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STRESZCZENIE

Zwiazki o-dikarbonylowe (0-DC) sg gldéwnymi prekursorami procesu nieenzymatycznej
glikacji prowadzacego do powstawania AGE (koncowych produktéw zaawansowanej glikacji).
Metylglioksal (MGO) uwazany jest za najbardziej reaktywny zwiazek karbonylowy w
najwiekszym stopniu odpowiedzialny za indukcje procesu glikacji. Zwiekszone stezenia MGO 1
AGE w ustroju generalnie zwigzane sg z chorobami kardiometabolicznymi. Uwaza sig¢, ze zarowno
MGO jak i AGE sa kluczowymi czynnikami rozwoju powiklan naczyniowych, stanowigcych
gléwng przyczyne $miertelnosci wsrod oséb chorych na cukrzyce. Wykazano, ze obnizenie
poziomu MGO w surowicy obniza ryzyko wystgpienia incydentéw sercowo-naczyniowych u osob
z cukrzyca. Badania in vitro 1 in vivo dowodzg, ze polifenole wykazujg zdolnos¢ do wigzania
a-DC i1 hamowania procesu glikacji na drodze r6znych mechanizmoéw. W niniejszej rozprawie
doktorskiej postawiono hipotezg, ze Srodki wazoprotekcyjne, ich analogi strukturalne i wybrane
flawonoidowe substancje roslinne posiadaja zdolno$¢ hamowania nieenzymatycznej glikacji i/lub
neutralizowania reaktywnych a-DC. Na podstawie tej hipotezy gléwnym celem badawczym byto
zidentyfikowanie nowych substancji o wysokim potencjale antyglikacyjnym i/lub putapkujacym
a-DC. Cel zaktadat rowniez weryfikacje zdolno$ci do obnizania systemowego st¢zenia a-DC w
modelu in vivo dla wyslekcjonowanej w testach in vitro hesperydyny. W badaniach zastosowano
metody chromatograficzne, spektrometryczne, spektrofotometryczne i spektrofluorymetryczne.
Wyniki potwierdzity hipoteze, ze wybrane zwiagzki wazoprotekcyjne, ich analogii i flawonoidowe
substancje roslinne posiadaja zdolno$¢ do hamowania procesu nieenzymatycznej glikacji, a
niektore takze silne wtasciwosci wigzace a-DC. Zwigzkami najsilniej hamujacymi proces glikacji
w modelu in vitro z jednoczesnym efektem putapkujacym MGO byty hesperetyna, hesperydyna,
kwercetyna, izowiteksyna, witeksyna i floretyna (przewyzszaly aminoguanidyn¢ i metforming).
W badaniu in vivo u pacjentow otrzymujacych przez okres 4 tygodni suplement diety, ktérego
gtownym sktadnikiem byta hesperydyna w dawce dobowej 450 mg, zaobserowowano istotne
statystycznie obnizenie stgzenia MGO w osoczu w poréwnaniu z placebo. W oparciu o
przeprowadzone badania fitochemiczne, a nastepnie testy in vitro, stwierdzono, ze ziele rutwicy
(Galega officinalis) 1 rooibos (Aspalathus linearis), stosowane jako hipoglikemizujace i1
wspomagajgce uktad krazenia, s3 bogatym zrodlem zwigzkow putapkujacych o-DC
(guanidynowych, flawonoidowych i innych polifenoli) oraz wykazujacych silny efekt

antyoksydacyjny i antyglikacyjny.



ABSTRACT

a-Dicarbonyl compounds (a-DC) are the main precursors of the non-enzymatic glycation
process leading to the formation of AGEs (advanced glycation end products). Methylglyoxal
(MGO) is considered the most reactive carbonyl compound largely responsible for inducing the
glycation process. Elevated levels of MGO and AGEs in the body are generally associated with
cardiometabolic diseases. Both MGO and AGEs are believed to be key factors in the development
of vascular complications, which are the main cause of mortality among diabetic patients. It has
been shown that reducing serum MGO levels decreases the risk of cardiovascular incidents in
diabetic individuals. In vitro and in vivo studies demonstrate that polyphenols can bind a-DC and
inhibit the glycation process through various mechanisms. In this doctoral thesis, it was
hypothesized that vasoprotective agents, their structural analogs, and selected flavonoid plant
substances can inhibit non-enzymatic glycation and/or neutralize reactive a-DC. Based on this
hypothesis, the main research objective was to identify new substances with high antiglycation
potential and/or a-DC trapping capability. The aim also included verifying the ability to reduce
systemic a-DC concentration in an in vivo model for hesperidin selected in in vitro tests.
Chromatographic, spectrometric, spectrophotometric, and spectrofluorometric methods were used
in the studies. The results confirmed the hypothesis that selected vasoprotective compounds, their
analogs, and flavonoid plant substances have the ability to inhibit the non-enzymatic glycation
process, and some also have strong a-DC binding properties. The compounds that most strongly
inhibited the glycation process in an in vitro model, while simultaneously showing an MGO
trapping effect, were hesperetin, hesperidin, quercetin, isovitexin, vitexin, and phloretin (higher
than aminoguanidine and metformin). In an in vivo study of patients receiving a supplement for 4
weeks, with hesperidin being the main ingredient at a daily dose of 450 mg, a statistically
significant reduction in plasma MGO concentration was observed compared to placebo. Based on
the conducted phytochemical studies and subsequent in vitro tests, it was found that goat's rue
(Galega officinalis) and rooibos (A4spalathus linearis) used as hypoglycemic and circulatory
support agents are rich sources of a-DC trapping compounds (guanidine, flavonoids, and other

polyphenols) and exhibit strong antioxidant and antiglycation effects.



1. Wprowadzenie

Cukrzyca jest przewlekla choroba metaboliczng, charakteryzujaca si¢ produkcja
niewystarczajacej ilosci hormonu anabolicznego insuliny, lub tez niewystarczajaco skutecznym
jego wykorzystywaniem. Jej gldwnym objawem jest hiperglikemia - permanentnie podwyzszony
poziom glukozy we krwi. Cukrzyca jest obecnie jednym z najwiekszych wyzwan stojacych przed
ochrong zdrowia na §wiecie, zarowno w krajach rozwinigtych, jak i rozwijajacych sie, z czestoscia
wystepowania wynoszacg prawie 10% dorostej populacji [1]. W 2021 r. na cukrzyce chorowato
537 milionow ludzi na calym §wiecie, a oczekuje si¢, ze liczba ta wzro$nie do okoto 642 milionow
do roku 2045 [2]. Niezaleznie od postaci i typu choroby wszyscy pacjenci z cukrzycg narazeni sg
na ryzyko powiklan sercowo-naczyniowych, stanowigcych obecnie gltowng przyczyne
$miertelnosci wsrdd oséb chorych na cukrzyce. Naczyniowe powiklania cukrzycy klasyfikowane
sg jako uszkodzenie matych naczyn (mikroangiopatia) lub duzych naczyn (makroangiopatia)
organizmu. Dysfunkcja mikronaczyniowa w cukrzycy rozwija si¢ stopniowo w obrebie drobnych
naczyn siatkowki, nerek i nerwéw, powodujac odpowiednio retinopati¢ cukrzycowa, nefropatie 1
neuropati¢. Z kolei dysfunkcja makronaczyniowa polega giéwnie na postepujacej miazdzycy oraz
zwezaniu naczyn krwiono$nych 1 dotyczy tetnic wiencowych, szyjnych i1 obwodowych,
zwigkszajac tym samym ryzyko zawalu migsnia sercowego i udaru mozgu. Szacuje sig, ze
wskaznik zachorowalnos$ci na powiklania mikronaczyniowe wsrod osob z cukrzyca jest co
najmniej 4-20 razy wyzszy niz w populacji osob bez cukrzycy, podczas gdy wskaznik powiktan
makronaczyniowych jest §rednio 2-4 razy wyzszy niz u osob bez cukrzycy [3]. Cukrzyca, cho¢
zwykle mowi si¢ o niej w kontekscie wyzej wymienionych klasycznych powiktan naczyniowych,
przyczynia si¢ rowniez do powstawania przewlektych i ostrych zmian neuropoznawczych, ktore
uposledzaja funkcjonowanie uktadu nerwowego [4]. Charakterystyczne dla przebiegu cukrzycy
dhlugotrwale podwyzszone stezenie glukozy i jego bezposrednie nastgpstwa biochemiczne maja
kluczowe znaczenie dla rozwoju powiktan cukrzycowych [5]. Obecnie istnieja liczne dowody
oparte o badania eksperymentalne i kliniczne, wskazujace, ze zwickszone wytwarzanie
metyloglioksalu (MGO) w komorkach w warunkach hiperglikemii odgrywa kluczowa role w
rozwoju i progresji powiktan naczyniowych cukrzycy [6—10]. MGO jest zwigzkiem organicznym
zaliczanym do grupy o-dikarbonyli (ang. a-dicarbonyl compounds, o-DC). a-DC stanowig
podgrupe zwigzkéw okreslanych zbiorczo jako reaktywne zwiazki karbonylowe (ang. Reactive

Carbonyl Species, RCS), do ktorych zaliczny jest takze gliokasl (GO) i 2-deoksyglukozon (3-DG).



Sposréd nich MGO jest najbardziej reaktywnym dikarbonylem, dobrze znanym z indukcji procesu
nieenzymatycznej glikacji makromolekut (biatek, peptydéw, lipoprotein, kwaséw nukleinowych)
1 ostatecznie prowadzacym do powstawania koncowych produktéw zaawansowanej glikacji
(AGE) [11]. Z uwagi na swoja wysoka rekatywno$¢ to na nim skupia si¢ wigkszo$¢
dotychczasowych badan zwigzanych z procesam glikacji oraz rozwojem chorob cywilizacyjnych.
Poniewaz MGO powstaje gtownie jako produkt uboczny glikolizy, wysokie stezenie glukozy w
organizmie przektada si¢ na zwigkoszne poziomy MGO u 0s6b chorych na cukrzyce [12]. Liczne
badania sugeruja, ze MGO jest nierozerwalnie zwigzany nie tylko z hiperglikemig w cukrzycy, ale
takze z angiopatig 1 innymi czynnikami ryzyka powiktan naczyniowych w cukrzycy, takimi jak
nadci$nienie tetnicze, dyslipidemia czy otylo$¢, a u oséb z tymi schorzeniami stezenie

metyloglioksalu jest istotnie statystycznie podwyzszone [13—17].

Detoksykacja MGO w organizmie cztowieka zachodzi gtownie za posrednictwem systemu
znanego jako system glioksalazy. System ten sktada si¢ z dwoch enzymow: glioksalazy I (Glo1) i
glioksalazy II (Glo2), zapewniajacych utrzymanie wewnatrzkomorkowych pozioméw MGO i
innych zwigzkow o-dikarbonylowych na bezpiecznym poziomie w prawidtowych warunkach
fizjologicznych. Jednakze gdy system glioksalazy jest przecigzony lub nie funkcjonuje
prawidtowo (np. z powodu stale podwyzszonego poziomu glukozy lub niedoboru Glo1/Glo2),
moze to prowadzi¢ do akumulacji metyloglioksalu w komorkach i tkankach [18,19]. Wysoka
reaktywno$¢ metyloglioksalu jako ketoaldehydu zwigzana jest z reakcja addycji nukleofilowej z
udziatem wolnych grup aminowych i guanidynowych makromolekut, ktorej czasteczka ta podlega
niezwykle tatwo. W pierwszym etapie reakcji grupa aminowa lub guanidynowa dziala jako
nukleofil i1 atakuje atom wegla w grupie karbonylowej (aldehydowej lub ketonowej)
metyloglioksalu, ktory wykazuje charakter elektrofilowy (aldehydy na ogo6t ulegaja duzo latwie;j
addycji nukleofilowej niz ketony). Rezultatem tej reakcji jest utworzenie wigzania ¢ mi¢dzy
atomem azotu w grupie aminowej/guanidynowej a atomem wegla jednej z grup karbonylowych
metyloglioksalu. W migdzyczasie para elektrondow z wigzania m miedzy atomem wegla a tlenem
w czgsteczce MGO przesuwa si¢ na atom tlenu, tworzac na nim czastkowy ladunek ujemny. W
srodowisku wodnym produktem przejsciowym ataku nukleofilowego jest karbinoloamina [20].
Drugim etapem jest eliminacja czasteczki wody, ktora zachodzi w obecno$ci kwasu lub zasady.
W wyniku tych dwodch etapow powstaja drugorzedowe iminy (aldimina lub ketimina z

ugrupowaniem azometynowym >C=N-R, zasady Schiffa), podlegajace rearanzacji, w wyniku
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ktorej powstaja stabilne produkty znane jako Amadori [21]. Te z kolei mogg nast¢pnie ulec
dalszym modyfikacjom, w wyniku ktoérych powstaja koncowe produkty zaawansowanej glikacji.
MGO jest jednym z najwazniejszych prekursoréw AGE in vivo, a AGE pochodzace z MGO s3
wynikiem modyfikacji aminokwasow, gldwnie argininy i lizyny [22]. W nieodwracalnej reakcji z
grupg guanidynowa argininy, MGO prowadzi gtownie do powstania trzech cyklicznych
hydroimidazolonoéw: MG-H1 (No6-(5-hydro-5-metylo-4-imidazolon-2-yl)ornityna), MG-H2 (kwas
2-amino-5-(2-amino-5-hydro-5-metylo-4-imidazolon-1-yl)pentanowy) i MG-H3 (kwas 2-amino-
5-(2-amino-4-hydro-4-metylo-5-imidazolon-1-yl)pentanowy) [23]. [zoforma MG-H1, ktora jest
gtéwnym AGE pochodzacym z reakcji z MGO, stanowigcym ponad 90% wszystkich adduktow
metyloglioksalu, zostala dodatnio skorelowana z wystepowaniem uszkodzenia S$roédbtonka
naczyniowego [24]. Inny AGE powstajacy analogicznie podczas reakcji MGO z lizyng Ne-(1-
karboksyetylo)lizyna, znany jako CEL, okazal si¢ pozytywnie korelowa¢ z insulinoopornoscia u
pacjentow z cukrzyca [25]. Ponadto, MGO moze roéwniez krzyzowo wigzac reszty argininy i
lizyny, tworzac addukt MODIC — 2-ammonio-6-((2-[(4-ammonio-5-okso-5-oksopentylo)amino]-
4-metylo-4,5-dihydro-1H-imidazolo-5-ylideno)amino)heksanian [26]. Dysfunkcje pojawiajace
si¢ w obrebie uktadu krazenia w zwigzku z modyfikacjg strukturalng aminokwséw przez MGO sa
naturalng konsekwencja zmian strukturalnych w biatkach petnigcych w organizmie kluczowe
funkcje [27]. Udowodniony wptyw o-DC 1 AGE na powstawanie uszkodzen $rodbtonka
spowodowatl wzrost zainteresowania potencjalnym zastosowaniem zwigzkow wychwytujacych
a-DC 1 posiadajacych wilasciwosci antyglikacyjne i/lub antyoksydacyjne jako czynnikow
ochronnych w zapobieganiu powiklaniom naczyniowym cukrzycy. Uznaje si¢, ze zmniejszenie
systemowego stezenia a-dikarbonyli moze przyczyni¢ si¢ do opdznienia powstawania
szkodliwych produktow glikacji (AGE), co ma kluczowe znaczenie dla pacjentéw, ktorzy z
powodu cukrzycy i innych choréb kardiometabolicznych doswiadczajg podwyzszonego stezenia
reaktywnych karbonyli (stres karbonylowy) [28]. Ponadto dowiedziono, Zze zmniejszenie stezenia
metyloglioksalu we krwi moze zmniejszaé ryzyko wystgpienia incydentdéw sercowo-

naczyniowych u pacjentéw z cukrzyca [29].

Do tej pory zaproponowano co najmniej kilkanascie zwigzkow, ktore moga by¢ potencjalnie
uzyteczne jako terapia przeciw o-dikarbonylom. Wsrdd nich znajdujg si¢ zwiazki o charakterze
eksperymentalnym, takie jak aminoguanidyna [30] 1 alagebrium [31]; zarejestrowane leki, takie

jak metformina [32], tiazolidynodiony [33], inhibitory konwertazy angiotensyny [34], blokery
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receptora angiotensyny [35,36], statyny [37] oraz sktadniki suplementéw diety, takie jak
L-karnozyna [38], pirydoksamina [39] 1 kwercetyna [40]. Zarowno aminoguanidyna, jak i
alagebrium zostaty wykluczone z dalszych faz badan klinicznych ze wzgledu na wystgpowanie
dziatlan niepozadanych budzacych obawy o bezpieczenstwo ich stosowania [41]. W przypadku
zarejestrowanych lekow, z wyjatkiem metforminy, brak jednoznacznych dowodow skutecznosci

w zakresie schorzen zwigzanych z a-DC w badaniach klinicznych na ludziach [42].

Powszechnie wiadomo, ze niektore antyoksydanty ro$linne, takie jak polifenole czy
flawonoidy, majg korzystny wplyw na ogolne zdrowie kardiometaboliczne, a dodatkowo moga
modulowa¢ ryzyko rozwoju chordb sercowo-naczyniowych i metabolicznych, w tym cukrzycy i
jej powiktan [43,44]. Zdolno$¢ do zwigzania reaktywnych dikarbonyli, prawdopodobnie bedaca
czescig sktadowg tego ogdlnego korzystnego efektu, zostata udowodniona w kilku badaniach in
vitro miedzy innymi dla kwercetyny [40], kemferolu [45], katechiny [46] 1 naryngeniny [47].
Badania in vitro wykazaly rowniez, ze mechanizm wychwytywania wystepuje w warunkach
fizjologicznych - tworzenie adduktow metyloglioksalu z mirycetyng [48] oraz genisteing [49] u
myszy, a takze metyloglioksalu z metforming u ludzi [32]. Jednak brak takich badan w odniesieniu
do zwigzkow z grupy lekow wazoprotekcyjnych, w tym bioflawonoidow 1 lekow syntetycznych.
Do tej pory nie przebadano réwniez substancji roslinnych tradycyjnie stosowanych w fagodzeniu
objawow cukrzycy czy jako $rodki wspomagajace uktad krazenia, ktorych profil dziatania i
budowa chemiczna gléwnych sktadnikow wskazuja, ze moga by¢ skuteczne w zmniejszaniu

stezen a-DC 1 AGE.

2. Cel podjetych badan

W niniejszej rozprawie doktorskiej postawiono hipoteze, ze S$rodki wazoprotekcyjne,
stosowane w terapii przewlektej niewydolnosci zylnej, a takze ich analogi strukturalne posiadaja
zdolno$¢ hamowania nieenzymatycznej glikacji i/lub neutralizowania reaktywnych a-dikarbonyli.
Na podstawie tej hipotezy gtownym celem badawczym byto zidentyfikowanie nowych substancji
o wysokim potencjale antyglikacyjnym i/lub putapkujacym a-DC (gldwnie metyloglioksal) w
poréwnaniu do uznanych zwigzkéw o takiej aktywnosci (aminoguanidyny, metforminy,
kwercetyny). Badaniom poddano naturalne i syntetyczne $rodki flebotropowe, a takze wybrane
flawonoidy oraz substancje roslinne flawonoidowe lub zawierajace inne sktadniki (polifenolowe,

pochodne guanidyny) o wlasciwosciach antyoksydacyjnych, hipoglikemizujacych i wykazujacych
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efekt ochronnych przed powiktaniami cukrzycy, szczegoOlnie ze strony uktadu sercowo-
naczyniowego. Poniewaz wiasciwosci przeciwutleniajgce i przeciwrodnikowe tych substancji
moga warunkowa¢ hamowanie utleniania cukrow prostych, takich jak glukoza i fruktoza, oraz
glikowanych makromolekut, a przez to ostabia¢ proces glikacji, sieciowania biatek i zmniejszac
wytwarzanie szkodliwych dla komorki koncowych produktow zaawansowanej glikacji,
dodatkowo zweryfikowano i poréwnano ich potencjal antyoksydacyjny. Dalszym celem badania
bylo wyjasnienie, przynajmniej czg¢sciowe, mechanizmow lezacych u podstawy efektu
antyglikacyjnego (anty-AGE) oraz wskazanie elementéw struktury chemicznej tych zwigzkow
istotnych dla zdolnosci wigzania MGO 1 innych a-DC pochodzacych gtownie z metabolizmu
weglowodanow. Badania podstawowe przeprowadzono w modelach in vitro. Aktywno$¢ jednego
ze zwigzkdw o najwyzszej aktywnosci zweryfikowano w badaniu klinicznym z udziatem

zdrowych ochotnikow.
Cele czastkowe publikacji stanowigcych podstawe rozprawy obejmowaty:

e W publikacji P1 celem bylo wyselekcjonowanie zwigzku lub zwigzkow o najwyzszym
potencjale hamujacym proces nieenzymatycznej glikacji w modelu in vitro z albuming wolowa
1 MGO lub GO, a nastepnie zweryfikowanie ich zdolnosci wigzania metyloglioksalu i glioksalu
w mieszaninach modelowych odzwierciedlajacych warunki fizjologiczne (UHPLC-ESI-MS).
Badaniom poddano bgdace w uzyciu substancje czynne klasyfikowane w systemie ATC (ang.
The Anatomical Therapeutic Chemical Classification System) w kategorii CO05 "Leki
ochraniajace $cian¢ naczyn" oraz ich strukturalne analogi (aglikony i inne). Zbadano réwniez
ich aktywno$¢ przeciwutleniajaca 1 przeciwrodnikowa per se, bedaca prawdopodobnie
sktadowa efektu wazoprotekcyjnego i antyglikacyjnego oraz przebieg reakcji wigzania

a-dikarbonyli w czasie z wykorzystaniem derywatyzacji MGO i GO (Rycina 1.).

e Celem publikacji P2 byla weryfikacja czy hesperydyna, wytypowana w publikacji P1 jako
jeden ze zwiazkow wykazujacych najsilniejsza aktywno$¢ przeciwglikacyjng i putapkujaca
a-DC, ma zdolno$¢ do obnizania osoczowego st¢zenia a-dikarbonyli w warunkach in vivo.
Badanie stanowito wtorng analiz¢ podwojnie zaslepionego, randomizowanego badania
klinicznego typu naprzemiennego u zdrowych oséb w podesztym wieku, w ktorym uczestnicy

otrzymywali kompleks ekstraktu z naowocni pomaranczy stodkiej i koncentratu soku z owocoéw
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granatowca z hesperydyng jako gléwnym sktadnikiem (badany produkt to suplement diety o
oznaczonej zawarto$ci hesperydyny i punikalaginy). W tym celu probki osocza pacjentéw
poddane zostaly procesowi derywatyzacji, a nastgpnie stezenia MGO, GO i1 3-DG zostaly
zmierzone z wykorzystaniem metody UPLC-MS/MS; do oceny statystycznej wynikow

zastosowano model mieszany.

W publikacjach P3 i P4 celem bylo potwierdzenie zatozenia, iz substancje roslinne o
wlasciwosciach antyoksydacyjnych i1 hipoglikemizujacych posiadajace w sktadzie chemicznym
glikozydy flawonoidowe, inne polifenole lub pochodne guanidyny moga hamowac glikacje,
m.in. przez wychwytywanie o-dikarbonyli. Badaniom poddano ziele rutwicy (Galegae herba)
stosowane dawniej w leczeniu objawow cukrzycy oraz jej sktadniki aktywne, jak galegina
(izopentenyloguanidyna), ktora byla pierwowzorem w syntezie metforminy i innych
hipoglikemizujacych biguanidow. W ostatniej pracy z cyklu oceniono wlasciwosci
przeciwglikacyjne i1 putapkujace aspalatyny, C-glikozydu dihydrochalkonu oraz C-glikozydow
flawonow wystepujacego w rooibos - herbacie z czerwonokrzewu (Aspalathus linearis
(Burm.f.) R.Dahlgren). Podjeto tez probg wskazania najbardziej istotnych elementéw budowy
chemicznej flawonoidow warunkujgcych zdolnos¢ wychwytywania MGO 1 GO. Surowce te
wyselekcjonowano na podstawie ich znanych wtasciwosci leczniczych/prozdrowotnych i
korzystnego wplywu w hiperglikemii oraz w zaburzeniach ze strony uktadu sercowo-
naczyniowego. W obu publikacjach przeprowadzono szczegdélowa analize jakoSciowa i
ilosciowg sktadu chemicznego przygotowanych przetworéw (naparow, wyciggow wodno-
alkoholowych). W oparciu o uzyskany profil fitochemiczny dla kazdego z surowcoéw wybrano
zwigzki reprezentacyjne o roéznej strukturze, z grup takich jak flawonoidy, kwasy
hydroksycynamonowe i pochodne guanidyny, z przeznaczeniem zbadania ich zdolno$¢ do
wychwytu o-DC oraz zweryfikowania 1 poréwnania wlasciwosci antyglikacyjnych i/lub
antyoksydacyjnych. W odniesieniu do rooibos ocenie poddano surowiec fermentowany

(czerwony rooibos) i niefermentowany (zielony rooibos), oba dostepne komercyjnie.
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Rycina 1. Abstrakt graficzny do publikacji P1.

3. Materialy i metody
Metody zastosowane w badaniach zostaly szczegdélowo opisane w artykutach
wchodzacych w sktad cyklu 4 publikacji, bedacego podstawa niniejszej rozprawy doktorskie;.

Ponizej znajduje si¢ ogdlny opis zastosowanych metod i modeli badawczych.

3.1. Material badawczy

W publikacji P1, P3, P4 material badawczy stanowily wzorce substancji
wazoprotekcyjnych, w tym bioflawonoidéw (diosmina, hepserydyna, trokserutyna) i ich analogéw
(diosmetyna, hesperetyna, rutyna) oraz dobesylanu wapnia, a takze aspalatyny, witeksyny,
izowiteksny, eriodykcjolu, kwercetyny, floretyny, floroglucynolu, kwasu chlorogenowego,
siarczanu  galeginy, aminoguanidyny 1 chlorowodorku metforminy pochodzace od
certyfikowanych dostawcow (Sigma-Aldrich Sp. z o.0., Poznan, Poland; Extrasynthese, Genay
Cedex, France; SelectLab, Miinster, Niemcy; PPF Hasco-Lek S.A.). Aminoguanidyne (zwigzek
referencyjny), metforming, kwercetyne i floretyne zastosowano w charakterze aktywnych

substancji odniesienia.
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Substancje roslinne tj. ziele rutwicy (Galegae herba, Galega officinalis L.) nabyto w
Zaktadach Konfekcjonowania Zi6t FLOS (Mokrsko, Polska) posiadajacych certyfikaty GMP 1 ISO
9002 (serie nr 1099, 1108, 1010; oznaczone odpowiednio jako Gofl, Gof2 i Gof3). Rooibos
fermentowany (czerwony rooibos, RR) i niefermentowany (zielony rooibos, GR) stanowigcy
wysuszone, rozdrobnione liscie 1 wierzchotkowe czesci pedow Aspalathus linearis (Burm. f.) R.
Dahlgren pochodzity z Republiki Potudniowej Afryki i zakupiono je u polskiego producenta herbat
OXALIS POLSKA Sp. z o.0. (Radzionkéw, Polska). Z substancji roslinnych przygotowano
przetwory — napary i wyciagi wodno-alkoholowe.

W publikacji P2 material badawczy stanowity probki osocza pozyskane z krwi
obwodowej pobranej na czczo. Osocze pozyskane zostalo na potrzeby badania klinicznego
zarejestrowanego na clinicaltrials.gov pod numerem NCT03781999, prowadzonego przez firmg

BioActor BV (Maastricht, Holandia) oraz Uniwersytet w Maastricht.

3.2. Przygotowanie naparow i wyciagow roslinnych do badan in vitro

Okoto 0,2 g wysuszonego 1 drobno sproszkowanego ziela Galega officinalis L.
ekstrahowano 10 mL wrzacej wody przez 15 minut (napar), a takze 10 mL metanolu lub
mieszaniny wody i metanolu (1:1, 3:7; v/v) w tazni ultradzwigkowej (Bandelein Sonorex Digital
10P; Bandelin, Berlin, Niemcy) w temperaturze 40 °C przez 15 min. Parametr DER okreslajacy
stosunek ilosci substancji roslinnej do ilosci otrzymanego wyciggu roslinnego wynosit 1:50
(publikacja P3). Okolo 0,25 g wysuszonych, rozdrobnionych lisci 1 wierzchotkowych czesci
pedow Aspalathus linearis (Burm. f.) R. Dahlgren (fermentowanych i niefermentowanych)
ekstrahowano 25 mL wrzacej wody (napary) lub mieszaniny wody i etanolu (1:1, v/v) przez 15
minut (w tazni ultradzwigkowej w temperaturze 40 °C). DER otrzymanych przetworow roslinnego
wynosit 1:100 (publikacja P4). Napary i wyciagi saczono przez filtr Durapore 0,22 i 0,45 pm
(Millipore; Burlington, MA, USA) do fiolek oraz analizowano przy uzyciu metod chromatografii

cieczowej opisanych ponizej (publikacja P3, P4).

3.3 Zastosowane modele in vitro
Badania przeprowadzono w modelach in vitro reakcji wigzania o-dikarbonyli przez
wybrane zwigzki lub przetwory substancji ro§linnych oraz reakcji hamowania powstawania
zaawansowanych koncowych produktow glikacji biatek na przyktadzie surowiczej albuminy

wotowej (BSA) jako bialtka celowanego (publikacje P1, P3, P4).
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3.3.1. Model procesu glikacji

Badanie aktywno$ci antyglikacyjnej przeprowadzono z wykorzystaniem BSA
inkubowanej z badanym zwiazkiem lub przetworem roslinny oraz MGO lub GO w roztworze soli
fizjologicznej buforowanej fosforanami (PBS, pH 7,4) z 0,02% (m/v) azydkiem sodu, ktory
zapobiegal wzrostowi mikroorganizmoéw w probce. Nastepnie tak przygotowane mieszaniny
pozostawiono w symulowanych warunkach fizjologicznych bez dostepu $wiatla stonecznego w
temperaturze 37 °C i wytrzasano z predkoscig 50 obrotdw na minute przez 7 dni w zamknigtych
fiolkach zabezpieczonych parafilmem. Mieszaning poreakcyjng analizowano wykorzystujac

metode spektrofluorymetryczng (P1, P4)

3.3.2. Model reakcji wigzania a-dikarbonyli

Badanie zdolno$ci wigzania dikarbonyli przeprowadzono tworzac model reakcyjny, w
ktérym inkubowano badany zwigzek lub napar/wyciag roslinny z MGO lub GO przez 1 godzing
w roztworze soli fizjologicznej buforowanej fosforanami (PBS, pH 7,4) w temperaturze 37 °C 1
wytrzasano z predkoscig 40 obrotéw na minute. Reakcje konczono dodajac niewielkg ilo§¢ kwasu
octowego lodowatego 1 umieszczajac zebrane probki w tazni wodnej z lodem. Nastepnie probki
filtrowano wykorzystujac hydrofilowe filtry strzykawkowe Millex (Durapore 0,22 um). Roztwory
podstawowe o-dikarbonyli byly przygotowywane bezposrednio przed rozpoczeciem kazdej serii
eksperymentdw, a pH buforowanego roztworu soli fizjologicznej bylo monitorowane przed
kazdym badaniem. Przefiltorwana mieszaning poreakcyjng analizowano przy uzyciu metod

UHPLC-ESI-MS (publikacja P1, P3, P4).

3.4. Ocena aktywnosci antyglikacyjnej (metoda spektrofluorymetryczna)

W publikacji P1 pomiar intensywnosci fluorescencji catkowitej koncowych produktow
zaawansowanej glikacji (AGE) przeprowadzono przy uzyciu spektrofotometru fluorescencyjnego
Cary Eclipse 500 (Agilent, Santa Clara, CA, USA) przy dtugosci fali 350 nm dla wzbudzenia i
450 nm dla emisji. Dane opracowano za pomocg oprogramowania Cary Eclipse Control Software
(Agilent, Santa Clara, CA, USA). W publikacji P4 intensywno$¢ fluorescencji AGEs analizowano
za pomoca czytnika Synergy HTX Multi-Mode Microplate Reader (BioTek Instruments Inc.,
Winooski, VT, USA) przy 360 nm dla wzbudzenia i 460 nm dla emisji. Przetwarzanie i

opracowanie danych przeprowadzono przy uzyciu oprogramowania Gen5 (BioTek Instruments
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Inc., Winooski, VT, USA). Zwigzek referencyjny o znanych silnych wlasciwosciach

antyglikacyjnych stanowita kazdorazowo aminoguanidyna.

3.5. Derywatyzacja a-dikarbonyli i ocena przebiegu w czasie reakcji wiazania

metyloglioksalu i glioksalu

Wybrane zwigzki inkubowano z MGO lub GO w roztworze soli fizjologicznej buforowanej
fosforanami (PBS, pH 7,4) w temperaturze 37 °C z predkoscig 40 obrotéw na minute w celu
symulacji warunkow fizjologicznych przez 1, 2, 4, 8 1 24 godziny. Mieszaning reakcyjng pobierano
w kazdym punkcie czasowym i natychmiast umieszczono w tazni wodnej z lodem, dodajac
niewielka ilos¢ kwasu octowego lodowatego w celu zatrzymania reakcji wigzania dikarbonyli.
Derywatyzacj¢ pozostatego MGO 1 GO przeprowadzono przez dodanie 1,2-fenylenodiaminy (o-
PDA) i1 wytrzasano worteksem przez 5 s. Nastepnie mieszaniny pozostawiano w temperaturze
otoczenia w ciemnosci przez 30 minut. Analiz¢ UHPLC-DAD wykorzystano do pomiaru st¢Zenia
metylochinoksaliny i chinoksaliny powstalych odpowiednio w reakcji metyloglioksalu i glioksalu
z 0-PDA (publikacja P1). Do oceny przebiegu w czasie reakcji wigzania metyloglioksalu 1
glioksalu w publikacji P1 wykorzystano ten sam sytem i eluenty co w publikacji P3, a pola
powierzchni pikow metylochinoksaliny i chinoksaliny monitorowano przy dlugo$ciach fali
odpowiednio 316 i 314 nm. Profil gradientu i warunki analizy przedstawiono szczegoétowo w

odnosnej pracy.

3.6. Ocena aktywnosci przeciwutleniajacej i przeciwrodnikowej (metody
spektrofotometryczne)
Pomiar aktywno$ci przeciwutleniajacej per se indywidualnych zwigzkdéw oraz przetworow
roslinnych przeprowadzono z wykorzystaniem trzech testow: ABTS, FRAP i DPPH. Wszystkie
pomiary wykonano za pomocg spektrofotometru Multiskan GO (Thermo Fisher Scientific, USA).

3.6.1. Test FRAP
Roztwor podstawowy odczynnika FRAP otrzymano przez zmieszanie 2,4,6-(tripirydylo)-
s-triazyny (TPTZ) w kwasie solnym z heksahydratem chlorku Zelaza (III) i buforem octanowym
(pH 3,6) w stosunku 1:1:10 (v/v/v). Swiezo przygotowany odczynnik FRAP dodano do roztworéw
badanych substancji o roznych stezeniach i doktadnie wymieszano w 96-dotkowej mikroptytce.

Absorbancje niebieskiego kompleksu tripirydylotriazyny Zelazawej (Fe?"/TPTZ) odczytano po 4
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minutach inkubacji (z dala od $wiatta) przy dtugosci fali 593 nm. Wyniki wyrazono w pM Fe?*.
Wszystkie pomiary wykonano w trzech powtorzeniach w zakresie stezen 5-1000 uM

analizowanych zwigzkow (publikacja P1).

3.6.2. Test DPPH

Roztwér podstawowy odczynnika DPPH przygotowano przez rozpuszczenie 2,2-difenylo-
1-pikrylohydrazylu w metanolu. Probowki z odczynnikiem DPPH chroniono przed $wiattem,
przykrywajac je folig aluminiowa do momentu uzycia. W 96-dotkowej mikroptytce roztwory
badanych substancji w rdznych stezeniach mieszano z metanolowym roztworem DPPH. Plytke
inkubowano przez 30 minut w ciemnos$ci w temperaturze otoczenia, a absorbancj¢ rejestrowano
przy dtugosci fali 517 nm. Kwas galusowy zostat uzyty jako kontrola pozytywna. Wszystkie
pomiary wykonano w trzech powtorzeniach. Procentowa aktywno$¢ zmiatania wolnych rodnikow
DPPH obliczono w nast¢pujacy sposob: inhibicja rodnika DPPH [%] = (Ao - A1)/Ao % 100%, gdzie
Ao to $rednia absorbancja kontroli, a A to $rednia absorbancja ekstraktu/standardu z DPPH.

