(1—4)- B -D-fructofuranoside), Tris
(1,3-Propanediol-2-amino-2-hydroxymethyl), KCI, NaCl, MgCl,, 90% ethanol, NaOH, guaiacol
(2-Methoxyphenol), H20> (Hydrogen Peroxide), ABTS (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid),
lipoxygenase (LOX), linoleic and ferulic acids, xanthine oxidase (XO), xanthine, pancreatin, pepsin, bile
extract, phosphate buffered saline - pH 7.2 (PBS) were purchased from Sigma-Aldrich Company (Poznan,
Poland). All other chemicals were of analytical grade.

2.2. Material

Porcine thyroid glands were purchased at a local slaughterhouse (Lublin, Poland) and stored in -20°C until
used. Oatmeal (Plony Natury, Poland) was purchased in local supermarket in Lublin, Poland. Flour from
common wheat (cv. Batuta) was purchased in the local mill (Lublin, Poland).

2.3. Preparation of EtOH, raw and digested extracts of polyphenolic plant sources

For ethanol extraction, 1.5 g of individual raw materials were homogenized with 15 mL of 50 % ethanol,
samples were shaken for 30 min in the room temperature and then centrifuged for 15 min at 4000 RPM. The
extraction procedure was repeated twice. The final samples were brought to 50 ml with 50% ethanol to reach the
extract concentration of 30 mg/mL. Extracts were diluted to concentration 0.3 mg/mL. 50% ethanol extracts
were used as a control for enzymatic tests and determination of antiradical potential. For in vitro tests, PBS
extracts (containing potentially bioavailable free compounds) were used to eliminate the potential effect of
ethanol. It was prepared analogously to the ethanol extract. In vitro digestion of raw materials was performed
according to the modified procedure proposed by Minekus et al. (Minekus et al., 2014). 0.5 g of row material
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was mixed with 5 ml of simulated saliva fluid (SSF) containing 0.22 mg of a-amylase and 200 pl of SM HCI)
and incubated for 2 min in 37°C. Then, 250 uL of SGF (750 pL of pepsin mixed with 50 mL SGF) was added
and incubated for 2 hours in temperature 37°C to simulate gastric digestion, followed by the application of 1.2
ml of 0.1M NaHCO; (pH 6.0) and 750 puL of IM NaHCO:s. Finally, 600 pL of SIF (0.05 g of pancreatin, 0.3 g of
bile extract in 35 ml of SIF; pH 6,0) as applied, the sample was incubated for 1 hour in 37°C and centrifuged at
4500 rpm for 15 minutes. The supernatant was stored at -20°C until further analyses. 0.5 ml of distilled water
was used instead of plant source to obtain the control sample.

2.4. Determination of total phenolics content (TPC)

TPC analyses were carried out with the protocol of Singleton and Rossi (Singleton & Rossi, 1965) adopted for
microplate reader (Epoch 2 Microplate Spectrophotometer, BioTek Instruments, Winooski, Vermont, USA).
Ten microliters of extract, 10 uL of water and 40 pL of Folin- Ciocalteau reagent were diluted in water at the
ratio of 1:5. After 3 min, 250 uL of 10% sodium carbonate was added and the solution was thoroughly mixed.
50% ethanol or digested control (H20) sample was used as the standard. The absorbance was measured at 725
nm after 30 minutes of incubation and normalized against the standard. The concentration of phenolic
compounds was read from the standard curve determined for gallic acid and expressed as gallic acid equivalent
(GAE) in mg/g DW.

2.5. In vitro antioxidant capacity assay

ABTS radical scavenging activity was prepared according to Re et al. (1999) (Re et al., 1999) with some
modifications. 250 ul ABTS was mixed with 10 ul of the sample (ethanol and GD extracts) and measured at the
wavelength 724 nm using UV/Vis microplate reader (Epoch 2 Microplate Spectrophotometer, BioTek
Instruments, Winooski, Vermont, USA). after 15 min of incubation in RT. ABTS discoloration was calculated
as follows:

AA= (Ac-Ap)/( Ac ) 100%, @)
where:
A — the absorbance of control, A, — the absorbance of extract

DPPH radical scavenging activity was measured according to (Brand-Williams et al., 1995) with some
modifications. 250 ul of DPPH solution was mixed with 10 ul of the extract (3 mg/ml) and measured at 517 nm
using UV/Vis microplate spectrophotometer (BioTek, Model Epoch2TC, Winooski, Vermont, USA) after 15
minutes of incubation in RT. The inhibition percentage of DPPH discoloration was calculated as in (1).

2.6. Thyroid peroxidase (TPO) activity assay
The assays was prepared according to (Jomaa, 2015), with some modifications. Detailed description is provided

in the publication by Habza-Kowalska et al. (Habza-Kowalska, Gawlik-Dziki, et al., 2019). TPO activity was
calculated using the formula below:

%activation:(AA/Kminﬂ_test )/(AAKmln]_blank )X 100, (2)
Where: AA/min test is the linear absorbance change per minute of the test material and AA min blank is the

linear change in absorbance per minute of blank.
The mode of enzyme activation/inhibition estimated with the Lineweaver-Burk plot.

2.8. Inhibition of lipoxygenase (LOX) activity
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LOX activity was analyzed using the protocol proposed by Axelrod et al., (1981) adopted for microplate
reader (Epoch 2 Microplate Spectrophotometer, BioTek Instruments, Winooski, Vermont, USA). Detailed
description can be found in the publication by Habza-Kowalska et al. 2019 (Habza-Kowalska, Gawlik-Dziki,
etal., 2019). LOX inhibitory activity was calculated using the formula (3). The mode of inhibition of the enzyme
was performed using the Lineweaver-Burk graph. The ECso values were calculated from the fitted models of
dose-dependence and given as the concentration of the tested compound that gave 50% of the maximum
inhibition.

Yoinhibition=(1-(AA/[[min)_test )/(AA[min) blank ))x100, 3

Where: AA/min test is the linear absorbance change per minute of the test material and AA min blank is the
linear change in absorbance per minute of blank.

2.9. Inhibition of xantine oxidase (XQ) activity

XO activity was measured according to Sweeney et al. (Sweeney et al., 2001) with some modifications: 30
uL of the sample was diluted in 110 pL of 1/15 M/L phosphate buffer (pH 7.5), and 20 pL of enzyme solution
(0.01 U/ml in M/15 phosphate buffer). After the preincubation at 30°C for 10 min, the reaction was started by
adding 140 uL of 0.15 mM/L xanthine solution. The absorbance (295 nm) was measured every minute for 3 min.
XO inhibitory activity was calculated using the formula (3). Inhibitory activity was expressed as ECs, (efficient
concentration) i.e. the amount of sample needed to inhibit XO to 50% of initial activity.

2.10. Isobolographic analysis

Isobolographic analyses were performed according to (Chou, 2006). A detailed description can be found in
the publication by Habza-Kowalska et al. ( Habza-Kowalska, Gawlik-Dziki, et al., 2019).

2.11. In vitro approach
2.11.1. Cell culture

Human thyroid cancer B-CPAP (ACC 273, DSMZ-German Collection of Microorganisms and Cell Cultures
GmbH) and 8505C cells (Sigma No. 94090184) were cultured in the standard conditions in RPMI 1640 and
DMEM/F12 HAM, respectively (Sigma No. D8437) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, No. A3840402) and 1% Antibiotic-Antimycotic Solution (Merck, No. A5955). For each
experiment, the cells were harvested with Ca?>’Mg**-free 0,25% trypsin/EDTA/PBS solution (Gibco No.
25200072 ), counted in Z2 particle counter (Beckman Coulter) and seeded into multi-well tissue culture plates
(Falcon®). Cells were exposed to extracts administered at the concentration of 0.01, 0.05, 0.1, 1 and 3% in
culture medium (corresponding to 1.5, 7.5, 15, 150 and 450 g of the product/75 kg body mass) for 48 hours.

2.11.2. Proliferation and viability tests

For the analyses of cell viability and proliferation, B-CPA and 8505C cells were seeded into 12-well cell
culture plates (Corning®Costar®) at the density of 3 and 2.5x10* cells/well and cultivated for 24 hours before
the administration of the extract in a fresh culture medium. Cell viability was estimated with EtBr/FDA assay 48
hours after extract administration. Proliferation was estimated with Coulter counter 48 hours after the
administration of extracts (Ryszawy et al., 2019).

2.11.3. Wound healing assay

B-CPAP and 8505C cells were seeded in 12-well plates at the density of 400 cells/mm?. After 24 hours, the
extracts were added along with the medium at the concentration of 0.1 and 1%. After the next 48 hours, a wound
was made in the center of each well with a clean tip and 16 wound pictures were registered immediately
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afterwards and 24 hours thereafter to calculate the %age of wound coverage. The analyses were performed at
37°C and 5% CO2 using a Leica DMI6000B fluorescence microscope.

2.11.4. Immunofluorescence

For immunofluorescence studies, B-CPAP and 8505C cells were seeded into 12-well plates on
UVC-sterilized coverslips at the density of 3 and 2.5x10* cells/well, respectively, cultured for 24 hours and
processed in the presence/absence of the extracts administered at the concentrations given in the text. Then, they
were fixed with 3.7% formaldehyde followed by 0.1% Triton X-100 permeabilisation (Pudetek et al., 2020) and
non-specific binding sites were blocked with 3% BSA (Invitrogen, No. 37525; 30 min. in 37°C). After washing
with 2% PBS, the mouse monoclonal anti-vinculin IgG (with 1% BSA, Sigma no. V9131) was applied for 45
min. Then, the specimens were washed before the application of the mixture of AlexaFluor488-conjugated goat
anti-mouse 1gG (ThermoScientific No. A-11029), AlexaFluor546-conjugated phalloidin (Invitrogen, No.
A22283; for F-actin visualization) and Hoechst 33258 (Sigma; for DNA staining) for 45 min. Finally, specimens
were mounted in Agilent Dako mounting medium (Agilent Dako; No. S3023). Images were acquired with Leica
DMI6000B fluorescence microscope equipped with DFC360FX CCD camera. For better clarity, the raw images
were additionally processed (linear contrast adjustment and background subtraction) in ImageJ software.

2.11.5. Statistical analysis.

All data were expressed as mean +/- SEM from at least three independent experiments (n = 3). The statistical
significance was tested with one-way ANOVA followed by post-hoc Dunnett’s or Tukey’s comparison for
variables with a non-normal (tested with Levene’s comparison) and normal distribution, respectively. Statistical
significance was shown at p < 0.05.

3. Results and Discussion
3.1. Determining Ferulic Acid Content in Natural Plant-Based Food Sources Using Phenol Explorer Database

Previously, we have shown versatile effects of purified polyphenols and their natural sources (plant extracts)
on the activity of TPO and LOX, as the enzymes involved in thyroid diseases (Habza-Kowalska, Kaczor, et al.,
2019; Habza-Kowalska, Gawlik-Dziki, et al., 2019). For instance, ferulic acid (FA) has been shown to activate
TPO (Habza-Kowalska et al., 2021), which indicates its potential in the prophylactics of hypothyroidism.
Ferulic acid is a naturally occurring phenolic compound of plant-based foods, which displays antioxidant,
anti-inflammatory, and anticancer properties (Nile et al., 2016). The content of FA varies between food sources,
which points to the necessity for the identification of FA-rich products. Based on our preliminary studies on FA
activity, we first concentrated on the identification of natural sources of FA (Patel et al., 2013). Phenol Explorer
(http://phenol-explorer.eu/) database has been developed to provide comprehensive information on the content
of phenolic compounds in foods. Previously, it allowed to identify the sources of FA (grains, fruits, and
vegetables), which can easily be incorporated into a healthy diet to increase the intake of this bioactive
compound (Ramli et al., 2017). Using this database, we pinpointed oatmeal (OM) and wheat flour (WF) as the
rich FA sources.

Table 1. Ferulic acid content™

Source Mean content [pg/g DW]

Wheat flour 593.94 + 56.25

Oatmeal 207.4+7
*data based on the papers (Buczek et al., 2023; Soycan et al., 2019)
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225 Detailed studies on the qualitative/quantitative profile of phenolic acids in OM and WF used in this study have
226 recently been published (Soycan et al., 2019; Buczek et al., 2023). These data indicate that WF and OM are
227 rich sources of this compound. As shown in the she summary of these data (Table 1), WF contains almost
228 3-fold higher FA content than OM. Therefore, in the following experiments we focused on the activity of the
229 OM and WF extracts. These extracts were subjected to simulated gastrointestinal digestion (GD) and their
230 activity was compared to the commonly studied 50% EtOH WF and OM extracts.

231

232 3.2. TPC and anti-oxidative activity of WF and OM extracts

233 Total phenolic content (TPC) is a widely used predictor of the potential antioxidant and anti-inflammatory

234 activity of plant extracts. Our preliminary experiments were performed to estimate the basic parameters of EtOH
235 and GD extracts from wheat flour (WF) and oatmeal (OM). TPC estimated for EtOH WF extracts reached 14.25 +
236 0.71 mg GAE/g dry weight (Table 2). It was considerably higher than that estimated for EtOH OM extracts (5.66
237 £ 0.28 mg GAE/g dry weight), but lower than the values reported by Calinoiu & Vodnar (2020) for MetOH WF
238 and OM extracts (WF: 39.61 + 0.51 mg GAE/100 g dry weight; OM: 25.15 + 0.45 mg GAE/100 g dry weight).
239 These differences could be attributed to different sample preparation, and the type and quality of the wheat flour
240 and oatmeal used. For instance, TPC of water extracts from WF can range from 211.55 to 1393.27 ug GAE/g
241 (Tianetal., 2021;Yu & Beta, 2015). The EtOH extraction method can also be less effective than the others, even
242 if it is commonly used in the preparation of para-pharmaceutics. Accordingly, gastrointestinally digested (GD)
243 WF and OM extracts were characterized by higher TPCs (18.60 + 0.93 and 11.59 + 0.58 mg GAE/g dry weight,
244  respectively) than their EtOH counterparts. This observation indicates that GD effectively releases phenolic
245 compounds from WF and OM and justifies further focus on the properties of GD extracts.

246

247 Table 2. Total phenolic content and antiradical activity against DPPH ans ABTS free radicals of oatmeal and wheat
248  flour extracts (n=9).

Total phenolics content  Antioxidant activity ECso [ug ml]

Raw material
(TPC) [mg GAE g] DPPH ABTS

Control extracts
Oatmeal 5.66 +0.28% 332.18 £ 16.61%  249.75 + 12.49°
Wheat flour 14.25+0.71° 338.57+16.93° 162.31 +£8.122

Digested extracts
Oatmeal 11.59 +0.582 50.37 +£2.52¢8 810.7 + 40.532
Wheat flour  18.60 + 0.93° 66.29 +3.31° 930.06 + 46.5°

249  Values are expressed as the mean + SD; means with different letter superscripts (a-b) in the columns are significantly different (o= 0.05).
250

251 Generation of reactive oxygen species (ROS) during the synthesis of thyroid hormones and systemic
252 inflammatory responses can evoke oxidative stress and damage to the thyroid gland. Consequently, its
253 inflammation (sometimes also neoplasia) is prompted when the excessive amount of ROS is not satisfactorily
254 managed by the cells (Ramli et al., 2017). These data highlight the need to determine the antioxidant potential of
255 theinvestigated extracts. Radical scavenging assays were performed to estimate antioxidative potential of GD WF
256 and OM extracts. They demonstrated higher antioxidative efficiency of GD OM extracts than of their GD WF
257 counterparts, as is illustrated by ECso values estimated with ABTS and DPPH assay (50.37+2.52 for OM vs.
258 66.29+3.31 ng DW/mL for WF). Notably, these values were considerably higher than those obtained for EtOH
259  extracts. They also considerably differ from the data previously obtained for oat and wheat MetOH and acetonic
260  extracts (MetOH/Oat: 510 to 18 pg/ml; (lhsan et al., 2022), 6.57 = 0.023 mg DW/mL acetonic/oat flour (Zili¢ et
261 al., 2011). Again, the differences in ABTS results for the given product may be due to the plant species and
262 variety, the growth conditions, the age of the plant, and the storage conditions. These discrepancies may also be
263 attributed to the differences in the extraction methods and solvents used, which can have a significant impact on
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the extraction efficiency and antioxidant activity of the samples. The differences between EtOH and GD OM/WF
extract activity that we obtained with ABTS and DPPH assay support this notion. As expected, the scavenging
activity of the extracts was lower than that obtained for pure FA (Habza-Kowalska et al., 2021;
Habza-Kowalska, Kaczor, et al., 2019). However, the data on FA content in both plants (Table 1) suggest that FA
is not a primary antioxidative compound in GD OM extract. In conjunction with the differences in TPC, we show
relatively high activity and potential nutritional value of OM compounds for the patients with hypothyroidism.

3.3. Effects of the OM and WF extracts on the activity of TPO, LOX and XO .

To further assess the potential of OM compounds for the prophylactics of hypothyroidism, we investigated
the influence OM and WF extracts on TPO activity (Fig. LA-B, Table 3). Relatively strong activating effects of
both GD extracts could be observed. They were corresponding to that observed for purified FA, even if its action
was more efficient (Habza-Kowalska et al., 2021). Because we observed rather distinct differences in the impact
of the extracts and pure FA on TPO activity, these data might indicate that in vitro digestion releases modulators
of FA activity from the food matrix. In any case, they confirm relatively strong TPO activating effect of both
extracts. Based on the data contained in Table 3, it can be assumed that the activating effect of the tested extracts
consists mainly in increasing the affinity of the enzyme for the substrate (decrease in Km value), although in the
case of samples obtained after in vitro digestion of OM, an increase in Vmax was also observed (compared to the
activity of pure TPO) (Table 3). In the available literature, there are few studies on the mechanism and kinetics of
enzyme activation. Shabani et al. (Shabani & Sariri, 2010) proved that same saturated and unsaturated fatty acids
enhanced tyrosinase activity and affected both of kinetic parameters (decrease of Km and increase of Vmax). This
type of kinetic behavior is typical of a mixed-type activator meaning that activators could bind to both the free
enzyme and enzyme-substrate complex. The same situation occurred in our research in the case of GD OM
samples (FiglB, Table 3).The current literature lacks data on the mechanisms of TPO activation by bioactive
compounds derived from food, so this issue requires further, comprehensive research.