Wartos$ci ICso obliczono z pomocg analizy regresji liniowej (publikacja P3)

3.6.3. Test ABTS

Roztwor podstawowy kationorodnika ABTS" przygotowano przez zmieszanie rownych
ilosci wodnych roztworéw kwasu 2,2-difenylo-1-pikrylohydrazylowego, 2,2-azino-bis-(3-
etylobenzotiazolino-6-sulfonowego) oraz nadsiarczanu potasu (K2S>0s, 2,45 mM) i1 inkubowanie
mieszaniny w ciemnosci w temperaturze 25 °C przez 12 h. Roztwér podstawowy rozcienczono
nastgpnie metanolem do osiggnigcia absorbancji przy 734 nm. W 96-dotkowej mikroplytce
zmieszano odczynnik ABTS" z badanymi substancjami o réznych stezeniach. Ptytke inkubowano
przez 15 minut w ciemnos$ci w temperaturze otoczenia, a nastepnie zmierzono absorbancj¢ przy
517 nm. Wszystkie pomiary wykonano w trzech powtorzeniach, stosujac zakres stezen 5-1000 uM
badanych zwigzkéw. Krzywa standardowa przygotowano przy uzyciu roznych stgzen troloksu w
zakresie 100-1000 uM. Aktywno$¢ zmiatania rodnika ABTS obliczono w nastepujacy sposob:
inhibicja rodnika ABTS [%] = (Ao - A1)/Ao¢ % 100, gdzie Ao to $rednia absorbancja kontroli, a A
to Srednia absorbancja probki z ABTS. Wartosci ICso obliczono z pomocg analizy regresji liniowej

i wykorzystano do wyrazenia zdolno$ci antyoksydacyjnej (publikacja P1, P3).

19



3.7. Projekt i populacja badania klinicznego

Badanie kliniczne, ktorego wtérna analiza jest podstawa publikacji P2 zostato
zatwierdzone przez lokalng Komisj¢ Etyki Medycznej Centrum Medycznego Uniwersytetu w
Maastricht+ i przeprowadzone zgodnie z Deklaracja Helsinska z 1975 r. ze zmianami z 2013 r.
oraz holenderskimi przepisami dotyczacymi badan medycznych z udziatem ludzi z 1998 r.
Eksperyment kliniczny przeprowadzono od czerwca 2018 r. do stycznia 2019 r. Wszyscy
uczestnicy wyrazili pisemng, $wiadomg zgod¢ przed zebraniem danych. Badanie zostato
zarejestrowane na stronie clinicaltrials.gov jako NCT03781999. Do wzigcia udzialu w projekcie
zostaty zrekrutowane 42 starsze, zdrowe, niepalace osoby w wieku 60-75 lat (wg WHO wiek
podeszty). Badanie to zostalo zaprojektowane jako randomizowane, kontrolowane placebo,
podwdjnie zaslepione badanie krzyzowe (Rycina 2.). Pacjenci byli losowo przydzielani do jedne;j
z sekwencji po zapisaniu si¢ do badania. Randomizacj¢ przeprowadzono z wykorzystaniem
dedykowanego oprogramowania. Uczestnicy otrzymywali komercyjnie dostgpny suplement diety
(Citrus & Pomegranate Complex; Actiful®, BioActor BV, Maastricht, Holandia) zawierajacy 500
mg ekstraktu z naowocni pomaranczy stodkiej (Citrus x sinensis (L.) Osbeck) i 200 mg
koncentratu soku z owocow granatowca (Punica granatum L). Badany produkt (CPC) byt
standaryzowany chromatograficznie (LC) przez producenta. Dzienna dawka zawierala 450 mg
hesperydyny i 60 mg punikalaginy. Jako placebo zastosowano maltodekstryne (Gonmisol,
Barcelona, Hiszpania). Zarowno produkt badany jak i placebo miaty forme¢ kapsutki, z ktorych
kazda zawierata 350 mg odpowiedniej substancji. CPC i placebo byly identyczne pod wzgledem
wygladu i smaku. Pacjenci byli proszeni o przyjmowanie 2 kapsulek zelatynowych przed
$niadaniem, popijajac 200 mL wody przez 4 tygodnie. Uczestnicy przyjmowali produkt badany
lub placebo przez 4 tygodnie w losowej kolejnosci, oddzielone 4-tygodniowym okresem
wyptukania. Probki krwi pobierano od pacjentéw na poczatku i koncu kazdeo okresu
przyjmowania CPC 1 placebo (4 probki). Otrzymane w ten sposob material biologiczny
analizowano w wykorzystaniem UPLC-MS/MS w celu oznaczenia osoczowego st¢zenia

metyloglioksalu, glioksalu i 3-deoksyglukozonu.
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Rycina 2. Schemat metodologii zastosowanej w badaniu klinicznym - publikacja P2.

3.8 Metody chromatograficzne

3.8.1. UHPLC-ESI-MS

Analize¢ zdolno$ci wigzania MGO 1 GO oraz badanie jakosciowe (i ilosciowe w odniesieniu
do pochodnych guanidyny) sktadu naparéw i wyciagdw roslinnych wykonano metodami
chromatografii cieczowej sprzgzonej ze spektrometrem mas (MS) i/lub detektorem z matryca
fotodiodowa (DAD) oraz przy uzyciu kolumny oktadecylowej Kinetex C18 (150 x 2.1 mm, 2.6
um; Phenomenex, Torrance, CA, USA). Eksperymenty przeprowadzono z wykorzystaniem
systemu Thermo Scientific DionexUltiMate 3000 (Thermo Fisher Scientific, Waltham, MA, USA)
wyposazonego w pompe czterokanatowa (LPG-3400D, Thermo Fisher Scientific, Waltham, MA,
USA), detektor z matrycg fotodiodowa (DAD-3000) i autosampler UltiMate 3000RS (WPS-3000)
sprzezony z Compact ESI-QqTOF-MS (Bruker Daltonics, Brema, Niemcy). Analizy prowadzono
w trybie jonéw ujemnych (ESI") i dodatnich (ESI"). Fazami ruchomymi uzytymi do stworzenia
gradientu fazy ruchomej byty: 0,1% (v/v) kwas mréwkowy w wodzie i 0,1% (v/v) kwas
mrowkowy w acetonitrylu, odpowiednio jako eluenty A i B. Do kalibracji wewngtrznej uzyto
klastrow mrowczanu sodu w stezeniach 10 mM. Pozostate paramtery takie jak predkosé
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przepltywu, program gradientu, zakres dlugosci fal dla pomiaréow (UV/Vis, nm), objetos¢
nastrzyku, ci$nienie azotu, temperatura zroédta jonéw, napigcie kapilary oraz energia zderzen
r6znily si¢ w zaleznosci od potrzeb i opisane zostaly szczegélowo w publikacjach P1, P3 i P4.
Otrzymane chromatogramy UHPLC, wraz z bazowymi i fragmentacyjnymi widmami jonoéw
pseudomolekularnych i1 fragmentacyjnych, analizowano przy uzyciu oprogramowania Compass

Data Analysis (Bruker Daltonics, Brema, Niemcy).

3.8.2. UPLC-MS/MS

Do oznaczania st¢zen a-dikarbonyli w badaniu klinicznym (publikacja P2) zastosowano
system Waters Acquity [ w potaczeniu ze spektrometrem mas Xevo TQ-XS (Waters, Milford, MA,
USA) wyposazonym w kolumne oktadecylowa C18 Acquity UPLC HSS T3 (50 x 2,1 mm, 1,8
um; Waters Corporation, Milford, MA, USA). Jako eluenty wykorzystano 5% (v/v) roztwor kwasu
mrowkowego w wodzie (eluent A) 1 acetonitrylu (eluent B) przy predkosci przeptywu 800 puL/min.
Objetos¢ nastrzyku wynosita 10 pL, a temperatura kolumny 30 °C. Pomiar st¢zenia MGO, GO i
3-DG przeprowadzono obliczajgc stosunek powierzchni kazdego nieznakowanego obszaru piku
do odpowiadajacego mu obszaru piku wzorca wewnetrznego. Jonizacja metodg elektrorozpylania
zostata przeprowadzona w trybie jonow dodatnich (ESI") przy napieciu kapilarnym 0,5 kV,
temperaturze zrodta 150 °C i temperaturze desolwatacji 600°C. Do analizy danych wykorzystano

oprogramowanie Masslynx (V4.1, SCN 644, Waters, Milford, MA, USA).

3.8.3. HPLC-DAD

Oznaczenie zawarto$ci flawonoidow, fenolokwaséw i sumy polifenoli w przetworach z
G. officinalis w publikacji P3 wykonano z wykorzystaniem kolumny oktadecylowej Kinetex C18
(150 x 2.1 mm, 2.6 um; Phenomenex, Torrance, CA, USA) w systemie Thermo Scientific
DionexUltiMate 3000 (Thermo Fisher Scientific, Waltham, MA, USA) wyposazonym w pompe¢
(LPG-3400D; Thermo Fisher Scientific, Waltham, MA, USA), detektor fotodiodowy (DAD-
3000) i autosampler UltiMate 3000RS (WPS-3000). Fazy ruchome uzyte do utworzenia gradientu
stanowily: 0,1% (v/v) kwas mrowkowy w wodzie i 0,1% (v/v) kwas mréwkowy w acetonitrylu.
Pomiary UV/Vis prowadzono w zakresie dtugosci fal 200-600 nm, co 2 nm, a chromatogramy
rejestrowano przy 220, 254, 280, 320 1 360 nm (flawonole analizowano przy 360 nm, flawanonole
przy 280 nm, a fenolokwasy pochodne kwasu hydroksycynamonowego przy 320 nm). Uzyskane

dane analizowano za pomoca oprogramowania Chromeleon Chromatography Data System
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(Thermo Fisher Scientific, Waltham, MA, USA). Program gradientu i pozostate parametry analizy
HPLC-DAD opisano szczegotowo w publikacji P3.

Zawartos¢ flawonoidoéw z grupy dihydrochalkonow, flawonow i flawonoli w przetworach
A. linearis w publikacji P4 oznaczono w systemie Smartline (Knauer Wissenschaftliche Gerite
GmbH, Berlin, Niemcy) z pompa (Managare 5000), dynamiczng komorg mieszania (V7119-1),
detektorem DAD 2800, recznym 6-portowym zaworem wtryskowym (A1366) i termostatem
kolumny (Jetstream Plus). Do rozdziatu wykorzystano kolumne Hypersil GOLD C18 (250 x 4.6
mm, 5 um; Thermo Fisher Scientific, Waltham, MA, USA) z prekolumng C18 (10 x 4.6 mm, 5
um; Thermo Fisher Scientific, Waltham, MA, USA). Dane zostaly przetworzone przy uzyciu
programu EuroChrom for Windows Basic Edition V3.05 (V7568-5). Zastosowano nastgpujace
eluenty: 1,5% (v/v) kwas mréwkowy w wodzie 1 1,5% (v/v) kwas mrowkowy w acetonitrylu.
Pomiary UV/Vis wykonano w zakresie dtugosci fal 200-600 nm co 2 nm. Dihydrochalkony 1
flawanony analizowano przy 280 nm, natomiast flawony 1 flawonole przy 360 nm. Zawartosci
zwigzkow okreslono metoda wzorca zewngtrznego na podstawie powierzchni odpowiadajacych

im pikow.

3.9. Analiza statystyczna

Wartosci $rednie, maksymalne, minimalne, mediany 1 odchylenia standardowe dla
wszystkich danych obliczano w programie Excel (Microsoft Corporation, Redmond, WA, USA)
(publikacja P1, P3, P4). W celu okre$lenia istotnos¢ réznic dla wynikéw otrzymanych w
badaniach spektrofluorymetrycznych zweryfikowano hipotezy o normalnosci rozktadu danych za
pomoca testu Shapiro-Wilka. Nastepnie przeprowadzono jednoczynnikowa analize wariancji
ANOVA oraz test post-hoc porownan wielokrotnych Tuckeya przy uzyciu oprogramowania
GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). Wartosci p rowne lub mniejsze
niz 0,05 uznano za istotne (publikacja P1, P4).

W badaniu klinicznym zmiany mi¢dzy warto$ciami st¢zenia a-dikarbonyli na poczatku i
na koncu kazdego 4-tygodniowego okresu podwdjnie $lepej proby uznano za efekt leczenia CPC.
Do oceny efektow leczenia w tym badaniu zastosowano liniowy model mieszany z symetrig
ztozong jako strukturg kowariancyjng. Uczestnik zostal zdefiniowany jako efekt losowy, podczas
gdy leczenie 1 okres zostaty potraktowane jako efekty stale. Badanie interakcji migdzy leczeniem

a okresem wykazato brak efektu przeniesienia poprzedniego leczenia i dlatego nie zostalo
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uwzglednione w ostatecznym modelu. Efekty leczenia wyrazono jako $rednie najmniejszych
kwadratow z 95% Cl, a istotnos¢ statystyczng ustalono przy 2-stronnej wartosci p réwnej 0,05. Do
analiz wykorzystano oprogramowanie SPSS Statistics 23 (IBM Corporation, Armonk, NY, USA).
Do wizualizacji danych wykorzystano oprogramowanie GraphPad Prism 5 (GraphPad Software,

San Diego, CA, USA) (publikacja P2).

4. Najwazniejsze wyniki i podsumowanie przeprowadzonych badan

Zakres prac naukowo-badawczych cyklu publikacji przedstawionych jako rozprawa
doktorska skupiat si¢ na ocenie zdolnosci wigzania a-dikarbonyli (metyloglioksalu i glioksalu)
przez grupg substancji o wlasciwosciach wazoprotekcyjnych i charakteryzujacych si¢ aktywnoscia
w uktadzie sercowo-naczyniowym (ochraniajacych Sciang naczyn lub szerzej cytoprotekcyjnch),
gtownie w kontekscie profilaktyki powiktan cukrzycy (angiopatii cukrzycowych). W badaniach
wykorzystano naturalne i syntetyczne zwiazki, ich analogi strukturalne i przetwory z substancji
ro$linnych o powyzszym profilu dziatania. Pochodzace zasadniczo z przemian weglowodanow
reaktywne a-DC odpowiedzialne s3 w organizmach zywych za szereg szkodliwych reakcji
wystepujacych rownolegle 1 wzajemnie si¢ aktywujacych, w tym nasilajg stres karbonylowy, stres
oksydacyjny, nieenzymatyczng glikacje, generujg powstawanie wigzan krzyzowych biatek, AGE
1 modyfikacji licznych makromolekut (insuliny, hemoglobiny, albumin osocza, lipoprotein,
kolagenu, krystaliny i innych) [50]. Prowadzi to ostatecznie do stanu zapalnego i zaburzen
funkcjonowania komorek, tkanek 1 narzadow oraz skutkuje progresja chordb
kardiometabolicznych, m.in. cukrzycy i jej powiktan [5]. Poniewaz procesy te sa ze soba
powigzane, w przeprowadzonych badaniach oceniono takze efekt antyoksydacyjny i

antyglikacyjny wybranych substancji.

Leki wazorptotekcyjne (wenoaktywne, flebotropowe) to szeroka i bardzo ré6znorodna pod
wzgledem budowy chemicznej grupa lekdéw, majacych na celu ochron¢ uktadu naczyniowego i
poprawe jego funkcjonowania. Do tej kategorii lekow, oznaczonej kodem C05 w systemie ATC
(ang. the Anatomical Therapeutic Chemical Classification System), zaliczamy migdzy innymi
bioflawonoidy (CO5CA) i1 dobesylan wapnia (CO5BX) [51]. Pomimo ze leki z tej grupy
wykorzystywane sg z powodzeniem w lecznictwie juz od kilku dekad to do tej pory niewiele uwagi
poswiecono mechanizmom molekularnym lezacym u podstaw ich potencjalnego dziatania

ochronnego przed reaktywnymi karbonylami. Dlatego w publikacji P1 zbadano, czy substancje
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stosowane jako $rodki wazoprotekcyjne (diosmina, trokserutyna, rutyna i dobesylan wapnia) oraz
ich analogi strukturalne (hesperydyna 1 aglikony bioflawonoidow), maja potencjat
wychwytywania metyloglioksalu i glioksalu, zdolno$¢ do hamowania indukowanej przez
a-dikrarbonyle nieenzymatycznej glikacji makromolekut (w modelu z albuming wotowa).
Poréwnano takze ich aktywno$¢ przeciwglikacyjna i przeciwutleniajacg in vitro, w odniesieniu do
uznanych inhibitor6w aminoguanidyny, metforminy i1 kwercetyny. Badanie wykazato, ze w
warunkach eksperymentu kwercetyna, rutyna, diosmetyna, hesperetyna, hesperydyna i
metformina  wykazywaty aktywno$¢ w  kierunku bezposredniego = wychwytywania
metyloglioksalu, podczas gdy glioksal byt putapkowany jedynie przez rutyneg, diosmetyne,
hesperetyng 1 hesperydyng. Trokserutyna, diosmina 1 dobesylan wapnia nie putapkowaly
reaktywnych dikarbonyli, prawdopodobnie z powodu réznic w budowie chemicznej. Metformina
natomiast w warunkach eksperymentu nie tworzyla adduktu z glioksalem. Podsumowanie
wynikow pulapkowania metyloglioksalu i glioksalu dla wszystkich zwiazkow zbadanych w
publikacjach P1, P3, P4 znajduje si¢ w Tabeli 1 i1 2. Poza wskazaniem, czy dany zwigzek moze
tworzy¢ addukty z MGO 1 GO, na podstawie mas jonéw psudomoleklularnych i fragmentac;ji,
zaproponowano réwniez ich potencjalne struktury chemiczne (Rycina 3 przedstawia propozycje
struktur adduktéw na przykladzie aspalatyny i notofaginy z MGO i GO). Analiz¢ prowadzono z
wykorzystaniem trybu EIC (ang. Extracted lon Chromatogram). Pozwolilo to uzyska¢ precyzyjne
dane na temat intensywnosci okreslonego jonu (lub zakresu jonow) w funkcji czasu podczas
analizy LC-MS. W trybie EIC kazdorazowo poszukiwano jonéw pseudomolekularnych
zwigkszonych o 72 Da lub 144 Da odpowiednio dla adduktéw mono-MGO i di-MGO oraz o 58
Da lub 116 Da dla adduktow mono-GO i di-GO.

Po raz pierwszy wykazano bezposrednig aktywnos$¢ wychwytywania MGO i GO dla
hesperetyny, hesperydyny i diosmetyny. Badanie potwierdzilo rowniez nastepujace zaleznosci
migdzy strukturg a aktywnos$cig flawonoidow: (1) podstawienie grupy hydroksylowej w pozycji
C-7 pierscienia benzenowego A powoduje zmniejszenie zdolnosci wychwytywania
metyloglioksalu i1 glioksalu (kwercetyna i rutyna vs. trokserutyna, diosmetyna vs. diosmina,
hesperetyna vs. hesperydyna); (2) wigzanie podwojne w pierscieniu heterocyklicznym C réwniez
zmniejsza wychwytywanie o-dikarbonyli (hesperetyna i hesperydyna vs. diosmetyna i diosmina).
Wbrew wczesniejszym doniesieniom [52] uzyskane wyniki ujawnity rowniez, ze budowa

pierscienia fenylowego B jest istotna dla aktywnos$ci pulapkujacej flawonoidow. Podstawienie
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grupy -OH w pozycji C-4' pier§cienia B stabilizuje czasteczke, zapobiegajac tworzeniu si¢ struktur
semichinonu i chinonometydu oraz dalszemu rozszczepianiu heterocyklicznego pierscienia C.
W ten sposob pierwotna struktura flawonoidu jest prawdopodobnie bardziej stabilna, a aktywno$¢
pulapkujaca podtrzymana.

Tabela 1. Addukty metyloglioksalu i badanych substancji powstate po 1 h inkubacji w buforowanym
roztworze soli fizjologicznej o pH 7,4 w temperaturze 37 °C.

Substancja Zrédlo Pik Rt [M — H lub [M + H]* Pik Rt [M - HJ lub [M + H]*
[min] mono-MGO addukt (m/z) [min] di-MGO addukt (m/z)
Flawonole
Rutyna®! S a-c 8.69; 681.1698 a-c 7.90; 753.1885
8.84; 8.26;
8.85 8.44
Trokserutyna® S - - n.d. - - n.d.
Kwercetyna®! a-b 10.93; 373.0567 a 10.01 445.0779
11.06
Flawony
8-C-glukozyd S a-b 20.55; 503.1205 - - n.d.
apigeniny 20.86
(witeksyna)™
6-C-glukozyd S a-b 20.82; 503.1191 - - n.d.
apigeniny 21.50
(izowiteksyna)™*
Diosmina®! S - - n.d. - - n.d.
Diosmetyna®! S a-b 12.19, 371.0758 a 11.24 443.0970
12.36
Flawanony
Hesperidydyna®! S a-f 8.97; 681.1972 - - n.d.
9.19;
9.82;
9.95;
10.88;
10.98;
HesperetynaP! S a-b 12.04; 373.0913 a 10.80 445.1103
12.93
Eriodykcjol™ S a-d 21.50; 359.0772 - - n.d.
21.57;
22.46;
24.67
Chalkony
Aspalatyna®™ S a-b 19.85; 523.1475 - - n.d.
21.45
GR a-d 19.85; 523.1475 - - n.d.
21.45;
25.65;
26.93
Notofagina™ GR a-c 21.95; 507.1519 - - n.d.
23.43;
28.05
Floretyna™ S a 28.82 345.0993 a-b  27.05; 417.1197
27.46
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Pochodne

guanidyny
Metformina®! S a 1.48 184.1158¢ a-b 1.57,; 256.1297
1.64
b 1.20 202.1229
Galegina®™ S a-c 1.41; 200.1367 - - n.d.
2.28;
2.61
Inf a 2.61 200.1386 - - n.d.
Hydroksygalegina® Inf a 0.98 216.1334 - - n.d.
Zwigzki
syntetyczne
Dobesylan S - - n.d. - - n.d.
wapnia®!
Floroglucynol™ S a-b 4.28; 197.0549 a-c  8.43; 269.0813
17.32 14.28;
16.71
a-b*  14.56; 341.1067
15.01

P1, publikacja P1; P2, publikacja P2; P3, publikacja P3; P4, publikacja P4; S, standard; GR, wyciag wodno-etanolowy z
zielonego rooibos; Inf, napar; litery a-f reprezentuja zidentyfikowane izomery tego samego zwiazku; g, forma imidazolonu
utworzona przez eliminacje jednej czasteczki wody z mono-MGO-metforminy; n.d., nie wykryto adduktu; *, tri-MGO-

floroglucynol

Tabela 2. Addukty glioksalu i badanych substancji powstale po 1 h inkubacji w buforowanym roztworze
soli fizjologicznej o pH 7,4 w temperaturze 37 °C.

Substancja Zrodlo Pik Rt [M—H] lub [M + H]* Pik Rt [M—H] or [M+H]"
[min] mono-GO addukt (m/z) [min] di-GO addukt (m/z)
Flawonole
Rutyna®! S a-  8.09; 667.1445 - - n.d.
b 8.41;
Trokserutyna® S - - n.d. - - n.d.
Kwercetyna®! S - - n.d. - - n.d.
Flawony
8-C-glukozyd S a-b  19.03; 489.1033 - - n.d.
apigeniny 19.19
(witeksyna)**
6-C-glukozyd S - - n.d. - - n.d.
apigeniny
(izowiteksyna)™
Diosmina®! S - - n.d. - - n.d.
Diosmetyna®! S a-b  11.64, 357.0605 - - n.d.
12.1
Flawanony
Hesperidydyna®! S a-b  11.05; 677.1861 - - n.d.
11.37
HesperetynaP! S a-c  11.28; 359.0771 a 12.99 417.0808
12.37;
13.78
Eriodykcjol™ S a-b  21.56; 345.0813 - - n.d.
22.13
Chalkony
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Aspalatyna®™ S a-c  18.68; 509.1311 - - n.d.

19.81;
24.86
GR a-c  18.68; 509.1314 - - n.d.
19.81;
24.86
Notofagina™ GR - - n.d. - - n.d.
Floretyna™ S a  26.88 331.0833 - - n.d.
Pochodne
guanidyny
Metformina®! S a 1.48 184.11588 a-b  1.57; 256.1297
1.64
S a-c  1.41; 200.1367 - - n.d.
Galegina®™ 2.28;
2.61
Inf a 2.61 200.1386 - - n.d.
Hydroksygalegina® Inf a 0.98 216.1334 - - n.d.
Zwigzki
syntetyczne
Dobesylan S - - n.d. - - n.d.
wapnia’!
Floroglucynol S a 13.79 183.0366 a 8.15 241.0482

P1, publikacja P1; P2, publikacja P2; P3, publikacja P3; P4, publikacja P4; S, standard; GR, wyciag wodno-etanolowy z
zielonego rooibos; Inf, napar; litery a-c reprezentuja zidentyfikowane izomery tego samego zwiazku; n.d., nie wykryto
adduktu

Dla zwigzkow wykazujacych zdolnos¢ do bezposredniego wychwytywania
metyloglioksalu (rutyna, kwercetyna, diosmetyna, hesperydyna, hesperetyna, metformina) i
glioksalu (rutyna, diosmetyna, hesperydyna, hesperetyna) przeprowadzono badanie przebiegu w
czasie reakcji pulapkowania. Aby okresli¢ ilos¢ MGO/GO pozostata po inkubacji w kazdym
punkcie czasowym, probki derywatyzowano za pomoca 1,2-fenylenodiaminy (0o-PDA). Badanie
wykazato, ze aktywno$¢ putapkowania metyloglioksalu réznita si¢ miedzy badanymi zwigzkami,
podczas gdy glioksal byl wychwytywany przez wszystkie badane zwigzki z podobna
skuteczno$cig. W ciggu 24 godzin hesperetyna, kwercetyna, rutyna i diosmetyna zdotaty
wychwyci¢ od 68 do 85 % MGO 1 zostaly uznane za najbardziej skuteczne sposrod badanych
zwigzkow. Nieco nizsze wartosci odnotowano dla hesperydyny ~ 40%. Ws$rdd najsilniej
dzialajacych zwiazkow widoczne byly roéznice w kinetyce reakcji wychwytywania MGO.
Hesperetyna 1 kwercetyna wigzaly 50% metyloglioksalu w ciagu zaledwie dwoéch godzin.
Natomiast diosmetyna i rutyna byly w stanie wychwyci¢ mniej niz 15% MGO w tym samym
czasie i oba zwiazki potrzebowaty ponad 8 godzin, aby wyeliminowa¢ 50% metyloglioksalu. Dla

metforminy stosowanej jako lek pierwszego rzutu w cukrzycy typu 2, zdolnos¢ do wychwytywania
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metyloglioksalu wykazano wcze$niej w badaniach in vitro 1in vivo [32,53]. Jednak wyniki naszego
eksperymentu sugeruja, ze jej aktywnos¢ w wychwytywaniu MGO w porownaniu z substancjami
flawonoidowymi byta stosunkowo niska (ok. 17%). Po 24 godzinach inkubacji hesperetyna i
rutyna okazaly si¢ najbardziej skuteczne w wychwytywaniu glioksalu, wygaszajac odpowiednio
81% 1 75% GO. Tylko nieznacznie mniej skuteczna byta hesperydyna i diosmetyna z (ok. 67%).
Wyniki sugeruja, ze glioksal wydaje si¢ by¢ szybciej wychwytywany w porownaniu do
metyloglioksalu. Zaré6wno hesperetyna, jak i rutyna byly w stanie wyeliminowa¢ z roztworu
prawie 50% glioksalu w ciggu zaledwie jednej godziny, a hesperydyna i diosmetyna w czasie 2

godzin.

Wszystkie zwigzki niezaleznie od aktywnos$ci putapkujacej przebadano rowniez pod katem
zdolnosci do hamowania procesu nieenzymatycznej glikacji biatek. W modelu z metyloglioksalem
jako czynnikiem indukujacym proces glikacji i albuming wotowg jako biatkiem celowanym,
najsilniejszymi inhibitorami tworzenia AGE okazaly si¢ hesperetyna, hesperydyna, dobesylan
wapnia i kwercetyna z aktywnos$ciag hamujaca odpowiednio 57%, 52%, 50% i 47%. Aktywnos¢
aminoguanidyny, uzytej jako inhibitor referencyjny, byla nizsza niz w przypadku powyzej
wymienionych substancji i porownywalna z aktywnos$cig metforminy, diosminy i trokserutyny na
poziomie ~ 40%. Aminoguanidyna byta bardziej aktywna jedynie od rutyny (33%) i diosmetyny
(31%). Nieco inne wyniki uzyskano w modelu z glioksalem jako czynnikiem glikujacym, gdzie
diosmetyna (40%) i hesperydyna (31%) byty najsilniejszymi inhibitorami glikacji, a ich aktywnos¢
przewyzszata aktywno$¢ aminoguanidyny (31%). Hesperetyna, kwercetyna, rutyna, a nastepnie
dobesylan wapnia i diosmina wykazywaty podobna, nieco stabsza aktywnos¢ w przedziale 20-
27%, natomiast najstabsza zdolno§¢ hamowania glikacji indukowanej GO wykazywaly
trokserutyna (8%) 1 metformina (6%). Testy aktywnoS$ci przeciwutleniajacej potwierdzity, ze
zwigzkami o wysokim potencjale przeciwutleniajagcym - redukujacym 1 przeciwrodnikowym sa
kwercetyna, rutyna, hesperetyna i dobesylan wapnia, a ich aktywno$¢ jest zalezna od stezenia.
Potwierdzono rowniez, ze aktywno$¢ antyoksydacyjna aglikonow flawonoidowych jest generalnie
wyzsza niz odpowiednich glikozydow. Interesujacym przykladem zwigzku wykazujacego silne
wlasciwosci antyglikacyjne przy jednoczesnym braku potencjatu do putpakowania o-DC byt
dobesylan wapnia. Prawdopodobnie gtowng sktadowg efektu antyglikacyjnego tego zwigzku sg
silne wtasciwosci antyoksydacyjne jak wykazano w badaniu wlasnym. Warto zaznaczy¢, ze z

uwagi na wysoka biodostepnos¢, stezenie dobesylanu wapnia w osoczu uzyskiwane po zazyciu
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dawki terapeutycznej 500 mg (niewydolnos¢ zylna: od 500 do 1000 mg na dobg; retinopatia
cukrzycowa: od 1000 do 1500 mg na dobg) przewyzsza stezenia, jakie moga osiggac
bioflawonoidy majace w badaniach wlasnych podobng aktywno$¢ antyglikacyjna (np. hesperetyna
czy hesperydyna) nawet 5 razy [54, 55, 56]. A zatem mimo podobnych wynikow w testach in vitro,
mozna zatozy¢, ze efekt w ludzkim organizmie bedzie silniejszy dla zwigzku osiagajacego wyzsze
stezenia w ustroju. Tym samym biodostepnos¢ jest niewatpliwie czynnikiem jaki nalezy bra¢ pod

uwage przy projektowaniu dalszych badan.

Wyniki publikacji P1 wskazuja jednoznacznie, ze substancje wazoprotekcyjne i ich
analogi strukturalne moga skutecznie wychwytywa¢ MGO i GO (bioflawonoidy) oraz ograniczac¢
proces glikacji indukowany a-dikarbonylami, dodatkowo wykazaujac  aktywno$¢

antyoksydacyjna, co moze korzystnie wptywac na $rédbtonek naczyn krwiono$nych.

W kolejnej publikacji (publikacja P2) dokonano weryfikacji zdolnosci hesperydyny do
obnizania osoczowego stg¢zenia metyloglioksalu in vivo. W prébie klinicznej z udziatem zdrowych
ochotnikéw wykorzystano kombinacje ekstraktu z naowocni pomaranczy stodkiej (Citrus x
sinensis (L.) Osbeck) i koncentratu soku z owocu granatowca (Punica granatum L.) (produkt
CPC), w ktorym hesperydyna byta gtownym sktadnikiem. Zarowno dla glikozydu — hesperydyny,
jak 1 jej aglikonu — hesperetyny, bedacej gldéwnym metabolitem jelitowym hesperydyny w
organizmie ludzkim, wczesniejsze badania in vitro opisane w publikacji P1 wykazaty zdolnos¢
do wigzania MGO i GO. Hesperydyna, mimo Ze nie jest klasyfikowana w systemie ATC jako
substancja wazoprotekcyjna stanowi sktadnik preparatow ztozonych stosowanych w przewleklej
niewydolnos$ci zylnej 1 zaburzeniach mikrokrazenia, objawiajacych si¢ obrzgkami i bolem.
Eksperyment kliniczny (wtdérna analiza podwdjnie zaslepionego, randomizowanego, krzyzowego
badania klinicznego u zdrowych 0s6b w podesztym wieku) udowodnit, ze stosowanie CPC przez
okres 4 tygodni spowodowato spadek stezenia wszystkich trzech a-dikarbonyli, dla aktérych
wykoano oznaczenia, tj.. MGO, GO 1 3-DG. Statystycznie istotny spadek stezenia w osoczu w
porownaniu z placebo zaobserwowano dla MGO, wykazujac redukcje o -18,7 nM/L (9,8% od
wartosci wyjsciowej). Z kolei obnizenie stezen GO i 3-DG wywotane CPC nie bylo istotne
statystycznie i wynosil odpowiednio -7,8 nM/L (spadek o 6,6% w stosunku do wartosci
wyjsciowych) i -16,6 nM/L (spadek o 2,9% w stosunku do wartosci wyjsciowych). Wczesniejsze

badania obserwacyjne wykazaty, ze st¢zenia metyloglioksalu sg istotnie zwigzane z
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wystepowaniem zdarzen sercowo-naczyniowych w cukrzycy. Rdéznica w stezeniach MGO w
osoczu miedzy diabetykami, ktorzy do§wiadczyli zdarzen sercowo-naczyniowych, a tymi, ktorzy
ich nie do$§wiadczyli, wynosi od 5% do 13% [29]. Oznacza to, ze zmniejszenie stgzenia MGO w
osoczu o0 9,8%, jak stwierdzono w niniejszym badaniu z CPC, moze mie¢ znaczenie kliniczne
(publikacja P2). Badanie przeprowadzone w ramach publikacj P2 stanowily wtorng analize
materiatu biologicznego pozyskanego na potrzeby badania klinicznego zatytuowanego ,, The Effect
of a Combination of Orange and Pomegranate Actives on Physical Fitness in Elderly People”.
Szczegoly dotyczace badania i produktu badanego znajdujg si¢ w sekcji Metody 3.7.

W publikacji P3 i P4 zweryfikowano teze, iz substancje roslinne posiadajace w skladzie
chemicznym pochodne guanidyny, glikozydy flawonoidowe oraz inne polifenole o aktywnosci
antyoksydacyjnej moga hamowac¢ glikacje, m.in. przez wychwytywanie a-dikarbonyli. Surowce
ro$linne do badan wybrano na podstawie ich znanych wlasciwosci leczniczych lub
prozdrowotnych oraz korzystnego wplywu na hiperglikemi¢ i zaburzenia ze strony uktadu

krazenia.