Table 3. Impact of control and digested extracts from oatmeal and wheat flour on thyroid peroxidase,
lipoxyhenase and xanthine oxidase activity. The ECso and kinetic parameters values (n = 9)

Kind of extract Mode of action ECso Km Vmax
(mg DW/mL) (mM) (A AU/min)
Thyroid peroxidase
Control enzyme - - 678.75+10.25%  1250+45.27°
Oatmeal Control uncompetitive inhibition 6.7140.342 152.05+£7.42°  256.41+9.98°
After digestion activation 8.84+0.44° 170.07+£5.38°  2500+32.24°¢
Wheat flour Control activation 0.39+0.004¢ 192.55+8.33¢ 500+8.549
After digestion activation 8.31+0.42° 307.60+£15.88%  666.67+31.25°
Lipoxygenase
Control enzyme - - 15.13£0.85%  434.78+11.082
Oatmeal Control uncompetitive inhibition 4.80+0.24° 5.91£0.07° 153.85+4.56°
After digestion  uncompetitive inhibition 3.57+0.17° 5.29+0.09° 103.09+5.27¢
Wheat flour Control non-competitive inhibition 6.3+0.31°¢ 370.37£12.32¢  20.7440.58¢
After digestion mixed inhibition 9.38+0.47¢ 204.08+8.75¢ 9.67+0.05¢
Xanthine oxidase
Control enzyme - - 4.87+0.032 81.96+3.352
Oatmeal Control uncompetitive inhibition ~ 0.37+0.0012 2.79+0.02° 56.49+2.31°
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After digestion ~ uncompetitive inhibition 0.33+0.00% 3.27+0.01°¢ 66.23+£3.61°
Wheat flour Control uncompetitive inhibition ~ 4.07+0.001° 3.07+0.01°¢ 65.36+£3.25°
After digestion ~ uncompetitive inhibition 0.34+0.0022 3.2740.01°¢ 66.24+2.85°

292
293 Values are expressed as the mean + SD; means with different letter superscripts (a-€) in the columns (for each enzyme separately) are significantly
294  different (0. = 0.05).

295

296 In turn, the data shown in the Fig. 1 C-F (summarized in the Table 3) again pointed to the higher pro-health
297  value of OM extract. Extraction-dependent differential effects of OM and WF extracts on the LOX activity are
298 illustrated by the differences in the mode of action between WF and OM extracts and differential ECso. Overall,
299  they indicate the strongest inhibitory activity of GD OM compounds on the activity of this enzyme (Table 4).
300 Interestingly, the mode of LOX inhibition by WF extract was dependent on kind of extract; control extract acted
301  as non-competitive inhibitor, whereas GD extract demonstrated mixed mechanism of inhibition. In the case of the
302 OM extracts, uncompetitive mode of LOX inhibition was observed (Fig. 1C and D).

303 Gastrointestinal digestion also had a strong effect on the inhibitory activity of WF extracts against XO. This
304 is illustrated by a very low ECsp values estimated for GD WF extract. In this case, however we did not observe
305 any differences between the activities of GD OM and GD WF extract (Fig. 1 E,F; Table 3). For XO enzyme,
306 uncompetitive inhibition was observed; The interference of wheat compounds with XO activity has already been
307 reported. Studies of Pavia et al. (2013) demonstrated the potential of wheat bran-derived ferulic acid derivatives as
308 XO inhibitors and scavengers of hydroxyl radical with the ECs, values ranging from 0.16 to 0.43 mM.
309 Furthermore, FA derivatives had higher antioxidant activity than the parental compound (FA). Our results suggest
310 that FA derivatives may also be responsible for the differences between OM and WF extracts. Even if this notion
311 requires experimental verification, our study is the first to show the combined inhibitory effect of OM and WF
312 extract on TPO, LOX and XO. It also shows the potential of OM compounds for hypothyroidism prophylactics.
313 On the other hand, the activity of analyzed extracts (its strength and mode) non-linearly depended on their
314 composition and concentrations. They may have serious consequences for their potential application in the
315  prophylactics of thyroid diseases.
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Fig. 1. Mode of thyroid peroxidase (TPO), lipoxygenase (LOX) and xanthine oxidase (XO) affection by control and digested
extracts from oatmeal (A, C, E) and wheat flour (B,D,F).

Plots are expressed 1/velocity versus 1/substrate [mM] without or with extracts in a reaction solution. Guaiacol was used as a
substrate for TPO, linoleic acid for LOX and xanthine for XO activity estimation.

3.4. Interaction assay

When scrutinizing the bioactivity of the plant compounds, it is important to consider the interactions
between food components and their effect on the bioavailability, metabolism, and on overall health outcomes of
the product. Numerous reports have documented that the interactions between drug components can enhance their
individual effects (Huang et al., 2019). However, our knowledge on the interactions between the modulators of
pro-oxidative enzymes and TPO is limited. Our previous study and the data described above suggest the
interactions between polyphenolic activators of TPO and LOX inhibitors (Habza-Kowalska et al., 2021) To assess
how food matrix affects the interactions between different FA sources, we used isobolographic method, where the
combination of two active substances can enhance or reduce the strength of single component influence on human
health (Chou, 2006). The interaction strength is then described by the CI (Combination Index) value (Meireles et
al., 2007;Chou, 2006).
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Figure 2. Dose — normalized isobolograms and combination index (CI ) values for digested extracts of oatmeal and wheat
flour with TPO activatory activity (A), control and digested extracts of oatmeal and wheat flour with LOX inhibitory activity
(B and C, respectively), control and digested extracts of oatmeal and wheat flour with XO inhibitory activity (D and E,
respectively).

The combination of an activator and an inhibitor can lead to problematic results; therefore, we did not
analyze the synergistic effects of EtOH extracts on TPO activity. However, a strong synergy of stimulatory effects
of GD OM and WF extracts on TPO is illustrated by relatively low CI value (0.18 £ 0.02; Fig. 2A). Similarly,
strong synergy of inhibitory effects of EtOH and GD extracts on LOX activity could be seen (CI values of 0.23 +
0.03 and 0.25 + 0.01 respectively). Finally, we found synergistic interactions between OM and WF extracts on the
inhibition of XO enzyme (CI=0.26 + 0.04 and 0.45 + 0.02 for EtOH and GD extracts, respectively; Fig.2 B-E).
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Understanding the complex interplay between food components is crucial for a full comprehension of the
impact of bioactive compounds on human health. Studies on the effect of food components on prooxidative
enzymes (e.g., LOX and XO) and the analyses of the interactions between different sets of bioactive substances
(incl. FA derivatives) may provide a valuable information on their potential in reducing the risk of oxidative stress
and inflammation. This may be of special importance for the patients with hypothyroidism or Hashimoto disease.
Our data, which show strong synergism between GD OM and WT extracts, also indicate that their phenolic
content may differ, even if their basic LOX/XO inhibitory activity is similar. The same substances can affect the
activity of different enzymes in diverse ways, depending on the composition of food matrix and the way of
extraction. These differences may have consequences for people with thyroid diseases coexisting with oxidative
stress and inflammation in the organism. On the other hand, our in silico observations need to be confirmed by in
vitro/in vivo data.

3.5. The activity of OM anf WF extracts in vitro
3.5.1. GD OM extract exerts cytostatic and pro-invasive effects in TPO* B-CPAP populations

Thyroid peroxidase (TPO)* B-CPAP thyroid cancer cells represent a biological model of poorly
differentiated thyroid carcinomas (PDTC) that, together with anaplastic (undifferentiated) thyroid carcinomas
(ATC), are associated with a poor prognosis and mainly account for thyroid cancer-related mortality. PDTC
represent an intermediate stage in the progression of well-differentiated thyroid carcinoma towards ATC (K. N.
Patel & Shaha, 2006). To correlate the inhibitory effects of OM and WF extracts on the activity of pro-oxidative
enzymes in silico with their biological activity, we first analyzed the basic neoplastic traits of GD OM- or GD
WEF-treated B-CPAP cells (Fig. 3). Cell viability tests demonstrated similar dose-dependent cytotoxic activity of
both GD extracts in B-CPAP model. When administered at the concentration between 0,01% to 3% (i.e. between
1.5 and 450 g of the native product, respectively), both extract reduced the fraction of viable cells to ca. 85% (Fig.
3A). In turn, a more pronounced cytostatic activity of GD OM extract (Fig. 3B) is illustrated by attenuated
proliferation of B-CPAP cells in the presence of GD OM extract (to ca. 60%, compared to 75% estimated for WF
extract). This promising observation confirms previous data on the bioactivity of both products (Meireles et al.,
2007) and extend them to thyroid cancer. Actually, FA has long been suggested to inhibit the proliferation of
cancer cells, however OM extract was less abundant in FA that WF (cf. Table 1). It suggests the involvement of
other factors. Cytostatic activity of the extracts correlated with their inhibitory effects on LOX activity, which
indicates that differential sensitivity of B-CPAP cells to GD OM and WF extracts can be partly related to different
content of LOX modulators (incl. FA). However, it is also conceivable that the “interactome” of OM and WF
compounds comprises a multitude of networked signaling pathways, which implies a necessity of further research
on this topic.
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381  Figure 3. Cytostatic effects of GD WF and OM extracts in thyroid cancer B-CPAP cell populations. (A, B) B-CPAP cells were incubated in
382  the presence of the GD extracts from WF and OM. Their viability (A) and proliferation (B) was estimated with FDA test and Coulter
383 Counter Z2, respectively. (C, D) Effect of GD OM/WF extracts on the wound-healing efficiency (C) and actin cytoskeleton
384  architecture/vinculin localization (D) estimated with time-lapse video microscopy and fluorescence microscopy, respectively. Statistical
385  significance was calculated by one-way ANOVA followed by post hoc Tukey's HSD (A,C) or Dunnet test (B), “#p<0.05 vs. relevant
386  control. Data representative for 3 independent experiments. Bars represent SEM values. Note the cytostatic effects of the extracts,
387  accompanied by their pro-invasive activity.