W publikacji P3 przedmiot badan stanowito ziele rutwicy (Galegae herba) stosowane
dawniej w leczeniu objawow cukrzycy takich jak polidypsja i poliuria [57]. Wspolczesna literatura
naukowa dostarcza informacji potwierdzajacych, ze rutwica lekarska zawiera sktadniki, ktore
moga wptywac¢ na metabolizm glukozy, obnizajac jej st¢zenie we krwi, np. galegina, stanowigca
pierwowzor dla powszechnie stosowanej dzi§ metforminy [58]. Ponadto w badaniach na
zwierzetach z wykorzystaniem gryzoni zaobserwowano korelacje migdzy przyjmowaniem
ekstraktow z ziela rutwicy a utrata masy ciata i zwigkszaniem wydzielania insuliny przez komoérki
B trzustki [59,60]. Z powodu braku wspolczesnych badan dotyczacych profilu bezpieczenstwa,
ziele rutwicy jest w Polsce i Unii Europejskiej rzadziej stosowane, cho¢ nadal bywa
wykorzystywane leczniczo w krajach mniej uprzemystowionych. Niewiele tez wiadomo o jego
sktadnikach innych niz alkaloidy i czesciowo o flawonoidach. Dlatego w pierwszym etapie badan
przeprowadzono profilowanie sktadu chemicznego ziela rutwicy (trzy serie Gofl, Gof2 i Gof3)
przy uzyciu metod chromatograficznych (UHPLC-ESI-MS, HPLC-DAD). Dla kazdej grupy
zwiazkow zidentyfikowanych w surowcu wybrano zwigzek reprezentatywny do dalszych badan
aktywnosci in vitro — galeging z grupy pochodnych guanidynowych, rutyne¢ jako przedstawiciela

oligoglikozydéw flawonoli, kwas chlorogenowy z grupy estréw kwasu hydroksycynamonowego.
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Wyselekcjonowane zwigzki oraz przetwory z surowca postanowiono przetestowac nastepnie pod
katem zdolno$ci wychwytywania MGO 1 aktywnosci przeciwutleniajacej, aby oceni¢, czy maja
one wlasciwosci potencjalnie przydatne w ochronie naczyn krwiono$nych. Analiza UHPLC-ESI-
MS wyciggéw wodnych i wodno-metanolowych ziela rutwicy pozwolita na wykrycie 39
zwigzkow. Wsrod pochodnych guanidynowych zidentyfikowano galeging i hydroksygaleging,
natomiast w grupie trojpierscioniowych alkaloidéw chinazolinowych zidentyfikowano wazycyne,
hydroksywazycyne, O-heksozyd wazycyny 1 wazycynon. Ws$rdd pochodnych kwasu
hydroksycynamonowego w surowcu dominowaly estry kwasow kawowego, ferulowego i p-
kumarowego z kwasem heksarowym (aldarowym). Analiza zwigzkow w grupie flawonoidow
potwierdzita obecnos$¢ pigtnastu zwigzkéw. Wiekszos¢ wykrytych flawonoidéw stanowity O-
glikozydy flawonoli - kemferolu, kwercetyny, izoramnetyny. Zidentyfikowanych zostato siedem
glikozydéw kemferolu, sze§¢ glikozydéw kwercetyny i tylko jedna pochodng izoramnetyny.
Ponadto zaobserwowano jeden flawanonol (glikozyd taksyfoliny). Glukoza, galaktoza i ramnoza
byty potaczone z aglikonami jako mono-, di- lub triglikozydy. Wszystkie zidentyfikowane zwigzki
wraz z nazwami chemicznymi i profilami fragmentacji MS/MS znajduja si¢ w odno$nej publikacji.
W testach in vitro zaobserwowano, ze poza rutyng i kwercetyng rowniez galegina posiada zdolnos¢
do wychwytywania MGO podobnie jak metformina (wykorzystana jako substancja odniesienia).
Nie stwierdzono natomiast aktywnos$ci putapkujacej dla kwasu chlorogenowego. Wsérod zwigzkow
obecnych w naparze z ziela G. officinalis aktywno$¢ wychwytujaca MGO wykazywaly rutyna,
galegina i1 hydroksygalegina. Ustalono, ze przyczyna, dla ktorej addukty z metyloglioksalem
wykryto jedynie dla powyzszych zwigzkéw wynika prawdopodobnie z tego, ze to one stanowity
gtowne sktadowe naparu i1 byly w nim obecne w najwyzszym stezeniu mogac najefektywniej
wigzac si¢ z MGO. Dla powstalych adduktow przestawiono propozycje wzordéw strukturalnych w
oparciu o wyniki analizy UHPLC-ESI-MS. Przy uwzglednieniu warto$ci 1Cso wyrazonych w
stezeniu mikromolowym, aktywno$¢ przeciwrodnikowa dla zbadanych indywidualnych zwigzkow
uktada si¢ w nastepujacej kolejnosci w tescie DPPH: kwas galusowy > kwercetyna > rutyna >
kwas chlorogenowy >>> siarczan galeginy. W tescie ABTS szereg byl nastgpujacy: kwercetyna >
troloks > rutyna > kwas chlorogenowy >>> siarczan galeginy. Chociaz metformina nie wykazata
dziatania antyoksydacyjnego per se zwigzanego z przenoszeniem elektronu (testy DPPH, ABTS),
niektore badania donoszg o jej wlasciwosciach chelatujacych, ktore mogg hamowac katalizowane

przez jony metali przejSciowych reakcje utlenianiai. Warto$ci % inhibicji obliczone zaréwno dla
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naparow, jak i ekstraktéw wodno-metanolowych (w stezeniu 18 pg/mL w DPPH 1 2 pg/mL w
ABTS) wykazalty wyzsza aktywno$¢ hamujaca niz rutyna i kwas chlorogenowy, ale nizszg niz
kwercetyna. Moze to sugerowaé, ze aktywno$¢ przeciwutleniajgca  przetworow
G. officinalis opiera si¢ nie tylko na zwigzkach polifenolowych. Analiza fitochemiczna ekstraktow
z ziela rutwicy wykazata rowniez obecnos¢ trojpierscieniowych alkaloidéw chinazolinowych,
ktore wedtug ostatnich badan posiadajg silng aktywnos$¢ przeciwrodnikowa 1 mogg przyczyniac
si¢ do potencjatu antyoksydacyjnego Galegae herba. Mozna rowniez zatozy¢ synergizm
pomiedzy zidentyfikowanymi sktadnikami badanych przetwordéw. Na podstawie uzyskanych
wynikow zostal wysunigty wniosek, ze polifenole i pochodne guanidyny zawarte w przetworach
z ziela G. officinalis wykazuja potencjal antyoksydacyjny 1 wychwytujacy MGO, co w przysztosci
moze zosta¢ wykorzystane w profilaktyce schorzen, w ktorych metylglioksal odgrywa kluczowa
role. Niemniej jednak szczegdlnie z uwagi na raportowang wczesniej toksycznosé [61] konieczne

sg dalsze badania w modelach in vivo.

W publikacji P4 analizie poddano czg$ci nadziemne czerwonokrzewu - Aspalathus
linearis (Burm.f.) R.Dahlgren. Roélina ta jest uprawiana dla herbaty znanej jako rooibos,
wystepujacej komercyjnie w dwoch odmianach, niefermentowanej (zielony rooibos, GR) i1
fermentowanej (czerwony rooibos, RR) [62]. Dotychczasowe dane literaturowe sugeruja, ze moze
mie¢ ona pozytywny wptyw na uklad krazenia. Liczne badania eksperymentalne dowodza, ze
surowiec ten dziala ochronnie na naczynia krwiono$ne dzigki wtasciwosciom antyoksydacyjnym
1 przeciwzapalnym [63,64]. Ponadto polifenole zawarte w przetworach z czerwonokrzewu
uwrazliwiajg hepatocyty na insuling i przez to moga opo6znia¢ rozwoj insulinoopornosci [65].
Znane sg réwniez wilasciwosci hipoglikemiczne A. linearis, dlatego moze by¢ on szczegdlnie
polecany pacjentom w stanie przedcukrzycowymi i z cukrzyca jako srodek wspomagajacy [66].
Pomimo tak obszernych badan nad korzystnymi wlasciwosciami kardiometabolicznymi
A. linearis, do tej pory nie oceniono, czy mechanizm dziatania jego glownych sktadnikow
obejmuje rowniez wychwytywanie metyloglioksalu i glioksalu oraz aktywno$¢ antyglikacyjng. W
zwiazku z powyzszym, w ostatniej publikacji cyklu (publikacja P4) ocenie poddano aspalatyne,
dihydrochalkon o strukturze C-glikozydu wystepujacy w herbacie rooibos oraz pozostate sktadniki
tego surowca wytypowane na podstawie profilu fitochemicznego — witeksyne i izowiteksyng jako
przedstawicieli C-glikozydow flawonow, eriodykcjol z flawanonow 1 floretyng jako aglikon

notofaginy. Oceniono takze napary i wyciagi wodno-etanolowego z surowca fermentowanego i

33



niefermentowanego o skladzie bardziej zblizonym do materialu wyjsciowego. Potencjat
antyglikacyjny 1 zdolno$¢ putapkowania MGO i1 GO badanych substancji poréwnano z
analogicznymi wlasciwo$ciami metforminy i floroglucynolu - trifenolu be¢dacego podstawa uktadu
pierscienia A flawonoidow. Ponadto zbadano wtasciwosci antyglikacyjne wyciaggow wodno-
etanolowych z rooibos. Badanie skladu chemicznego wykazato, ze przetwory z RR i GR
charakteryzowaly si¢ obecnoscig C-glikozydéw dihydrochalkondéw - aspalatyny i notofaginy,
podczas gdy acetyloaspalatyne zaobserwowano jedynie w RR. Oba surowce zawieraly réwniez po
dwie pary diastereoizomerdéw C-glikozydow eriodykcjolu: (5)-6-C-, (R)-6-C-, (S)-8-C- 1 (R)-6-C-
glukozyd eriodykcjolu. Najliczniejsza grupa flawonoidow wystepujaca w fermentowanym rooibos
byty flawony. W analizowanych ekstraktach A4. /inearis zidentyfikowano izomery pozycyjne C-
glikozydow apigeniny i luteoliny: witeksyne/izowiteksyne oraz orientyn¢/izoorientyne, a takze di-
C-glikozydy, m.in. karlinozyd. Aglikony flawonéw, takie jak luteolina i chrysoeriol, oraz
flawanony, gtownie eriodykcjol, zostaty zidentyfikowane w niesfermentowanym materiale
roslinnym, podczas gdy O-glikozydy flawonoli, jak biokwercetyna (3-O-robinobiozyd
kwercytyny), rutyna, hiperozyd i izokwercytryna zostaty wykryte w wickszych ilosciach w
sfermentowanym rooibos. Gléwna roéznice w sktadzie obu rodzajéw rooibos stanowi zawarto$¢
aspalatyny, ktora jest znacznie wyzsza w niesfermentowanym materiale ro$linnym. W
sfermentowanym surowcu ulega ona procesom utleniania i jest przeksztalcana w C-glukozydy
eriodykcjolu. Ocena ilo$ciowa zawartosci flawonoidow pozwolita ustali¢, ze wyciag wodno-
etanolowy z GR zawieral az 65,5 mg/100 mL (1443,1 uM/L) flawonoidow, podczas gdy tak samo
przygotowany ekstrakt z RR zawierat ich jedynie 13,6 mg/100 mL (320,2 uM/L). Tak wigc rooibos
zielony byt ok. 4,5 razy bogatszy we flawonoidy 1 15,6 razy bogatszy w dihydrochalkony niz
czerwony. Zdolno$¢ do wychwytywania metyloglioksalu i glioksalu zostala zbadana dla
poszczegélnych flawonoidow zidentyfikowanych w przetworach z rooibos (aspalatyny,
witeksyny, izowiteksyny 1 eriodiktyolu) wobec substancji odniesienia o znanej aktywnosci
putapkujacej 1 podobnej budowie chemicznej (floretyna, floroglucynol) oraz w odniesieniu do
aminoguanidyny i metforminy. Nastgpnie te same testy przeprowadzono z wykorzystaniem
ekstraktow GR i RR. Wyniki tego badania pozwolity stwierdzi¢, ze w warunkach eksperymentu
wszystkie badane zwigzki (aspalatyna, witeksyna, izowiteksyna, eriodykcjol, floretyna,
floroglucynol) wykazywaly aktywno$s¢ w kierunku bezposredniego wychwytywania

metyloglioksalu, podczas gdy tylko aspalatyna, witeksyna i eriodykcjol wykazywaty zdolno$¢ do
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wychwytywania glioksalu. Podobnie floretyna 1 floroglucynol stosowane jako substancje
odniesienia wychwytywaty oba a-dikarbonyle. W przypadku wyciggu wodno-etanolowego RR nie
zaobserwowano adduktow ani z MGO, ani z GO, co prawdopodobnie wynika z niskiego stezenia
flawonoidéw w ekstrakcie w poréwnaniu do GR - jak wykazano w pierwszym etapie pracy. W
wyciagu z GR tylko dihydrochalkony byty zrodlem adduktow z MGO (aspalatyna i nothofagina)
1 GO (aspalatyna). Dla wszystkich zwigzkow wykazujacych aktywno$¢ w kierunku
bezposredniego putapkowania a-DC w oparciu o wyniki uzyskane w analizie UHPLC-ESI-MS
zaproponowano struktury adduktéw uwzgledniajac mozliwe warianty podstawienia czasteczki
dikarbonylu oraz forme¢ hemiactalowa i hemiketalowg powstalej czasteczki. Struktury adduktow

na przyktadzie aspalatyny i notofaginy przedstawiono na Rycinie 3.

W oparciu o wyniki uzyskane w publikacji P4 mozna potwierdzi¢, ze to uklad
floroglucynolu pier§cienia benzenowego A flawonoidow determinuje reakcje putapkowania a-
dikarbonyli. Ulozenie grup -OH w pier$cieniu benzenowym w pozycji meta wzglgdem siebie
stwarza warunki do addycji nukleofilowej MGO i GO. Pierscien A z wolnymi dwoma lub trzema
grupami hydroksylowymi i1 niepodstawionymi protonami przy bezposrednio sgsiadujacych
atomach wegla (uklad floroglucynolu) jest kluczowym elementem aktywnosci putapkujacej
flawonoidéw. Zaburzenie tej struktury poprzez zwigzanie lub brak jednej z wolnych grup
hydroksylowych (np. w C-7 w pierscieniu A) lub wprowadzenie podstawnikow przy sasiadujacych
z nimi pozycjach (jak w C-8 i C-6 C-glikozydow) wptywa na obnizenie lub zniesienie zdolnos$ci
do wychwytywania a-DC (zablokowanie pozycji przytaczenia a-DC). Jednak potrzebne sg dalsze

badania, by wyjasni¢ szczegdtowo wage tych modyfikacji w budowie flawonoidow.

Badanie aktywnosci antyglikacyjnej rooibos przeprowadzono w dwoch modelach in vitro
— podobnie jak we wczesniejszych publikacjach. W modelu wykorzystujacym metyloglioksal
wszystkie badane zwiazki wykazywaly do$¢ wysoka aktywno§¢ hamujaca powstawanie AGE.
Najwigksza aktywno$¢ antyglikacyjng zaobserwowano dla C-glukozydow apigeniny, tj.
izowiteksyny (84%) 1 witeksyny (82%), a warto$ci te przewyzszaly aktywnos$¢ aminoguanidyny
(75%) uzytej jako odnos$nik. Podobnie floretyna bedaca aglikonem notofaginy, posiadala silng
aktywno$¢ anty-AGE na poziomie aminoguanidyny (79%). Gléwny sktadnik zielonego rooibos
aspalatyna hamowata powstawanie AGE na poziomie 61%, ale wynik ten byt nadal wyzszy niz

aktywno$¢ metforminy (52%). Floroglucynol, ktorego struktura stanowi rdzen dihydrochalkonow
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rooibos (pierscien A flawonoidow), charakteryzowat si¢ aktywnoscig antyglikacyjng podobng do
aspalatyny (60%). Floroglucynol jest substancja czynna lekow przeciwskurczowych w niektorych
krajach gtéwnie poza Europa, a jego zdolno$¢ do wychwytywania reaktywnych form
karbonylowych wykazano wcze$niej. Eriodykcjol byl najmniej skuteczny w hamowaniu AGE
indukowanych przez MGO (43%). W modelu glikacji indukowanej glioksalem izowiteksyna
(6-C-glukozyd apigeniny) okazata si¢ rowniez najsilniejszym czynnikiem antyglikacyjnym (82%),
a jej potencjal hamujacy tworzenie AGE byl ponad dwukrotnie wyzszy niz aminoguanidyny (36%)
1 trzykrotnie wyzszy niz metforminy (25%) - roznice te byly istotne statystycznie. Aktywno$¢
floretyny 1 witeksyny byta podobna i wynosita ok. 30%. Aspalatyna hamowata glikacje wywotang
GO jedynie na poziomie 13%. Aktywnos¢ floroglucynolu byta natomiast marginalna (<3%), a w
przypadku eriodykcjolu nie zaobserwowano hamujacego wplywu na tworzenie AGE wywotane
glioksalem. W modelu z GO, podobnie jak w poprzednim modelu, jedynie wyciag wodno-
etanolowy z GR wykazywat aktywnos$¢ przejawiajaca si¢ dziataniem hamujacym glikacje biatek.
Efekt hamujacy ekstraktu z niefermentowanego rooibos byt na poziomie 16 % (zblizonym do

aktywnos$ci gldéwnego sktadnika aspalatyny).
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Aspalathin R-OH
Nothofagin R-11

OH OH

OH OH

Rycina 3. Propozycje struktur chemicznych adduktéw powstatych w reakcji aspalatyny/notofaginy z
metyloglioksalem/glioksalem po 1 h inkubacji w roztworze soli fizjologicznej buforowanym fosforanami
(pH 7.4) w temperaturze 37 °C; (A), aspalatyna/notofagina; (B1, B2), formy hemiacetalowe mono-MGO-
aspalatyny/notofaginy; (C1, C2), formy hemiketalowe mono-MGO-aspalatyny/notofaginy; (D1, D2),
izomery mono-GO-aspalatyny. Mozliwe s3g rOwniez inne izomery.

Hamowanie nieenzymatycznej glikacji zwigzane jest prawdopodobnie z kilkoma ré6znymi
mechanizmami. Przeprowadzone dotychczas badania wskazuja, ze elementami sktadowymi
aktywnosci przeciwglikacyjnej sa: aktywnos$¢ przeciwutleniajaca, przeciwrodnikowa, zdolnos¢ do
chelatowania metali przejsciowych oraz zdolnos¢ zwiazkéw do wychwytywania a-DC. Czg¢sto

dzialania te wystepuja jednoczesnie, zwlaszcza w grupie naturalnych zwigzkow flawonoidowych.
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Przyktadem flawonoidu dzialajagcego poprzez wszystkie te mechanizmy jest kwercetyna —
antyoksydant dobrze znany w kontekscie hamowania procesu glikacji, ktory charakteryzuje sig¢
bardzo silnym dzialaniem przeciwrodnikowym, wiasciwos$ciami chelatujacymi oraz zdolnos$cia do
wychwytywania MGO 1 GO [67]. Odmiennie dla pochodnej guanidyny - galeginy - potwierdzono
jedynie aktywnos$¢ pulapkujacg 1 tworzenie adduktoéw, podobnie jak dla aminoguanidyny i
metforminy. Bioragc pod uwage powyzsze, nalezy uwzgledni¢ roznice w mechanizmach
warunkowane budowg chemiczng substancji putapkujacej a-DC, gdyz ostatecznie nawet zwigzki
nie posiadajace zdolnosci wychwytywania MGO i GO wykazywaly silne lub umiarkowane
dziatanie antyglikacyjne (dobesylan wapnia, diosmina, trokserutyna). Przyktadem z publikacji P4
moze by¢ takze izowiteksyna, ktora okazata si¢ najskuteczniejsza jako inhibitor glikacji
indukowanej przez GO, a jednoczes$nie nie posiada zdolnosci jego wychwytywania. Jak wiadomo
izowiteksyna charakteryzuje si¢ zarowno zdolnoscig chelatowania metali przej$ciowych, jak i
silnymi wtasciwo$ciami przeciwutleniajgcymi, co razem wziete moze skutkowac silnym efektem
przeciwglikacyjnym [68,69]. Ponadto warto zwrdéci¢ uwage na fakt, ze koncowe produkty
zaawansowanej glikacji pochodzace z reakcji z MGO 1 GO moga r6zni¢ si¢ wlasciwosciami —
niektore badania donosza, ze addukty bialek z glioksalem wykazuja znacznie stabsze wlasciwosci
fluorescencji, przez co uzyskane wyniki moga by¢ nizsze niz w rzeczywistosci [70]. Roznice w
liczbie adduktéw powstatych w reakcji z MGO 1 GO mozna prawdopodobnie przypisa¢ temu, ze
w roztworach wodnych gléwnymi formami GO sg uwodniony monomer, dimer 1 trimer [71]. W
konsekwencji reakcje badanych zwiazkéw z glioksalem ulegly znacznemu spowolnieniu w
wyniku transformacji wymienionych form glioksalu do wolnego GO. Istnieje zatem mozliwos$¢,
ze zardwno izowiteksyna, jak i notofagina, ktore w eksperymencie opisanym w publikacji P4 nie
wykazaty zdolnosci do wychwytywania GO, moga go wigza¢ w innych warunkach. Jednakze
zwiazki z grupy flawonoéw (witeksyna) 1 dihydrochalkonéw (aspalatyna i floretyna) wykazaty
potencjat przytaczania czasteczek glioksalu w zastosowanych warunkach doswiadczenia; mozna
zatem zalozy¢, ze w przypadku izowiteksyny i notofaginy proces ten zachodzi nieco trudniej, by¢
moze ze wzgledu na molekularne warunki przestrzenne. Aby wyjasni¢ te rozbieznos$ci, potrzebne

sg dalsze badania.

Podsumowujac, w wyniku przeprowadzonych badan udato si¢ potwierdzi¢ postawiong
hipoteze, ze Srodki wazoprotekcyjne, stosowane w terapii przewlektej niewydolnosci zylnej

(dobesylan wapnia dodatkowo w retinopatii cukrzycowej [54]), a takze ich analogi strukturalne
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posiadaja zdolnos¢ hamowania nieenzymatycznej glikacji i/lub neutralizowania reaktywnych a-
dikarbonyli. Przedstawione wyniki sugeruja, ze niektore z badanych substancji i przetworow
roslinnych moga by¢ potencjalnie uzyteczne jako terapia wspomagajaca w prewencji schorzen
zwigzanych z wysokimi st¢zeniami o-dikarbonyli w organizmie, m.in. w zapobieganiu
angiopatiom cukrzycowym. Ponadto ustalono, ze zdolno$¢ putapkowania jest tylko jedng ze
sktadowych efektu antyglikacyjnego i1 nie jest wymagana, by skutecznie chroni¢ biatka i
analogicznie inne makromolekuty przed szkodliwym dziataniem a-dikarbonyli badz cukréw
redukujacych (glukoza, fruktoza). Potwierdzono, ze na efekt antyglikacyjny istotnie wptywa tez
aktywno$¢ antyoksydacyjna, wlasciwosci redukujace, przeciwrodnikowe i prawdobodobnie
zdolnos¢ do chelatowania jonéw metali przejsciowych. Witasciwosci te moga zapewnia¢ ochrong
przed modyfikacjami strukturalnymi na poziomie czasteczki bedacej obiektem glikacji (biatko,
peptyd, lipoproteina, kwas nukleinowy) lub zapobiegaja utlenianiu glukozy, fruktozy i wczesnych
produktow glikacji oraz nadmiernemu tworzeniu si¢ reaktywnych o-dikarbonyli. Na potencjalna
uzytecznos$¢ kliniczng substancji o charakterze antyglikacyjnym i anty-AGE wplyw majg rowniez

wspomniane wczesniej parametry, takie jak dobra rozpuszczalnos$¢ 1 dostgpnos¢ biologiczna.

Zdolno$¢ wigzania o-DC oraz hamowania procesow nieenzymatycznej glikacji obserwuje
si¢ dla wielu zréznicowanych pod wzgledem budowy chemicznej zwigzkow naturalnych i
sytentycznych. Jednak wyselekcjonowanie zwigzkéw charakteryzujacych sie wysoka aktywnos$cig
1 odpowiednimi parametrami fizykochemicznymi i farmakokinetycznymi, dajagcymi mozliwos¢
zastosowania ich w terapii moze by¢ ztozonym procesem, a selekcja powinna by¢ oparta na

wczesniejszym rozpatrzeniu kilku réznych mechanizmoéw dziatania oraz budowy chemicznej.

39



. Whioski

Oprocz znanych zastosowan terapeutycznych, leki wazoprotekcyjne i ich strukturalne
analogi, szczegdlnie hesperetyna, hesperydyna i dobesylan wapnia, z uwagi na
wiasciwos$ci antyglikacyjne i/lub putapkujace a-dikarbonyle, obok kwercetyny moga by¢
rozwazane jako potencjalni kandydaci do zastosowan w prewencji powiktan
naczyniowych u pacjentdw z cukrzyca lub w stanie przedcukrzycowym, a takze w innych
powiktaniach cukrzycy wynikajacych z akumulacji MGO i1 AGE. Konieczne sg jednak
dalsze badania w tym zakresie. Obecnie jedynie dobesylan wapnia wskazany jest w
retinopatii cukrzycowe;j.

. Na przyktadzie (bio)flawonoidow, pochodnych guanidyny i dobesylanu wapnia
potwierdzono, ze skltadowymi efektu antyglikacyjnego jest zdolno$¢ substancji do
putapkowania a-dikarbonyli oraz aktywno$¢ przeciwutleniajaca. Pozostaje do ustalenia,
ktora ze sktadowych jest bardziej istotna dla efektu ogdlnego.

. Flawonoidy mozna uzna¢ ogolnie za substancje putapkujace a-dikarbonyle, a elementem
struktury warunkujacym ich aktywno$¢ jest uktad floroglucynolu, dlatego tez podstawienie
lub brak grupy hydroksylowej w pozycji C-7 i/lub C-5 pierscienia A oraz obecnos¢
podstawnika przy sasiadujacych z nimi atomach wegla (w C-8 i/lub C-6) powoduje
ostabienie lub zniesienie zdolno$ci wychwytywania o-dikarbonyli. Pozostate elementy
struktury flawonoidéw maja mniejsze znaczenie, aczkolwiek sg istotne dla stabilno$ci
czasteczki, efektu antyoksydacyjnego i antyglikacyjnego.

Substancje roslinne posiadajagce w sktadzie chemicznym flawonoidy, a takze inne
polifenole lub pochodne guanidyny (Galega officinalis L., Alspalatus linearis (Burm.f.)
R.Dahlgren), moga hamowa¢ nieenzymatyczng glikacje, m.in. przez wychwytywanie
a-dikarbonyli 1 wlasciwosci przeciwutleniajace. Przetwory z ziela rutwicy i
czerwonokrzewu oraz ich indywidualne zwiazki (np. galegina, aspalatyna, izowiteksyna,
witeksyna) moga stanowi¢ obiecujacy materiat do dalszych badan w modelach in vivo jako
potencjalne $rodki w profilaktyce schorzen zwigzanych z nadmiernym wytwarzaniem

a-dikarbonyli i AGE.
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5. Zastosowanie produktu bedacego kombinacja wyciggu z naowocni pomaranczy stodkiej
(Citrus x sinensis (L.) Osbeck) i koncentratu z soku owocu granatowca (Punica granatum
L.) w postaci suplementu diety o oznaczonej zawartos$ci hesperydyny, jako gtownego
sktadnika w dawce 450 mg, przez 4 tygodnie obniza istotnie statystycznie stgzgnie
metyloglioksalu w osoczu zdrowych o0s6b w podesztym wieku o 9.8%. Efekt ten moze
mie¢ znaczenie kliniczne w zmniejszeniu ryzyka wystgpienia zdarzen sercowo-
naczyniowych u 0s6b z cukrzyca i stanowi¢ wstep do dalszych badan w grupie pacjentow
z hiperglikemia, jako wsparcie farmakoterapii zasadniczej lub w profilaktyce powiktan
naczyniowych. W celu ustalenia doktadnych efektow farmakologicznych oraz
optymalizacji dawkowania konieczne sg dalsze badania

6. Obnizanie st¢zenia reaktywnych a-dikarbonyli u pacjentéw begdacych w grupie ryzyka
choréb zwigzanych z ich wysokimi stgzeniami jako potencjalnej terapii wspomagajacej lub
w profilaktyce moze stanowi¢ obiecujacy kierunek terapeutyczny. Pomimo, ze efekt
biochemiczny w badaniach in vivo substancji putapkujacych a-DC nie przekracza zwykle
kilkunastu procent (np. kwercetyna, hesperydyna w probach klinicznych) to wielololetnie
obserwacje sugeruja, ze juz tak niewielka redukcja st¢zenia najbardziej reaktywnego

metyloglioksalu moze by¢ klinicznie istotna.
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Abstract: Reactive carbonyl species (RCS) such as methylglyoxal (MGO) or glyoxal (GO) are the main
precursors of the formation of advanced glycation end products (AGEs). AGEs are a major factor in
the development of vascular complications in diabetes. Vasoprotectives (VPs) exhibit a wide range of
activities beneficial to cardiovascular health. The present study aimed to investigate selected VPs and
their structural analogs for their ability to trap MGO /GO, inhibit AGE formation, and evaluate their
antioxidant potential. Ultra-high-performance liquid chromatography coupled with an electrospray
ionization mass spectrometer (UHPLC-ESI-MS) and diode-array detector (UHPLC-DAD) was used to
investigate direct trapping capacity and kinetics of quenching MGO/GO, respectively. Fluorimetric
and colorimetric measurements were used to evaluate antiglycation and antioxidant action. All tested
substances showed antiglycative effects, but hesperetin was the most effective in RCS scavenging.
We demonstrated that rutin, diosmetin, hesperidin, and hesperetin could trap both MGO and GO by
forming adducts, whose structures we proposed. MGO-derived AGE formation was inhibited the
most by hesperetin, and GO-derived AGEs by diosmetin. High reducing and antiradical activity was
confirmed for quercetin, rutin, hesperetin, and calcium dobesilate. Therefore, in addition to other
therapeutic applications, some VPs could be potential candidates as antiglycative agents to prevent
AGE-related complications of diabetes.

Keywords: methylglyoxal trapping; reactive carbonyl species; vasoprotective; antiglycation activity;
advanced glycation end products; antioxidant activity; diabetes complications

1. Introduction

In patients with long-term uncontrolled hyperglycemia in diabetes, pathological
structural-functional changes in the vascular endothelium are observed [1]. These are
mainly associated with increased non-enzymatic glycation of proteins and consequently
with excessive formation and deposition of advanced glycation end products (AGEs) in
the extracellular space and within cells of the blood vessel wall [2]. Vascular complications
are the main cause of morbidity and mortality in type 2 diabetes mellitus (T2DM) [3].
Currently, there are no effective pharmacological strategies known to prevent vascular
endothelial damage in diabetic patients [4]. AGE formation in vivo is mostly attributed to
the reaction of carbonyl groups of 1,2-dicarbonyl compounds (reactive carbonyl species,
RCS) such as methylglyoxal (MGO) or glyoxal (GO) with the free amino groups of proteins
and other biomacromolecules, resulting in the formation of covalently cross-linked aggre-
gates [5]. Chemically, the mechanism of this reaction is based on nucleophilic addition to
the carbonyl group, and the resulting products are intermediates that further undergo trans-
formation by various other chemical reactions to the advanced glycation end products [6].
In diabetic patients, the concentration of RCS is elevated by up to 6-fold; it enhances
the non-enzymatic process of protein glycation and subsequent formation of AGEs [7].
RCS-mediated AGEs affect the stability of blood vessel walls by reducing their integrity
and consequently increasing permeability [8]. They induce local inflammation through
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the activation of protein kinase C and nuclear factor NF-kB, which leads to increased
synthesis and secretion of proinflammatory cytokines and stimulation of macrophages and
neutrophils [9]. They also contribute to excessive secretion of prothrombotic factors and
decreased sensitivity to vasodilatory agents [10]. However, 1,2-dicarbonyl compounds,
particularly methylglyoxal, adversely affect the vascular wall not only indirectly through
induction of AGE formation, but also directly [11]. MGO promotes oxidative stress by
inducing the formation of hydrogen peroxide (H>O-), superoxide anion radical (0*7), and
peroxynitrite anion (ONOO ), impairing the antioxidant defense system and reducing
the intracellular level of glutathione [12]. Methylglyoxal is also able to induce apoptosis
by increasing the Bax/Bcl-2 ratio, activation of caspase-9 and caspase-3, and promoting
the mitochondrial apoptosis pathway [13]. The proven participation of RCS and AGEs
in the development of endothelial damage has prompted research on the potential use of
RCS-trapping, antiglycative, and antioxidant compounds as protective agents in diabetic
complications [14]. Among several mechanisms that may potentially reduce the levels of
RCS and AGEs in the system, one is direct trapping of 1,2-dicarbonyls, resulting in the
formation of specific adducts [15]. This activity has already been proven in several in vitro
studies for quercetin [16], catechin [17], epicatechin [18], genistein [19], luteolin, kaempferol,
and naringenin [20]. The in vitro studies also revealed that the trapping mechanism occurs
under physiological conditions—the formation of adducts of methylglyoxal and myricetin
in mice as well as methylglyoxal and metformin in humans has been demonstrated [21,22].

According to the Anatomical Therapeutic Chemical Classification System (ATC code),
drugs in the vasoprotective category (C05) can be divided into several groups including
antivaricose therapy agents (C05B) such as calcium dobesilate (CO5BX01) and capillary
stabilizers (C05C), which include bioflavonoids (CO5CA) such as rutin (CO5CA 01), diosmin
(CO5CA 03), and troxerutin (CO5CA 04). They are most often used in conditions such as
hemorrhoids, varicose veins, and poor circulation (venous stasis) [23]. However, many
scientific studies over the years have demonstrated the protective, multidirectional effects
of flavonoids on the cardiovascular system [24,25]. Tt has been shown that flavonoids
can benefit vascular health through antioxidant activity, inhibiting the reactions leading
to the production of reactive oxygen species (ROS) [26]. Moreover, flavonoids show
spasmolytic activity by inhibiting cyclic adenosine monophosphate (cAMP), which results
in vascular smooth muscle relaxation [27]. The inhibition of proteolytic enzymes exhibited
by bioflavonoids leads to the strengthening of connective tissue in the blood vessel wall,
increasing its sealing and flexibility [28,29]. Nevertheless, the chemical structure of selected
compounds from the CO5 category may also suggest their potential trapping activity toward
reactive carbonyl compounds.

Despite the therapeutic use of vasoprotective (phlebotropic) medicines over the past
few decades, little attention has been paid to the molecular mechanisms underlying their
potential protective effects in vascular endothelial damage induced by RCS. Therefore, the
aim of this study was to verify whether selected substances used as vasoprotective agents
(bioflavonoids CO5CA and calcium dobesilate used in the treatment of varicose veins
C05BX) and their structural analogs (hesperidin and aglycones, except quercetin not used
in therapy) have methylglyoxal and glyoxal trapping potential, capacity to inhibit RCS-
induced non-enzymatic protein glycation, and exhibit antioxidant activity. Furthermore,
for compounds demonstrating the ability to trap RCS, the reaction of methylglyoxal and
glyoxal scavenging was studied over time. The antiglycation and antioxidant effects of
phlebotropic substances were compared to analogous properties of metformin, the primary
oral antidiabetic drug. The findings may shed new light on the potential prospective use of
VPs in preventing vascular endothelial damage caused by reactive carbonyl compounds
and non-enzymatic glycation.
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2. Results and Discussion
2.1. Antiglycation Assay in RCS-BSA Model In Vitro

Several studies over the years have documented that the process of non-enzymatic
protein glycation contributes to the onset and progression of many chronic diseases in-
cluding diabetes [30]. A great effort has been dedicated to identifying clinically relevant
agents able to inhibit AGE formation to delay or prevent the consequences of the glycation
process [31]. Aminoguanidine (AG), which is effective at inhibiting glycation, has been
tested in clinical trials to alleviate diabetes-related complications. These trials showed that
AG provided some beneficial effect on diabetic complications, but severe side effects ruled
it out as a drug candidate [32]. Therefore, the search for compounds that can effectively
inhibit glycation is still ongoing.

Under in vivo conditions, reactive dicarbonyl compounds are the main inducers
of the formation of advanced glycation end products; hence, we decided to investigate
compounds with vasoprotective potential and their structural analogs (troxerutin, rutin,
quercetin, hesperidin, hesperetin, calcium dobesilate) for RCS-mediated AGE inhibitory
activity. Inhibition of their formation was measured using an in vitro biological model
where bovine serum albumin (BSA) served as the protein target and methylglyoxal (MGO-
BSA-model) or glyoxal (GO-BSA-model) as the glycating agent. The chemical structures
of the tested compounds are shown in Figure 1. Aminoguanidine proved to be one of the
compounds with the strongest antiglycation activity and was used as a known reference
inhibitor of the glycation process. For comparison, metformin used as an antidiabetic
agent, whose glycation-inhibiting effect has also been shown in several studies [33,34], was
also examined.
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Figure 1. Chemical structures of rutin, quercetin, troxerutin, diosmin, diosmetin, hesperidin, hesperetin, calcium dobesilate,

and metformin.
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This study found beneficial effects of all tested VPs and their structural analogs
(aglycones) on the inhibition of AGE formation as observed in MGO-BSA and GO-BSA
models. Nevertheless, their activity varied. Results expressed as percentage of inhibition
of RCS-mediated AGEs are shown in Figure 2.
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Figure 2. Anti-glycation activity after seven days of incubation of bovine serum albumin with
glycative agents (5 mM) and tested compound (1 mM) expressed as % inhibition of: (a) MGO-
mediated-AGE formation, (b) GO-mediated-AGE formation. The results are representative of three
experiments performed in triplicate £+ SD. Data were analyzed by one-way analysis of variance
ANOVA (p < 0.0001) followed by Tukey’s multiple comparison test; only significant differences are
displayed: * p < 0.05, ** p < 0.01. Abbreviations: AG, aminoguanidine; R, rutin; Q, quercetin; TRX,
troxerutin; DM, diosmin; DMT, diosmetin; HD, hesperidin; HT, hesperetin; CaD, calcium dobesilate;
M, metformin.

In the MGO-BSA-model, hesperetin (56.50 & 1.93%), hesperidin (51.52 £+ 0.51%),
calcium dobesilate (49.67 + 4.08%), and quercetin (46.62 + 1.75%) were found to be the
most potent inhibitors of AGE formation. The activity of aminoguanidine used as the
reference inhibitor was lower (40.46 £ 1.17%) than for the above-mentioned substances
and comparable to the activity of diosmin (41.19 & 3.78%), metformin (40.00 £ 2.86%),
and troxerutin (39.05 + 1.08%). Activity of the reference inhibitor used was higher only
than the activity of rutin (33.46 £ 1.66%) and diosmetin (31.30 £ 5.07%). The results
were slightly different for the GO-BSA-model, where diosmetin (38.82 = 1.08%) and hes-
peridin (31.13 £ 3.58%) were the most potent inhibitors of glycation, their activity exceed-
ing the activity of aminoguanidine (30.62 4- 1.28%). Hesperetin (26.74 & 1.93%), quercetin
(26.21+ 2.00%), rutin (21.33 &+ 0.85%), and next calcium dobesilate (19.94 L 3.89%) and
diosmin (19.96 & 3.51%) showed similar, slightly less potent activity, while the poorest
glycation inhibitory capacity was exhibited by troxerutin (7.85 + 1.41%) and metformin
(6.39 £ 1.63%).

In our study, hesperetin and hesperidin showed the most potent antiglycation activity
in the model with MGO and a moderately strong effect in the model with GO. A study
by Li et al. [35] reported the relatively strong activity of hesperetin (inhibition rate 56.7%)
in a BSA model with glucose as the glycating agent and was more potent than its 7-O-
rutinoside derivative, hesperidin (46.8%). This indicates that the free hydroxyl group at
C-7 in ring A contributes to the antiglycative effect. Our observations are in agreement
with reports of Matsuda et al. [36] where blocking of the 7-hydroxyl group reduced the
antiglycation action. We observed a similar relationship for quercetin and troxerutin
(3,4, 7-4ris[O-(2-hydroxyethyl)Jrutin). In both biological models, the quercetin aglycone
exhibited greater AGE inhibitory activity compared with troxerutin. Rutin (quercetin-3-O-
rutinoside) also inhibited the process of protein glycation to a lesser extent than quercetin.
Matsuda et al. [36] suggested that methylation of the hydroxyl group at the C-4’ position
of the B ring of flavonoids increases the antiglycative effect. Indeed, in the model with
MGQO as the glycating agent, hesperetin had the highest activity, and in the GO-BSA-
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model it was diosmetin; both compounds have a methoxyl group at the C-4/ position. The
obtained results also showed that 7-O-rutinoside /aglycone pairs like diosmin/diosmetin
and hesperidin/hesperetin showed different relationships in both tests. Flavones (with
a double bond at C-2/C-3 of the C ring) were characterized by higher aglycone activity
in the GO-BSA assay, and flavanones (without a double bond at C-2/C-3 of the C ring)
by higher aglycone activity in the MGO-BSA assay. However, this observation requires
further explanation. Among quercetin derivatives, the aglycone showed a higher effect
than glycosides in both models.

Calcium dobesilate (CaD) is particularly noteworthy among the non-flavonoid com-
pounds we studied. CaD is an angioprotective agent proposed to treat diabetic retinopathy
(DR) by protecting against retinal vascular damage [37]. It can slow progression of DR
during long-term oral treatment and prevent intravascular and extravascular retinal hemor-
rhages, reduce the frequency of exudate formation, and enhance visual acuity by reducing
microvascular permeability [38]. Our study suggests that CaD also possesses potent activity
to inhibit MGO- and GO-induced AGE formation.

In the antiglycation assays, we used aminoguanidine as a reference with well-known
glycation inhibitory activity. We also decided to test metformin, a first-line drug for the man-
agement of diabetes type 2 because both compounds have a guanidine-derived structure.
We found that the glycation inhibitory activity of both compounds in the methylglyoxal
model was very similar at about 40%. However, in the model with glyoxal as the glycation
agent, we observed that aminoguanidine exceeded the inhibitory activity of metformin
by more than 6-fold. In a study by Mehta et al. [39], aminoguanidine and metformin were
used as RCS scavengers to investigate the prevention of glyoxal toxicity in isolated rat
hepatocytes. The authors observed that at comparable concentrations, metformin failed
to prevent glyoxal-induced protein carbonylation, whereas aminoguanidine reduced the
carbonylation of proteins. These observations may support, at least partially, our findings
on the poor effects of metformin on inhibiting non-enzymatic glycation induced by glyoxal.

The process of non-enzymatic protein glycation is tightly linked to the enhanced
production of free radicals and non-enzymatic glucose oxidation [37]. The formation of
advanced glycation end products is a major source of reactive oxygen species, and the
oxidative microenvironment triggered by the accumulation of AGEs can also promote
their enhanced production [38]. Therefore, compounds inhibiting the formation of AGEs
may act not only through direct quenching of RCS, but also through antioxidant or metal
ion chelating activity [39,40]. The results of our experiment indicate that, indeed, in vitro
antiglycative action is not only associated with RCS trapping activity. Compounds such
as calcium dobesilate, diosmin, and troxerutin lacking the ability to trap methylglyoxal
and glyoxal nevertheless exhibited antiglycation activity through other mechanisms. A
more in-depth investigation of the relationship between structure and activity, with both
quantitative and mechanistic aspects, is necessary to explain and fully understand the
experimental observations.

2.2. Non-Enzymatic Antioxidant Activity

It is well known that oxidative stress can lead to cell and tissue damage, contributing
to vascular endothelial dysfunction. Oxidative stress is also known to play a primary role
in methylglyoxal-induced endothelial damage, and it is closely linked to the process of
protein glycation [40]. Since restriction of the production of free radicals in the glycation
process can decrease the formation of AGEs [41], we decided to investigate VPs and their
structural analogs for antioxidant-reducing and antiradical activity.

ABTS (2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid assay) and FRAP (ferric
reducing antioxidant power assay) are frequently used methods to assess the antioxidant
capacity of a biological material, pure compound, or mixture of substances. Both are
spectrophotometric techniques based on a single electron transfer mechanism (SET) [42,43].
FRAP allows one to directly determine the reducing ability of the sample [44]. The use of
the ABTS assay enables measurement of the total antioxidant activity of the samples [45].
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Vasoprotective substances and their structural analogs were tested for antioxidant
activity using FRAP and ABTS assays. Metformin was examined to determine whether gen-
erally the first-line medication prescribed for type 2 diabetes has a reducing or antiradical
activity. Trolox was used to plot the calibration curve in the ABTS test, and iron(Il) sulfate
solution was used in the FRAP test. Table 1 summarizes the antioxidant activity values
expressed as percent inhibition and concentration required for a 50% reduction in radical
activity (ICsp, M) in the ABTS assay and as an Fe?* iron ion equivalent (Fe(I), uM) in the
FRAP assay. In order to clearly show the differences in the activity of the studied com-
pounds in scavenging free radicals and reducing Fe®* ions, we chose the results obtained
for concentrations of 4.6 uM and 9.1 uM, respectively.

Table 1. Antioxidant activity of selected vasoprotectives and their structural analogs compared
to metformin.

FRAP ABTS

Sample Fe(IT) 2 [uM] IC50 [uM] Inhibition [%]
Rutin 30.14 +£0.20 241+ 0.05 69.17 024"
Quercetin 133.29 + 0.30 3.81 +0.04 66,40 +1.12°
Troxerutin 1.68 + 0.43 2412 +2.42 17.63 +0.93°
Diosmin 5.77 £0.20 11.10 4+ 1.44 3041 +1.86P
Diosmetin 2562 + 041 7.05 £ 0.05 3992 + 026
Hesperidin 53.08 +0.51 521 +0.07 4894 + 0,577
Hesperetin 99.27 + 0.92 5.67 +0.13 4980 +073P
Calcium dobesilate 54,98 4+ 0.65 513+0.19 51.35+0.88 P
Metformin na. n.a. na.

Trolox n.t. 11.29 + 091 29.04 +0.81¢

Values are mean triplicate ( = 3); 2 calculated for samples at final concentration ~4.9 uM; ® calculated for samples
at final concentration ~9.1 uM; © calculated for samples at final concentration ~7.9 ©M; n.a., no activity; n.t,,
not tested; FRAP assay antioxidant activity values were expressed as Fe?* iron ion equivalent; ABTS assay
antioxidant activity values were expressed as percent inhibition and concentration required for a 50% reduction
of radical activity.

The current in vitro assays demonstrated the concentration-dependent antioxidant
activity of the tested compounds, as shown in Figure 3. The higher the concentration
of the sample used, the analogously greater the antiradical activity. In the FRAP assay,
the most potent reducing ability was found for quercetin (133.3 pM Fe?*) and hesperetin
(99.3 UM Fe?"), followed by calcium dobesilate (55.0 uM FeZ), hesperidin (53.1 Fe?t),
rutin (30.1 uM Fe?*), and diosmetin (25.6 uM Fe?*). In contrast, the lowest activity was
recorded for diosmin (5.8 uM Fe?*) and troxerutin (1.7 uM Fe?*), while metformin showed
no reducing action.

The ABTS assay showed the greatest antioxidant potential expressed as % inhibition
for rutin (69.2%) and quercetin (66.4%), followed by similar inhibitory activity for calcium
dobesilate (51.4%), hesperetin (49.8%), and hesperidin (48.9%). Slightly lower inhibition
percentage values were observed for diosmetin (37.5%), diosmin (27.6%), and Trolox (29.0%)
used as a positive control. The lowest inhibition activity was noted for troxerutin (10.8%),
while metformin showed no scavenging activity in this assay. The IC5p values for the
different tested compounds showed a similar trend as the percent inhibition values. The
lowest ICsq, and consequently the highest antioxidant activity, was demonstrated by rutin
(2.4 uM), followed by quercetin (3.8 pM), calcium dobesilate (5.1 uM), hesperidin (5.2 uM),
hesperetin (5.7 uM), and diosmetin (7.1 uM). Slightly higher ICsy values and thus lower
antioxidant activity were shown by diosmin (11.1 uM) and Trolox (11.3 uM), and the lowest
by troxerutin (24.1 pM).
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Figure 3. Concentration-dependent antioxidant activity of investigated vasoprotectives in (a) ABTS
assay expressed as percent of radical inhibition; (b) FRAP assay expressed as Fe?* iron ion equivalent
(Fe(Il) uM); all measurements were performed in triplicate in the concentration range of 5-1000 uM
of tested compounds; results are presented as means £ SD (1 = 3).

The FRAP assay indicated that the reducing activity of aglycones was higher than
that of rutinosides—the effect of quercetin/diosmetin/hesperetin was more potent than
troxerutin and rutin/diosmin/hesperidin. This pattern has been previously reported, for
example, for kaempferol glycosides exhibiting about 30-40% lower antioxidant activity than
the kaempferol aglycone [46]. Our study also indicated that glycosylation or ethylation
of hydroxyl groups, exemplified by quercetin derivatives, significantly decreased the
reducing potential of the compound (quercetin >>> rutin > troxerutin). Blocking the
flavonoid phenolic group at C-4’ also diminished the reducing properties (quercetin >
hesperetin > diosmetin). In contrast, saturation of the double bond at C-2/C-3 (flavanones
vs. flavones) increased activity (hesperidin >>> diosmin, hesperetin >>> diosmetin). These
relationships showed that the reducing ability depends mainly on the number of free
hydroxyl groups in the molecule and the degree of oxidation of the three-carbon linker in
the C-ring. A similar clear structure-activity relationship was not demonstrated using the
ABTS test. In both antioxidant assays and the MGO-BSA antiglycation test, hesperidin and
calcium dobesilate showed comparable effects.

Interestingly, metformin showed no antioxidant activity in either the FRAT assay or
the ABTS assay, however, there are reports that it has the ability to inhibit intracellular
formation of ROS [47]. A study by Logie et al. [48] showed that metformin can chelate metal
ions, which may be directly responsible for its antioxidant effect. A similar conclusion
emerges for troxerutin, which showed very low activity in both antioxidant assays, but
some publications have reported its antiradical activity in vivo [49]. This effect can also be
explained by chelating activity, confirmed in several studies [50].

It should be noted that high in vitro activity does not necessarily reflect in vivo activ-
ity [51]. Animportant limitation is the bioavailability of vasoprotective flavonoids. Ruti-
nosides are known to have low bioavailability due to their poor solubility and lipophilic-
ity [52]. Although quercetin and hesperetin have shown high reducing and antiradical
activity, it should be taken into account that their bicavailability is around 20%; only this
amount of orally administered dose reaches the bloodstream [53]. Quercetin taken at
500 mg reaches a plasma concentration of about 1.4 uM [54], and hesperetin (500 mg) about
2.7 uM [55], so they were lower than the ICsj concentrations for which the activities were
specified in our study. In comparison, calcium dobesilate, whose radical inhibitory capacity
was comparable to that of hesperetin (at ~5 uM), reached a plasma concentration of about
19 uM after 500 mg administration [56].

2.3. Direct Methylglyoxal/Glyoxal Trapping Capacity

RCS trapping is one of the mechanisms that potentially reduce plasma concentration
of methylglyoxal and glyoxal [57]. Therefore, selected VPs and their structural analogs have
been examined for their ability to trap reactive carbonyl species. After 1 h incubation of
each test compound (rutin, troxerutin, diosmin, diosmetin, hesperidin, hesperetin, calcium
dobesilate) with methylglyoxal or glyoxal under simulated physiological conditions, the
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reaction mixture was further analyzed by UHPLC-MS to detect potentially formed adducts
of the test compound with MGO/GO. In the study, quercetin and metformin were used
as reference compounds with recognized activity for direct trapping of 1,2-dicarbonyls.
The extract ion chromatogram (EIC) mode was used to search for pseudomolecular ions
increased by 72 Da/144 Da for mono-MGO/di-MGO adducts or by 58 Da/116 Da for
mono-GO/di-GO adducts. All compounds except metformin, for which the positive ion
mode was used, were analyzed in negative electrospray ionization mode.

The study revealed that under the experiment conditions quercetin, rutin, dios-
metin, hesperetin, hesperidin, and metformin showed activity toward direct trapping
of methylglyoxal, whereas glyoxal was directly trapped only by rutin, diosmetin, hes-
peretin, and hesperidin. The products of the reaction between MGO and GO with tested
compounds and the fragmentation pattern of each product are listed in Tables 2 and 3,
respectively. Troxerutin and calcium dobesilate did not trap RCS, probably due to chemical
structure differences.

Table 2. Adducts of methylglyoxal and investigated compounds formed after 1 h of incubation in pH 7.4 of phosphate
buffer solution at 37 °C.

IM—HIZor M+ HI" g o IM — HI or M + HI*

Compound Peak Rt[min] Mnnu—l\:[:!g Adduct (miz) Peak Rt [min] Di-MGO Adduct (1/2) MS/MS (m/z)
a 8.69 681.1698 663, 609, 301 a 7.90 753.1885 681, 644, 609, 301
Rutin ! b 8.84 681.1701 663, 609, 301 b 8.26 753.1890 681, 644, 609, 301
c 8.85 681.1684 663, 609, 301 c 8.44 753.1840 681, 644, 609, 301
. 2 a 10.93 373.0567 .
Quercetin b 11.06 373.0562 n.d. a 10.01 445.0779 n.d.
Troxerutin - - n.d. n.d. - - n.d. n.d.
Diosmin - - n.d. n.d. - - n.d. n.d.
. .3 a 12.19 371.0758 353, 338, 299 a 11.24 443.0970 425, 410, 299
Diosmetin b 12.36 371.0766 353, 338, 299
a 8.97 681.1972 609, 373, 301
b 9.19 681.1981 609, 373, 301
4 C 9.82 681.1966 609,373,301 3
Hesperidm d 9.95 681.1979 609, 373, 301 nd. nd
e 10.88 681.1965 609, 373, 301
f 10.98 681.1960 609, 373, 301
.5 a 12.04 373.0913 355, 340, 301
Hesperetin b 12.03 3730890 355, 340, 301 a 10.80 445.1103 427, 409
Calcium
dibesiiate - - n.d. n.d. - - nd. nd.
7 a 1.48 184.1158 d a 1.57 256.1297 d
Metfopmin b 1.20 202.1229 L b 1.64 256.1300 e,

Pseudomolecular ion (m/z): 1 609;2 301; 3 299; 4 609; 3 301; ® 130; RY, retention time; n.d., not detected; letters of the alphabet (a—f) represent
different isomers of the same compound.

In the reaction of rutin with methylglyoxal, after one hour of incubation, the appear-
ance of three major peaks with pseudomolecular ion masses at n/z 681 and retention
times of 8.69, 8.84, 8.85 min, respectively, were observed (Table 2). They corresponded
to the molecular weight of mono-MGO-rutin adduct (Mr 682 Da). All of them produced
fragment ions at m/z 663, indicating elimination (neutral lost) of a water molecule [M-
18-H] ™ and at 609, which suggests loss of one MGO molecule [M-72-H] . Three other
peaks a—c with i /z 753 (Rt 7.90, 8.26, 8.44 min) were also present, and were identified as
di-MGO-rutin adducts as they gave fragments at m/z 681, representing the mass of the
di-MGO adduct minus one methylglyoxal moiety [M-72-H]~, and 609, indicating the loss
of two methylglyoxal molecules [M-144-H] . With glyoxal, rutin formed only mono-GO
adducts. Two peaks appeared on the chromatogram with pseudomolecular ions of 667
characterized by retention times of 8.09 and 8.41 min, and since their masses were greater
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than that of rutin by the mass of a single glyoxal molecule, they were further characterized
as mono-GO-rutin adducts (Table 3). The ability of rutin to trap methylglyoxal has been
previously reported in several studies [58,59]. Mass spectra of the adducts formed by rutin
and MGO/GO and proposed chemical structures are shown in Figure 4.

Table 3. Adducts of glyoxal and investigated compounds formed after 1 h of incubation in pH 7.4 phosphate buffer solution

at 37 °C.

Compound Peak  Rt[min]

IM — HI~ or [M + HI* [M — HI~ or [M + HI* MS/MS

MS/MS (milz) Peak Rt[min]

Mono-GO Adduct (m/z) Di-GO Adduct (im/z) (m/z)
- a 8.09 667.1445 n.d. ) ) i d
Butin b 8.41 667.1448 nd. ne. me.
Quercetin ? - - n.d. nd. - - nd. n.d.
Troxerutin - - n.d. n.d. - - n.d. n.d.
Diosmin - - n.d. n.d. - - n.d. n.d.
N : o a 11.64 357.0605 324,313,299, 284 _ _ d 4
Diosmetin b 12.1 357.0602 324,313, 299, 284 . .
g @ 11.05 677.1861 609, 301 B B
Hesperidin b 11.37 6771844 609, 301 n.d. n.d.
a 11.28 359.0771 341, 326, 301
Hesperetin 5 b 12.37 359.0762 341, 326, 301 a 1299 417.0808 399, 301
c 13.78 359.0768 341, 326, 301
Calcium
dobeslats - - n.d. n.d. - - n.d. n.d.
Metformin - - n.d. nd. - - nd. nd.

Pseudomolecular ion (m/z): 1 609; 2 301; 3 299; # 609; > 301; Rt, retention time; n.d., not detected; letters of the alphabet (a—c) represent
different isomers of the same compound.
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Figure 4. Mass spectra of methylglyoxal and glyoxal adducts with rutin after 1 h incubation in pH
7.4 phosphate buffer solution at 37 “C and their proposed chemical structure: (a) mono-MGO-rutin;
(b) di-MGO-rutin; (¢) mono-GO-rutin; other isomeric forms are also possible.
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Incubation of diosmetin with MGO resulted in three chromatographic peaks at 11.24,
12.09, and 12.36 min with m/z values of 443 and 371 (a and b, Table 2). The first was
described as di-MGO-diosmetin because the pseudomolecular ion mass corresponding
to diosmetin increased by two methylglyoxal molecules (144 Da) and MS/MS analysis
confirmed this—a fragment ion with m/z 299 corresponding to diosmetin was noted.
The other two peaks with m/z at 371 were 72 Da greater than the pseudomolecular ion
of diosmetin; therefore, they were proposed as mono-MGO-diosmetin adducts. The
fragmentation pattern indicated that di-MGO-diosmetin and mono-MGO-diosmetin lost
a water molecule to form daughter ions at m/z 425 and 353 [M-18-H]~, followed by a
methyl group (15 Da) in the B ring resulting in ions at m/z 410 and 338 [M-18-15-H] ,
respectively. The reaction of diosmetin and glyoxal led to the formation of two main
peaks in the UHPLC chromatogram with pseudomolecular ions at n1/z 357 (Rt 11.64 and
12.10 min), both heavier by 58 Da than the pseudomolecular ion of diosmetin (1/z 299),
and therefore were assigned as mono-GO-diosmetin adducts (Table 3). The fragment ions
observed in the MS/MS analysis similarly showed that both mono-MGO-diosmetin and
mono-GO-diosmetin first lost the water and then the methyl group [M-18-15-H]~. Mass
spectra of the adducts formed by diosmetin and MGO/GO and the proposed chemical
structures are shown in Figure 5.

Rel. Int.
{a =
100% @ 371.0758 .
4 HO H on O<cH
7 CH
HO 0.
4 o, 7 | | OH
HO /\\
1 H a o
HO
Rel. Int. (b) i
100% 443.0970
L
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(€) -
100% 357.0605
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- O\
1 OH © HO
] iliibia i
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Figure 5. Mass spectra of methylglyoxal and glyoxal adducts with diosmetin after 1 h incubation in
pH 7.4 phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-
diosmetin; (b) di-MGO-diosmetin; (¢) mono-GO-diosmetin; other isomeric forms are also possible.

Hesperidin and methylglyoxal after 1 h of incubation produced six chromatographic
peaks with the pseudomolecular ions at m/z 681, and retention times 8.97, 9.19, 9.82, 9.95,
10.88, and 10.98 min (Table 2). The fragmentation pattern was the same for each ion; three
principal daughter ions were produced with masses at m/z 609, 373, and 301. The molecular
weight of the resulting ions (682 Da) was greater than the molecular weight of hesperidin
by 72 Da, and were therefore identified as mono-MGO-hesperidin adducts. The presence of
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fragment ions at n11/z 609 (the hesperidin pseudomolecular ion) further confirmed this. The
fragmentations with m1/z 373 and 301 suggest the loss of the rutinose moiety by mono-MGO-
hesperidin [M-308-H]~ and methylglyoxal [M-308-72-H] ", respectively. After incubation
of hesperidin with glyoxal, two major peaks appeated on the chromatogram at 11.05 and
11.37 min with m/z at 677 (Table 3). Both were recognized as mono-GO-hesperidin adducts
as their pseudomolecular ion values were greater than the ion for hesperidin (m/z 609) by
58 Da. This was later supported by MS/MS data where a daughter ion was observed with
the m/z value of 609 [M-58-H] . A 301 ion was also observed, suggesting, as described
above, the loss of rutinose by the hesperidin molecule [609-308-H] . Mass spectra of the
adducts formed by hesperidin and MGO/GO and proposed chemical structures are shown
in Figure 6.

Rel. Int.
1—
100% | @ 681.1972

rutinose—0.
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Figure 6. Mass spectra of methylglyoxal and glyoxal adducts with hesperidin after 1 h incubation in
pH 7.4 phosphate buffer solution at 37 *C and their proposed chemical structure: (a) mono-MGO-
hesperidin; (b) mono-GO-hesperidin; other isomeric forms are also possible.

After one-hour incubation of hesperetin and methylglyoxal, three major peaks were
detected with pseudomolecular ion masses and retention times, respectively: 373 (12.04 and
12.93 min) and 445 (10.80 min). Peaks with an anion at 371, greater than the ion of hesperetin
(m/z 301) by 72 Da, corresponding to the coupling of one molecule of methylglyoxal, were
identified as mono-MGO-hesperetin adducts (Table 2). The loss of one water molecule
resulted in the most abundant fragment ion of m/z 355 [M-18-H]~. The peak at m/z
445 was labeled as di-MGO-hesperetin as its molecular weight equaled the mass of the
hesperetin plus two MGO molecules (Mr 446 Da). Similarly, loss of one molecule of water
by the di-MGO-hesperetin adduct led to the formation of the most abundant daughter ion
with m/z 427 [M=18-H] . The elimination of the second water molecule resulted in the ion
at ni/z 409. Four major peaks with molecular ions at 359 (a—) and 417 with retention times
of 11.28, 12.37, 13.78, 12.99 were observed after 1 h incubation of hesperetin and glyoxal
(Table 3). Peaks with mi/z at 359 having pseudomolecular ions heavier than the hesperetin
ion (m/z 301) by 58 Da were considered as mono-GO-hesperetin adducts, as confirmed by
MS/MS data. A peak with m/z 417 greater than the ion for hesperetin by 116 Da (mass
corresponding to two glyoxal molecules) was analogously identified as a di-GO-hesperetin
adduct. Its fragment ion at 409, reduced by 18 Da (after water loss), was noted on the
MS/MS spectrum. Previous studies have demonstrated the ability of hesperetin to form
similar adducts with acrolein [60]. Mass spectra of the adducts formed by hesperetin and
MGO/GO and the proposed chemical structures are shown in Figure 7.
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Figure 7. Mass spectra of methylglyoxal and glyoxal adducts with hesperetin after 1 h incubation in
pH 7.4 phosphate buffer solution at 37 °C and their proposed chemical structure: (a) mono-MGO-
hesperetin; (b) di-MGO-hesperetin; (¢) mono-GO-hesperetin; (d) di-GO-hesperetin; other isomeric
forms are also possible.

Quercetin incubated with methylglyoxal resulted in two peaks characterized as mono-
MGO-quercetin and one as di-MGO-quercetin; their pseudomolecular ions were at m/z
373 (a-b) for the mono-adducts (quercetin precursor ion 11/z 301 increased by 72 Da) and
445 (quercetin precursor ion m/z 301 increased by 144 Da) for the di-adduct (Table 2).
Li et al. [16] reported that quercetin has the potential to trap glyoxal; however, this activity
was not observed under the conditions of our study. Mass spectra of the adducts formed
by quercetin and MGO and the proposed chemical structures are shown in Figure 8.

Incubation of metformin and methylglyoxal led to four chromatographic peaks with
pseudomolecular ions [M+H]* with 202 at Rt 1.20 min, 184 at 1.46 min, 256 at 1.57 min, and
1.67 min (Table 2). The first ion was described as mono-MGO-metformin due to the ion
mass corresponding to metformin increased by one methylglyoxal molecule (72 Da). Based
on the literature reports on structural studies of metformin and methylglyoxal adducts [22],
the second peak at m/z 184 was identified as (E)-1,1-dimethyl-2-(5-methyl-4-oxo-4,5-dihy-
dro-1H-imidazol-2-yl)guanidine (metformin-MG imidazolinone) and was formed by elimi-
nating one water molecule from mono-MGO-metformin (Mr, 129 + 72 — 18 = 183 Da). The
other two peaks with the ions at m/z about 256 were attributed to metformin conjugated
with two methylglyoxal molecules as their mass, corresponding to the pseudomolecular ion
of metformin-MG imidazolinone (i11/z 184), increased by another 72 Da (184 + 72 = 256 Da).
The peak with the ion at 184 was dominant compared to the peak with the ion at 202, which
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may suggest that the monoadduct of metformin with methylglyoxal is more stable after the
elimination of one water molecule. However, after 1 h of incubation, both chemical struc-
tures of the metformin mono-adduct formed by the reaction were observed. Metformin
and glyoxal did not form adducts under conditions of the experiment. Mass spectra of the
adducts formed by metformin and MGO and the proposed chemical structures are shown
in Figure 9.
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Figure 8. Mass spectra of methylglyoxal adducts with quercetin after 1 h incubation in pH 7.4
phosphate buffer solution at 37 “C and their proposed chemical structure: (a) mono-MGO-quercetin;

(b) di-MGO-quercetin; other isomeric forms are also possible.
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Figure 9. Mass spectra of methylglyoxal adducts with metformin after 1 h incubation in pH 7.4
phosphate buffer solution at 37 °C and their proposed chemical structure (isomers): (a) mono-MGO-
metformin; (b) di-MGO-metformin; other isomeric forms are also possible.

2.4. Tine Course Study of RCS Scavenging Reaction

For compounds demonstrating the ability to directly trap methylglyoxal (rutin, quercetin,
diosmetin, hesperidin, hesperetin, metformin) and glyoxal (rutin, diosmetin, hesperidin,
hesperetin), a time course study of the trapping reaction was performed. To determine
the amount of MGO/GO remaining after incubation at each time point, samples were
derivatized with PDA. This method of measuring RCS concentration in various samples is
often used in both in vitro and in vivo studies [61].
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Activity over time expressed as a percentage of remaining MGO/GO after reacting
with the tested compounds for 1, 2, 4, 8, and 24 h is shown in Figure 10. Data points
represent the mean % of remaining MGO/GO with the standard deviation from two
independent experiments.

= 1004 * Rutn Pl | Ruin
) | + Quercetin g Diosmetin
8 L Diosmelin & 80 \ +-  Hesperidin
Hi i (U] ~* Hesperelin
5 &0 Tt o o b
£ = Hesperetin £ i
:E 40 Metformin ‘E w04 g o3
£ B ———— : —
g — € » —
T T T T T T T T T T T T T T
] 4 8 12 16 20 24 [ 4 8 12 16 20 24
Time [h] Time [h]
(@) (b)

Figure 10. RCS trapping efficiency of tested compounds in pH 7.4 phosphate buffer solution at
37 °Cfor1,2,4,8, and 24 h expressed as % of remaining MGO/GO; (a) reaction with methylglyoxal;
(b) reaction with glyoxal. All data are presented as means =+ SD (1 = 2).

The study showed that methylglyoxal scavenging activity varied among the tested
compounds, while glyoxal was scavenged by all tested compounds with quite similar
efficacy. Within 24 h, hesperetin, rutin, quercetin, and diosmetin succeeded in trapping
85.41 £ 2.71%, 74.67 £ 2.69%, 73.01 £ 1.89%, and 68.17 £ 2.71% of MGO, respectively,
and were found to be the most effective of the tested compounds. At the same time,
hesperidin (39.48 + 5.47%) and metformin (17.42 £ 3.57%) showed the lowest efficiency.
Among the most potent compounds, differences in the kinetics of the MGO trapping
reaction were evident. Hesperetin and quercetin trapped 50% of methylglyoxal in as little
as two hours. In contrast, diosmetin and rutin were only able to trap less than 15% of the
MGO at the same time, and both compounds took more than 8 h to quench 50% of the
methylglyoxal. Metformin is used in diabetes, for which the ability to trap methylglyoxal
was demonstrated in vitro and in vivo. However, the results of our study suggest that its
activity in trapping MGO compared to flavonoid substances was relatively low.

After 24 h of incubation, hesperetin and rutin were found to be the most effective in
trapping glyoxal by quenching 81.17 & 4.66% and 75.12 + 3.11% of GO, respectively. Only
slightly less effective was hesperidin with 67.44 + 4.64% and diosmetin with 66.76 & 4.76%.
Glyoxal seems to be trapped more rapidly in comparison to methylglyoxal. Both hesperetin
and rutin were able to quench nearly 50% of glyoxal in just one hour, and diosmetin and
hesperidin within 2 h.

The results indicated that among the tested compounds, hesperetin was the most
efficient in trapping both methylglyoxal and glyoxal. The weak activity of hesperidin
(hesperetin-7-O-rutinoside) compared to hesperetin is probably due to the substitution
of the hydroxyl group at C-7, resulting in changes in charge distribution in the molecule
and therefore decrease general trapping activity [62]. Despite a very similar structure, the
quenching ability of MGO and GO was higher for hesperetin than for diosmetin, which is
probably attributed to the presence of a double bond at C-2 and C-3 in the heterocyclic ring
C of diosmetin. Its presence has been reported to decrease the trapping activity of RCS [63],
which is in agreement with our results. The B ring is not thought to play a prominent role
in trapping activity. The same study reported that the number of hydroxyl groupsin the B
ring does not significantly affect the trapping etfect [63]. However, the findings of our study
suggested that the presence of a substituted hydroxyl group in the B ring at C-4' stabilizes
the molecule, prevents quinone formation, and further C-ring cleavage, thereby preserving
the original structure and the consequent trapping activity. This structural feature has also
been shown to favorably affect antiglycation potential, possibly via enhancing the RCS
trapping activity.
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Although our results suggest that selected vasoprotective flavonoids have the ability to
trap both methylglyoxal and glyoxal, previous studies have indicated that methylglyoxal is
preferred in the trapping reaction. An in vitro study by Li et al. [16] in a model simulating
physiological conditions showed that quercetin reduced methylglyoxal concentrations
more than twice as efficiently as glyoxal when both compounds were present in solution at
the same initial concentration. An in vivo study in humans, on the other hand, showed that
although quercetin significantly reduced MGO plasma concentrations in patients (~10%),
it had no statistically significant effect on glyoxal concentrations [64]. It should also be
noted that according to some studies, compounds sharing the same trapping mechanism
can act synergistically; the study of Shao et al. [62] showed that a mixture of quercetin and
phloretin traps methylglyoxal more effectively than each compound alone.

The efficiency of RCS trapping in plasma by the investigated substances under in vivo
conditions may vary greatly due to the metabolism. Most substances during phase II reac-
tions are conjugated with, for example, glucuronic acid, sulfuric acid, or amino acids [65].
The form to which the drug is metabolized is individual for a given substance and may
depend on many factors including the composition of the gut microbiota if absorption
occurs in the large intestine (for rutinosides, e.g., hesperidin, diosmin, rutin, troxerutin) [66].
During the phase II reaction, any hydroxyl group of flavonoids can be substituted includ-
ing those responsible for the trapping activity in ring A (C-5 and C-7), which is likely
to reduce the activity of these compounds in plasma [67]. A series of studies related to
metabolism is required to assess the exact trapping activity of individual compounds in
humans. However, in vitro studies provide the background for clinical trials and are crucial
for the selection of potentially useful molecules.

In summary, quercetin, rutin, diosmetin, hesperetin, hesperidin, and metformin were
shown to be able to directly trap methylglyoxal, and rutin, diosmetin, hesperetin and
hesperidin were shown to trap glyoxal. Hesperetin was found to be the most effective
among VPs tested in trapping both methylglyoxal and glyoxal. After 24 h, it scavenged the
highest percentage of both RCS.

Additionally, to the best of our knowledge, this is the first time direct RCS trapping
activity has been confirmed for hesperetin, hesperidin, and diosmetin. Our study also
confirmed the following structure and flavonoid activity relationships: (a) substitution of
the hydroxyl group at the C-7 position results in a decrease in the trapping of methylglyoxal
and glyoxal, as well as reducing activity; and (b) the double bond in the ring C decreases
the MGO/GO trapping and reducing ability. Furthermore, we put forward our hypothesis
that the B ring is essential in the trapping activity of flavonoids, which is contrary to earlier
reports. Zhu et al. [63] previously claimed that it does not play a significant role in this
activity. The findings of our study suggest that the substitution of a phenol group at the
C-4’ position of the phenyl ring B stabilizes the molecule, preventing the formation of
semiquinone and quinine methide structures, and further cleavage of the heterocyclic
C ring. Thus, the original flavonoid structure is preserved and the trapping activity
is maintained.

All of the investigated compounds inhibited the formation of RCS-induced AGEs,
most likely through several different mechanisms. We observed that the capacity to directly
trap RCS was not the only determinant of a potent antiglycative effect, since the ability
to inhibit the non-enzymatic process of protein glycation is also greatly influenced by
reducing and antiradical (antioxidant) activity. Calcium dobesilate as a potent antioxidant
without RCS trapping action showed high antiglycation potential in the MGO-BSA model.
In addition, it is characterized by high bioavailability compared to other tested phlebotropic
compounds. Among the investigated chemicals with RCS trapping potential, hesperetin
was the most potent antiglycative agent in the MGO-BSA model, and in the GO-BSA model,
it was shown to be diosmetin.

The antioxidant activity assays showed that the compounds with high reducing and
antiradical potential were quercetin, rutin, hesperetin, and calcium dobesilate, and their
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activities were concentration dependent. It was also confirmed that the activity of flavonoid
aglycones was higher than that of glycosides.

3. Methods
3.1. Chemicals and Standards

Methylglyoxal (40% in water), glyoxal (40% in water), 2,2-diphenyl-1-picrylhy-drazyl,
2,2-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid), methanol (HPLC grade), acetonitrile
(HPLC gradient grade and LC-MS grade), water (LC-MS grade), diosmin, diosmetin,
hesperidin, hesperetin, Trolox, metformin hydrochloride, bovine serum albumin, DMSO,
98-100% formic acid, 2-methylquinoxaline, quinoxaline, o-phenylenediamine, 2, 4, 6-
tripyridyl-s-triazine, iron(IIl) chloride hexahydrate, and iron(Il) sulfate heptahydrate were
purchased from Merck-Sigma-Aldrich (Sigma-Aldrich Sp. z 0.0., Poznan, Poland); NaCl,
KCl, Na,HPO4, and KH;POy4 (reagent grade) were obtained from Chempur (Piekary
Slaskie, Poland); quercetin and rutin were from Extrasynthese (Genay Cedex, France);
calcium dobesilate was purchased from PPF Hasco-Lek S. A. (Wroclaw, Poland). Water
used in the study was glass-distilled and deionized. The stock solutions of standards (3 mM)
were prepared by dissolving the appropriate amount of a reference compound in 5 mL of
methanol or DMSO. Working standard solutions for the derivatization experiment in the
range of 5-210 uM were made by mixing with 50% aq. (aqueous) methanol (v/?), filtered
through hydrophilic Millex Syringe Filters (Durapore 0.22 um; Millipore, Burlington, MA,
USA) and stored at —20 °C.

3.2. Antiglycation Assay in BSA-RCS In Vitro Model

The formation of advanced glycation end products was measured following a slightly
modified method proposed by Liu et al. [68]. In brief, 90 uM bovine serum albumin
was incubated with methylglyoxal and glyoxal at 5 mM in sodium phosphate buffer
at 100 mM and pH 7.4, with 0.02% sodium azide (to prevent microbial growth). The
compounds investigated for inhibition of non-enzymatic glycation were added at a final
concentration of 1 mM. Then, the reaction solution was incubated at 37 °C, shaken at
40 revolutions per minute for seven days in closed vials away from light. Measurement
of the fluorescent intensity of total AGEs after incubation was carried out using a Cary
Eclipse 500 spectrophotometer (Agilent, Santa Clara, CA, USA) at a wavelength of 350 nm
for excitation and 450 nm for emission. Data acquisition was obtained with the Cary
Eclipse Control Software (Agilent, Santa Clara, CA, USA). The measurements from three
experiments were all performed in triplicate, and the percent inhibition of AGE formation
was calculated using the following equation:

Inhibition of RCS-mediated AGES [%] = {1 — [(FI;)/(FIo)]} = 100

where Flj is mean fluorescence intensity of the blank sample and Fl; is the mean fluores-
cence intensity of the sample.