388

389 Surprisingly, the cytostatic effects of both GD extracts were accompanied by their unexpected effects on
390 B-CPAP motility. It was slightly enhanced after their application, as illustrated by wound healing experiments
391 (Fig. 3C). Concomitantly, we observed distinct actin cytoskeleton rearrangements (stress fibers formation) and
392 the maturation of focal adhesions in B-CPAP cells cultivated in the presence of both extracts (Fig. 3D).
393 Apparently, a strong cytostatic effect of WF and OM extracts applied at physiologic doses is accompanied by the
394 induction of B-CPAP motility. We did not observe any signs of prominent apoptotic B-CPAP response, which
395 indicates that the induction of motile phenotype rather than a selection of motile cells from heterogeneous
396 populations accounts for the observed effects. In any case, these data may indicate the protective effect of ROS
397  scavenging on cancer cells and/or the activation of pro-invasive signaling pathways.

398
399 3.5.2. Gastrointestinal processing and anti-cancer activity of the extracts.
400 To estimate the contribution of gastrointestinal digestion of OM and WF extracts on their activity in thyroid

401 cancer model, we also estimated the activity of raw (PBS) extracts from both products. PBS OM and WF extracts
402 displayed similar cytostatic activity to that of their GD counterparts (Fig. 4A,B). However PBS extract from OM
403 had no “pro-invasive” properties (Fig. 4C). Concomitantly, we observed less pronounced actin cytoskeleton
404 rearrangements in the cells treated with PBS extracts (Fig. 4D). Thus, gastrointestinal digestion augments the
405 bioavailability (by release from food matrix) of protective/pro-invasive compounds of oatmeal, while retaining
406  their cytostatic activity.
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40
408  Figure 4. The effect of raw (PBS) extracts from wheat flour (WF) and oatmeal (OM) on the proliferation and invasiveness of B-CPAP cells.

409 (A, B) B-CPAP viability (A) and proliferation (B) in the presence of PBS extracts from WF and OM was estimated with FDA test and
410  Coulter Counter Z2, respectively. (C, D) Effect of PBS WF/OM extracts on the wound-healing efficiency (C) and actin cytoskeleton
411  architecture/vinculin localization estimated with time-lapse videomicroscopy and fluorescence microscopy (GD effect = 100%). Scale bar
412 — 50 um. Statistical significance was calculated by one-way ANOVA followed by post hoc Tukey's HSD (A) or Dunnet test (B, C),
413 ™#p<0.05 vs. control. Data representative for 3 independent experiments. Bars represent SEM values. Note a less pronounced pro-invasive
414  effects of PBS extracts.

415
416 3.5.3. TPO and cell sensitivity to GD extracts.

417 Finally, we addressed the potential role of TPO activation in the determination of thyroid cancer cell
418  reactivity to GD OM and WF extracts. For this purpose, we used an experimental approach based on TPO
419 (8505C) cells, which represent a well-recognized cellular model of human thyroid cancer (Meireles et al., 2007).
420 These “dedifferentiated” cells have lost thyroid-specific markers and display higher malignancy when compared
421 to their TPO* B-CPAP counterparts. Because they do not express TPO (TPO" phenotype), they are also suitable
422 for the analyses of TPO contribution to the reactivity of thyroid cancer cells to extrinsic signals, incl. natural
423 bio-compounds. We estimated the effect of TPO on the sensitivity of 8505C cells to both extracts by comparing
424 their motility (wound healing) in the presence of GD/PBS OM/WF extract with the motility of B-CPAP cells in
425 these conditions. No significant differences in the quality of 8505C and B-CPAP cells to both extracts could be
426 seen (Fig. 5A, cf. Fig. 3C and Fig. 4C). 8505C cells remained sensitive to pro-invasive activity of 1% GD OM
427  extract, whereas PBS extracts again displayed lower pro-invasive activity. Thus, gastrointestinal digestion
428  increases the activity of this extract in both cellular models. Moreover, pro-invasive effects were accompanied by
429 actin cytoskeleton rearrangements, in particular the redistribution of F-actin to cell peripheries (Fig. 5B).
430  Collectively, a relatively high sensitivity of TPO" cells to GD-released compounds indicates a marginal role of
431 TPO activation in cellular reactivity to OM and WF extracts. Because ATC represent a subset of thyroid tumors
432 that are associated with the worst prognosis, while TPO- 8505C ATC cells display aggressive behavior and
433 increased locoregional and distant invasion, our observations also confirm that OM/WF extracts may induce
434 adverse effects in the patients with advanced thyroid tumors.

435
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437  Figure 5. Cytostatic effects of flour and flake extracts in thyroid cancer 8505C cell populations. (A,B) Effect of GD/PBS WF/OM extracts
438  on the wound-healing efficiency (C) and actin cytoskeleton architecture/vinculin localization estimated with time-lapse videomicroscopy
439  and fluorescence microscopy. Statistical significance was calculated by one-way ANOVA followed by post hoc Dunnet test, *p<0.05 vs.
440  control. Data representative for 3 independent experiments. Scale bar — 50 um. Bars represent SEM values. Data representative for 3
441  independent experiments. Bars represent SEM values. Note a pro-invasive activity of both extracts in 8505C model.

442

443

444 Collectively, an experimental model based on TPO* PDTC B-CPAP cells and their TPO" ATC counterparts
445 (8505C) cells enabled us to estimate the effect of the malignancy (differentiation status) of thyroid cancer cells’
446 and/or TPO expression on cellular sensitivity to plant extracts. Using this approach, we demonstrated (i) a
447  relatively high cytostatic activity of GD OM extract, (ii) its correlation with the LOX inhibitory activity of this
448  extract accompanied by (iii) its cytoprotective/pro-invasive effects. This points to the role of the balance between
449 cytoprotective and cytostatic effects of compounds in the regulation of cell proliferation/motility. On the other
450 hand, (iv) TPO activation is apparently not involved in these interactions. Cytoprotective activities of OM and
451 WF compounds may improve cellular welfare at low concentrations. A shift from proliferation to invasion state in
452 extract-treated cells may also be related to the “escape” strategy of stress management (Pani et al., 2010), however
453 further research is necessary to fully elucidate mechanisms underlying this phenomenon (Pudetek et al., 2020).
454
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455 4. Conclusions

456 Studies on the antiradical potential of oatmeal and wheat flour compounds (selected as a rich ferulic acid
457  sources is based on the polyphenol database (Rothwell et al., 2013)), on their LOX/XO inhibitory activity and
458  TPO activating effects, as well as on their effect on thyroid cancer development, provided important insights into
459 the mechanisms underlying the health-promoting effects of these commonly consumed products. Apparently,
460 oatmeal and wheat flour contain TPO activators and effective LOX and XO inhibitors, which can play an
461  important role in the prophylactics of Hashimoto's disease. To the best of our knowledge, this is the 1 report on
462  the plant products that contain such a set of bioactive compounds. Accordingly, OM and WF (especially OM!) can
463 be used for diet supplementation in the treatment of hypothyroidism. It may have implications for the
464 development of new functional foods and dietary supplements with multiple health benefits. However, the
465 application of extractable hydrophilic compounds of oatmeal and wheat flour extracts as a universal supplement to
466 interfere with thyroid cancer promotion is questionable.

467 Our study also provides valuable information on the effects of the gastrointestinal processing and food
468 matrix on the bioavailability of TPO, LOX and XO modulators. In conjunction the prominent differences in the
469  phenolic content between OM and WF extracts, we confirm that the synergy/antagonism of individual compounds
470 is decisive for overall bioactivity of the product. Notably, the concentrations that we used in the experiments are
471 relatively low and partly correspond to the physiologic values, which adds to the significance of our data.
472 Therefore, our data provide new and valuable information that opens the way to further scientific investigations. It
473 is obvious that issues related to thyroid cancer need to be confirmed in subsequent experiments. Further research
474 is also needed to fully understand the mechanisms of the interactions between LOX/XO/TPO-related effects and
475  cytostatic/pro-invasive activity of the tested extracts. In vivo and cohort studies should help to determine the
476 safety and efficacy of these compounds as supplements or drug candidates.
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Source Mean content [pg/g DW]

Wheat flour 593.94 + 56.25

Oatmeal 2074 + 7
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Total phenolics content

Antioxidant activity ECg, [ug mi-]