3.3. Antioxidant Activity
3.3.1. ABTS Assay

The ABTS radical scavenging activity was determined according to the slightly modi-
fied method described by Chen and Kang [69]. The ABTS®** stock solution was prepared by
mixing equal quantities of aqueous solutions of 2,2-diphenyl-1-picrylhydrazyl,2,2-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS, 7.0 mM) and potassium persulfate (K;5;0g,
2.45 mM) and incubating the mixture in the dark at 25 °C for 12 h. The stock solution of
ABTS and K,5,0g was then diluted with methanol to reach absorbance at 734 nm. In a
96-well microplate, 200 nL of ABTS®** reagent was mixed with 20 uL of each tested sample
at different concentrations. The plate was incubated for 15 min in the dark at ambient
temperature and the absorbance was taken at 517 nm using a Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). All measurements
were performed in triplicate using the concentration range of 5-1000 uM of the tested
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compounds. The standard curve was prepared using different concentrations of Trolox in
the range of 100-1000 M. The ABTS radical scavenging activity was calculated as follows:

ABTS radical inhibition [%] = (Ag — A1)/ Ap % 100

where Aj is the mean absorbance of the control and A; is the mean absorbance of the
sample with ABTS. The ICsp values were calculated using linear regression analysis and
used to express the antioxidant capacity.

3.3.2. FRAP Assay

The ferric reducing antioxidant power assay (FRAP) was performed according to the
method proposed by Benzie and Strain [70] with slight modification. The stock solution of
FRAP reagent was obtained by mixing 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM
hydrochloric acid with 20 mM iron(I1I) chloride hexahydrate and 300 mM acetate buffer
(pH 3.6) at 1:1:10 (v/v/v). The freshly prepared FRAP reagent (200 pL) was added to
solutions of tested compounds at different concentrations (20 L) and thoroughly mixed
in a 96-well microplate. The absorbance of a blue ferrous tripyridyltriazine complex
(Fe?* /TPTZ) was read after 4 min of incubation in the dark at 593 nm using a Multiskan GO
microplate spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA). Results were
expressed in Fe?* M. All measurements were performed in triplicate in the concentration
range 5-1000 pM of the analyzed compounds.

3.4. Direct Methylglyoxal and Glyoxal Trapping Capacity

Methylglyoxal and glyoxal direct trapping capacity was investigated according to
the slightly modified Sang et al. [71] method. Briefly, 0.6 mM methylglyoxal (MGO) or
glyoxal (GO) was incubated for 1 h with 0.2 mM of rutin, troxerutin, diosmin, diosmetin,
hesperidin, hesperetin, calcium dobesilate, metformin hydrochloride, and quercetin in
100 mM phosphate buffer saline (PBS; pH 7.4) at 37 °C to equal physiological conditions
and shaken at 40 revolutions per minute. The incubation reaction was terminated by adding
2.5 uL of acetic acid (>99%) and placing the collected samples in an ice water bath. The
samples were further filtered through hydrophilic Millex Syringe Filters (Durapore 0.22 pum;
Millipore, Burlington, MA, USA) and analyzed using UHPLC-ESI-MS to investigate their
ability to form adducts with methylglyoxal and glyoxal. The trapping agent solutions were
freshly prepared before each series of experiments was begun, and the pH of the sodium
phosphate buffer was determined immediately before use.

3.5. Time Course Study of MGO and GO Scavenging Reaction

The time course of the MGO and GO scavenging reaction was investigated for the
compounds’ indicated activity in methylglyoxal and glyoxal direct quenching assay in
UHPLC-ESI-QqTOF-MS analysis. The study was carried out according to the method of
Shao et al. [62] with slight modification. The direct trapping study found using an excess of
MGO and GO allows compounds to form both mono- and di-adducts with a-oxoaldehydes.
Therefore, methylglyoxal or glyoxal at a final concentration of 0.6 mM and each selected
compound at 0.2 mM were incubated in 100 mM phosphate buffer saline (PBS; pH 7.4) at
37 °C with a speed of 40 revolutions per minute to simulate physiological conditions for 1,
2,4,8, and 24 h. Afterward, 500 uL of reaction mixtures were collected at each time point
and placed in an ice water bath, then 2.5 pL of acetic acid (>99%) was added to stop the
reaction. The derivatization of the remaining MGO and GO in an aliquot amount of each
sample was carried out by adding 1,2-phenylenediamine (PDA) at 100 mM and shaken by
vortex for 5 5. The mixtures were kept at ambient temperature for 30 min for derivatization
of the remaining methylglyoxal or glyoxal to complete. The UHPLC analysis was used to
measure the amount of methylquinoxaline and quinoxaline formed through the reaction
of methylglyoxal and glyoxal with PDA, respectively. The stock solutions of MGO, GO,
and PDA were prepared immediately before the beginning of the study. The pH of the
phosphate buffer was also determined shortly before the experiment.
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3.6. UHPLC-ESI-QqTOF-MS Analysis

The study of the formation of methylglyoxal and glyoxal adducts was performed
using the same UHPLC system configured as above (Section 4), interfaced with Compact
ESI-QqTOEF-MS (Bruker Daltonics; Bremen, Germany). Mobile phases consisted of A (0.1%
formic acid in water) and B (0.1% acetic acid in 100% acetonitrile). The following gradient
mobile phase program at a flow rate of 0.3 mL/min was used: 0-12 min, 97-65% A in
B; 12-14 min, 65% A in B; 14-17 min, 65-20% A in B; 17-19 min 20% A in B. Then, the
system returned to the initial setting and washed with 97% A in B until the system was
stabilized before the next analysis. Both positive and negative ion modes were used for
data acquisition. As a nebulizing and drying gas, nitrogen was used at temperature 210 °C,
2.0 bar pressure, and flow 0.8 L/min. For internal calibration sodium formate clusters
(10 mM) were used. The injection volume was 1 mL. Additional operating conditions
of the mass spectrometer were as follows: capillary voltage was set at 5 kV (ESI*, ESI™),
collisional energy was 8.0 eV, and for the MS/MS mode, it was 35 and 40 eV. The data
acquisition and processing were carried out with Compass Data Analysis software (Bruker
Daltonics; Bremen, Germany.

3.7. UHPLC-DAD Analysis

Derivatized methylglyoxal and glyoxal were analyzed by the Thermo Scientific Dionex
UltiMate 3000 UHPLC system (Thermo Fisher Scientific; Waltham, MA, USA) incorporated
with a quaternary pump (LPG-3400D), UltiMate 3000 RS autosampler (WPS-3000), and fast
separation photodiode array detector (DAD-3000). Derivatives were separated on a Kinetex
C18 column (150 x 2.1 mm x 2.6 um) (Phenomenex; Torrance, CA, USA) and a temperature-
controlled column compartment (TCC-3000) was used to maintain its temperature at 40 °C.
The binary mobile phase system consisted of 0.1% (v/v) formic acid in water (solvent C)
and 0.1% (v/v) formic acid in acetonitrile (solvent D). The column eluted with a binary
gradient system at a flow rate of 400 pL/min: 100% C from 0 to 4 min, 100-77% C in D
from 4 to 25 min, and held at 77% C in D for 0.5 min, 77-100% C in D from 25.5 to 30 min,
and then 100% C from 30 to 32 min. The injection volume was 10 uL. The peak areas of
methylquinoxaline and quinoxaline were monitored at wavelengths of 316 and 314 nm,
respectively. Data acquisition was carried out with the Chromeleon Chromatography Data
System (Thermo Fisher Scientific; Waltham, MA, USA).

3.8. Linearity and Calibration of UHPLC-DAD Method

The applied UHPLC-DAD method was validated by the determination of linearity,
LOD, and LOQ. Calibration equations for quantified metylquinoxaline and quinoxaline
were assessed at seven concentration levels, and triplicate injections were performed for
each concentration. The values of LOD were established at a signal-to-noise ratio (S/N) of
0.3 and LOQ was calculated at S/N of 1. Results of the method validation for standards
are shown in Table 4.

Table 4. Validation parameters of the UHPLC-DAD methoed.

A

Compound Method [nm] Linear Equation R? Range [uM] LOD [uM] LOQ [uM]
Methyloquinoxaline UHPLC-DAD 316 y = 2739.8843x + 5.0076  0.9995 5-210 0.29 0.96
Quinoxaline UHPLC-DAD 314 y =325.4515x + 1.7417  0.9998 5-210 0.19 0.64

A, wavelength; y = ax + b; y, peak area; R2, coefficient of determination; LOD, limit of detection; LOQ, limit of quantitation; n =3 x 7.

3.9. Statistical Analysis

Data were analyzed using the Shapiro-Wilk test to assess normality of distribution,
followed by one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
test using the GraphPad Prism 9 software. p values equal or less than 0.05 were consid-
ered significant.
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4. Conclusions

To conclude, in addition to other therapeutic applications, some vasoprotective
medicines and their structural analogs such as hesperetin, diosmetin, quercetin, and
calcium dobesilate could be considered as potential antiglycative agents against glycation-
related complications of diabetes. While the current study has clearly indicated that tested
VPs and their structural analogs can effectively trap MGO and GO or reduce RCS-mediated
glycation, a key limitation that must be considered is that the results presented here are
only from in vitro models. The relevance of these results to humans must be experimentally
proven using in vivo models. Although RCS trapping and reducing are simple, direct
chemical reactions, which may suggest that the in vitro results have a high probability of
being confirmed in vivo, the bioavailability of individual substances should also be taken
into account.
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Abstract: Reactive a-dicarbonyls (x-DCs), such as methylglyoxal (MGO), glyoxal (GO), and 3-
deoxyglucosone (3-DG), are potent precursors in the formation of advanced glycation end products
(AGEs). In particular, MGO and MGO-derived AGEs are thought to be involved in the development
of vascular complications in diabetes. Experimental studies showed that citrus and pomegranate
polyphenols can scavenge «-DCs. Therefore, the aim of this study was to evaluate the effect of a citrus
and pomegranate complex (CPC) on the a-DCs plasma levels in a double-blind, placebo-controlled
cross-over trial, where thirty-six elderly subjects were enrolled. They received either 500 mg of
Citrus sinensis peel extract and 200 mg of Punica granatum concentrate in CPC capsules or placebo
capsules for 4 weeks, with a 4-week washout period in between. For the determination of «-DCs
concentrations, liquid chromatography tandem mass spectrometry was used. Following four weeks
of CPC supplementation, plasma levels of MGO decreased by 9.8% (—18.7 nmol/L; 95% CI: —36.7,
—0.7 nmol/L; p = 0.042). Our findings suggest that CPC supplementation may represent a promising
strategy for mitigating the conditions associated with MGO involvement. This study was registered
on clinicaltrials.gov as NCT03781999.

Keywords: hesperidin; punicalagin; o-dicarbonyls; methylglyoxal; glyoxal; 3-deoxyglucosone;
Punica % granatum; Citrus x sinensis

1. Introduction

Despite substantial advances in diabetes treatment, vascular complications remain
a significant clinical concern and are the primary cause of mortality among diabetes pa-
tients [1]. Several different biochemical pathways are involved in diabetes-induced endothe-
lial damage and vascular complications, but an elevated level of systemic x-dicarbonyl
compounds (x-DCs) is considered one of the key factors in the development of vascular
complications [2]. The a-DCs are a subclass within the large group of compounds collec-
tively referred to as reactive carbonyl species (RCS). These compounds feature two carbonyl
groups (>C=0) on the same molecule, typically at consecutive carbon atoms, leading to
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the ‘alpha’ or ‘o’ designation. Within these compounds, the C-1 and C-2 carbons bond
directly to oxygen, forming a keto-aldehyde or dialdehyde structure with two neighboring
carbonyl groups. The most investigated x-dicarbonyl compounds include methylglyoxal
(MGO, CH3-C(=0)-CH(=0)), glyoxal (GO, O=CH-CH(=0)), and 3-deoxyglucosone (3-
DG, OHCH2-(CHOH)2-CH2-C(=0)-CH(=0)) [3]. The state of increased x-DCs is termed
carbonyl stress. Among them, MGO is the most reactive and plays a significant role
as a precursor in the non-enzymatic glycation process, ultimately resulting in advanced
glycation end-product (AGE) formation [4]. The process of non-enzymatic glycation in-
volves the excessive nucleophilic addition of the carbonyl groups of reducing sugars or
a-DCs to the amino and guanidino groups of various biomacromolecules, such as pep-
tides, proteins, lipoproteins, and nucleic acids. MGO is produced predominantly through
the non-enzymatic degradation of triose phosphates, glyceraldehyde-3-phosphate, and
dihydroxyacetone phosphate, as a metabolic side product of glucose metabolism during
glycolysis [5]. Additionally, it can be formed through the non-enzymatic oxidation of
glucose and fructose and early glycation products (Amadori products) [3]. Thus, excessive
consumption of simple sugars may contribute to increased MGO and other «-DCs concen-
trations in tissues and plasma. A presumably similar mechanism of MGO formation occurs
in individuals with poorly controlled glycemia, in whom glucose concentrations increase
significantly over a long period [6].

A natural consequence of the modification of biomacromolecules by MGO is the
loss of their original spatial structure. This results in a loss of physiological function,
leading to various cellular disorders [7,8]. The major MGO-derived AGE, N®-(5-hydro-
5-methyl-4-imidazolone-2-yl)ornithine (MG-H1), produced in the reaction of MGO with
arginine, has been positively correlated with the occurrence of vascular endothelial dam-
age [9,10]. Another AGE, formed analogously during the reaction of MGO with lysine
N¢-(1-carboxyethyl)lysine, known as CEL, was found to correlate positively with insulin
resistance in diabetic patients [11]. Moreover, AGEs accumulate in the extracellular space
in tissues and organs. Their role in the development of cardiometabolic and neurode-
generative diseases has been demonstrated in numerous studies [12-15]. The glyoxalase
system, comprising glyoxalase I (Glo1) and glyoxalase II (Glo2), primarily detoxifies MGO
in the human body, maintaining relatively low intracellular MGO levels under normal
physiological conditions [16,17]. However, when the glyoxalase system is overwhelmed
or not functioning, factors, such as permanently elevated glucose levels or deficiencies in
Glo1/Glo2, can lead to the accumulation of MGO in cells and tissues [18].

Excessive MGO formation can further increase the production of reactive oxygen
species and nitrogen species and consequently induce oxidative stress, which further con-
tributes to the development and progression of vascular complications in diabetes [19].
MGO-derived AGEs, through the RAGE receptor and nuclear factor NF-kB, trigger an
increase in the secretion of pro-inflammatory cytokines, interleukins 6 and 8, and tumor
necrosis factor and contribute to the enhanced production of superoxide anion, peroxyni-
trite, and hydrogen peroxide [20,21]. Oxidative stress and inflammation are suspected to
play key roles in MGO-induced vascular endothelial damage [22].

Preventing diabetes vascular complications necessitates a multidirectional therapeutic
approach, as simply targeting risk factors, like glycemic control and a healthy lifestyle,
may not be sufficient. Diabetes is a complex metabolic disorder, and the pathogenesis
of its vascular complications involves multiple interlinked biochemical, molecular, and
physiological processes and, therefore, requires multidirectional therapy. Lowering sys-
temic levels of MGO, GO, and 3-DG may delay the formation of AGEs, particularly crucial
in patients experiencing pathophysiological inereases in «-DCs (dicarbonyl stress) due
to diabetes.

To date, several agents have been studied and proposed to be useful as an anti-
MGO therapy. Among them are experimental compounds, such as aminoguanidine [23]
and alagebrium [24]; registered drugs, such as metformin [25], thiazolidinediones [26],
angiotensin-converting enzyme inhibitors [27], angiotensin receptor blockers [28,29], and
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statins [30]; and supplements, such as L-carnosine [31], pyridoxamine [32], or thiamine
(vitamin B1) [33]. However, both aminoguanidine and alagebrium were excluded from
further phases of clinical trials due to side effects resulting in safety concerns. For registered
drugs and supplements, excluding metformin [25], the absence of clear evidence of efficacy
in human clinical trials has led to the discontinuation of attempts to employ them in
pharmacotherapy [34].

Plant-derived dietary supplements and nutraceuticals are becoming increasingly
popular all over the world as a result of growing customer awareness regarding their
potential health benefits [35]. It is well established that some plant polyphenols like
flavonoids have beneficial effects on general cardiometabolic health and may modulate the
risk of the development of cardiovascular and metabolic diseases, including diabetes and
its vascular complications [36,37]. The literature provides studies on the phytochemical
composition of Citruts sinensis and Punica granatum and confirms that both plants are
abundant in bioactive polyphenolic components, mainly flavonoids in the case of sweet
orange and ellagitannins in the case of pomegranate fruit [38,39].

Several experimental in vitro studies have proved that citrus and pomegranate polyphe-
nols can scavenge reactive «-dicarbonyls and prevent the formation of AGEs [40—45]. Hes-
peridin, the primary flavonoid glycoside in sweet orange extract, forms adducts with MGO
and GO, potentially reducing their concentrations in the system. Hesperidin aglycone,
hesperetin, also has MGO and GO trapping ability and is a known inducer of Glo1 [40,46].
Pomegranate fruit extract’s principal polyphenolic compounds, punicalagin and ellagic
acid, exhibit potent antioxidant activity. Some in vitro experimental studies report that
ellagic acid and urolithin A, a gut microbiota metabolite of ellagitannins and ellagic acid,
inhibit non-enzymatic glycation by scavenging MGO [43].

Despite experimental evidence, controlled human studies on the effects of orange and
pomegranate actives on &-DCs levels are lacking. Therefore, this post hoc analysis of a
double-blind, randomized, cross-over clinical trial in apparently healthy elderly partici-
pants examines the impact of a combination of citrus extract and pomegranate concentrate
(CPC) on a-DCs levels. The results may shed light on potential therapeutic approaches to
inhibit hyperglycemia-induced vascular endothelial damage.

2. Results and Discussion

A total of 42 healthy participants were initially screened for eligibility in the study, out
of which 37 volunteers were enrolled, and 36 completed both the placebo and treatment
phases, with no dropouts during the follow-up period. The final study population com-
prised 27 females and 9 males. The average age 4 SD of the study population at the start
of the study was 66 + 4 y, and the average BMI was 25.3 = 0.3 kg/m?. The basic baseline
characteristics of the study subjects and a-dicarbonyl concentrations at the beginning of
the study are summarized in Table 1.

Table 1. Baseline characteristics of 36 healthy subjects randomly allocated at the start of the study.

Characteristic Minumum Maximum Means SD
Age,y 60 75 66 4
Men:women - - 9:27 -
BMI, kg/m2 19.7 29.2 25.3 2.1

Plasma a-dicarbonyls,
nmol/L

MGO 145 301 190.1 322

GO 53 285 117.7 37.2

3-DG 436 786 569.2 74.6

n = 36; BMI, body mass index; MGO, methylglyoxal; GO, glyoxal; 3-DG, 3-deoxyglucosone; SD, standard
deviation.

The study population, despite being elderly, was deemed apparently healthy. The base-
line mean MGO concentration for the participants was 190.1 nmol/L. This falls within the
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accepted physiological range of 60-250 nmol /L, as measured using liquid chromatography—
tandem mass spectrometry [47,48]. The baseline GO concentration in the study was
117.7 nmol/L, which is notably lower compared to concentrations observed in healthy
non-diabetic populations, typically ranging from 330 to 1150 nmol/L [49,50]. Meanwhile,
the average baseline concentration of 3-DG was 569.2 nmol/L, aligning with the reported
range of 160-1046 nmol/L for healthy individuals [49].

The 4-week treatment with CPC resulted in a significant decrease in plasma MGO
concentrations compared with the placebo treatment, showing a reduction of 18.7 nmol/L
(9.8% reduction from baseline). However, the decrease in GO and 3-DG concentrations
with CPC treatment was not statistically significant, with reductions of 7.8 nmol/L (6.6% re-
duction from baseline) and 16.6 nmol/L (2.9% reduction from baseline), respectively. The
total treatment effect is summarized in Table 2.

Table 2. The total effects of 4-week sweet orange peel extract and pomegranate concentrate combina-
tion supplementation on plasma levels of c-dicarbonyls.

95% Confidence Interval
Plasma Treatment for Difference

a-Dicarbonyls  Effect, nmol/L B
Lower Bound Upper Bound
MGO —18.7 —36.7 —0.7 0.042
GO —7.8 —29.5 13.8 0473
3-DG —16.6 —43.9 10.7 0.229

Values are least-square means from a linear mixed model for repeated measures with compound symmetry as the
covariant structure, n# = 36; Treatment effect = (treatment — placebo); p, the mean difference was significant at
<0.05; Measurements of x-dicarbonyls in fasting plasma samples from the start and end of every intervention
period were performed as described in the Section 3.

Figure 1 illustrates the changes in MGO, GO, and 3-DG levels over the course of
the study in subjects randomly assigned to one of two groups in which the intervention
sequences were reversed (T-P sequence or P-T sequence). Following CPC treatment, a
reduction in MGO concentration was observed (Figure 1A), regardless of the sequence of
administration, with MGO levels decreasing from 195.84 nmol/L to 190.97 nmol/L for the
T-P sequence and from 187.01 nmol/L to 174.89 nmol/L for the P-T sequence. In subjects
who received CPC as the first intervention, a slight increase in GO concentration from
123.26 nmol/L to 127.05 nmol/L was noted. Conversely, for the group receiving CPC as
the second intervention, the GO levels decreased from 120.36 nmol/L to 110.26 nmol /L
(Figure 1B). Subjects receiving CPC in the T-P sequence had their plasma 3-DG levels
slightly increased from 559.44 nmol/L to 561.85 nmol /L, while CPC taken in the second
sequence lowered 3-DG levels from 592.96 nmol/L to 567.63 nmol/L (Figure 1C). No
significant interaction between treatment and period and no carryover and sequence effect
were observed.

The placebo used in this study, maltodextrin, is a low-active polysaccharide derived
from the partial hydrolysis of starch [51]. It seemed unlikely that maltodextrin could affect
«-DCs levels, particularly since it is commonly used as a food additive, an ingredient
in tablet masses, and in human intervention studies as an oral placebo [52]. However,
maltodextrin has a high glycemic index, even higher than table sugar, and its consumption
causes a sharp postprandial rise in blood glucose levels, poter\tially resulting in excessive
MGO production [6,53]. It is worth noting that, since the study was not designed to measure
a-dicarbonyls concentrations, the choice of placebo was based on the primary outcomes of
the original study [54].

Previous experimental in vitro studies have found that citrus and pomegranate polyphe-
nols can trap reactive a-dicarbonyls [40,42,44,45]. Under controlled experimental condi-
tions that simulate the physiological environment in terms of pH and temperature, some
compounds, such as flavonoids and biguanides, directly react with MGO to form stable
adducts, effectively removing the highly reactive MGO from the solution. The adducts
resulting from the interaction of MGO with various natural and synthetic compounds have
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been identified in both in vivo and in vitro experiments, including animal models [55,56]
and human subjects [25]. Moreover, it seems that MGO adducts formed by natural com-
pounds like quercetin retain the beneficial physiological effects of the original polyphenol
molecule, such as its antioxidant activity [57].

A —e— Seguence T-P (Treatment-Washout-Placebo)
B C Sequence P-T (PlacaboasoutTreament)
240 160 650
20 140 . 600{ L
= il =
S 200 3 g
E Washout £ 120 washaut £ 550 Washout
(o (U]
3 180 8 =}
= ©
100 500
160
140 T T T 80 T T T T 450 T T T T
1 4 12 1 4 8 12 1 4 8 12
Week Week Week

Figure 1. Changes in a-dicarbonyls concentrations during the study expressed in nmol/L unit. The
T-P sequence represents a group of participants who first received the CPC treatment and then, after
a washout period, were given a placebo. The P-T sequence refers to those participants who initially
received the placebo and then, following a washout period, were administered the CPC. Data are
presented as actual mean &= SEM (standard error of measurement). Fasting plasma sampling from
the start and end of each intervention period was performed as described in the Section 3; time
points on the axis x are marked as consecutive weeks of the study (weeks 1 and 8 are the start of
each intervention period and weeks 4 and 12 are the end of the intervention period). (A) MGO levels;
(B) GO levels; (C) 3-DG levels.

Zhang et al."s study [55,56] demonstrated that the oral administration of myricetin
and taxifolin resulted in the formation of MGO adducts, which were later detected in the
urine and feces of mice. When administered to mice via oral gavage, myricetin trapped
MGQ in the gastrointestinal tract and circulatory system, forming both mono- and di-MGO
adducts. Additionally, the phase Il metabolites of myricetin, including mono-methylated
and di-methylated myricetin, maintained the MGO trapping ability of myricetin, forming
their own mono-MGO adducts. This is in line with findings from other studies on genistein,
epigallocatechin gallate, and quercetin [58-60]. The ability to trap MGO is not exclusive to
natural compounds. Kinsky et al.’s research [25] showed that an imidazoline derivative
adduct, a result of MGO and metformin interaction, was found in the urine samples of
diabetic patients who had been prescribed metformin as part of their regular antidiabetic
therapy. However, it is essential to understand that while MGO trapping can occur in
both in vitro and in vivo settings, the multifaceted in vivo environment, with its numerous
interacting physiological systems and factors, might impact the efficiency and effectiveness
of the trapping process compared to controlled in vitro conditions.

The current study used a combination of sweet orange extract and pomegranate con-
centrate, which together provided 700 mg of the supplement. This supplement contained
450 mg of hesperidin, 60 mg of punicalagin, and 190 mg of other non-characterized compo-
nents. This complex blend makes it challenging to pinpoint the specific active ingredient
responsible for reducing reactive «-DCs. This complex blend makes it challenging to pin-
point the specific active ingredient responsible for reducing reactive a-DCs. There has been
a long-standing debate in natural product research over the use of whole plant extracts
versus individual plant compounds or phytochemicals for therapeutic applications. Both
strategies have their strengths and drawbacks, largely due to the inherent biochemical com-
plexity and the bioavailability of the active ingredients. Whole plant extracts consist of a
diverse mixture of phytochemicals, such as phenolic acids, flavonoids, tannins, terpenoids,
and others. The holistic use of these extracts is often supported by the ‘entourage effect’
concept, which posits that the combined therapeutic benefits of an entire plant extract
exceed that of its isolated components. This is believed to be because of the synergistic
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interactions between the various compounds [61,62]. Such synergy might arise from the
enhanced bioavailability of certain compounds when present alongside other co-existing
components [63,64].

However, the complexity of extracts introduces variability in their composition and,
thus, their therapeutic efficacy and safety profile. Achieving standardization and main-
taining quality control are often challenging [65,66]. On the other hand, isolated plant
compounds allow for precise control over dosage and, consequently, therapeutic action.
They can be intensively studied, and their pharmacokinetics, pharmacodynamics, and
toxicological properties can be thoroughly characterized [67]. Despite these advantages,
isolated compounds might lack the synergy found in whole plant extracts, and their
bioavailability can be limited [68,69]. To determine the scavenging activity of MGO for
specific citrus and pomegranate polyphenols in humans, additional studies with the use of
individual compounds are necessary. When considering the use of plant polyphenols or
extracts as supplements and nutraceuticals, their bioavailability should always be taken
into account. The oral bioavailability of hesperidin, one of two main constituents from
the extract combination used in the current study treatment, has also been a topic of in-
tense scrutiny due to its poor absorption characteristics [70]. The poor bioavailability of
hesperidin can be primarily attributed to its highly hydrophilic structure and relatively
large molecular size (M: 610.56 g/mol), which hinders its passive diffusion across the
intestinal epithelium. After oral ingestion, hesperidin remains largely unabsorbed in the
small intestine and proceeds to the colon, where it undergoes deglycosylation by the
local microbiota, being converted into its more lipophilic aglycone form, hesperetin (M:
302.27 g/mol) [71]. The released hesperetin can be absorbed and further metabolized in
the liver to glucuronide and sulfate conjugates, which have been identified as the main
circulating metabolites in plasma [72]. These conjugates are eliminated in the urine within
24 h, and the total urinary recovery of hesperidin metabolites is generally low, indicating a
low overall bioavailability [73]. Nevertheless, it is worth noting that MGO trapping activity
has been documented for hesperetin. This suggests that even if hesperidin is not absorbed
directly into the bloodstream in its original form, its active metabolite might still exert
MGO scavenging activity in the systemic circulation. Also, some of the phase II biotransfor-
mation metabolites, such as hesperetin-3’-O-glucuronide, hesperetin-7-O-glucuronide, and
hesperetin-3'-O-sulfate [74], can also potentially scavenge MGO as their chemical structure
meets the basic requirements of being able to bind reactive a-dicarbonyls [75,76]. It is
also worth noting that the bioavailability of hesperidin can be affected by several factors,
including the food matrix in which it is consumed, individual variations in gut microbiota,
and potential interactions with other dietary compounds [77].

The second main ingredient of the tested supplement—punicalagin—is a large molecule
(M: 1084.71 g/mol) and is classified as an ellagitannin, which makes it less bioavailable
due to limited absorption in the gastrointestinal tract. It is known to undergo hydrolysis
to smaller polyphenolic compounds, including ellagic acid (EA), and further biotrans-
formation to urolithins and their isomers by gut microbiota, mainly in the colon [78].
Urolithins and isourolithins are the metabolites that appear in plasma and urine, not the
initial punicalagin. Therefore, the bioavailability of punicalagin is primarily determined
by the bioavailability of the products formed from its hydrolytic degradation [79]. It is
important to note that there is considerable inter-individual variability in the production of
urolithins/isourolithins, which has been linked to differences in gut microbiota composi-
tion among individuals [80]. Urolithin A and urolithin B are the most frequently observed
urolithins in human plasma and urine. A recent study by Peng et al. [81] highlighted that
urolithin A mitigates AGE formation by trapping reactive MGO, resulting in the creation
of mono-MGO-urolithin A adducts.

Taken together, these findings suggest that the active metabolites of the two main
components of sweet orange and pomegranate combination potentially have the ability
to scavenge MGO by forming adducts with it, and this could be considered as one of
the possible mechanisms that led to a significant decrease in the plasma concentration of
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MGO in study subjects. Unfortunately, participants’ urine samples were not collected, so
identifying any potentially formed adducts was not possible. Further in-depth studies are
certainly required to determine the mechanism of action of the active constituents found in
sweet orange and pomegranate fruit extracts.

Previous clinical studies using the pure flavonoids quercetin-3-glucoside and epicate-
chin (160 mg/day and 100 mg/day, respectively) have shown that after 4 weeks of oral
administration in apparently healthy (pre)hypertensive adults, only quercetin could statis-
tically signiticantly reduce plasma MGO concentrations by 10.6%. This reduction slightly
exceeds the 9.8% result achieved in our study using CPC. Moreover, the study revealed
no statistically significant effect of flavonoids on GO and 3-DG plasma concentrations,
suggesting that flavonoids may primarily target MGO [82].

The effect size of the reduction in plasma MGO by CPC with 9.8% was also found
with pyridoxamine, with a decrease in plasma MGO of 9% [83]. This result was also
mirrored in a well-standardized weight loss intervention study with pyridoxamine, which
reported a 9% decrease in fasting MGO [84]. These studies were performed in relatively
healthy abdominally obese individuals. In our previous research, we showed that MGO
concentrations are associated with incident cardiovascular disease in diabetes, with a
difference in plasma MGO concentrations of approximately 5% to 13% between diabetic
individuals with and without cardiovascular events [85]. Therefore, the 9.8% reduction in
plasma MGO, as we found in this study with CPC, could be of clinical relevance.

The reduction in plasma MGO concentration by polyphenols might be a result of
actions other than the direct scavenging of MGO. This could be attributed to their strong
antioxidant properties [86,87]. Oxidative stress is considered to participate in reductions
in the body’s natural detoxification mechanisms such as the expression of Glo1 [88]. The
use of substances with strong antioxidant potential such as polyphenols may promote the
physiological enhancement of MGO degradation by glo1 [89]. Additionally, the reduction
in plasma MGO may also be influenced by the antidiabetic properties of hesperidin or
punicalagin, which have shown promise in reducing glucose levels and improving sugar
metabolism [90-93].

The current study was a post hoc analysis of a human randomized cross-over clinical
trial. One major limitation is that the trial was not originally designed to identify effects on
a-dicarbonyl compounds. Nevertheless, we found a significant reduction in MGO, which
aligns with previous in vitro findings. It is crucial to emphasize that our study focused on
metabolically healthy elderly individuals with no comorbidities, and the supplementation
period itself lasted only 4 weeks. Therefore, the long-term impact of the CPCs might differ
in high-risk populations, such as those with diabetes and associated vascular complications.

The identification of methods to reduce MGO concentrations could have substantial
implications for preventing and managing MGO stress-related chronic diseases. These
interventions may impede or slow down the formation of MGO and MGO-derived AGEs,
while also ameliorating oxidative stress and suppressing inflammation. This presents a
promising approach to disease management. Therefore, exploring novel therapies aimed
at lowering a-DCs, including both pharmacological and non-pharmacological strategies
(e.g., dietary modifications and physical exercise), carries significant clinical relevance.
Additionally, it is crucial to recognize the potential synergy when these therapies are
combined with established treatments, possibly enhancing their effectiveness. Adopting
this multifaceted approach could lead to a more comprehensive and effective strategy to
address chronic conditions associated with elevated MGO and other x-DCs.

3. Materials and Methods
3.1. Study Population and Design

The study was conducted from June 2018 to January 2019 and was approved by
the local Medical Ethics Committee of the Maastricht University Medical Centre + and
performed in accordance with the Declaration of Helsinki of 1975, as amended in 2013,
and with the Dutch Regulations on Medical Research involving Human Subjects from
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1998. All participants gave written informed consent before data collection. The study
was registered at clinicaltrials.gov as NCT03781999. The detailed design of this research
containing CONSORT flow diagram of the study participants was previously described
by Ahles et al. [54]. In short, 42 elderly, healthy, non-smoking subjects aged 60-75 were
recruited through advertisements in the local media. Exclusion criteria included a BMI
(in kg/ mz) lower than 18 and higher than 28, allergy to the investigated product, placebo
or citrus fruits, high blood pressure (systolic > 140 mmHg, diastolic > 90 mmHg), abuse
of alcohol and drugs, use of beta-blockers, and other medications that may interfere
with the study results. Participants were also excluded in case of recent muscle injury
less than one month before the start of the study and medical conditions that might
influence outcome measure or participant safety during testing, including but not limited
to severe cardiovascular disease, cancer, and Parkinson'’s disease (concerned measurements
of physical activity; not included in this article). This trial was designed as a randomized,
placebo-controlled, double-blind, cross-over study. Patients were randomly allocated after
enrollment in the study. Randomization was performed using a web service with concealed
and random block sizes. Participants ingested a study treatment and placebo capsules for
4 weeks in random order separated by a 4-week period of washout.

3.2. Treatment and Placebo

The treatment was 500 mg Citrus x sinensis (L.) Osbeck peel extract (containing
bioflavonoids) and 200 mg Punica granatum L. fruit concentrate (containing ellagitan-
nins and other polyphenols) combination, delivered as a dietary supplement (Citrus &
Pomegranate Complex; Actiful®, BioActor BV, Maastricht, The Netherlands). The investiga-
tional product was standardized chromatographically (LC) by the manufacturer. The daily
dose contained 450 mg of hesperidin and 60 mg of punicalagin; the chemical structures of
the main treatment components are shown in Figure 2. Maltodextrin (Gonmiscl, Barcelona,
Spain) was used as a placebo. The study products were formulated into capsules, each
of which contained 350 mg of study treatment or placebo. Subjects were asked to ingest
2 gelatin capsules each morning, prior to breakfast with 200 mL of water for 4 weeks. The
treatment and placebo were identical in appearance and taste.

B

OH
Figure 2. The main components of CPC used as a treatment in the study; (A) punicalagin; (B) hesperidin.

3.3. Measurement of a-Dicarbonyls in Plasma

Fasting blood samples were collected into Heparin S-Monovette tubes (Sarstedt, Niim-
brecht, Germany). Before analysis, all plasma samples stored at —80 °C were thawed and
mixed thoroughly. The concentration of a-dicarbonyls in plasma samples was measured
with ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS)
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according to the method proposed by Scheijen et al. [94] as previously described. In short,
30 uL EDTA plasma samples were mixed with 90 uL. O-phenylenediamine (10 mg oPD in
10 mL 1.6 M perchloric acid) in an Eppendorf cup. After an overnight (20 h) incubation
at room temperature away from light, 20 uL of the internal standard solution (d4-o-DCs)
was added. Samples were mixed and subsequently centrifuged for 10 min at 21,000 g at a
temperature of 4 °C; then, 2.5 uL was injected for UPLC-MS/MS analysis.

3.4. Instrumentation

A Waters Acquity I-class system combined with a Xevo TQ-XS mass spectrometer
(Waters, Milford, MA, USA) equipped with a reversed-phase C18 column (Acquity UPLC
HSS T3, 50 x 2.1 mm, 1.8 um) was employed for the determination of «-dicarbonyl
concentrations.