Raw materia| (TPC) [mg GAE g] DPPH ABTS
Control extracts
Oatmeal 5.66 4= 0.282 332.18 + 16.612 249.75 £ 12.49°
Wheat flour 14.25 £ 0.71° 338.57 + 16.93P 162.31 + 8.122
Digested extracts
Oatmeal 11.59 + 0.582 50.37 + 2.522 810.7 & 40.532
Wheat flour 18.60 £ 0.93° 66.29 + 3.31P 930.06 + 46.5P
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Kind of extract Mode of action EC;, Km Vmax
(mg DW/mL) (mM) (A AU/min)
Thyroid peroxidase
Control enzyme - - 678.75+10.252 1250445.272
Oatmeal Control uncompetitive 6.71+0.342 152.05+7.42° 256.41+9.98°
inhibition
After digestion activation 8.841+0.440 170.07£5.38¢ 25004 32.24¢
Wheat flour Control activation 0.3940.004¢ 192.55+8.33¢ 500+ 8.54¢
After digestion activation 8.31+0.420 307.60+15.88¢° 666.67 +31.25¢°
Lipoxygenase
Control enzyme - - 15.134+0.852 434.78+11.08?
Oatmeal Control uncompetitive 4.8010.242 5.914+0.07° 153.85+4.56P
inhibition
After digestion uncompetitive 3.57+0.17° 5.29+0.09° 103.09+5.27¢
inhibition
Wheat flour Control non-competitive 6.3+0.31¢ 370.37+12.32¢ 20.74+0.58¢
inhibition
After digestion mixed inhibition 9.38+0.47¢ 204.08 +8.75¢ 9.67 +0.05¢
Xanthine oxidase
Control enzyme - - 4.8740.032 81.961+3.352
Oatmeal Control uncompetitive 0.3740.0012 2.79+0.02b 56.49+2.31°
inhibition
After digestion uncompetitive 0.3340.002 3.27+0.01¢ 66.231+3.61¢
inhibition
Wheat flour Control uncompetitive 4.0710.001° 3.07£0.01° 65.36 +-3.25¢
inhibition
After digestion uncompetitive 0.3440.0022 3.27+0.01° 66.24 +2.85¢
inhibition
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peroxidase activity is inhibited by phenolic compounds - impact of interaction. Molecules , 24
(15), 2766.

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspotautorow:

Kaczor A. A. - metodologia, wspottworzenie manuskryptu, opracowanie wynikéw badan,
pomoc w przygotowaniu manuskryptu nadzor merytoryczny.

£ MUWno. IVOLLADN

dr hab. n. farm. Agnieszka Kaczor prof. uczelni
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Oswiadczenie autoréw publikacji

Niniejszym o$wiadcza sig, ze publikacja:

Habza - Kowalska E., Kaczor A. A., Zuk J., Matosiuk D., Gawlik - Dziki U. (2019). Thyroid
peroxidase activity is inhibited by phenolic compounds - impact of interaction. Molecules , 24
(15), 2766.

powstala w wyniku ponizej okre$lonego, indywidualnego wkiadu pracy wspotautorow:

Zuk J. — metodologia, wspottworzenie manuskryptu, opracowanie wynikoéw badan.
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[ dr n. farm. Justyna Zuk
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Oswiadczenie autoréow publikacji

Niniejszym o$wiadcza sig, ze publikacja:

Habza - Kowalska E., Kaczor A. A., Zuk J., Matosiuk D., Gawlik - Dziki U. (2019). Thyroid
peroxidase activity is inhibited by phenolic compounds - impact of interaction. Molecules , 24
(15), 2766.

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspétautorow:

Matosiuk D. — nadzor merytoryczny, analiza formalna pracy.

ch.

* dr hab. n. farm. Dariusz Matosiuk
prof. dr am{w A
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Oswiadczenie autorow publikacji

Niniejszym o$wiadcza sig¢, ze publikacja:

Habza - Kowalska E., Kaczor A. A., Zuk J., Matosiuk D., Gawlik - Dziki U. (2019). Thyroid

peroxidase activity is inhibited by phenolic compounds - impact of interaction. Molecules , 24
(15), 2766.

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspotautorow:

Gawlik — Dziki U. — wspottworzenie koncepcji pracy, metodologia, pomoc w przygotowaniu
manuskryptu, nadzér merytoryczny, analiza formalna pracy, petnienie funkcji autora
korespondencyjnego, przygotowanie odpowiedzi na recenzje.

Lot Goppt - Dot

prof. dr hab. Urszula Gawlik — Dziki

120
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O$wiadczenie autoréw publikacji

Niniejszym o$wiadcza sig. ze publikacja:

Habza - Kowalska E., Gawlik - Dziki U., Dziki D. (2019). Mechanism of Action and
Interactions Between Thyroid Peroxidase and Lipoxygenase Inhibitors Derived from Plant
Sources. Biomolecules, 9 (11). 1-16.

powstala w wyniku ponizej okre§lonego, indywidualnego wktadu pracy wspotautorow:

Habza — Kowalska E. - wspoltworzenie koncepcji pracy, dokonanie przegladu literatury,
metodologia, przeprowadzenie do$wiadezen laboratoryjnych, opracowanic wynikow badan,
napisanie manuskryptu, pomoc W przygotowaniu odpowiedzi na recenzje.

Gawlik — Dziki U. — wspoltworzenie koncepcji pracy, metodologia, pomoc w przygotowaniu
manuskryptu, nadzér merytoryczny, analiza formalna pracy, pelnienie funkcji autora
korespondencyjnego, przygotowanie odpowiedzi na recenzje.

Dziki D. - metodologia, wspoltworzenie manuskryptu, pomoc w przygotowaniu manuskryptu,
nadzor merytoryczny.

— Hokso - Xowolske

cla

mgr inz. Ewa Habza - Kowalska

lhvuda Goptt - Doiks

prof. dr hab. Urszula Gawlik — Dziki
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prof. dr hab. Dariusz Dziki
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Oswiadczenie autorow publikacji

Niniejszym o$wiadcza sig, Ze publikacja:
Habza - Kowalska E., Kaczor A. A., Bartuzi D., Pitat J., Gawlik - Dziki U. (2021). Some

dietary phenolic compounds can activate thyroid peroxidase and inhibit lipoxygenase-
preliminary study in the model systems. Int. J. Mol. Sci., 22 ( 10), 5108.

powstata w wyniku ponizej okreslonego, indywidualnego wkladu pracy wspotautorow:

Habza — Kowalska E. - wspoltworzenie koncepeji pracy, dokonanie przegladu literatury.
metodologia, przeprowadzenie doswiadezen laboratoryjnych, opracowanie wynikow badan,
napisanie manuskryptu, pomoc w przygotowaniu odpowiedzi na recenzje.

mgr inz. Ewa Habza - Kowalska

Ewa ’HQD o 'KO&OMSLQ
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Lublin, 14.06.2023

Oswiadczenie autorow publikacji

Niniejszym o$wiadcza sig¢, ze publikacja:

Habza - Kowalska E., Kaczor A. A., Bartuzi D., Pitat J., Gawlik - Dziki U. (2021). Some
dietary phenolic compounds can activate thyroid peroxidase and inhibit lipoxygenase-
preliminary study in the model systems. Int. J. Mol. Sci., 22 (10), 5108.

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspotautorow:

Kaczor A. A. - metodologia, wspottworzenie manuskryptu, opracowanie wynikow badan,
pomoc w przygotowaniu manuskryptu nadzor merytoryczny.

dr hab. n. farm. Agnieszka Kaczor prof. uczelni
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Lublin, 14.06.2023

Oswiadczenie autoréw publikacji

Niniejszym o$wiadcza si¢, ze publikacja:

Habza - Kowalska E., Kaczor A. A., Bartuzi D., Pitat J., Gawlik - Dziki U. (2021). Some
dietary phenolic compounds can activate thyroid peroxidase and inhibit lipoxygenase-
preliminary study in the model systems. Int. J. Mol. Sci., 22 (10), 5108.

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspoétautoréw:

Bartuzi D. — metodologia, wspoltworzenie manuskryptu, opracowanie wynikéw badan.
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Lublin, 14.06.2023

Oswiadczenie autorow publikacji

Niniejszym oswiadcza si¢, ze publikacja:
Habza - Kowalska E., Kaczor A. A.. Bartuzi D., Pilat J., Gawlik - Dziki U. (2021). Some

dietary phenolic compounds can activate thyroid peroxidase and inhibit lipoxygenase-
preliminary study in the model systems. Int. J. Mol. Sci., 22 (10), 5108.

powstala w wyniku ponizej okreslonego, indywidualnego wkiadu pracy wspoélautorow:
Pitat J. — nadzdér merytoryczny, analiza formalna pracy.
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dr n. med. Jacek Pitat
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Lublin, 14.06.2023

Oswiadczenie autorow publikacji

Niniejszym o$wiadcza sig¢, ze publikacja:

Habza - Kowalska E., Kaczor A. A., Bartuzi D., Pitat J., Gawlik - Dziki U. (2021). Some
dietary phenolic compounds can activate thyroid peroxidase and inhibit lipoxygenase-
preliminary study in the model systems. Int. J. Mol. Sci., 22 (10), 5108.

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspotautorow:

Gawlik — Dziki U. — wspottworzenie koncepcji pracy, metodologia, pomoc w przygotowaniu
manuskryptu, nadzoér merytoryczny, analiza formalna pracy, petnienie funkcji autora
korespondencyjnego, przygotowanie odpowiedzi na recenzje.

Lot Goppt - Dot

prof. dr hab. Urszula Gawlik — Dziki
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Lublin, 14.06.2023

Oswiadczenie autorow publikacji

Niniejszym o$wiadcza si¢, ze publikacja:

Habza - Kowalska E., Piwowarczyk K.. Czyz J.. Gawlik - Dziki U. (2023). Oatmeal and wheat
flour as the sources of thyroid peroxidase (TPO), lipoxygenase (LOX) and xanthine oxidase
(X0) modulators potentially applicable in the prevention of inflammatory thyroid diseases,
BioRxiv, DOI. 10.1101/2023.06.05.543703

powstala w wyniku ponizej okreslonego. indywidualnego wkladu pracy wspotautorow:

Habza — Kowalska E. - wspoltworzenie koncepcji pracy. dokonanie przegladu literatury,
metodologia. przeprowadzenie doswiadczen laboratoryjnych. opracowanic wynikéw badan,
napisanie manuskryptu, pelnienie roli autora korespondencyjnego.

Piwowarczyk K. -  wspohtworzenie koncepcji pracy. metodologia, wspoltworzenie
manuskryptu, opracowanie wynikéw badan.

Czyz J. — wspoltworzenie koncepcji pracy, analiza formalna pracy. pomoc w przygotowaniu
manuskryptu, nadzér merytoryczny.

Gawlik — Dziki U. — wspoltworzenie koncepeji pracy. metodologia, pomoc w przygotowaniu
manuskryptu, nadzor merytoryczny, analiza formalna pracy.

Fua Hobra - dosolske
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—ublin. 14.06.2023

Oswiadczenie autorow publikaci

‘niejszym oswiadcza sie, Ze publikacja:

Habza - Kowalska E.. Piwowarczyk K., Czyz J., Gawlik - Dziki U. (2023). Oatmeal and
wheat flour as the sources of thyroid peroxidase (TPO), lipoxygenase (LOX) and xanthine
oxidase (XO) modulators potentially applicable in the prevention of inflammatory thvroid
diseases, BioRxiv, DOI. 10.1101/2023.06.05.543703

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspétautoréw:

Habza — Kowalska E. - wspoltworzenie koncepcji pracy, dokonanie przegladu literatury,
metodologia, przeprowadzenie doswiadczen laboratoryjnych, opracowanie wynikéw badan,
napisanie manuskryptu, petnienie roli autora korespondencyjnego.

Piwowarczyk K. -  wspoltworzenie koncepcji pracy, metodologia, wspéitworzenie
manuskryptu, opracowanie wynikéw badan.

Czyz J. — wspéltworzenie koncepcji pracy, analiza formalna pracy, pomoc w przygotowaniu
manuskryptu, nadzor merytoryczny.

Gawlik — Dziki U. — wspoltworzenie koncepcji pracy, metodologia, pomoc w przygotowaniu
manuskrvptu, nadzor merytoryczny, analiza formalna pracy.
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Krakow, 19.06.2023

Oswiadczenie autoréw publikacji

Niniejszym o$wiadcza sig, ze publikacja:

Habza - Kowalska E., Piwowarczyk K., Czyz J., Gawlik - Dziki U. (2023). Oatmeal and
wheat flour as the sources of thyroid peroxidase (TPO), lipoxygenase (LOX) and xanthine
oxidase (XO) modulators potentially applicable in the prevention of inflammatory thyroid
diseases, BioRxiv, DOI. 10.1101/2023.06.05.543703

powstala w wyniku ponizej okreslonego, indywidualnego wkitadu pracy wspétautorow:

Habza — Kowalska E. - wspéltworzenie koncepcji pracy, dokonanie przegladu literatury,
metodologia, przeprowadzenie do$wiadczefi laboratoryjnych, opracowanie wynikéw badan,
napisanie manuskryptu, petnienie roli autora korespondencyjnego.

Piwowarczyk K. - wspoltworzenie koncepcji pracy, metodologia, wspéttworzenie
manuskryptu, opracowanie wynikow badan.

Czyz J. — wspoltworzenie koncepcji pracy, analiza formalna pracy, pomoc w przygotowaniu
manuskryptu, nadzor merytoryczny.

Gawlik — Dziki U, — wspoliworzenie koncepcji pracy, metodologia, pomoc w przygotowaniu
manuskryptu, nadzér merytoryczny, analiza formalna pracy.

Jarostaw Czyz
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Lublin, 14.06.2023

Oswiadczenie autorow publikacji

Niniejszym o$wiadcza sig¢, ze publikacja:

Habza - Kowalska E., Piwowarczyk K., Czyz J., Gawlik - Dziki U. (2023). Oatmeal and wheat
flour as the sources of thyroid peroxidase (TPO), lipoxygenase (LOX) and xanthine oxidase
(XO) modulators potentially applicable in the prevention of inflammatory thyroid diseases,
BioRxiv, DOI. 10.1101/2023.06.05.543703

powstata w wyniku ponizej okreslonego, indywidualnego wktadu pracy wspotautorow:

Habza — Kowalska E. - wspoéttworzenie koncepcji pracy, dokonanie przegladu literatury,
metodologia, przeprowadzenie doswiadczen laboratoryjnych, opracowanie wynikow badan,
napisanie manuskryptu, petnienie roli autora korespondencyjnego.

Piwowarczyk K. -  wspottworzenie koncepcji pracy, metodologia, wspottworzenie
manuskryptu, opracowanie wynikow badan.

Czyz J. — wspottworzenie koncepcji pracy, analiza formalna pracy, pomoc w przygotowaniu
manuskryptu, nadzor merytoryczny.

Gawlik — Dziki U. — wspottworzenie koncepcji pracy, metodologia, pomoc w przygotowaniu
manuskryptu, nadzér merytoryczny, analiza formalna pracy.
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Biblioteka Gtowna UP w Lublinie
Baza publikacji Pracownikow Uniwersytetu Przyrodniczego

Raport autora za lata 2017-2021 — mgr inz. Ewa Habza-Kowalska

1. Publikacje w czasopismach naukowych

J II BIBLIOTEKA GLOWNA

19.06.2023, Lublin

1.1. Publikacje w czasopismie naukowym posiadajgcym Impact Factor IF

Lp

1.

Opis bibliograficzny

Some dietary phenolic compounds can activate thyroid peroxidase
and inhibit lipoxygenase-preliminary study in the model systems.
[AUT.]EWA HABZA-KOWALSKA, AGNIESZKA A. KACZOR,
DAMIAN BARTUZI, JACEK PILAT, [AUT. KORESP.J URSZULA
GAWLIK-DZIKI. Int. J. Mol. Sci. 2021 Vol. 22 Issue 10 Article
number 5108, il., bibliogr., sum. DOI: 10.3390/ijms22105108

Drying kinetics, grinding characteristics, and physicochemical
properties of broccoli sprouts. [AUT. KORESP.] DARIUSZ DZIK,
[AUT.]EWA HABZA-KOWALSKA, URSZULA GAWLIK-DZIKI,
ANTONI MIS, RENATA ROZYEO, ZBIGNIEW KRZYSIAK,
WALEED H.HASSOON. Processes 2020 Vol. 81ss. 1, Article
number g7s. 1-11, il., bibliogr., sum. DOI: 10.3390/pr8010097

Leaves of white beetroot as a new source of antioxidant and anti-
inflammatory compounds. [AUT. KORESP.] URSZULA GAWLIK-
DZIKI, [AUT.] LAURA DZIKI, JAKUB ANISEWICZ, EWA HABZA-
KOWALSKA, MAEGORZATA SIKORA, DARIUSZ DZIKI. Plants
2020 Vol. g Issue 8 Article number 944 s. 1-14, il., bibliogr., sum.
DOI: 10.3390/plantsgo80944

Impact of interactions between ferulic and chlorogenic acids on
enzymatic and non-enzymatic lipids oxidation: An example of
bread enriched with green coffee flour. [AUT. KORESP.]
URSZULA GAWLIK-DZIKI, [AUT.] JAROSEAW BRYDA, DARIUSZ
DZIKI, MICHAE SWIECA, EWA HABZA-KOWALSKA, URSZULA
ZE OTEK. Appl Sci.-Basel 2019 Vol. g lss. 3 5. 1-12 Article number
568, il., bibliogr., sum. DOI: 10.3390/app9030568

Mechanism of action and interactions between thyroid peroxidase
and lipoxygenase inhibitors derived from plant sources. [AUT.]
EWA HABZA-KOWALSKA, [AUT. KORESP.] URSZULA GAWLIK-
DZIKI, [AUT.] DARIUSZ DZIKI. Biomolecules 2019 Vol. g lss. 11°5. 1-
16, il., bibliogr. DOI: 10.3390/biomg110663

Molecular techniques for detecting food adulteration. [AUT.] EWA
HABZA-KOWALSKA, MAEGORZATA GRELA, MAGDALENA

BIBLIOTEKA GEOWNA Regionalny Oérodek Rolniczej Informacji Naukowej

JI. Akademicka 15, 20-950 Lublin, www.bg.up.lublin.pl tel./fax. (+48 81) 445 62 28; biblioteka.glowna@up

<retarie

t Uczelni: ul. Akademicka 13, tel. (+48 81) 445 66 22, 53337 52; sekretariat.uczelni@up.lublin.p

IF
6,208

2,847

3,935

2,474

4,082

0,281

sblin.p

Punkty ministerialne

140,00

70,00

70,00

100,00

100,00

70,00
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GRYZINSKA, [AUT. KORESP.]PIOTR LISTOS. Med. Weter. 2019
Vol. 75 nr7s. 404-409, il., bibliogr., sum. DOI: 10.21521/mw.6261

7. Thyroid peroxidase activity is inhibited by phenolic compounds - 3,267 140,00

impact of interaction. [AUT.] EWA HABZA-KOWALSKA,
AGNIESZKA A. KACZOR, JUSTYNA ZUK, DARIUSZ MATOSIUK,
[AUT. KORESP.] URSZULA GAWLIK-DZIKI. Molecules

(Basel Online) 2019 Vol. 24 Issue 15 Article no. 2766, il., bibliogr,
sum. DOI: 10.3390/molecules24152766

Suma: 23,094 690,00

1.2 Publikacja w czasopismie naukowym nieposiadajacym IF

Lp Opis bibliograficzny

1. Znaczenie enolazy jako biatka ,moonlighting (The significance of enolase as a
“moonlighting” protein). [AUT. KORESP.] KLAUDIA GUSTAW, [AUT.] EWA HABZA,
ADAM WASKO. Nauki Przyr. i Med.(Lub.) 2018 nr 3 (21) s. 63-73, bibliogr., streszcz,,
sum.