3.5. Statistical Analysis

Statistical analyses were catried out according to a method previously described by
Dower et al. [95]. Changes between values of a-dicarbonyls concentration at the start and
the end of each 4-week double-blind intervention period were taken as a treatment effect
of CPC. All variables were found to be normally distributed. A linear mixed model with
compound symmetry as a covariant structure was used to evaluate the treatment effects in
this study. The subject was defined as a random effect, while treatment and period were
taken as fixed effects. Investigation of treatment—period interaction revealed no carry-over
effect of previous treatment and, therefore, it was not included in the final model. Effects of
treatment were expressed as mean least squares with 95% Cis, and statistical significance
was set at a 2-sided p value of 0.05. SPSS Statistics 23 software was used for all analyses.
For data visualization, GraphPad Prism 5 software was used.

4. Conclusions

In conclusion, this is the first human intervention study to investigate the effects of a
combination of sweet orange extract and pomegranate fruit concentrate on reactive «-DCs.
This study revealed a significant reduction in plasma MGO concentrations. The MGO
scavenging effect exhibited by the active compounds in sweet orange and pomegranate
holds promise as a potential therapeutic approach for preventing and managing conditions
in which MGO plays a pivotal role.

Based on these initial findings, several recommendations and prospective avenues
emerge. It is essential to substantiate these preliminary discoveries with broader studies,
involving a more diverse group of participants. Investigating the optimal doses of the
combined extracts is crucial for refining the MGO scavenging effect. Moreover, determining
the specific molecular pathways through which these compounds act will enhance our
understanding and may lead to the development of even more effective interventions. If
supported by further research, these findings have the potential to influence the creation of
specialized dietary supplements or nutraceuticals targeting MGO-related health concerns.
Additionally, this study’s insights hint at the vast potential of phytochemicals in various
fruits and plants that might offer therapeutic properties against MGO. Through these
revelations, we are establishing a foundation for future research, aiming for innovative
solutions to challenges posed by elevated MGO levels.
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Abbreviations

3-DG 3-deoxyglucosone

x-DCs alpha dicarbonyls

AGEs advanced glycation endproducts

BMI body mass index

CEL NE-(1-carboxyethyl)lysine

CrC citrus and pomegranate extract

Glol glyoxalase 1

Glo2 glyoxalase 2

GO glyoxal

LC liquid chromatography

MG-H1 N®-(5-hydro-5-methyl-4-imidazolone-2-yl)ornithine
MGO methylglyoxal

oPD d8-O-phenylenediamine

RAGE receptor for advanced glycation endproducts
RCS reactive carbonyl species

SD standard deviation

SEM standard error of the mean

UHPLC-MS/MS  ultra-high-performance liquid chromatography tandem mass spectrometry
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Abstract: Galega officinalis L. has been known for centuries as an herbal medicine used to alleviate
the symptoms of diabetes, but its comprehensive chemical composition and pharmacological
activity are still insufficiently known. The current study involved the qualitative and quantitative
phytochemical analysis and in vitro evaluation of the antioxidative and methylglyoxal (MGQO)
trapping properties of galega herb. Ultra high-performance liquid chromatography coupled with
both the electrospray ionization mass spectrometer and diode-array detector (UHPLC-ESI-MS
and UHPLC-DAD) were used to investigate the composition and evaluate the anti-MGO
capability of extracts and their components. Hot water and aqueous methanol extracts,
as well as individual compounds representing phytochemical groups, were also assessed
for antioxidant activity using DPPH (2,2-diphenyl-1-(2,4,6-trinitrophenyl)hydrazyl) and ABTS
(2,2"-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) assays. Quercetin and metformin were used as a
positive control. We confirmed the presence of tricyclic quinazoline alkaloids, guanidines, flavonoids,
and hydroxycinnamic acids (HCAs) in galega extracts. The polyphenolic fraction was dominated by
mono-, di-, and triglycosylated flavonols, as well as monocaffeoylhexaric acids. The in vitro tests
indicated which G. officinalis components exhibit beneficial antioxidative and MGO trapping effects.
For galega extracts, flavonols, and HCAs, a potent antiradical activity was observed. The ability to
trap MGO was noted for guanidines and flavonoids, whereas HCA esters and quinazoline alkaloids
were ineffective. The formation of mono-MGO adducts of galegine, hydroxygalegine, and rutin in
the examined water infusion was observed.

Keywords: galega; guanidines; flavonoids; phenolic acids; polyphenols; methylglyoxal trapping;
antioxidant activity

1. Introduction

Before the development of pharmacological anti-diabetic therapy, traditional medicine was widely
used to reduce the symptoms associated with type 2 diabetes (T2D) [1]. Among the over 1000 species
of plants used as anti-diabetic agents, Galega officinalis L. (Fabaceae), also known as galega or goat's
rue, deserves some special attention [2]. The flowering aerial parts of galega (Galegae herba) were used
in the past to alleviate the polyuria associated with long-term hyperglycemia, but also to treat many
other conditions from tuberculosis, bubonic plague, and malignant fevers to epilepsy, helminthiasis,
and various infectious diseases [3,4]. Moreover, due to its presumed impact on increasing milk yield,
galega was used as a galactagogue in humans [5]. At the beginning of the 19th century, it was
extensively cultivated as a forage crop in the United States, but in 1986 Keeler et al. [6] reported
the clinical symptoms of poisoning in sheep, occurring at doses of about 0.8 g of dried G. officinalis
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herb per kilogram of body weight per day; thus, its continued use in agriculture has been limited [7].
Despite such toxic potential in high doses, G. officinalis is still used to manage the early stages of T2D
or as part of its complementary treatment in several countries, including Bulgaria and the United
Kingdom, where it is recommended for use in diabetes mellitus by the British Medicine Herbal
Association [8,9]. The therapeutic dose of galega herb in humans recommended by Youngken in A
Textbook of Pharmacognosy [10] is 4 g per day; therefore, it is many times lower than the dose causing
toxic effects on animals. Early pharmacological studies showed that Galegae herba demonstrates
hypoglycemic activity and the glucose-lowering effect has been attributed to the presence of guanidine
derivatives, especially galegine and hydroxygalegine, in the raw material [11,12]. Galegine became the
basis for the synthesis of metformin (1,1-dimethylbiguanide), commonly used as a first-line drug for
monotherapy and combination therapy to manage hyperglycemia in T2D [13]. Research on galegine
and its derivatives (guanidines and biguanides) was considered a milestone in the development
of oral antidiabetic pharmacotherapy. Other than the ability to reduce hepatic gluconeogenesis,
increase insulin sensitivity, and inhibit the absorption of glucose, metformin has also been found to
be potentially useful in reducing the risk of diabetic vascular complications [14,15]—in particular,
those associated with the accompanying increase in reactive carbonyl species (RCS) plasma levels
and both their direct tissue toxicity and indirect toxicity by leading to the formation of harmful
advanced glycation and oxidation end products (AGEs and AOPPs, respectively) [15]. Currently,
among RCS, methylglyoxal (MGO) is considered as the main precursor of the non-enzymatic glycation
and oxidation of proteins, which results in the formation of AGEs and AOPPs [16]. One of the possible
mechanisms of action responsible for this preventive effect is lowering the RCS concentration by
trapping reactions with specific compounds. Several in vitro and in vivo studies have demonstrated
that a reduction in the MGO plasma concentration could be an effective strategy for the direct alleviation
of diabetic vascular complications [16-18]. So far, the established biological properties of G. officinalis are
anti-hyperglycemic[17], antimicrobial [18], and anti-aggregate [19,20]. However, the literature provides
little information on the antioxidant properties, and no research has referred to the methylglyoxal
trapping capacity of goat’s rue extracts. Both of these biological activities may contribute to limiting
the damage caused by hyperglycemia in complications of diabetes. According to recent research,
Galegae herba extracts could be beneficial for the prevention of kidney tissue damage in diabetes [21].
Due to the structural similarity to metformin, the galegine present in G. officinalis may demonstrate
analogy RCS trapping activity. Moreover, many recent studies have reported that other groups of
phytochemicals commonly occurring in plants—e.g., flavonoids and phenolic acids—also scavenge
RCS and free radicals such as reactive oxygen species (ROS), which both demonstrate a prominent role
in the pathogenesis of endothelial dysfunction related to diabetes mellitus [22,23]

However, although the therapeutic properties of goat’s rue have long been recognized and
appreciated in traditional medicine, the study of the phytochemical profile of the G. officinalis herb
has been barely addressed. Previous studies on the composition of this species were focused on
seed phytochemistry, mainly concerning amino compounds [24]. The chemical constitution of its
polyphenolic fraction has received much less attention.

Therefore, the aim of the study was to determine the comprehensive phytochemical composition
of the G. officinalis herb and the quantitative analysis of individual polyphenolic and guanidine
compounds. Moreover, based on the obtained phytochemical profile of Galegae herba, rutin, chlorogenic
acid, and galegine were selected to represent various groups of natural compounds in galega (flavonoids,
hydroxycinnamic acids, and guanidines, respectively). Since the G. officinalis herb has been used in the
treatment of diabetes for centuries, we decided to test this plant material and selected representative
compounds for MGO trapping capacity and non-enzymatic antioxidative activity to assess whether
they have properties potentially useful in the prevention of diabetes vascular complications.
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2. Results and Discussion

2.1. Chemical Composition of G. officinalis Extracts

The efficacy of the plant extracts is deemed to rely on the characteristics and activity of their
complex chemical components; therefore, a comprehensive analysis of the phytochemical composition
of G. officinalis herb is crucial in order to understand its potentially beneficial biological mechanisms
of action. In the current study, the preliminary UHPLC-ESI-MS analysis indicated a higher content
of guanidine and polyphenolic compounds in the hot water extract (infusion) of galega than its aq.
methanol extracts. Moreover, the separation of the individual compounds (peaks) was distinctly better
in the water extract. The water infusion is also the simplest and most popular pharmaceutical form of
medicinal plant preparation and administration. For these reasons, the hot water extract from galega
herb was used for further quantitative analysis.

The UHPLC-ESI-MS analysis of G. officinalis hot water and aq. methanol extracts led to the
detection of 39 compounds. Guanidine derivatives and tricyclic quinazoline alkaloids were identified
as nitrogen compounds using positive electrospray ionization. In the negative mode, we revealed—to
our best knowledge, for the first time—the presence of hydroxycinnamic acid esters (HCAs) with
hexaric acid. Other phenolic acids, as well as their sugar derivatives, were also detected. Moreover,
various glycosides of flavonols and flavanonols were recognized in the analyzed G. officinalis extracts.
Identified or tentatively identified constituents along with their m/z (in negative and/or positive
ESI-QqTOF-MS), MS/MS fragments, and maxima of UV-Vis adsorption are presented in Table 1.
The chemical structures of the selected identified phytoconstituents are shown in Figure 1. Nevertheless,
for most detected flavonoids and HCAs, further spectroscopic analyses should be carried out to clarify
their chemical structure.

R2 QUINAZOLINE ALKALOIDS R1 R2 R3
R3 Vasicine OH H H
N/B Vasicinol OH H OH
\N/ Vasicine-O-hexoside O-hexose H H
R1 Vasicinone OH =0 H
NH GUANIDINES R1
/@\ /H\ Galegine CHs
R1 H NH; Hydroxygalegine CH:-OH

Figure 1. Structures of quinazoline alkaloids and guanidines identified in the G. officinalis herb.
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Table 1. UHPLC-ESI-MS data of G. officinalis herb components in negative and/or positive ion mode.,

M- H|- :
Peak No. B Amax | o) Emor s ) Identification Propasal
Iminl  [nm]  [pgo4ogi* ez IPPmI
1 089 200 200.0309 16 165[M - 44/CO, - H]™ Hexaric acid
2 128 250 91.0203 —18 111 [M - 44/CO; — 36/2xH,0 — H]~ Hexaric acid monolactone
3 149 1441132 12 - Hydroxygalegine
209 [M = 162/caffeoyl - T1]-, 191 [209 — 18/1,0 — H|,
\ 147 [209 = 18/H,0 — 44/C0, - HJ~, 179 [CA — H]", P
1 132 3% 371.0618 LR e e e Monocaffeoylhexaric acid 1
111 [209 — 44/CO5 — 54/3xH,0 — H]-
5 548 - 2050977 29 187 [M - 18/H,0 + H]" Vasicinol
3 75 - 1281185 22 - Galegine
209 [M — 162/caffeoyl — H]", 191 [209 — 18/H,0 — H]",
o o R e .
7 834 325 371.0613 SRS OO, s HlRCAG T, Menocaffeoylhexaric acid 2
135 [CA — 44/CO, — HI-, 1291209 — 43/C0, — 36/2xH,0 - H,
111 [209 = 44/CO; — 54/3xH0 — H]-
206, ~ 171 [M = 18/H,0 + H]*, 144 [M — 18/H,0 — 27/CHN + HJ*, o
8 874 g 189029 35 115 (M - 18/H,0 - 27/CHN - 26/C,H, + H]' Veicine
209 [M — 162/caffeoyl — F1]°, 191 [209 — 18/H,0 - H] ",
N 147 [208 — 18/H;0 ~ 44/C0O; — H|~, 179 [CA — H]~, ‘ o
9 9.49 325 371.0621 0.1 135 [CA — 44/CO5 — H], 1291209 — 44/C0% — 36/2xHz0 — H], Monocaffeoylhexaric acid 3
111 [209 — 44/CO; — 54/3xH,0 — H]-
209 [M — 146/coumaroyl — H]7, 191 [209 — 18/H,0 - H]~,
: 147 [200 — 18/H,0 — 44/CO; — H], 163 [CuA — H]", e
10 11.84 313 355.0671 0.9 129 [209 — 44O — 36/2xH>0 — HI-, 119 [Cu — 40, — H]-, Monocoumaroylhexaricacid 1
111 [209 — 44/CO5 — 54/3xH50 — H]-
152/153° [M — 132/pentose — H] Protocatechuic acid
1t e 283 2850617 06 40809 [PA - 44/CO, — HI- O-pentoside
5 e E
12 123 w8 351.1565 s ARIModcdhereee s Ul Vasicine-O-hexoside

171 [M - 162/hexose — 18Ha0 + HJ'
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M-H|~ ) h
PeakNo. B Ama L ) Brror s g Identification Proposal
lminl  [nm]  [pg 4 gp* (nfz) [ppml
200 [M — 162/caffeoyl — H]~, 191 [209 — 18/H,0 — H],
. 147 [209 — 18/H,O — 44/CO, — H], 179 [CA _ HJ ", )
3 i
13 12.43 325 371.0614 1.6 135 [CA — 44/COn — ], 129[209 — 44/CO5 — 36/2x11,0 — HI-, Monocaffeoylhexaric acid 4
111 [209 — 44/CO; — 54/3xH,0 — H|
209 [M — 146/coumaroyl — H] , 191 [209 — 18/H,O — H] -,
- 147 209 — 1§/1,0 — 44/CO5 — 1|7, 163 [CuA-T1|~, = 7 aricaci
14 1271 314 355.0671 0.4 129 [209 — 44/CO, — 36/2xH,0 — H-, Monocoumaroylhexaricacid 2
119 [CuA — 44/CO; — 117, 111 [209 — 44/CO, — 54/3xI1,0 — H|~
209 [M - 176/feruloyl - ", 193 [FeA — 191 - I,
15 13.24 325 385.0785 09 191 [M - 193 - Hor 209 - 18/H,0 — H]~, 147 [209 — 18/H,0 — 44/CO, - H]~, Monoferuloylhexaric acid 1
111 [209 — 44/COz — 54/3xI1,0 - H|™
209 [M — 176/feruloyl — H]™, 193 [FeA — H]™,
16 143 325 385.0775 10 191 [M — 193 - Hor 209 — 18/H,O — H|~, 147 [209 — 18/H,0 — 44/CO, - H|~, Monoferuloylhexaric acid 2
111 [209 — 44/CO; — 54/3xI1,0 — H|~
209 [M = 176/feruloy]l — H|~, 193 [FeA —H] ",
17 14.82 325 385. 0773 07 191 [M — 193 — Hor 209 - 18/H,0 — H|~, 149 [194v — 44/CO, -~ HJ~, Monoferuloylhexaric acid 3
147 1209 — 18/T1,0 — 44/CO, — HJ™, 111 [209 — 44/CO; — 54/3xI1,0 — HI™
18 15.1 315 3250922 15 163 [M — 162/hexose — H]~, 119 [CuA — 44/COs — H]™ Coumaric acid O-hexoside
F 152/153 2 [M — 264/2 pentose — H]~, Protocatechuic acid
2 iz 25 gl L6 081097 [PA - 44/CO5 - HI- O-di-pentoside
209 [M - 146/coumaroyl -~ H], 191 [209 — 146-18/H,0 — H],
= 147 [209 — 18 — 44/CO, — H]~, 163 [CuA — H]-, 5 ; o
20 1521 312 3550665 12 501300 - 3500, - 3eaxHy0 - HI-, 119 [CuA - 4400, — H]-, 111 09 - Momocoumaroylhexaicacid 3
44/C0O, — 54/3xH,0 — HI
21 15.58 211 203.0825 -42 185 [M=18/H, O+ H]" Vasicinone
209 [M - 176/feruloyl — H]~, 193 [385 - 191 - H]| -,
22 1654 325 3830753 13 191 [M - 193 — H]~, 147 [191 - 44/CO, - H], Monoferuloylhexaric acid 4
111 [209 — 44/CO, — 54/3H,0 — HI~
23 1759 325 353.0512 1. 19L[M.=162/caffeoy] ~HI7 179 [CA < HI; Chlorogenicacid 5

111 [QA — 44/CO; = 36/2xH,0 — H]-
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M-H]- 3
PeakNo, B Amax L ) Emor s g Identification Proposal
Iminl  [nm] g+ g gy lPPMI
24 1839 312 163.0401 -0 119 [M - 44/CO; - H] p-Coumaricacid
303 [M — 162/hexose — HJ~, S
9. 9 . K -3-0-] 5
25 19.98 290 465.1030 1.8 285 [M — 162/hexose — 18110 — 1]~ laxifolin-3-O-hexoside
755.2036 12 609 [M — 146/deoxyhexose — H| ™,
2% s0gs 254 L = 300/301 % [M — 2 x 146/dideoxyhexose — 162/hexose — H]~ Quercetin-3-O-dideoxyhexasyl-
354 7572994 13 611[M — 146/deoxyhexose + H]| ¥, hexoside 1
: ’ 303 [M — 2 x 146/dideoxyhexase — 162/Hexose + HI*
755.2038 04 609 [M — 146/dcoxyhexose — HJ™,
7 o D4 o - 300/301 2 [M -2 x 146/dideoxyhexose - 162/Hexose - 11|~ Quercetin-3-O-dideoxyhexasyl-
o0 65 [M-2 x 146/dideoxyhexose + [T+, 303 [M - 2 x 146/dideoxyhexose - hexoside 2
757.2215 0.4 | g
162/Hexose + H]
265 o o 8 Jal Kaempferol-3-O-ghacoside
X " B - .
28 ne g 447.0942 7 285[M - 162/glucose — H] s
; 265, i _ Kaempferol-3-O-dideoxyhexosyl-
9 f: a - 4 71 - 24 &4
29 21.97 344 739.2088 0.5 284285 ° [M -2 x 146/dideoxyhexose — 162/hexose-H] hexoside 1
30 na 205 7392083 10 284/285 % [M -2 x 146/dideoxyhexase — 162/hexose — |- Kaempferol-3-0-dideoxyhexosyl;
34 2 hexoside 2
5 R 609.1416 -02  300/301° [M — 308/rutinose — H] Quercetin-3-O-rutinoside
353 611.1634 02 303 [M — 308/rutinose + H]* (rutin ®)
5 463.0870 18 300/301 [M - 162/galactose — H]~ A atea
32 g 2% & Quercetin-3-0 gal‘L‘LtUbldE
353 465.1037 —17 303 [M - 162 + H/galactose]* (hyperoside )
5 g, 29 593.1495 3.1 284/285° [M — 308/rutinose — H|~ Kaempferal-3-O-deoxyhexasyl-
o 368 595 1681 —34 287 [M - 308/rutinose + I1]* hexoside 1 (nicotiflorin %)
- s, 1258 593,1505 10 284285 % [M - 308/deoxyhexose-hexose — H]~ Kaempferol-3-O-deoxyhexosyl-
i 368 5951683 ~3.8 287 [M - 308/deoxyhexose-hexose + H]* hexoside 2
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M-H|- i
PeakNo, B Amax L ) Emor s g Identification Proposal
Iminl  [nm]  (p 4 g1* (uyz) lPPMI
315 [M — 308/rutinose — H]-,
623.1608 27 E o &
35 a5 25 = 300 [M — 308/rutinose — 15/Me* — H]| Isorhamnetin-3-O-rutinoside
4.53 i
353 S— i0  37IM=308utinose = H], (narcissin %)
- s 300 [M — 308/rutinose — 15/Me” + H]**
254, _ e a o - Quercetrin-3-O-thamnoside
36 24.66 348 447.0924 29 300/301 * [M — 146/rhamnose — H] (quercitrin 5
255, i ; v o L Quercetin-3-O-acetyl-
37 25.96 353 797.2135 25 3007301 * [M -2 x 146/dideoxyhexose — 162/hexose — 42facety] — H| dideoxyhexosyl-hexoside
38 26.69 ;:?g 431.0973 22 284/285 % [M — 146/deoxyhexose — H|™ Kaempferol-3-O-deoxyhexoside
264, 781.2192 -0.1 284/285 % [M -2 x 146/dideoxyhexose — 162/hexose ~ 42/acety]l ~ H]~ Kaempferol-3-O-acetyl-
39 27.13 : 5 4
368 783.2373 27 dideoxyhexosyl-hexoside

ase — 162/hexose — 42/acety] + HIT
rse — 162/hexose — 42/acety! + H]

tg, Tetention Hme; Amax, absorbance maximum in UV-Vis spectrum; * [Y0) — H]™*/[Y0]=; ® reference standard; CA, caffeic acid; Cu, coumaric acid; FeA, ferulic acid; PA, protocatechuic acid;
QA, quinic acid.
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2.1.1. Characterization of Quinazoline Alkaloids and Guanidines

UHPLC-ESI-MS analysis in positive electrospray ionization mode allowed us to identify or
tentatively identify six nitrogen compounds (Figure 1). Peaks 5, 8, 12, and 21 were classified as
tricyclic quinazoline alkaloids, whereas 3 and 6 were assigned as guanidine derivatives. Compound
6 (7.5 min) was identified based on comparison with the authentic reference standard as galegine
(m/z 128). Compound 3 (1.49 min) with a pseudomolecular ion at r/z 144 corresponded to galegine
with a hydroxyl group and was identified as hydroxygalegine. Peaks 8 and 5 with retention times of
8.74 and 5.48 min gave [M + H]" ions at n/z 189 and 205. Compound 5 generated a fragment ion at
myz 187, which indicated the neutral loss of a water molecule [M — 18 + H]". They were proposed as
vasicine (peganine) and hydroxyvasicine (vasicinol), respectively. Their MS/MS fragments were further
matched with the literature data [25]. Compound 12 detected at m/z 351 (12.31 min) was tentatively
identified as vasicine-O-hexoside. It showed an initial loss of hexose, producing a fragment ion at m/z
189 [M — 162 + H]* corresponding to vasicine. Compound 21 showed a base peak [M + H]* at m/z 203
and an MS/MS fragment at 11/z 185, which indicated the loss of water. It was tentatively identified as
vasicinone based on fragmentation information and data from the literature [26].

2.1.2. Characterization of Phenolic Acids

An analysis of hydroxycinnamic acid (HCAs, tr at 4.32-18.39 min) and hydroxybenzoic acid
(HBAs, 11.92 and 15.12 min) derivatives was carried out in negative electrospray ionization mode.
Esters of caffeic, ferulic, and p-coumaric acids with hexaric acid (aldaric acid) were recognized as
predominant HCAs (Figures 2 and 3). Free hexaric acid and its monolactone were also identified as
peaks 1 and 2 with m/z 209 and 191. Four compounds, 4, 7, 9, and 13, with retention times of 4.32,
8.34, 9.49, and 12.43 min, and m/z 371, were tentatively identified as monocaffeoylhexaric acid isomers,
based on the presence of a fragment ion at m/z 209 which indicates a neutral loss of a caffeoyl moiety
[M -162 - H]". All monocaffeoylhexaric acids also represented MS/MS fragments derived from
hexaric acid at m/z 191, 147, 129, and 111 due to the neutral loss of a water molecule [209 — 18 — H]~,
CO; and a water molecule [209 — 44 — 18 — H]~, CO; and two H>0 molecules [209 — 44 — 36 — H]| ™,
and CO» and three HyO molecules [209 — 44 — 54 — H] ™, respectively, as well as fragments at 17/z 179 and
135, which suggest the occurrence of a caffeic acid residue [CA — H]™ and its decarboxylated structure
[CA - 44 — H]™. Compounds 10, 14, and 20 (tg at 11.84, 12.71, 15.21 min) with m/z 355 were tentatively
identified as three isomers of monocoumaroylhexaric acid (most likely esters of p-coumaric acid,
pCuA was confirmed as a free acid). All these esters produced fragment ions at 11/z 209, corresponding
to a neutral loss of a coumaroyl moiety [M — 146 — H]™ and m/z 163 and 119, which indicated
the presence of a coumaric acid residue [CuA — H]™ and its decarboxylated form [CuA — 44 — H]".
Peaks 15, 16, 17, and 22 (tg at 13.24, 14.3, 14.82, 16.54 min) with pseudomolecular ions of 385 Da
were assigned as four monoferuloylhexaric acids. They were tentatively identified based on the
occurrence of fragments at m1/z 209 resulting from a neutral loss of a feruloyl moiety [M — 176 — H]™.
Both monocoumaroylhexaric and monoferuloylhexaric acid isomers have shown further fragmentation
patterns similar to the monocaffeoylhexaric acids mentioned above. Compounds 23 and 24 (17.59 and
18.39 min) were identified as chlorogenic and p-coumaric acid, respectively, based on comparison with
authentic standards. Compounds 11 and 19 (11.92 and 15.12 min) with [M — H]™ ions at n1/z 285 and
417 were tentatively identified as protocatechuic acid O-pentoside and O-dipentoside. They produced
a radical aglycone ion [Yy — H]™® atm/z 152 and 108, as well as an aglycone fragment ion at m/z 153 and
109 (by the homolytic and heterolytic fission of precursor ions) [27], corresponding to a protocatechuic
acid residue after the neutral loss of pentose or dipentose followed by decarboxylation. Similarly,
compound 18 (15.1 min) was assigned as coumaric acid O-hexoside, exhibiting a deprotonated ion
at m/z 325. It also presented an MS/MS fragment at m/z 163, which suggests a neutral loss of hexose,
and a fragment at m/z 119, corresponding to coumaric acid after the loss of hexose followed by the loss
of CO».
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FLAVONOLS R1 R2
Kaempferol OH H
Astragalin O-fglc H
Kaempferin Q-grtha H
Nicotiflorin C-o-rha(l—6)-p-glc H
Kaempferol-3-O-robinoside O-v-rha(l—-6)-f-gal H
Clitorin O-[orrha(1—+2)][c-tha(1-»6)]-f-glc H
Mauritianin O-[errha(1—2)][c-rha(1-6)]-f-gal H
Kaempferol-3-0-(4"-acetyl-2"-a-rhamnosyl)-tobinoside O-[4-O-acetyl-e-tha(1-2)][e-rha(1-286)]-f-gal H
Quercetin OH OH
Hyperoside O-B-gal OH
Quercitrin O-g-tha OH
Rutin O-wrrha(l—6)-f-glc OH
Quercetin-3-0-(2"-a-rhamnosyl)-rutinoside QO-[orrha(1-2)][e-rha(1—6)]-p-glc OH
Quercetina3=0s(2"a-thamnosyl)-robineside O-[o-rha(1-52)][e-rha(1-6)]-f-gal 0OH
Quercetin-3-0-(4"-acetyl-2"-a-rhamnosyl)-robinoside O-[4-0-acetyl-o-tha(1—=2)][c-rtha(1—6)]-B-gal OH

Isorhamnetin OH OCH:

Narcissin O-g-rha(l-6)-f-glc OCH:

gle, glucose; gal, galactose; tha, thammose.

HCA and HEXARIC ACID ESTERS R1I/R2/R3/R4

R1_ R2
OH O O

O
0

O OH

Q C
SR3 R4

p-Coumaroyl
Caffeoyl
Feruloyl

Figure 2. Structures of the flavonols and HCAs identified in the G. officinalis herb.
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Figure 3. Representative UHPLC chromatograms of G. officinalis water infusion at 320 nm (A) and

360 nm (B).

2.1.3. Characterization of Flavonoids

Mono-, di- and triglycosylated flavonols and flavanonols were characterized based on their
UV-Vis (200600 nm) and MS spectra (in the negative and positive ion mode), and, in some cases,
by comparison with authentic standards (tg). Depending on the structure, the CID of deprotonated
flavonoid glycosides produced both radical aglycone and aglycone fragments. In the negative ion
mode for flavonols, both homolytic and heterolytic fission was observed under the MS/MS conditions
used. In the case of kaempferol glycosides, homolytic fission led to a radical aglycone anion [Yo — H]™*
at m/z 284, while heterolytic fission resulted in an anaglycone fragment [Y(]™ at m/z 285. Similar
fragmentation behavior was found for quercetin derivatives (m/z 300 and 301) (1).
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The relative abundance of the radical aglycone to the aglycone product ion was found to be
dependent on the collision energy as well as the structure of the aglycone and glycone parts. A relative
increase in the radical aglycone product ion formation at a higher collision energy was observed by
Hvattum and Ekeberg [28], Cuyckens and Claeys [29], and Davis and Brodbelt [30]. For the reference
flavonols, including kaempferol-3-O-rutinoside (nicotiflorin), kaempferol-7-O-neohesperidoside,
quercetin-3-O-rutinoside (rutin), quercetin-3-O-3-glucoside (isoquercitrin), quercetin-3-O-[3-galactoside
(hyperoside), and quercetin-3-O-a-rhamnoside (quercitrin), the collision energy of 20 eV resulted
primarily in the formation of aglycone fragment [Yp]~, whereas a collision energy of 40 eV or higher
led to the occurrence of the radical aglycone anion [Yy — H]™® [28]. The position of the glycone
substitution also affected the fragmentation of the flavonol glycosides. The radical aglycone ions were
very abundant for flavonols substituted at C-3. In addition, the ratio [Yo — H]™*: [Y(]™ allows the
differentiation between flavonol-3-O- and -7-O-glycosides and can be used in the identification of
unknown compounds [29].

The UHPLC-ESI-MS analysis of flavonoids in the negative electrospray ionization mode led
us to the identification or tentative identification of fifteen compounds eluted between 19.98 and
27.13 min (Table 1, Figures 2 and 3). Most of the detected flavonoids were O-glycosides of flavonols
(kaempferol, quercetin, isorhamnetin). We identified seven kaempferol glycosides (28, 29, 30, 33, 34, 38
and 39), six quercetin glycosides (26, 27, 31, 32, 36, and 37), and only one isorhamnetin derivative (35).
Moreover, one flavanonol (taxifolin glycoside, 25) was observed. Glucose, galactose, and thamnose
were connected to aglycones as mono-, di-, or trisaccharides.

Peak 25 (19.98 min) with m1/z 465 was proposed as taxifolin-3-O-hexoside, based on the presence of a
fragmention atm/z 303 [M — 162 — H]", indicating a neutral loss of hexose, and 285 [M — 162 — 18 — H]™
after the loss of a water molecule, as well as its characteristic UV-Vis spectrum with Apax at 227 and
289 nm. Compounds 26 and 27 with retention times of 20.49 and 21.06 min and m/z 755 were
proposed as quercetin-3-O-dideoxyhexosyl-hexoside isomers. These compounds produced weak
MS/MS fragments at 17/z 609 [M — 146 — H]~ and base ions at mm/z 300/301 corresponding to quercetin,
which indicated the successive loss of deoxyhexose and disaccharide composed of deoxyhexose and
hexose units, from the C-3 position of aglycone. The Amax in their UV-Vis spectrum at 254 and 354 nm
confirmed that observation. Champavier et al. [31] previously isolated from G. officinalis and elucidated
the triglycosidic structure of quercetin-3-O-[x-thamnosyl-(1—2)][¢-rhamnosyl-(1—6)]-B-glucoside
(quercetin-3-O-(2"-x-rhamnosyl)-rutinoside). The same compound and its isomer with -galactose in
place of B-glucose were identified by Hirose et al. [31] in quinoa seeds (Chenopodium quinoa Willd.).
Therefore, 26 and 27 were carefully characterized as quercetin-3-O-[o-rhamnosyl-(1—2)][cc-thamnosyl
-(1—6)]-p-glucoside or quercetin-3-O-[x-rhamnosyl-(1—2)][ ¢-rhamnosyl-(1—6)]-galactoside (quercetin-
3-0-(2”-o-rhamnosyl)-robinoside). Other quercetin derivatives, compounds 31, 32, and 36 with
[M — H]™ at 609, 463, and 447, were identified as rutin, hyperoside, and quercitrin based on a comparison
with authentic standards and base ions at m/z 300/301, corresponding to aglycone after the loss of a
glycosyl group from C-3.

Compounds 29 and 30 (21.97 and 22.21 min) with m/z at 739 produced the M5/MS fragment at
284/285 corresponding to kaempferol and suggested the loss of two deoxyhexoses and one hexose from
the glycone part [M — 146 — 146 — 162 — H] ™. The Aqay in their UV-Vis spectrum at 265 and 344 nm
confirmed the aglycone structure. These compounds were proposed as kaempferol-3-O-dideoxyhexosyl-
hexoside isomers, probably with a branched triglycoside at C-3 exactly as in 26 and 27. Thus, 29 and 30
were tentatively recognized as kaepferol-3-O-[&-rhamnosyl-(1—2)][x-rhamnosyl-(1—6)]-B-galactoside
(mauritianin) or kaempferol-3-O-[a-rhamnosyl-(1—-2)][ «-rhamnosyl-(1—6)]-B-glucoside (clitorin).
Mauritianin was previously isolated from galega herb by Champavier etal. [31]. Both these triglycosides
were also separated from the aerial parts of Acalypha indica L. [32] and Salvadora persica L. [33].
Two next compounds, 33 and 34 at tg 23.32 and 24.12 min with m/z 593, showed the same
fragmentation patterns. Their MS/MS spectra revealed ions corresponding to kaempferol
released after the neutral loss of disaccharide [M — 146 — 162 — H]~ composed of deoxyhexose
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and hexose (probably rhamnose and glucose or galactose). Therefore, they were suggested
to be kaempferol-3-O-rutinoside (nicotiflorin) after comparison with the authentic standard,
and kaempferol-3-O-robinoside (kaempferol-3-O-robinobioside), respectively. Compounds 28 and
38 (21.61 and 26.69 min) exhibited [M — H]™ ions at m/z 447 and 431, and the same strong fragment
related to the base ion at in/z 285. The loss of 162 Da from the pseudomolecular ion was related to
hexose; therefore, compound 28 was assigned by comparison with the reference standard as astragalin.
Compound 38 demonstrated the loss of deoxyhexose [M — 146 — H]™ and was initially elucidated
as kaempferol-3-O-x-rhamnoside (kaempferin). Peak 35 (24.53 min) showed a pseudomolecular
ion at m/z 623 and MS/MS fragments with 315 and 300 Da (after the cleavage of the methyl
radical). The data suggest that 35 would be identified as isorhamnetin-O-deoxyhexosyl-hexoside,
and comparison with the authentic standard confirmed identification of isorhamnetin-3-O-rutinoside
(narcissin). Compound 39 with a pseudomolecular ion at m/z 781 and a retention time of 27.13 min
displayed the MS/MS fragment at 284/285, which suggested the presence of kaempferol aglycone
substituted in position C-3. Owing to the absence of pure standards, the literature data were
diagnostic. Champavier et al. [34] reported the presence of characteristic acetyl triglycoside in
G. officinalis. After comparison with data from this study, we identified compound 39 as kaempferol-3-
O-[4-O-acetyl-x-rhamnosyl(1—2)][a-rhamnosyl(1—6)]-3-galactoside (kaempferol-3-O-(4"/-acetyl-2"'-ot-
rhamnosyl)-robinoside). Peak 37 exhibited a deprotonated molecule at m/z 797 and produced a fragment
ion at m/z 300/301, which indicated quercetin being aglycon. Based on the above-mentioned study,
analogously to compound 39 we tentatively assigned 37 as quercetin-3-O-[4-O-acetyl-a-rhamnosyl
(1-2)][a-rhamnosyl(1—6)]-p-galactoside (quercetin-3-O-(4" -acetyl-2"-a-rhamnosyl)-robinoside) or
its analog with glucose.

Previous phytochemical research reported that, apart from guanidine derivatives, galega is a rich
source of polyphenols, saponins (derivatives of soybean sapogenols, characteristic of the Fabaceae family),
and alkaloids—mostly quinazoline alkaloids, such as vasicine and vasicinone. Allantoin, medicagol,
its methyl ester, and norterpenoid glucoside were isolated from the aerial parts of G. officinalis [34].
Terpenes, steroids, tannins, and flavonoids were also found in this plant [35]. The results of the HPLC
study by Barchuk et al. [36] revealed the occurrence of 48 phenolic compounds in aq. alcoholic extracts
from the galega herb, amongst which only seven polyphenolic compounds were identified: caffeic
acid, ferulic acid, cichoric acid, rutin, quercetin, hyperoside, and apigenin. These results are somewhat
in agreement with our study. We confirmed the presence of hyperoside and rutin. Quercetin was
observed only in the form of glycosides, but caffeic and ferulic acids were observed in the ester forms.