Suma:

2. Monografie naukowe

2.1Autorstwo rozdziatu w monografii naukowe;

Lp Opis bibliograficzny

Punkty
ministerialne

2,00

2,00

Punkty
ministerialne

1 Bakterie wykorzystywane w celu tworzenia,biofunkcyjnych i prozdrowotnych
produktéw mlecznych (Bacteria and yeast used to create biofunctional and health-
promoting dairy foods). [AUT.] JAGODA SZAFRANSKA, JAN MAEECKI, EWA
HABZA-KOWALSKA. W: Zywnos¢ i zywienie / Redakcja naukowa Jedrzej Nyckowiak,
Jacek LeSny Poznan 2020, Mfodzi Naukowcy, s. 98-104, il., bibliogr,, streszcz, 978-83-
66392-82-3.

2. Charakterystyka enzymu peroksydazy tyroidowej (TPO), wptyw stresu oksydacyjnego
na jegofunkcjonowanie oraz zastosowanie metody izobolograficznej do obrazowania
interakcji pomiedzy sktadnikami aktywnymi zywnosci na jego obnizenie
(Characterization of the thyroid peroxidase enzyme (TPO), the impact of oxidative
stress on its functioning and the use of the isobolographic method to visualize the
interaction between active ingredients of food to reduce the oxidative stress). [AUT.]
EWA HABZA-KOWALSKA, JAGODA SZAFRANSKA. W: Zywnos¢ i zywienie /
Redakcja naukowa Jedrzej Nyckowiak, Jacek Lesny Poznan 2020, Mtodzi Naukowcy,
s. 49-53, il., bibliogr,, streszcz, 978-83-66392-59-5.

3. Wiasciwosci antyoksydacyjne wybranych surowcdw roslinnych w zaleznosci od
temperatury przechowywania oraz zastosowania obrébki wysokotemperaturowej

BIBLIOTEKA GEOWNA Regionalny Oérodek Rolniczej Informacji Naukowej 2

JI. Akademicka 15, 20-950 Lublin, www.bg.up.lublin.pl tel./fax. (+48 81)

cretariat Uczelni: ul. Akademick el. (+48 81) 44566 22, 53337 52; sekre

5,00

5,00

5,00
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10.

(Antioxidant properties of selected plant materials depending on storage temperature
and the use of high temperature termination treatment). [AUT.] EWA HABZA-
KOWALSKA, LAURA DZIKI. W: Zywnos$¢ i zywienie | Redakcja naukowa Jedrze
Nyckowiak, Jacek Lesny Poznan 2020, Mtodzi Naukowcy, s. 54-60, il., bibliogr,,
streszcz, 978-83-66392-59-5.

Bakteriocyny w przemysle mleczarskim (Bacteriocins in dairy industry). [AUT ]
JAGODA SZAFRANSKA, MACIEJ NASTAJ, EWA HABZA-KOWALSKA, ILONA
MAZURKIEWICZ. W: Zywno$¢ i zywienie / Redakcja naukowa Marcin Baran, Jedrzej
Nyckowiak Poznan 2019, Mtodzi Naukowcy, s. 89-95, il., bibliogr., streszcz, 978-83-
66139-99-2.

Charakterystyka enzymow prozapalnych: lipooksygenazy (LOX), cyklooksygenazy
(COX) i oksydazy ksantynowej (XO) oraz rola fitozwigzkdw jako potencjalnych
inhibitoréw tych enzymadw. [AUT.] EWA HABZA-KOWALSKA, JAGODA
SZAFRANSKA, JUSTYNA BOCHNAK, ILONA MAZURKIEWICZ. W: Nauki
przyrodnicze Czes¢ | : Fauna i flora/ red. nauk. Marcin Baran, Jedrzej Nyckowiak, UPP
Poznan 2019, Mtodzi Naukowcy, s. 40-44, il., bibliogr., streszcz, 978-83-66392-02-1.

Hydrokoloidy jako dodatki teksturotworcze (Hydrocolloids as textural additives). [AUT.]
JAGODA SZAFRANSKA, BARTOSZ SOEOWIEJ, EWA HABZA-KOWALSKA, ILONA
MAZURKIEWICZ. W: Zywno$¢ i zywienie | Redakcja naukowa Marcin Baran, Jedrze)
Nyckowiak Poznan 2019, Mtodzi Naukowcy, s. 83-88, il,, bibliogr., streszcz, 978-83-
66139-99-2.

Mozliwosci wykorzystania proszkdw z dyni jako komponentéw zywnosci funkcjonalnej
(Pumpkin powders as a component of functional foods). [AUT.] JUSTYNA BOCHNAK,
EWA HABZA, MAL GORZATA SIKORA, MICHAE SWIECA. W: Roéliny zielarskie,
kosmetyki naturalne i zywnos¢ funkcjonalna : nowe nadzieje fitoterapii : monografia
naukowa / redakcja naukowa: Grzegorz Bazylak, Henryk Rozanski Krosno ; Wroctaw
2019, Panstwowa Wyzsza Szkota Zawodowa im. Stanistawa Pigonia w Krosnie, s. 206-
214, bibliogr, 978-83-64457-51-7.

Biatkowo-polifenolowe czasteczki i ich rola w zapewnianiu funkcjonalnosci strukturalne;
i zdrowotnej zywnosci (Protein-polyphenol molecules and their role in providing
structural and health functionality of food). [AUT.] EWA HABZA, JAGODA
SZAFRANSKA. W: Nauki medyczne i nauki o zdrowiu Czes¢ IV — Farmacja Poznan
2018, Mitodzi Naukowcy, s. 26-31, il., bibliogr, g78-83-66139-22-0.

Ocena wybranych wiasciwosci mioddw dostepnych w wojewddztwie lubelskim. [AUT.]
JAGODA SZAFRANSKA, EWA HABZA, BARTOSZ SOLOWIEJ. W: Procesy
technologiczne a jakos¢ zywnosci / Pod redakcja naukowa Karoliny M. Wojciak,
Matgorzaty Karwowskiej, XXIIl Sesja Naukowa Sekcji Mtodej Kadry Naukowej
"Zywnos¢ —tradycja i nowoczesnos¢" : VI International Session Of Young Scientific
Staff "Food - tradition and modernity" Lublin 2018, Towarzystwo Wydawnictw
Naukowych LIBROPOLIS, s. go-104, il., bibliogr, 978-83-63-761-75-2.

Rola witaminy C w terapii nowotworowej (The role of vitamin Cin cancer therapy).
[AUT.JEWA HABZA, JAGODA SZAFRANSKA. W: Nauki medyczne i nauki o zdrowiu
Czesc IV —Farmacja Poznan 2018, Mfodzi Naukowcy, s. 20-25, il., bibliogr, 978-83-
66139-22-0.
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3.Materiaty konferencyjne
Lp Opis bibliograficzny

1 Zdolnos¢ do aktywowania peroksydazy tarczycowej (TPO) i hamowania lipooksygenazy (LOX) przez
wybrane zwiazki fenolowe - badania w uktadzie modelowym. [AUT.] URSZULA GAWLIK-DZIKI, EWA
HABZA-KOWALSKA, AGNIESZKA A. KACZOR, DAMIAN BARTUZI. W: Zywno$¢ w strategii
Zielonego tadu : XLV Sesja Naukowa Komitetu Nauk o Zywnosci i Zywieniu PAN, 1-2 lipca 2021
Gdansk, Politechnika Gdanska, Wydziat Chemiczny : Materiaty konferencyjne s. 26. [b.m.] [2021],
[b.w.].

2. Polyphenols can modulate TPO enzymatic activity. [AUT.] EWA HABZA-KOWALSKA, URSZULA
GAWLIK-DZIKI. W: Badania i rozwdj mfodych naukowcow w Polsce 2020. Materiaty konferencyjne-
wiosna. Czesc¢ IIl. Redakcja naukowa dr. Jedrzej Nyc¢kowiak i dr. hab Jacek Lesny s. 38. Poznan 2020,
Mtodzi Naukowcy, 978-83-66392-65-6.

3. Rola polifenoli jako naturalnych dodatkdw do zywnosci. [AUT. KORESP.] EWA HABZA-KOWALSKA,
[AUT.] URSZULA GAWLIK-DZIKI. W: Badania i rozwoj mtodych naukowcdw w Polsce 2020.
Materiaty konferencyjne- wiosna. Czes¢ Ill. Redakcja naukowa dr. Jedrzej Nyckowiak i dr. hab Jacek
Lesny s. 39. Poznan 2020, Mtodzi Naukowcy, 978-83-66392-65-6.

4. Impact of chosen polyphenols on thyroid peroxidase (TPO) enzymatic activity. [AUT.] EWA HABZA-
KOWALSKA. W: Badania i rozwoj mtodych naukowcdw w Polsce 2019. Materiaty konferencyjne -
wiosna. Czesc¢ pierwsza - Lublin /Red. nauk. Jedrzej Nyckowiak, Jacek Lesny s. 54. Poznan, Mtodzi
Naukowcy, 978-83-66139-83-1.

5. Polifenole —naturalne zrodto przeciwutleniaczy w profilaktyce chordb cywilizacyjnych. [AUT.] EWA
HABZA-KOWALSKA. W: Badania i rozwoj mtodych naukowcdw w Polsce 2019. Materiaty
konferencyjne - wiosna. Czes¢ pierwsza - Lublin / Red. nauk. Jedrzej Nyckowiak, Jacek Lesny s. 5.
Poznan, Mtodzi Naukowcy, 978-83-66139-83-1.

6. Analiza i ocena wybranych wtasciwosci miodéw dostepnych na rynku w wojewddztwie lubelskim.
[AUT.] JAGODA SZAFRANSKA, EWA HABZA, BARTOSZ SOt OWIEJ. W: XXl Sesja Naukowa Sekgji
Mtodej Kadry Naukowe]" Zywnos¢ —tradycja i nowoczesno$¢” : VI International Session Of Young
Scientific Staff "Food - tradition and modernity", Materiaty konferencji naukowej, Lublin, 24-25 maj
2018 s. 48. Lublin 2018, Towarzystwo Wydawnictw Naukowych "Libropolis" Sp. z 0.0, 978-83-63761-
7475.

7. Antioxidant potential of acorn flour. [AUT.] EWA HABZA-KOWALSKA, URSZULA GAWLIK-DZIKI. W:
Badania i rozwdj mtodych naukowcow w Polsce 2018. Materiaty konferencyjne-jesien. Czesc trzecia-
Lublin / Red.nauk.Jedrzej Nyckowiak,Jacek Lesny s.52. Poznan 2018, Mtodzi Naukowcy.

8. Biochemical properties of thermally processed red cabbage and red onion. [AUT.] EWA HABZA,
URSZULA GAWLIK-DZIKI, JAGODA SZAFRANSKA. W: Badania i rozwdj mtodych naukowcdw w
Polsce 2018. Materiaty konferencyjne - wiosna. Czes¢ czwarta - Lublin / Red. nauk. Jedrze;
Nyckowiak, Jacek Lesny s. 43. Poznan 2018, Mtodzi Naukowcy, 978-83-65917-78-2.

9. Drying kinetics, color changes and antioxidant activity of broccoli sprouts. [AUT.] E. HABZA, W. H.
HASSOON, D. DZIKI, U. GAWLIK-DZIKI. W: ICA 2018, 12th International Conference on Agrophysics:
Soil, Plant&Climate, Book of Abstracts, 17-19 September, 2018 Lublin s.144. Lublin 2018, [b.w.], 978-
83-89969-59-0.

10. Optymalizacja temperatury przytaczania startera w reakcji multiplex PCR w celu wykrycia zafatszowan.
[AUT.] EWA HABZA, MAGDALENA GRYZINSKA. W: XV Miedzynarodowe Seminarium Studenckich
Kot Naukowych nt. "Srodowisko - Zwierze - Produkt" : V Konferencja Doktorantdw, Lublin, 17
kwietnia 2018 . / Uniwersytet Przyrodniczy w Lublinie s. 123, Tytut rdwnolegle w jezyku angielskim.
Lublin 2018, Wydawnictwo Uniwersytetu Przyrodniczego w Lublinie.

BIBLIOTEKA GEOWNA Regionalny Oérodek Rolniczej Informacji Naukowej 4 \
JI. Akademicka 15, 20-950 Lublin, www.bg.up.lublin.pl tel./fax. (+48 81) 445 62 28; biblioteka.glowna@up.lublin.p

Sekretariat Uczelni: ul. Akademicka 13, tel. (+48 81) 445 66 22, 533 37 52; sekretariat.uczelni@up.lublin.pl

135


http://www.bg.up.lublin.pl/

UNIWERSYTET
PRZYRODNICZY

II BIBLIOTEKA GLOWNA

w Lublinie

11.

12.

13.

JI. Aka

Sekrete

Przemystowe wykorzystanie konopi wtdknistych (Cannabis sativa L.). [AUT.] EWA HABZA-
KOWALSKA, URSZULA GAWLIK-DZIKI. W: Badania i rozwdj mtodych naukowcdw w Polsce 2018.
Materiaty konferencyjne-jesien. Czes¢ trzecia-Lublin / Red.nauk.Jedrzej Nyckowiak, Jacek Lesny s.51.
Poznan 2018, Mtodzi Naukowcy.

The role of vitamin C in cancer treatment. [AUT.] EWA HABZA, URSZULA GAWLIK-DZIKI. W:
Rolnictwo - zywnosc¢ - zdrowie : V Forum Mfodych Przyrodnikéw. Program i streszczenia prac, Lublin
26.05.2018 / [redakcja: Paulina Gil-Kulik, Jolanta Karwat] s. 27. Lublin 2018, Stowarzyszenie Mtodych
Naukowcow, 978-83-939764-4-7.

Wptyw ekstarktow czekolady na dziatanie wybranych enzymow cztowieka. [AUT.] EWA HABZA,
URSZULA GAWLIK-DZIKI. W: XXIII Sesja Naukowa Sekcji Mfodej Kadry Naukowe]" Zywnos¢ —
tradycja i nowoczesnosc" : VI International Session Of Young Scientific Staff "Food - tradition and
modernity", Materiaty konferencji naukowej, Lublin, 24-25 maj 2018 s. 99. Lublin 2018, Towarzystwo
Wydawnictw Naukowych "Libropolis" Sp. z 0.0, 978-83-63761-74-5.
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Sumaryczny IF — 23,094
Sumaryczna liczba punktdw MNiSW/MEIN — 742,00

Szczegdtowe wyjasnienia:

- Wskaznik Impact Factor zostat podany na podstawie bazy Journal Citation Reports (JCR) dla roku
wydania publikacji

- Punktacja zostata podana na podstawie Wykazu Czasopism Punktowanych MNiSW/MEiN
obowiazujacych dla roku wydania publikacji z wyjatkiem:

e publikacji z roku 2017, 2018, ktorym punkty zostaty przypisane na podstawie "Wykazu
czasopism naukowych zawierajacy historie czasopisma z publikowanych wykazow za lata
2013-2016"

e publikacji z lat 2019-2021, ktorym punkty zostaty przypisane na podstawie: ,Komunikatu
Ministra Edukacji i Nauki z dnia 21 grudnia 2021 r. 0 zmianie i sprostowaniu komunikatu w
sprawie wykazu czasopism naukowych i recenzowanych materiatow z konferengji
miedzynarodowych”.

- Punktacja za rozdziaty monografii zostata przyznana na podstawie rozporzadzenia
obowiazujacego w roku opublikowania pracy

Wykaz sporzadzita:

/mgr Katarzyna Brzezinska/
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- Wskaznik Impact Factor zostat podany na podstawie bazy Journal Citation Reports (JCR) dla roku
wydania publikacji

- Punktacja zostata podana na podstawie Wykazu Czasopism Punktowanych MNiSW/MEIN
obowigzujgcych dla roku wydania publikacji z wyjatkiem:

* publikacji z roku 2017, 2018, ktérym punkty zostaty przypisane na podstawie "Wykazu
czasopism naukowych zawierajgcy historie czasopisma z publikowanych wykazéw za lata
2013-2016%

* publikacji z lat 2019-2021, ktérym punkty zostaty przypisane na podstawie: ,Komunikatu
Ministra Edukacji i Nauki z dnia 21 grudnia 2021 r. 0 zmianie i sprostowaniu kormunikatu w
sprawie wykazu czasopism naukowych i recenzowanych materiatow z konferendji
miedzynarodowych”.

- Punktacja za rozdziaty monografii zostata przyznana na podstawie rozporzadzenia
obowiazujacego w roku opublikowania pracy
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Lublin, 19.06.2023

Zestawienie wynikéw cytowan sporzadzone przez pracownika Oddziatu Informacji Naukowej Biblioteki
Gtowne] Uniwersytetu Przyrodniczego w Lublinie (wg kwerendy na dzier 19.06.2023 1)

mgr inz. Ewa Habza-Kowalska.

Wedtug bazy Web of Science Core Collection —Basic Search

Liczba prac indeksowanych w bazie 7
Liczba cytowan opublikowanych prac 39
Liczba cytowan opublikowanych prac bez autocytowan 34
Liczba artykutow cytujacych 35
Liczba artykutow cytujgcych bez autocytowan 32
Srednia liczba cytowar) na pozycje 5.57
Indeks Hirsha 4

Wedtug bazy Scopus — Author Search

Liczba prac indeksowanych w bazie 7
Liczba cytowarn opublikowanych prac 42
Liczba cytowan opublikowanych prac bez autocytowan ‘ 38
Indeks Hirsha 4
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