2.2. Quantification of Polyphenols and Guanidines

Before the quantitative analysis, the identification of the compounds present in galega extracts was
carried out using the UHPLC-ESI-MS method in the negative and positive electrospray ionization modes.
The polyphenolic components detected in G. officinalis were classified into two main groups based on
structural identification: flavonoids and hydroxycinnamic acids (HCAs). Hence, the individual 24
polyphenolic components in the Galegae herba water infusion were quantified by using the authentic
standards or corresponding standards for calibration for each group (e.g., rutin as an external
reference standard for tentatively identified flavonoids and the respective phenolic acid—caffeic,
ferulic, or p-coumaric acid for HCAs). Flavonoids and HCAs were quantified by the UHPLC-DAD
method, whereas guanidines were quantified by UHPLC-ESI-MS using the same chromatographic
conditions and a positive ion mode. The results of chromatographic method validation for authentic
and corresponding standards, of which the calibration curves exhibited good linearity at 360, 320,
and 280 nm (R? = 0.9999) are shown in Table 5 (method section). The results from the quantification
are summarized in Table 2. Each individual component was expressed as the mg per 1 g of dried
herb + standard deviation (SD).
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Table 2. Quantification of polyphenolics and guanidines in water infusions (drug extract ratio, 1:50)
from three different batches of G. officinalis (Gof1-Gof3), expressed as mg per 1 g of dried plant material.

Gofl Gof2 Gof3 Average
Compound tg [min]
Content [mg/g] of DW
Flavonoids
Taxifolin-3-O-hexoside (25) * 19.98 1.67 +0.20 0.26 = 0.01 0.03 +£0.00 0.68 + 0.65
Quercetin-derivative (26) ® 20.94 0.59 + 0.01 0.91 £ 0.02 0.74 £0.03 0.75 +0.13
Quercetin-derivative (27) ? 21.06 0.32 +0.01 0.47 £ 0.01 032 +£0.01 0.37 £ 0.07
Clitorin (29) P 21.97 0.32+0.01 0.47 £ 0.01 0.28 +0.02 0.35 + 0.08
Mauritianin (30) 2221 0.67 + 0.01 0.82 £ 0.02 047 +£0.01 0.65 + 0.15
Rutin (31) 2247 1.70 + 0.04 331007 217 £0.08 243 +£0.69
Hyperoside (32) 22.89 0.08 + 0.01 0.20 = 0.01 010 £0.01 0.13 £ 0.05
Nicotiflorin (33) P 23.32 0.14 0.01 0.20 = 0.00 013 £0.01 0.15 + 0.03
Kaempferol-3-O-robinoside (34) ® 24.12 0.39+0.19  0.65+0.01 044 +0.04 049 +0.06
Narissin (35) © 2453 0.23 +0.01 0.35 + 0.01 0.13 £ 0.01 0.24 + 0.09
Quercitrin (36) ? 24.66 0.13 £ 0,01 0.44 £ 0.02 002 £0.01 0.20+0.19
Kaempferol-derivative (39) b 27.13 0.20 +0.01 0.26 = 0.01 0.14 + 0.01 0.19 + 0.05
Sum of flavoneids 6.44 + 0.52 834+020 497 +024 6.63 +2.24
Hydroxycinnamic acids

Monocaffeoylhexaric acid isomer 1 (4) © 4.32 0.39 + 0.03 0.57 + 0.02 059 £0.03 0.52 £ 0.09
Monocaffeoylhexaric acid isomer 2 (7) © 8.34 0.75 £ 0.02 1.05 + 0.04 1.02 £0.03 095+ 0.14
Monocaffeoylhexaric acid isomer 3 (9) © 949 112 £ 0.05 1.58 £ 0.05 1.64 £0.22 1.46 £ 0.26
Monocaffeoylhexaric acid isomer 4 (13) © 1243 0.38 £0.03 0.49 + 0.02 0.48 = 0.02 0.46 + 0.05

Monocoumaroylhexaric acid isomer 1 (10) q 11.84 0.20 + 0.03 0.20 £ 0.01 0.27 +£0.01 022 +0.03
Monocoumaroylhexaric acid isomer 2 (14) ¢ 12.71 035+0.03 047+004 036 +0.01 0.39 + 0.06

Monoferuloylhexaric acid isomer 1 (15) © 13.24 0.20 £0.01 0.25 +0.01 0.25 +0.01 023 +0.02
Monoferuloylhexaric acid isomer 2 (16) © 14.30 0.12 + 0.01 0.14 £ 0.01 0.16 £0.01 0.14 + 0.01
Monoferuloylhexaric acid isomer 3 (17) © 14.82 0.32 £ 0.02 0.45 £ 0.06 047 £ 0.02 042 £0.07
Monocoumaroylhexaric acid isomer 3 (20) d 15.21 0.09£0.01 0.07 £ 0.01 0.12 £ 0.03 0.09 = 0.02
Monoferuloylhexaric acid isomer 4 (22) © 16.54 0.06 £ 0.01 0.06 £0.01 006 £0.01 0.06 £ 0.01
Chlorogenic acid (23) 17.59 0.09 £ 0.01 0.12£0.01 010 £0.01 0,10 £ 0.01

Sum of hydroxycinnamic acids 427+026 545+029 553 +041 5.04 +0.77
Sum of polyphenols 1071078 13.79 £ 049 10.5 £ 0.65 11.67 £ 3.01

Guanidines

Hydroxygalegine (3) f 1.49 198+008 1.11x006 195+004 1.68x0.12
Galegine (6) 7.50 428+0.04 938+040 608£0.17 658zx0.61

Sum of guanidines 6.26+0.07 1049+046 8.03+0.21 826+ 0.73

2 quantified as taxifolin; ® as rutin; ¢ as caffeic acid; ¢ as p-coumaric acid; © as ferulic acid; { as galegine; DW,
dry weight; all reported values (mg/g) are means of three samples in two measurements (n =3 x 2).

Our study revealed that the predominant flavonoid compound presented in the examined
batches was rutin, with the concentration of 1.7-3.3 mg/g DW (on average 2.43 mg/g), followed by
quercetin-derivative (26), taxifolin-3-O-hexoside (25), and mauritianin or clitorin (peaks 29 or 30) with
average concentrations of 0.75, 0.68, and 0.65 mg/g DW, respectively. Taxifolin-3-O-hexoside was present
at a very varied level between the individual batches of the product, and the highest concentration
was assessed in Gofl, up to 1.7 mg/g DW. Among the analyzed HCAs, monocaffeoylhexaric acid
isomer 3 (peak 9) was the major component, with a concentration of up to 1.64 mg/g DW (on average
1.46 mg/g). The average content of the other isomers of monocaffeoylhexaric acids 1,2,4 (peaks 4, 7, 13)
were (.52, 0.95, and 0.46 mg/g DW, respectively. Monocoumaroylhexaric and monoferuloylhexaric acid
isomers were quantified as minor components below 0.45 mg/g DW. The mean flavonoid sum in the
analyzed samples was calculated as 6.63 mg/g DW. The average sums of HCAs and all the quantified
polyphenols were 5.04 and 11.67 mg/g DW, respectively. The batch assigned as Gof2 had the highest
sums of flavonoids and polyphenols, while the lowest values were observed in Gof3.

Since guanidine derivatives cannot be quantified using DAD, we decided to quantify the content
of galegine and hydroxygalegine by UHPLC-ESI-MS using the chromatographic conditions described
in paragraph 1.4 (method section). Galegine sulfate was used as an external standard for linear
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regression analysis (Table 5). Galegine was present in Galegae herba at the mean concentration of
6.57 mg/g DW. Its highest content was assessed in Gof2 and was 9.37 mg/g DW, while the lowest was in
Gofl and was 4.27 mg/g DW. The average concentration of hydroxygalegine was several times lower,
at —1.51 mg/g DW. The highest concentration of hydroxygalegine was observed in Gof1 (1.98 mg/g
DW). The mean sum of guanidines in the analyzed samples was calculated as 8.08 mg/g DW. A study
of Oldham et al. [24] indicated that the galegine content varied over the plant tissues and growth
stages. The highest level of this compound was observed for reproductive tissues (6.32-8.53 mg/g,
on average 7.35 mg/g DW), followed by leaves (2.8-6.22 mg/g, on average 4.25 mg/g DW) and the stem
(1.27-1.85 mg/g, on average 1.44 mg/g DW). The examined G. officinalis herb consists of flowering aerial
parts, which explains the relatively high average concentration of galegine.

Therefore, based on the above results, the average daily dose of galega (4 g) recommended for
therapeutic purposes contains ~32 mg of guanidines and 47 mg of polyphenols, including about 26 mg
of flavonoids and 20 mg of HCAs.

2.3. In Vitro Studies

Many studies suggest that late diabetic complications arise from the reactive carbonyl species’
(especially by MGO) induced formation and generation of advanced glycation end products
(AGEs) [37,38]. Glycation is usually accompanied by the process of protein oxidation, and when they
occur simultaneously, interacting and intensifying each other’s adverse effects, they are referred to
as glycoxidation processes. In addition to AGEs, analogously advanced oxidation protein products
(AOPPs) are created [23,39]. There is no doubt a link between oxidative stress, reactive carbonyl
species generation, and the development of diabetic complications. Compounds from various chemical
groups may reduce both the in vitro and in vivo non-enzymatic glycation and oxidation of proteins
by, among other means, trapping RCS or by acting as scavengers of ROS. Therefore, the MGO
trapping capacity and antioxidant activity may contribute to limiting the damage from glycation
and oxidation reactions and to complementing existing therapy for the treatment of T2D and its
vascular complications.

2.3.1. Non-Enzymatic Antioxidant Activity

The DPPH and ABTS assays are frequently used methods for the evaluation of the antioxidant
capacities of natural products; both are spectrophotometric techniques based on the quenching of
stable radicals [40-42]. In the current study, hot water and aq. methanol extracts of Galegae herba,
and individual standard compounds, were assessed for antioxidant activity using the above-mentioned
methods. Table 3 shows the values of antioxidant activity expressed as the percent of inhibition and the
concentration required for a 50% reduction in the radicals (IC50, pg/mL; uM) obtained for the tested
samples. Standard compounds were selected based on the phytochemical study—rutin, chlorogenic
acid, and galegine sulfate were used as model compounds from three different chemical groups
(flavonoids, HCA esters, and guanidines). Quercetin was chosen due to the well-known antiradical
and antioxidative action, and metformin hydrochloride in order to verify whether the compound
with a galegine-like structure, used as the drug of choice in the treatment of T2D, possesses similar
properties. The antiradical activity of the extracts and selected substances was compared to the effects
of gallic acid (DPPH) and Trolox (ABTS). The IC50 values of the galega extracts were calculated from
the mean sum of the polyphenols quantified in G. officinalis.
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Table 3. Antioxidant activity of the G. officinalis extracts and selected standard compounds.

DPPH ABTS
Sample 1C50 1C50 % of IC50  IC50 % of
[ug/mL] [uM] Inhibition®  [pg/mL] [uM] Inhibition ?
Aq. methanol (1:1) € 11.724 - 73.00 0.944 = 85.31
Water infusion © 129794 - 68.80 1.064 - 82.34
Chlorogenic acid 27.60 77.90 33.08 2.62 7.41 37.00
Rutin 22.29 36.51 4291 407 6.66 31.02
Quercetin 8.49 28.08 91.76 1.25 413 87.14
Galegine sulfate 1656.07 13,020.31 0.90 42.52 334.32 0
Metformin hydrochloride 0 0 0 0 0 0
Gallic acid 293 17.25 >100 - - -
Trolox - - - 1.48 590 6137
Values are mean triplicate (n = 3); ® calculated for final concentration 18 ug/mL;® calculated for final concentration

2 pug/mL; € extracts from galega herb (DER 1:50); ¢ calculated from the mean sum of polyphenols.

In the current study, both the G. officinalis hot water and aq. methanol (1:1) extracts were effective in
scavenging DPPH and ABTS radicals, and even more productive than rutin, chlorogenic acid, and trolox.
The percentage inhibition of radicals was concentration-dependent and ranged from 3.14% to 75.48%
in the DPPH assay and from 10.92% to 87.76% in the ABTS assay for the water infusion, and from 6.78%
to 77.16% in DPPH and from 13.57% to 87.85% in ABTS for the aq. methanol extract (both diluted
1-16x). The obtained results are comparable with the previous report by Shymanska et al. [43] of the
antioxidant activity of G. officinalis leaves, expressed as values of percentage DPPH radical inhibition
in the range of 70.4% to 79.7% for methanolic and 54.6% to 66.8% for aqueous extracts.

The IC50 values of the tested hot water and aq. methanol extracts (calculated for the mean sum of
galega polyphenols) were almost identical =12.97 and 11.72 pg/mL in the DPPH method and 1.06 and
0.94 ug/mL in the ABTS assay. The IC50 determined for quercetin in both methods was at a similar
level (8.49 and 1.25 pg/mL), which may suggest that the Galegae herba antioxidant activity is dependent
mainly on the presence of quercetin derivatives. Galegine sulfate showed the lowest inhibitory effect
(up 9.49% in ABTS for 9.9 ug/mL), and metformin hydrochloride did not show any antiradical effect
under the conditions of the experiment. The IC50 value of the gallic acid standard used as a positive
control in the DPPH assay was 2.93 ug/mL (17.25 uM), and trolox, being a positive control in the ABTS
test, showed IC50 at 1.48 pg/mL (5.9 uM).

Taking into account the IC50 values expressed in micromolar concentration, the antiradical
activity for the individual compounds is arranged in the following order for the DPPH test: gallic
acid > quercetin > rutin > chlorogenic acid >>> galegine sulfate. For the ABTS test, the activity is as
follows: quercetin > trolox > rutin > chlorogenic acid >>> galegine sulfate.

Though metformin showed no antiradical action related to electron transfer (DPPH, ABTS assays),
some studies report their chelating properties, which may inhibit the metal-catalyzed oxidation
reactions that form AGEs [44]. The values of % inhibition calculated for both hot water and methanol
extracts (at the concentration of 18 mg/mL in DPPH and 2 mg/mL in ABTS) showed a higher inhibitory
activity than rutin and chlorogenic acid but lower than quercetin. This may suggest that the antiradical
activity of G. officinalis is based not only on polyphenolic compounds. The phytochemical analysis of
galega extracts indicated the presence of tricyclic quinazoline alkaloids, which, according to recent
research, possess a strong antiradical activity [45] and may contribute to the antioxidative potential of
Galegae herba. Synergism between the identified components of the test extracts can also be assumed.

2.3.2. Methylglyoxal Trapping Capacity

The MGO trapping test was carried out under the simulated physiological conditions for the
freshly prepared hot water extract of Galegae herba and standards selected to represent different chemical
groups of compounds in the analyzed plant material (rutin, chlorogenic acid and galegine sulfate).
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As a positive control, quercetin and metformin hydrochloride were used [38,39]. The reaction products
were further analyzed with UHPLC-ESI-MS to detect the structure modification of compounds with an
MGO trapping potential. Pseudomolecular ions higher by 72 Da in the case of mono-MGO adducts
and by 144 Da for di-MGO adducts were searched using the Extract Ion Chromatogram (EIC) function.
Phenolic compounds were tested in the negative ion mode, and the guanidine derivatives in the
positive mode. Table 4 contains test results for individual compounds and for G. offictnalis water
infusion. Generally, the in vitro study revealed that G. officinalis showed MGQ trapping activity—some
of its components were observed to form adducts with methylglyoxal. Among the tested compounds,
rutin, quercetin, galegine sulfate, and metformin hydrochloride exhibited the ability to trap MGO,
but trapping activity was not observed for chlorogenic acid. Methylglyoxal reacted with components
of Galegae herba water infusion—rutin, galegine, and hydroxygalegine. After a 1 h of incubation of
the extract with MGO, there were observed two product peaks in positive and one product peak in
negative UHPLC-ESI-MS chromatograms. In positive mode, the first peak appeared at 0.98 min with
the pseudomolecular ion [M + HJ* at m/z 216, and the second at 2.61 min with m/z 200, as well as
their fragment ions at m/z 144 and 128 [M - 72 + H]", respectively indicating the loss of one MGO
molecule (=72 Da) by MS/MS fission. This suggested that the products were mono-MGO conjugates
of hydroxygalegine and galegine. In the negative mode, the product peak observed at 8.84 min
characterized the pseudomolecular ion at m/z 681 [M — H]™ and corresponded to the molecule of the
mono-MGO adduct of rutin. The peak was 72 mass units higher than that of rutin (m/z 609).

Table 4. Methylglyoxal adducts detected in the reaction mixture of standard compounds and water
infusion of G. officinalis after 1 h incubation with MGO. Quercetin and metformin hydrochloride were
used as a positive control.

Mono-MGO Adduct di-MGO Adduct

Compound Source Peak Gnfo Fom s
Chlorogenic acid S - n.d. nd.
681.1682 [M — H]-  753.1892 [M — H|-
Rutin s 6811695 [M — H|-  753.1890 [M — H|-
¢ 681.1683 [M — H]~ 753.1885 [M — HJ~
Inf a 681.1684 [M - H]- nd.
—— i a 3730569 [M - H-  445.0779 [M - H|-
b 373.0564 [M — H]~ nd.
a 200.1367 [M + HJ* nd.
Galegine sulfate S b 200.1364 [M + H]* n.d.
¢ 200.1364 [M + HJ* nd.
a 200.1397 [M + H]* nd.
Galegine Inf b 200.1386 [M + H]* n.d.
c 200.1388 [M + H]* nd.
Hydroxygalegine Inf a 216.1334 [M + HJ* n.d.
h;g’;’i";f;‘rlile s a 2021282 [M + H* nd.

S: standard compound; Inf, water infusion; n.d.: not detected.

Moreover, an additional analysis (using EIC) allowed us to observe several slight signals of
deprotonated molecules [M — H]™ at m/z 537.1852 and 537.1832 (tg 8.38 and 8.41 min); 827.1950
and 827.1821 (tg 7.93 and 8.18 min); and 665.1476, 665.1490, and 665.1513 (tr 8.97,9.04 and
9.10 min), which corresponded to the adducts of other flavonoids identified in G. officinalis, such as
taxifolin-3-O-hexoside, quercetin-derivatives 26 or 27, and kaempferol-derivatives 33 or 34, respectively
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(increased by 72 Da). This suggests the presence of their mono-MGO adducts in the extract. The same
method allowed us to identify three galegine mono-MGO adducts (tg 1.41,2.28, and 2.61 min). The first
adduct was dominating, while the others were several times smaller. For hydroxygalegine, only one
mono-adduct was observed. A similar phenomenon was noted for standards used in the analysis
of model mixtures. Rutin, when tested individually, was observed to form three methylglyoxal
mono-adducts with [M — H]™ at m/z 681.1682, 681.1695, 681.1683 (tg 8.54, 8.7, 8.82 min), and three
di-adducts at m/z 753.1892, 753.1890, 753.1885 (tg 7.97, 8.24, 8.45 min). Similarly, quercetin was able not
only to form mono-adducts (tg 10.93 and 11.06 min), but also the di-adduct with MGO, as shown in
Table 4. A study of Bhuiyan et al. [46] suggests that several isomeric forms and diastereoisomers of
flavonoid-methylglyoxal adducts may be formed under reaction conditions. In the tested G. officinalis
hot water extract, the presence of di-MGO adduct of rutin was not detected, perhaps due to the
relatively low concentration of rutin or the occurrence of other trapping molecules.

Galegine sulfate and metformin hydrochloride formed only mono-MGO adducts (Table 4).
We observed three mono-MGO adducts for galegine sulfate (by analogy to galegine detected in extract),
which could be an effect of substitution of different positions in the guanidine group or other structural
differences between the formed adducts. MGO adducts of chlorogenic acid after 1 h of incubation
were not observed. Some research showed that chlorogenic acid can inhibit AGE formation induced
by methylglyoxal, which suggests that chlorogenic acid scavenges MGO by a mechanism other than
direct trapping [47].

The scientific literature provides information on the formation of mono- and di-MGO adducts
with various flavonoids [48,49]. A study by Van den Eynde et al. [50] showed that quercetin traps
methylglyoxal effectively enough to significantly reduce its concentration in human plasma. Trapping
activity has also been proven for the guanidine derivatives aminoguanidine [51] and metformin [52];
however, to our best knowledge, the ability to trap methylglyoxal by galegine and hydroxygalegine
has been demonstrated for the first time in this study. Based on the results of previous structural
studies [46,53], we proposed in Figure 4 the chemical structure of the MGO adducts of rutin, galegine,
and hydroxygalegine formed in the experimental conditions.
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Figure 4. The mass spectra of methylglyoxal adducts and their proposed chemical structure:
(A), quercetin mono-MGO adduct (373 Da); (B), quercetin di-MGO adduct (445 Da); (C), rutin
mono-MGO adduct (681 Da); (D), rutin di-MGO adduct (753 Da); (E), galegine mono-MGO adduct
(200 Da); (F), hydroxygalegine mono-MGO adduct (216 Da); (G), metformin mono-MGO adduct
(202 Da).

Polyphenols have a beneficial effect on health and can prevent degradative diseases such as
T2D, cardiovascular disease, and some cancers through the modulation of several protein functions,
as well as antioxidative action and an anti-MGO effect [54]. Flavonols and HCA esters are known
as health-promoting and disease-preventing components of many vegetables, fruits, and herbal teas.
By contrast, guanidine derivatives are rare plant compounds. Guanidines and quinazoline alkaloids
have been identified in several species known for their therapeutic usage but also potential toxicity in
livestock [6]. A more recent study by Mooney et al. [55] reported that no toxic effects of galegine were
observed in rats at a dose of 600 mg per kilogram body weight for over 28 days. Taking into account
the usual daily doses of metformin (up to 3000 mg) in the treatment of T2D patients, the amount
of guanidines (32 mg), at the dose of 4 g of Galegae herba recommended per day, appears to be safe,
and even insufficient to achieve a hypoglycemic effect. Quinazoline alkaloids also possess several
interesting pharmacological properties, such as intestinal «-glucosidase and acetylcholine esterase
inhibition, as well as anti-inflammatory, antimicrobial, and antioxidative effects [56]. Vasicine and
vasicinone were found to be biologically active components of Adhatoda vasica (L.) Nees (Acanthaceae),
a plant used as a herbal medicine for allergen-induced bronchial obstruction and asthma, and as a
hepatoprotective and cardioprotective agent [57]. Vasicine was reported to have a protective effect
against myocardial infarction [58]. According to the study of Wakhloo et al. [59], vasicine in a dose
up to 16 mg (injected intravenous) was well tolerated in humans and showed no undesirable toxic
effect in clinical observations. However, the uterus became firm and contracted after long-term
vasicine administration, which indicated its oxytocic effect and suggests that it may demonstrate the
above-mentioned abortifacient activity [59]. Information available about the safety of quinazoline
alkaloids is insufficient, but no adverse effects were reported for A. vasica [57].

For these reasons, the use of G. officinalis herb in the adjunctive therapy of T2D should be further
explored to confirm the underlying mechanism of its action, efficacy, and safety.

3. Materials and Methods

3.1. Plant Material

The dried herb of Galega officinalis L. (Galegae herba) was obtained from the herbal company FLOS
(Zaktad Konfekcjonowania Ziot FLOS; Mokrsko, Poland) (batches no. 1099, 1108, 1010, assigned as
Gofl, Gof2, and Gof3, respectively) certified GMP and ISO 9002. Voucher specimens were deposited
in the Herbarium of the Department of Pharmacognosy and Herbal Medicines (Wroclaw Medical
University, Wroctaw, Poland). Before extractions herb was finely ground in an IKA A11B (IKA Poland
Sp. z 0.0.; Warsaw, Poland) analytical mill for 5 min.
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3.2. Chemicals and Standards

The following chemicals were used: methylglyoxal (40% in water), 2,2—diphenyl-1-picrylhydrazyl,
2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid, trolox, metformin hydrochloride, 98-100% formic
acid, methanol (HPLC grade), acetonitrile (HPLC gradient grade and LC-MS grade), and water
(LC-MS grade) were purchased from Merck-Sigma-Aldrich (Sigma-Aldrich Sp. z o0.0., Poznan,
Poland); NaCl, KCl, Na,HPO, and KH;PO, (reagent grade) were obtained from Chempur (Piekary
élaskie, Poland); quercetin, quercitrin, astragalin, hyperoside, rutin, nicotiflorin, narcissin, taxifolin,
gallic acid, p-coumaric acid, ferulic acid, caffeic acid, and chlorogenic acid were from Extrasynthese
(Genay Cedex, France); galegine sulfate was purchased from SelectLab (Miinster, Germany). Water
was glass-distilled and deionized.

The stock solutions of standards (1 mg/mL) were prepared by dissolving 5 mg of a reference
compound in 5 mL of methanol. Working standard solutions in the range of 10-400 pg/mL were made
by mixing with 50% aq. (aqueous) methanol (v/v), filtered through hydrophilic Millex Syringe Filters
(Durapore 0.22 um; Millipore, Burlington, MA, USA) and stored at —20 °C.

3.3. Preparation of Extracts

A total of 0.2 g of dried and finely powdered plant material was extracted with 10 mL of boiling
water for 15 min (infusion) as well with 10 mL of methanol or water-methanol mixture (1:1, 3:7; v/v)
using an ultrasonic bath (Bandelein Sonorex Digital 10P; Bandelin, Berlin, Germany) at 40 °C for
15 min. After 15 min the extracts were passed through a Durapore 0.22 pm filter (Millipore; Burlington,
MA, USA) into vials, and the filtrate was analyzed using UHPLC-ESI-MS (Bruker Daltonics; Bremen,
Germany) and UHPLC-DAD (Thermo Fisher Scientific; Waltham, MA, USA). The drug extract ratio
(DER) was 1:50.

3.4. UHPLC-DAD and UHPLC-ESI-MS Analyses

The UHPLC-DAD analyses were conducted on a Thermo Scientific DionexUltiMate 3000 system
(Thermo Fisher Scientific; Waltham, MA, USA) equipped with a quaternary pump (LPG-3400D, Thermo
Fisher Scientific; Waltham, MA, USA), rapid separation photodiode array detector (DAD-3000) and
UltiMate 3000RS autosampler (WPS-3000). The separation of compounds was carried out on a Kinetex
C18 column (150 mm x 2.1 mm x 2.6 um) (Phenomenex; Torrance, CA, USA) and its temperature was
maintained at 35 °C using a temperature-controlled column compartment (TCC-3000). The injection
volume was 1 pL. The mobile phases used to create the gradient were 0.1% (v/v) formic acid in water
and 0.1% (v/v) formic acid in acetonitrile as eluents A and B, respectively. The following gradient elution
program, at a flow rate of 0.4 mL/min, based on the solvents A and B, was applied: 0-5 min, 100% A;
5-30 min, 100-70% A; 30-32 min, 70-10% A; 32-36 min 10% A. Then, the system returned to the initial
setting and was washed with 100% A until the system was stabilized before the next analysis. Spectral
measurements were recorded in the wavelength range 200-600 nm, in steps of 2 nm as well as at 220,
254, 280, 320, and 360 nm. Data acquisition was performed with the Chromeleon Chromatography Data
System (Thermo Fisher Scientific; Waltham, MA, USA). Amounts of different quantified compounds
were calculated as mean values from duplicate UHPLC analyses based on the calibration curves of the
corresponding standard compounds or expressed as equivalents of appropriate, related compound
(taking into consideration the molar mass differences).

For the UHPLC-ESI-MS analyses, an UHPLC system, set as above, was coupled with Compact
ESI-QqTOF-MS (Bruker Daltonics; Bremen, Germany). Nitrogen at 2.0 bar pressure, temperature
210 °C, and flow 0.8 L/min was used as drying and nebulizing gas in the electrospray ionization
interface (ESI). Data were acquired in both positive and negative mode. The ion source temperature
was set at 100 °C and the capillary voltage was 4500 V (ESI+) or 2200 V (ESI-). The collision energy was
8.0 eV and for MS/MS it was 35 and 40 eV. Sodium formate clusters in concentrations of 10 mM were
used for internal calibration. Analyses were run in the same chromatographic conditions as described
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above. System control and data acquisition were carried out with the Compass Data Analysis software
(Bruker Daltonics; Bremen, Germany). The amount of galegine was calculated as the mean value from
duplicate analyses based on the calibration curve of galegine sulfate used as an external standard.

The determination of the methylglyoxal adducts formation was performed using the same UHPLC
and QqTOF-MS hardware configuration and mobile phases. The column was thermostatted at4 + 1 °C
and the injection volume was 1 uL. The following gradient elution program, at a flow rate of 0.3 mL/min,
based on the solvents A and B was applied: 0~12 min, 97-65% A; 12-14 min, 65% A; 14-17 min, 65-20%
A; 17-19 min 20% A. Then, the system returned to the initial setting and was washed with 97% A until
the system was stabilized before the next analysis. The negative and positive-ion polarity mode was
applied and other settings were as previously described except capillary voltage, which was set at
5000 V.

3.5. Validation of Chromatographic Methods and Quantification

The applied UHPLC methods were validated by the determination of linearity, LOD, and LOQ.
The calibration equations for quantified polyphenols and galegine sulfate were assessed at 5
concentration levels, and duplicate injections were performed for each concentration. The values
of LOD were established at a signal-to-noise ratio (S/N) of 3 and LOQ were calculated at S/N of
10. The results of the method validation for authentic and corresponding standards, of which the
calibration curves exhibited a good linearity (R?, 0.9985-0.9999), are shown in Table 5. The average
values (mg per 1 g of dried galega herb) and standard deviations (SD) for all the quantified compounds
were determined from three independent plant extracts, each in two repetitions.

3.6. In Vitro Studies

3.6.1. DPPH Radical Scavenging Assay

The radical scavenging ability against the DPPH radical was measured according to the Blois
method with slight modification [60]. In a 96-well microplate, 20 uL of each sample at different
concentrations was mixed with 200 uL of 0.3 mM methanolic solution of DPPH. The plate was
incubated for 30 min in the dark at ambient temperature and the absorbance was recorded at 517 nm

using a Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA).
Gallic acid was used as a positive control. All the measurements were performed in triplicate.

The percentage of DPPH free radical scavenging activity was calculated as follows:
% DPPH scavenge rate = (A0 — A1)/A0 x 100%, (1)

where AQ is the mean absorbance of the control and A1 is the mean absorbance of the extract/standard
with DPPH. The IC50 values were calculated using linear regression analysis and used to express the
antioxidant capacity.
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Table 5. Validation parameters of the standard compounds for UHPLC-DAD and UTIPLC-ESI-MS analysis.

Compound Method A lnm] Linear Equation R? Range [pg/mLI LOD [pg/mLl  LOQ [pg/mLl
Chlerogenic acid UHPLC-DAD 320 y = 0.0051x - 0.0009 0.9999 10-250 0.16 050
Caffeic acid UIIPLC-DAD 320 ¥ = 0.00301x + 0.00047 0.9999 10-250 0.56 187
p-Coumaric acid UHPLC-DAD 320 y = 0.00250x — 0.00003 0.9999 10-250 0.57 190
Ferulic acid UHPLC-DAD 320 y = 0.00321x + 0.00018 0.9999 10-250 048 161
Hyperoside UIIPLC-DAD 360 ¥ = 0.00612x + 0.00007 0.9999 10-400 0.11 036
Rutin UHPLC-DAD 360 Y = 0.0097x - 0.000007 0.9999 10-400 0.16 0.50
Taxifolin UHPLC-DAD 280 ¥ = 0.02357x + 0.00163 0.9999 10400 0.08 0.28
Galegine sulfate UHPLC-ESI-MS M+ HJ*  y = 1.00029x - 0.00008 0.9985 10-400 0.01 0.03

A, wavelength; v = ax + b, y — peak area; R?, coefficient of determination; LOD, limit of detection; LOQ, limit of quantitation; 11 =2 x 5.
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3.6.2. ABTS Radical Scavenging Assay

The ABTS radical scavenging activity was measured according to the slightly modified method
of Chen and Kang [61]. ABTS and potassium persulfate were dissolved in deionized water to final
concentrations of 7 and 2.45 mM, respectively. These two solutions were mixed and incubated in the
dark at 25 °C for 12 h and subsequently diluted with methanol to reach an absorbance maximum at
734nm. Next, 200 uL of the obtained reagent was mixed with 2 uL of the tested sample. After incubating
at room temperature for 15 min, the absorbance was read at 734 nm using a Multiskan GO microplate
spectrophotometer (Thermo Fisher Scientific; Waltham, MA, USA), and Trolox was used as a positive
control. All the measurements were performed in triplicate. The ABTS radical scavenging activity was
calculated as follows:

% ABTS scavenge rate = (A0 — AT)/A0 x 100%, (2)

where A0 is the mean absorbance of the control and A1 is the mean absorbance of the extract/standard
with ABTS. The IC50 values were calculated using linear regression analysis and used to express the
antioxidant capacity.

3.6.3. Methylglyoxal Trapping Assay

Methylglyoxal trapping capacity of selected compounds and G. officinalis extracts was measured
according to the Sang et al. [62] method with slight modification. Briefly, 3 mM methylglyoxal (MGO)
was incubated for 1 hwith quercetin, rutin, chlorogenic acid, galegine sulfate, metformin hydrochloride
(1 mM), and G. officinalis hot water extract (1 mL, DER 1:50; equivalent of 20 mg of dried herb) in
100 mM of phosphate buffered saline (PBS; pH 7.4) at 37 °C to equal physiological temperature and
shaken at 40 revolutions per minute. The samples were further analyzed using UHPLC-ESI-MS to
investigate their ability to form adducts with MGO.

4, Conclusions

Previous research proves the hypoglycemic properties of Galegae herba extracts but does not
draw attention to its potential positive effect on the prevention of vascular complications related to
hyperglycemia. Our study proved that G. officinalis contains compounds that exhibit both antioxidant
activity and the ability to trap methylglyoxal. Both of these properties play an important role in
preventing and delaying diabetes complications.

An in-depth analysis of galega herb revealed the presence not only of guanidines and tricyclic
quinazoline alkaloids but also of flavonoid glycosides and HCA esters. The main components in the
polyphenolic fraction were flavonols and monocaffeoylhexaric acids. The in vitro tests allowed us to
determine which individual G. officinalis components show beneficial antioxidative and anti-MGO
effects. Flavonols such as rutin and HCAs such as chlorogenic acid exhibited a potent antiradical
activity. On the other hand, the ability to trap MGO was noted for guanidines (galegine and
hydroxygalegine) and flavonoids (mainly flavonols), whereas the HCA esters and quinazoline alkaloids
were ineffective. The UHPLC-ESI-MS method confirmed the presence of mono-MGO adducts of
galegine, hydroxygalegine, and metformin, as well as mono-MGO and di-MGO adducts of rutin and
quercetin in the reaction mixtures from model tests.

In the light of the results from the phytochemical and in vitro studies, it can be assumed that the
polyphenols and guanidines contained in the extracts of G. officinalis herb indicate antioxidant and
MGO trapping potential, which can be used in the future in the prevention of vascular complications
of diabetes. Nevertheless, further research on an in vivo model is necessary.
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Abbreviations

T2D

type 2 diabetes mellitus

MGO methylglyoxal
G. officinalis Galega officinalis

tr retention time

Amax absorbance maximum in UV-Vis spectrum
ROS reactive oxygen species

RCS reactive carbonyl species

AGEs advanced glycation end products

AQPPs advanced oxidation end products
UHPLC ultra high-performance liquid chromatography

DAD diode array detector

ESI-MS electrospray ionization mass spectrometry

ABTS 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)

DPPH 2,2-diphenyl-1-(2 4 6-trinitrophenyl)hydrazyl

HCAs hydroxycinnamic acids

1C50 the half maximal inhibitory concentration

EIC extracted ion chromatogram

DER drug extract ratio
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Abstract: The excessive dietary intake of simple sugars and abnormal metabolism in certain diseases
contribute to the increased production of a-dicarbonyls («-DCs), such as methylglyoxal (MGO) and
glyoxal (GO), the main precursors of the formation of advanced glycation end products (AGEs).
AGEs play a vital role, for example, in the development of cardiovascular diseases and diabetes.
Aspalathus linearis (Burman £.) R. Dahlgren (known as rooibos tea) exhibits a wide range of activities
beneficial for cardio-metabolic health. Thus, the present study aims to investigate unfermented and
fermented rooibos extracts and their constituents for the ability to trap MGO and GO. The individual
compounds identified in extracts were tested for the capability to inhibit AGEs (with MGO or GO
as a glycation agent). Ultra-high-performance liquid chromatography coupled with an electrospray
ionization mass spectrometer (UHPLC-ESI-MS) was used to investigate a-DCs’ trapping capacities.
To evaluate the antiglycation activity, fluorescence measurement was used. The extract from the
unfermented rooibos showed a higher ability to capture MGO/GO and inhibit AGE formation
than did the extract from fermented rooibos, and this effect was attributed to a higher content of
dihydrochalcones. The compounds detected in the extracts, such as aspalathin, nothofagin, vitexin,
isovitexin, and eriodictyol, as well as structurally related phloretin and phloroglucinol (formed by the
biotransformation of certain flavonoids), trapped MGO, and some also trapped GO. AGE formation
was inhibited the most by isovitexin. However, it was the high content of aspalathin and its higher
efficiency than that of metformin that determined the antiglycation and trapping properties of green
rooibos. Therefore, A. linearis, in addition to other health benefits, could potentially be used as an
a-DC trapping agent and AGE inhibitor.

Keywords: methylglyoxal; glyoxal; advanced glycation end products; trapping of dicarbonyls;
Aspalathus linearis; rooibos; dihydrochalcones; flavonoids; MGO; AGEs

1. Introduction

Nowadays, it is well established that diet can significantly affect the metabolic health
of the human body. In recent years, dietary habits have evolved all over the world, and
the consumption of simple carbohydrates in the diet of the average person in developed
countries has increased dramatically [1]. The increase in the prevalence of cardio-metabolic
diseases, including obesity, type 2 diabetes, and the vascular complications of diabetes,
is thought to be associated with a significant spike in the consumption of simple sugars,
especially glucose and fructose. One of the mechanisms linking the increased intake of
monosaccharides with the development of metabolic disorders is the overproduction of -
dicarbonyl compounds (e-DCs), such as methylglyoxal (MGO) and glyoxal (GO) [2,3]. Both
MGO and GO are formed by the non-enzymatic and enzymatic degradation of monosaccha-
rides; therefore, they may be produced in excess during the sustained consumption of large
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amounts of carbohydrates [4]. An elevated glucose metabolism may result in increased
MGO formation mainly through the polyol pathway [5]. Moreover, lipid peroxidation with
the increased production of highly reactive aldehydes, including glyoxal, may occur as
a result of oxidative stress and lipid disorders induced by hyperglycemia [6]. However,
glucose is not the only contributor to e-DC formation. The hepatic metabolism of fructose
skips the regulated steps of glycolysis, which additionally impairs normal lipid and carbo-
hydrate metabolism and results in the increased production and generation of MGO [7].
The concentration of methylglyoxal is therefore significantly higher in people with diabetes
and on average is up to 2—4 times higher [8]. ®-DCs are characterized by extremely high
reactivity and the ability to interact with primary amine and guanidine groups of biomacro-
molecules by nucleophilic addition to form Schiff bases [9]. Subsequently, Schiff bases can
undergo cyclization to produce glycosylamines, which are further rearranged to produce
stable ketoamines (Amadori products) [10]. Both Schiff bases and Amadori products are
products of reversible reactions. However, they can also be further transformed by oxi-
dation, dehydration, polymerization, and oxidative degradation reactions, giving origin
to advanced glycation end products (AGEs) [11]. The non-enzymatic protein glycation
reaction described above can be triggered not only by «-DCs but also by reducing sugars
(e.g., glucose and fructose), which contain electrophilic carbonyl groups [12].

However, it is assumed that «-DC activity exceeds that of the reduction of sugars
by up to several hundred times. The process of non-enzymatic glycation occurs under
physiological conditions in the body [13]. Nevertheless, since o-DCs are essentially derived
through the metabolism of carbohydrates, the higher the glycemia, the more the non-
enzymatic glycation process is enhanced [14]. This is particularly important in patients
with poorly controlled, long-term hyperglycemia, as increased concentrations of both o-
DCs and AGEs contribute significantly to the development and progression of the vascular
complications of diabetes and other metabolic disorders [14]. Albumins are especially
vulnerable to glycation modifications induced by high concentrations of simple sugars and
a-DCs [15]. In a population of healthy individuals, the percentage of glycated albumin is
estimated to range from 1 to 10%, whereas in a population of individuals with the vascular
complications of diabetes, it may be as high as 30% [16]. Among the many mechanisms of
interference in the glycation pathway proposed as being able to reduce the concentration
of a-DCs and thus, in the long run, AGEs, one of the most promising besides lowering
carbohydrate intake seems to be trapping a-DC compounds [17]. In the past, there were
great hopes for the clinical utility of aminoguanidine, the first known methylglyoxal
scavenger and AGE inhibitor. The ability of aminoguanidine to delay the progression
of the vascular complications of diabetes, including retinopathy and nephropathy, has
been demonstrated, as has its ability to inhibit protein glycation modifications in vivo.
Nevertheless, further clinical trials were discontinued due to some serious side effects
occurring after long-term treatment, including gastrointestinal disorders and anemia [18].

In continuing the search for anti-o-DC treatments, plants and isolated natural com-
pounds have received increasing attention in recent years [19-21]. Aspalathus linearis (Bur-
man f.) R. Dahlgren, also known as rooibos or redbush tea, is a popular plant raw material
widely used around the world, and its beneficial health properties, especially in the context
of cardiometabolic health, are fairly well recognized [22]. This plant is cultivated for its
herbal tea, which occurs in two varieties, unfermented (green rooibos, GR) and fermented
(red rooibos, RR) [23]. The hypoglycemic properties of A. linearis have been previously
demonstrated; therefore, it is particularly recommended for patients with pre-diabetic
and diabetic conditions as a complementary treatment [24]. However, the positive effects
of A. linearis on the cardiovascular system are not limited to potential glucose-lowering
activity. A study by Marnewick et al. [25] revealed that the regular consumption of tradi-
tional rooibos tea significantly improved lipid profile as well as redox status, which are
both important for vascular health. In fact, the benefits associated with the use of rooibos
tea appear to be far more extensive and according to new studies may also include the
reduction of oxidative stress [26], inflammation [27], insulin resistance [28], protein glyca-
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tion [29], and the alleviation of pancreatic 3-cell dysfunction [30]. Nevertheless, despite
such intensive research on the cardio-metabolic benefits of A. linearis extracts, to date, it has
not been evaluated whether their mechanism of action also includes methylglyoxal and
glyoxal trapping. Of particular interest in this context seems to be aspalathin, the main and
predominant component in green rooibos, for which «-DC-trapping activity has not yet
been demonstrated. However, the ability to uptake MGO has been reported in structurally
similar compounds, including phloretin and phlorizin (apple constituents), which may
suggest that aspalathin and A. linearis may possess analogous activity [31].

With this in mind, the aim of the present study is to investigate the MGO- and GO-
trapping capacity of aspalathin and other phytochemicals present in the infusions and
hydroethanolic extracts of A. linearis as well as to compare the trapping capacity of green
and red rooibos tea. In addition, the antiglycation properties of fermented and unfermented
rooibos hydroethanolic extracts were investigated. Selected individual compounds present
in A. linearis and their potential intestinal metabolite phloroglucinol were also investigated
inin vitro models with MGO and GO as the glycation agents.

2. Results and Discussion

The accumulation of AGEs is believed to be a factor contributing to the development
of chronic metabolic diseases, such as metabolic syndrome, diabetes, and the vascular
complications of diabetes [32]. Since in developed countries the prevalence of diseases
associated with AGEs is increasing, research on the inhibitors of advanced glycation end-
product formation has received much interest in recent years [33-35]. Natural products in
particular have received a lot of attention due to their high level of safety and affordability.

Antiglycation activity has so far been reported for many plant raw materials, such
as green tea [36,37], ginger [38], marjoram [39], Japanese star anise [40], buckwheat [41],
and mung bean [42]. It has been shown that for some plant extracts, such as extracts
of Scutellaria alpina L. and Solidago altissima L., antiglycation activity correlates with the
content of flavonoids, and it is flavonoids that are largely responsible, through various
mechanisms, for the ability to inhibit the formation of AGEs [43]. Individual compounds
for which antiglycation and a-dicarbonyl trapping activity has been demonstrated include
quercetin [44], kaempferol [45], rutin [46], hyperoside [47], myricetin [11], phlorizin [31],
and many others.

Considering the already known beneficial effects of rooibos tea on the cardiovascular
system, its safety of use, and ubiquity, as well as its richness in flavonoids—compounds
that may exhibit anti-«-dicarbonyls and anti-AGE activity—we chose this plant material to
examine whether it could potentially be effective as an agent in preventing the formation of
advanced glycation end products. For this purpose, in the first place, the qualitative com-
position of A. linearis extracts was determined and the flavonoid content of hydroethanolic
extracts in green and red rooibos was quantified (GRE and RRE, respectively). Based on
the results, compounds with different chemical structures—the C-glycosides of the dihy-
drochalcones, flavones, and flavanones—were selected and investigated in the antiglycation
test (MGO and GO models) and the a-dicarbonyl trapping assay. This study also covered
an investigation of the antiglycation and trapping activity of hydroethanolic extracts and
infusions of green and red rooibos. The final step was to identify the adducts formed as a re-
sult of trapping and propose the potential structures formed, as well as to demonstrate how
structural differences in flavonoid compounds affect trapping ability. Qur previous research
included the study of flavonoid O-glycosides (e.g., rutin, isoquercitrin, and hyperoside) in
this regard, while in this work we focused on C-glycosidic compounds [47-49].

2.1. Phytochemical Profile of Rooibos Extracts

In an effort to understand potential differences in the biological activity of green
(GR) and red rooibos (RR), both GR and RR were subjected to phytochemical composition
analysis. For this purpose, their infusions and hydroethanolic extracts were prepared as
described in Section 3.3 and analyzed using UHPLC-ESI-MS. Identified constituents along
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with their m/z in negative ion mode and MS/MS fragments are presented in Table 1. The
flavonoid profile was identical in both types of extracts. Therefore, further studies were
conducted only with hydroethanolic extracts—GRE and RRE.

Table 1. UHPLC-ESI-MS data of red (RR) and green rooibos (GR) components in negative ion mode.

No. Rt [min] [M — H]- MS/MS Error [ppm] Compound Rooibos Type Source
1 8.47 255.0504 193, 165 —-031 Pisidic acid RR [50]
2. 13.76 341.0879 179,135 1.87 1-O-caffeoylglucose RR [50]
3. 14.75 325.0929 119 1.64 (E)-PPAG RR [51]
4. 15.08 289.0713 203, 109 0.29 Epicatechin RR [50]
5. 17.98 609.1450 = 093 Luteolin-6,8-di-C-glucosidc or RR, GR [52]

galactoside
6. 18.12 4491089 32?13;93, 1.13 Eriodictyol-C-glucoside 1 RR, GR [52]
329,193, o . }
% 18.82 449.1092 135 1.80 Eriodictyol-C-glucoside 2 RR, GR [52]
8. 18.89 449.1085 T 024 Eriodictyol-C-glucoside 3 RR, GR 521
9 19.15 449.1074 A ~198 Eriodictyol-C-glucoside 4 RR, GR 521
10. 19.40 579.1329 399, 369 1) Linteslin-C-glucoside- @atabifineie GR 53]
(carlinoside)
11, 2044 1470937 357,327 214 Latéalin Cglcoside | RR, GR [52]
(isoorientin or orientin)
12. 20.62 447.0937 357,327 2.14 Laiteolin:C-gluchside2 RR, GR [52]
(iseorientin or orientin)

13. 20.96 451.1254 331,209 3.01 Aspalathin RR, GR S
14. 21.80 431.0994 341,311 3.65 Apigenin-C-glucoside 1 (vitexin) RR, GR S
15, 2197 609.1461 3007301 0.87 Queretin-3-O-robinobioside RR (50]

(bioquercetin, bioquercitrin)

16. 22.19 431.0988 341,311 226 Apigenin-C-glucoside 2 (isovitexin) RR, GR S
17. 22.29 609.1461 300/301 0.87 Queretin-3-O-rutinoside (rutin) RR S
18. 2241 163.0883 300/301, 139 Querceﬁn-S—O-[Sjgalacmside RR S

271 (hyperoside)
19. 22.70 463.0878 200/301, 031 Quercetin-3-0:}-glucoside RR s
271,255 (isoquercitrin})
20. 23.30 435.1293 345,315 042 Nothofagin RR, GR [53]
21, 24.87 451.1254 331,209 3.01 Aspalathin isomer RR, GR [52]
Methyl-luteolin-O-glucoside or
g, alactoside (e
22. 25.34 161.1077 298/299 —1.49 g Ber, RR [54]
chrysoeriol-O-glucoside/
283/284 o
galactoside)

23 25.65 493.1343 36]2’023] ’ —0.6 Acetylaspalathin RR [50]
24, 27.55 287.0565 151,135 3.25 Eriodictyol GR S
25, 29.13 285.0405 285 2.05 Luteolin GR 5
26. 32.82 299.0560 284 145 Chrysoeriol GR S

Rt, retention time; S reference standard; RR, red rooibos; GR, green rooibos.

The infusions and hydroethanolic extracts from the fermented (RR) and unfermented
(GR) raw material were rich in the dihydrochalcone C-glycosides aspalathin and nothofagin
(peaks 21 and 20). Acetylaspalathin (peak 23) was observed only in RR. They also contained
two pairs each of diastereoisomers of eriodictyol glucosides 1-4: (S)-6-C-, (R)-6-C, (5)-8-
C-, and (R)-6-C-glucoside of eriodictyol (peaks 6-9). These compounds are formed by
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the natural process of aspalathin oxidation during fermentation and storage, and they
have a dark brown color [50]. They are responsible for the color change of rooibos leaves
from green to red brown during rooibos tea production [55]. The most abundant group
of flavonoids found in fermented A. linearis was flavones. In analyzed rooibos extracts,
positional isomers of apigenin and luteolin C-glycosides were identified: vitexin/isovitexin
(peaks 14, 16) and orientin/isoorientin (peaks 11, 12), as well as di-C-glycosides such
as carlinoside (peak 10). Orientin and isoorientin are formed from aspalathin by the
intermediate flavanones 8-C- and 6-C-glucosides of eriodictyol [56]. Similarly, vitexin and
isovitexin are formed from nothofagin by the respective C-glucosides of naringenin. The
aglycones of flavones, such as luteolin and chrysoeriol, and flavanones, mainly eriodictyol,
were also identified in the unfermented plant material (peaks 24-26), whereas flavonol O-
glycosides, such as bioquercetin (quercetin-3-O-robinobioside, peak 15), rutin, hyperoside,
and isoquercitrin (peaks 17-19) were detected in higher amounts in fermented A. linearis.
The main difference in the composition of both types of rooibos is the amount of aspalathin,
which is significantly higher in the non-fermented plant material. In the fermented raw
material, it undergoes oxidation processes and is converted to eriodictyol-C-glucosides.
However, both types of rooibos tea are rich sources of flavonoids, whose beneficial effect
on health is undeniable.

Only the presence of aspalathin, vitexin, isovitexin, rutin, isoquercitrin, hyperoside,
eriodictyol, luteolin and chrysoeriol was confirmed by standards; the other compounds
were tentatively identified based on the literature.

2.2. Quantification of Flavonoids

In the next step, we determined the content of the main identified flavonoids in GRE
and RRE. The concentration of dihydrochalcones, flavanones, flavones, and flavonols and
the sum of flavonoids (expressed as mg/100 mL of hydroethanolic extract or 1 g of raw
plant material) were quantified by the HPLC-DAD method using the external standards.
We also converted the obtained results into micromolar concentrations. Table 2 shows the
results of the quantitative analysis of flavonoid content.

The hydroethanolic extract of green rooibos (GRE) contained mainly dihydrochal-
cones at 46 mg/100 mL (1019.4 uM/L), predominantly aspalathin at 41.2 mg/100 mL
(911.3 uM/L), and nothofagin at 4.7 mg,/100 mL (108.2 uM/L), as well as flavone deriva-
tives at 13.3 mg/100 mL (301.9 uM/L), especially C-glucosides of luteolin. The hydroethano-
lic extract of red rooibos (RRE) was especially rich in flavone derivatives: isoorientin,
orientin, vitexin, isovitexin, and aglycones at a total of 7.3 mg /100 mL (184 uM/L), and a
similar concentration of dihydrochalcones at 2.9 mg /100 mL (65.2 uM/L) and flavanones
at 2.5 mg/100 mL (55.3 uM/L). Flavonols (3-O-robinobioside, 3-O--galactoside, and 3-
O-B-glucoside of quercetin) were minor components of GRE and RRE. The sums of the
flavonoids found in the two raw materials were extremely different. While unfermented
rooibos contained as much as 65.5 mg/100 mL (1443.1 uM/L) of flavonoids, fermented
rooibos contained only 13.6 mg/100 mL (320.2 uM/L). Thus, GRE was approximately
4.5 times richer in flavonoids and 15.6 times richer in dihydrochalcones than RRE.

Since we only had standards for aspalathin, vitexin, isovitexin, hyperoside, iso-
quercitrin, apigenin, luteolin, and chrysoeriol, the remaining compounds were calculated
semi-quantitatively using available standards as described in Table 2.
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Table 2. Flavonoid content in hydroethanolic extracts from green and red rooibos (GRE and RRE;
1:100, m/v) expressed in mg per 100 mL of hydroethanolic extract and 1 g of dry plant material and
uM/L. The main components are highlighted.

GRE RRE
Compound mg/100mLorlg uM mg/100 mLor1g uM
Mean SD Mean SD Mean SD Mean sSD
DIHYDROCHALCONES: 45.95 1.28 1019.42 2834 2.93 0.12 65.16 2.69
Aspalathin 4123 1.28 91126 @ 28.25 2.36 0.13 52.25 2.78
Nothofagin I 4.72 0.02 108.16 0.51 0.56 0.01 1291 0.21
FLAVANONES: 1.86 022 41.39 4.93 2.49 0.10 55.27 2.29
Eriodictyol-6-C-glucoside 2 1.07 0.14 3.04 1.55 0.10 34.36 231
Eriodictyol-8-C-glucoside 2 0.79 017 3.85 0.94 0.03 20.91 0.57
FLAVONES: 13.26 0.14 3.31 7.30 0.35 184.04 4.53
Luteolin-6-C-glucoside (isoorientin) > 4.93 0.03 0.63 314 0.13 70.04 2.89
Luteolin-8-C-glucoside (orientin) & 4,09 0.07 1.64 2.35 0.08 52.52 1.72
Apigenin-8-C-glucoside (vitexin) 1.39 0.16 3.78 0.40 0.04 9.47 0.86
Apigenin-6-C-glucoside (isovitexin) 2.66 0.05 1.20 0.13 0.01 2.92 0.15
Luteolin 0.08 0.01 0.32 1.05 0.02 36.84 0.76
Apigenin + chrysoeriol 2 0.10 0.01 0.24 0.33 0.05 12.25 1.96
FLAVONOLS: 4.44 0.19 3.16 0.91 0.04 15.73 0.59
Querctin-3-O-robinabioside, 2.98 0.20 323 082 003 1344 050
(bioquercetin, bioquercitrin)
Quercetin-3-0-p-galactoside (hyperoside) 0.72 0.04 0.76 0.06 0.01 1.36 0.23
Quercetin-3-0-p-glucoside (isoquercitrin) 0.75 0.02 0.43 0.04 0.00 0.94 0.04

SUM OF FLAVONOIDS

1.52 33.64 m 0.53 m 7.92

! calculated as aspalathin; 2 calculated as eriodictyol-7-O-p-glucoside; ® calculated as isovitexin; * calculated as
vitexin; ? calculated as apigenin; ¢ calculated as rutin; n = 5; green color, green rooibos; red color, red rooibos; the
darker the color, the higher the content.

2.3. Inhibition of Glycation by Rooibos Flavonoids and Related Compounds

In the present study, in vitro models using bovine albumin as the target protein
and methylglyoxal or glyoxal as the glycation agent were used to evaluate the anti-AGE
activity of the rooibos hydroethanolic extracts (GRE and RRE), aspalathin (ASP), vitexin
(VT), isovitexin (IVT), eriodictyol (ER), and compounds with a similar structure, such as
dihydrochalcone phloretin (PLT, phloretin is an aglycone of nothofagin) and phloroglucinol
(PLG), which reflects the arrangement of the flavonoid A ring. Aminoguanidine (AG)
and metformin (MET) were used as positive controls. AG is the most potent known
inhibitor of non-enzymatic protein glycation [57], and MET is the first-choice drug in
diabetic patients with a biguanide core; its anti-AGE activity has also been demonstrated in
previous studies [58,59].

As shown in Figure 1, the results obtained in the two glycation models differed
markedly from each other. In the model using methylglyoxal, all the tested compounds
showed rather high inhibitory activity against AGE formation. The greatest antiglyca-
tion activity was observed for apigenin-C-glucosides, i.e., isovitexin (84.92 + 0.36%) and
vitexin (81.77 £ 4.67%), and these values exceeded the activity of the aminoguanidine
(74.81 & 2.16%) used as a reference. Moreover, phloretin (78.76 £ 1.23%), being a dihy-
drochalcone structurally similar to aspalathin, exhibited potent anti-AGE activity at the
aminoguanidine level. The main component of green rooibos, aspalathin, demonstrated
slightly lower activity in inhibiting AGEs at 60.62 £ 2.86%, but this result was still above
the activity of metformin (52.28 + 13.82%). Phloroglucinol, whose structure forms the
core of rooibos dihydrochalcones, exhibited antiglycation activity similar to aspalathin
(60.03 + 4.84%). This compound is used as an antispasmodic drug in some countries and
showed the ability to capture reactive carbonyl species in earlier studies [60]. Eriodictyol
was the least effective in inhibiting MGO-mediated AGEs (42.98 + 2.65%).
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Figure 1. Antiglycation activity after seven days of incubation of bovine serum albumin with
glycation agents (0.5 mM) and tested compound (1.5 mM) or hydroethanolic extracts (500 uL, DER
1:100) expressed as % inhibition of: (a) MGO mediated-AGE formation, (b) GO-mediated AGE
formation. Results are representative of three experiments performed in triplicate + SD. Values
not sharing a common letter are significantly different at p < 0.05 according to Tukey’s multiple
comparisons test. Abbreviations: AG, aminoguanidine; MET, metformin; GRE, green rooibos extract;
RRE, red rooibos extract; ASP, aspalathin; PLT, phloretin; PLG, phloroglucinol; VT, vitexin; IVT,
isovitexin; ER, eriodictyol.

Among the rooibos products, using identical sample volumes and drug—extract ra-
tios (500 pL, DRE 1:400), only the hydroethanolic extract from unfermented A. linearis
(GRE) demonstrated inhibitory activity against bovine albumin glycation in a model with
MGO. The inhibitory activity of GRE was 66.06 £ 5.26%, which was comparable to that of
aspalathin (difference not statistically significant).

In the glyoxal-induced glycation model, isovitexin was also the most potent antigly-
cation agent (81.94 £ 0.63%), and its inhibitory potential against AGE formation was
more than two-fold higher than that of aminoguanidine (36.49 + 3.42%) and three-fold
higher than that of metformin (25.24 & 10.37%). The differences were statistically signif-
icant. The glycation-inhibitory activity of phloretin and vitexin was similarly lower at
31.75 £ 1.94% and 30.06 & 1.17%, respectively. Aspalathin revealed a glycation inhibitory
effect of 13.32 + 1.7%. The activity of phloroglucinol was marginal (2.72 £ 0.54%), and no
inhibitory effect on glyoxal-triggered AGE formation was observed for eriodictyol.

In the model with GO as the glycation agent, as in the previous model with MGO,
only GRE among the extracts tested exhibited an inhibitory effect on protein glycation.
The inhibitory effect of the hydroethanolic extract of unfermented rooibos was observed at
15.58 4 5.53%.

The beneficial effect of A. linearis in reducing glycation damage was reported by
Kamakura et al. [61], who found that green rooibos extract effectively reduced AGE-
induced reactive oxygen species levels. According to the work of Pringle et al. [62] an
extract of unfermented A. linearis demonstrated the same glycation inhibition potential
(about 50%) as aminoguanidine, the positive control in a glycation model with BSA as
the target protein and glucose as the trigger for the glycation process. In our experiment,
GRE activity was slightly but statistically significantly lower than that of aminoguanidine.
Moreover, the fermented rooibos extract failed to display any antiglycation activity, whereas
the same study by Pringle et al. [62] reported that fermented rooibos extract was superior
to green rooibos extract in glycation inhibitory activity. Furthermore, in a study conducted
by Kinae et al. [63], fermented red rooibos extract effectively inhibited the formation of
glycated albumin by nearly 30%. In examining the antidiabetic potential of fermented A.
linearis, these authors found a significant reduction in AGEs in the plasma of rats with
streptozotocin-induced diabetes in response to alkaline and aqueous extract. Differences in
the biological activity of fermented and unfermented rooibos, as well as their extracts, can be
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attributed to different extraction techniques and the content of individual active ingredients
in the raw plant material depending on the place of harvest and the storage conditions.

According to our qualitative analysis of extracts, unfermented rooibos contained
about 4.5 times more flavonoids than fermented rooibos. The most significant difference
in composition was the high concentration of dihydrochalcones in the unfermented raw
material (about 15.6 times higher than in the fermented one). This leads to the conclusion
that the antiglycation activity of rooibos tea may be mainly attributed to the presence
of dihydrochalcones, more precisely to the predominant component aspalathin. This
conclusion seems to be supported by the fact that in both glycation models with MGO
and GO used in the experiment, the activity of the green rooibos extract corresponded to
the antiglycation activity of aspalathin (for MGO it was 66% vs. 60% and for GO it was
15% vs. 13"%).

The individual compound that showed the strongest ability to inhibit AGEs in both
models we tested was isovitexin. Kim et al. [64] reported the relatively high activity
of isovitexin toward the inhibition of non-enzymatic protein glycation (IC50 = 85.2 uM,
while IC50 for aminoguanidine used as a reference compound was 961 uM), additionally
revealing the strong inhibitory activity of this compound against aldose reductase, which
may be advantageous in the context of the prevention of diseases associated with high
concentrations of AGEs. In our experiment, vitexin, particularly in the model with MGO
as a glycation agent, exhibited high activity. These results are comparable to data from
glycation models using MGO and glucose as inducers of protein glycation modifications.
Peng et al. [42] reported more than 85% efficacy of vitexin in inhibiting AGEs in both in vitro
models mentioned above. Drygalski et al. [65] reported recently on the antiglycation
properties of phloroglucinel and found that it inhibited MGO- and GO-induced protein
glycation by approximately 54% in both systems. Our results partially confirm these data in
the methylglyoxal model, but such high activity was not observed in the used glyoxal model.
These differences may be due to variations in the used concentrations and incubation
conditions. The results for eriodictyol were consistent with those published by Liu et al. [66],
who observed 40% inhibitory activity against methylglyoxal-induced AGEs. Under the
conditions of our experiment, eriodictyol did not show inhibition against GO-mediated
AGEs; data in the literature do not provide information on the activity of eriodictyol in this
particular model. The percentage differences in the activity of each compound between
the MGO-BSA and GO-BSA models were notable. This could be associated with the
fact that during the process of the non-enzymatic glycation of proteins different types of
AGEs are synthesized; some of them have fluorescence (e.g., PEN—pentosidine) while
others do not show fluorescence properties (e.g., CML—carboxymethyl-lysine) [67]. The
amounts and proportions in which they are produced depend on the glycation agent and
the time of reaction. In a study by Nevin et al. [68], it was demonstrated that a model using
human sperm as the matrix for glycation and GO as the inducer resulted in a statistically
significantly higher amount of CML without fluorescent properties than when MGO was
used as the trigger of glycation. In our experiment, we measured fluorescence. Therefore,
it is likely that the activity results were lower in the model with glyoxal because some of
the AGEs formed could not be included in the measurement. This should be considered a
limiting factor of our study.

2.4. a-Dicarbonyl Compound Trapping and Adduct Analysis

The green and red rooibos hydroethanolic extracts (GRE and RRE), as well as selected
individual flavonoids identified in the extracts and related compounds, were evaluated
for a-dicarbonyl uptake capacity. After 1 h of incubation, the formation of adducts was
investigated using the UHPLC-ESI-MS method. The Extract Ton Chromatogram (EIC)
mode was used to search for pseudomolecular ions enlarged by the mass of one or two
molecules of methylglyoxal (72 or 144 Da) and, similarly, glyoxal (58 and 116 Da). In this
study, phloretin and phloroglucinol were used as reference compounds with recognized
activity for the direct trapping of reactive o-dicarbonyls [31,69] A summary of the results
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including retention times, m1/z, and the identification of adducts is shown in Table 3 for
the reaction with methylglyoxal, and in Table 4 for the reaction with glyoxal. The source
indicates whether adducts were observed in the reaction with extract or standard.

Table 3. Adducts of methylglyoxal and investigated compounds formed after 1 h of incubation in pH
7.4 phosphate buffer solution at 37 °C.

Compound Source R¢ [min] M — HI Error [ppm] MGO-Adduct/Precursor
20.99 451.1254 3.01 Aspalathin
S 19.85 523.1475 4.45 mono-MGO-aspalathin a
2145 523.1473 4.07 mono-MGO-aspalathin b
Aspalathin 20.99 451.1254 3.01 Aspalathin
19.85 523.1475 4.45 mono-MGQ-aspalathin a
GRE 21.45 523.1473 4.07 mono-MGO-aspalathin b
25.65 523.1469 3.31 mono-MGO-aspalathin ¢
26.93 523.1449 -0.51 mono-MGO-aspalathin d
23.33 435.1293 0.42 Nothofagin
. 21.95 507.1519 3.24 mono-MGO-nothofagin a
Nathatag ERE 2343 507.1512 1.86 mono-MGO-nothofagin b
28.05 507.1521 3.63 mono-MGO-nothofagin ¢
21.81 431.0994 3.65 Vitexin
Vitexin S 20.55 503.1205 3.07 mono-MGO-vitexin a
20.86 503.1208 3.66 mono-MGO-vitexin b
22.19 431.0988 2.26 Isovitexin
Isovitexin S 20.82 503.1191 0.29 mono-MGO-isovitexin a
21.50 503.1185 —0.90 mono-MGO-isovitexin b
27.51 287.0565 325 Eriodictyol
21.50 359.0772 1.40 mono-MGO-eriodictyol a
Eriodictyol S 21:57 359.0771 1.28 mono-MGO-eriodictyol b
2246 359.0777 2.80 mono-MGO-eriodictyol ¢
24.67 359.0775 224 mono-MGO-eriodictyol d
31.59 273.0780 2.56 Phloretin
Phloreti S 27.05 417.1197 273 di-MGO-phloretin a
Oreuny 27.46 417.1198 2.97 di-MGO-phloretin b
28.82 345.0993 1.07 mono-MGO-phloretin
2.02 125.0245 4.79 Phloroglucinol
4.28 197.0549 2.02 mono-MGO-phloroglucinol a
8§.43 269.0813 -297 di-MGO-phloroglucinol a
PGSl EHG! 5 14.56 341.1067 —1.64 tri-MGO-phloroglucinol a
5 14.82 269.0814 —-2.60 di-MGO-phloroglucinol b
15.01 341.1069 -1.05 tri-MGO-phloroglucinol b
16.71 269.0812 —3.34 di-MGO-phloroglucinol ¢
17.32 197.0540 -253 mono-MGO-phloroglucinol b

S, standard; GRE, green rooibos hydroethanolic extract; letters of the alphabet (a—d) represent different isomers of
the same compound.

First, the ability to trap methylglyoxal and glyoxal was tested on reference compounds
(phloretin, phloroglucinol) and individual flavonoids identified in the rooibos extracts
(aspalathin, vitexin, isovitexin, and eriodictyol). The same tests were performed with GRE
and RRE.

In the 1 h reaction of phloroglucinol with methylglyoxal, the formation of as many
as seven new peaks on the chromatogram was observed. Two of these peaks with m/z
197 were identified as mono-MGO-phloroglucinol. This was confirmed by the presence of
daughter ions with m/z 125 corresponding to phloroglucinol [M-72-H]~. Another three

chromatographic peaks at ni/z 269 were recognized as isomers of di-MGO-phloroglucinol.

Their daughter ions with m/z 179 suggested the loss of one molecule of methylglyoxal
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and one molecule of water [M-72-18-H] ", while the ions with m/z 125 corresponded to
the precursor ion, indicating the dissociation of two MGO molecules [M-144-H]~. The
remaining two chromatographic peaks were annotated as tri-MGO-phloroglucinol isomers
because the 1/z of ions matched that of phloroglucinol increased by three methylglyoxal
molecules and was 341. A similar decomposition pattern to that of di-MGO-phloroglucinol
was observed herein, as ions at m/z 251 corresponded to tri-MGO-phloroglucinol with a
loss of methylglyoxal and water [M—72-18-H]". In addition, a characteristic ion at n/z
125 was also evident, representing the deprotonated phloroglucinol ion and implying the
detachment of three methylglyoxal molecules [M-216-H]". In the reaction of phloroglucinol
with glyoxal, only two additional peaks appeared on the chromatogram after one hour. The
first one was assigned as di-GO-phloroglucinol since its pseudo-molecular ion was at m/z
241, which is equivalent to the phloroglucinol precursor increased by 116 Da, meaning two
GO molecules. Meanwhile, the second peak was designated as mono-GO-phloroglucinol
since its m/z of 183 analogously corresponded to the attachment by phloroglucinol of
one glyoxal molecule (58 Da). Mass spectra of the adducts formed by phloroglucinol
and MGO/GO are shown in Figure 2 and the proposed chemical structures are shown in
Figure 3.

Table 4. Adducts of glyoxal and investigated compounds formed after 1 h of incubation in pH 7.4
phosphate buffer solution at 37 °C.

Compound Source R¢ [min] [M — HI Error [ppm] GO-Adduct/Precursor
20.99 451.1254 3.01 Aspalathin
g 18.68 509.1311 3.10 mono-GO-aspalathin a
1981 509.1310 2.90 mono-GO-aspalathin b
Aspalathin 24.86 509.1316 4.08 mono-GO-aspalathin ¢
20.99 451.1254 3.01 Aspalathin
i 18.68 509.1314 3.69 mono-GO-aspalathin a
19.81 509.1320 4.07 mono-GO-aspalathin b
24.86 509.1318 4.47 mono-GO-aspalathin ¢
Nothofagin GRE 23.33 435.1293 0.40 Nothofagin
21.81 431.0994 3.65 Vitexin
Vitexin S 19.03 489.1033 -0.01 mono-GO-vitexin a
19.19 489.1044 223 mono-GO-vitexin b
Isovitexin 5 22.19 431.0988 2.26 Isovitexin
27.51 287.0565 3.25 Eriodictyol
Eriodictyol S 21.56 345.0813 0.73 mono-GO-eriodictyol a
22.13 345.0810 -0.13 mono-GO-eriodictyol b
Phloretin 5 31.59 273.0780 2.56 Phloretin
26.88 331.0833 4.59 mono-GO-phloretin
2.02 125.0245 4.79 Phloroglucinol
Phloroglucinol S 8.15 241.0482 2.9 di-GO-phloroglucinol a
13.79 183.0366 1.36 mono-GO-phloroglucinol a

S, standard; GRE, green rooibos extract; letters of the alphabet (a—c)represent different isomers of the
same compound.
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Figure 2. Mass spectra of phloroglucinol and its methylglyoxal/ glyoxal adducts after 1 h of incubation
in pH 7.4 phosphate buffer solution at 37 °C; (A), phloroglucinol; (B), mono-MGO-phloroglucinol;
(C), di-MGO-phloroglucinol; (D), tri-MGO-phloroglucinol; (E), mono-GO-phloroglucinol; (F), di-GO-
phloroglucinol. Other isomers are also possible.

The phloroglucinol structure determines the trapping reaction of c-dicarbonyls—the
arrangement of -OH groups in the benzene ring in the meta position relative to each other
provides the conditions for MGO/GO addition. The arrangement of phloroglucinol present
in the structure of dihydrochalcones and other flavonoids—the A-ring with unsubstituted
-OH groups (2 or 3) and unsubstituted carbons between them—is essential for the trapping
activity of compounds. This conclusion is in line with the findings of a work by Liu and
Gu [70]. They described the trapping ability of phloroglucinol derivatives as a metabolite of
algae from the species Fucus vesiculosus L., obtaining results coinciding with our results. The
authors of another publication describing the structural requirements for flavonoids to trap
methylglyoxal stated that the A-ring is essential for MGO uptake, and the hydroxyl group
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at C-5 of the A-ring is strongly supportive of the methylglyoxal trapping capacity [71]. In
their earlier work, the same authors indicated that the two unsubstituted carbons in ring A
at positions 2’ and 4’ were the primary active sites for chalcones to trap MGO [31].

A

H on

Figure 3. Proposals for chemical structures of adducts formed in the reaction of phloroglucinol
with methylglyoxal/glyoxal after 1 h of incubation in pH 7.4 phosphate buffer solution at 37 °C;
(A), phloroglucinol; (B1), hemiacetal form of mono-MGO-phloroglucinol; (B2), hemiketal form of
mono-MGO-phloroglucinol; (C1), hemiacetal form of di-MGO-phloroglucinol; (C2), hemiketal form
of di-MGO-phloroglucinol; (D1), hemiacetal form of tri-MGO-phloroglucinol; (D2), hemiketal form
of tri-MGO-phloroglucinol; (E), mono-GO-phloroglucinol; (F), di-GO-phloroglucinol isomer a; (G),
di-GO-phloroglucinol isomer b. Other isomers are also possible.

The trapping activity of MGO and GO by phloroglucinol differed. Phloroglucinol
inhibited MGO-triggered glycation at the level of aspalathin and GRE and was more
effective in this regard than was metformin. However, the compound'’s ability to inhibit
the formation of glycation end products with GO was negligible—only a few percent. The
literature reports that phloroglucinol also exhibits antioxidant properties in the DPPH assay
favorable for antiglycation activity [70], although there are also reports that phloroglucinol
did not reduce HyO»-induced intracellular protein oxidation or carbonylation [72].

Dihydrochalcone with known trapping properties served as a reference compound
in the experiment; phloretin produced three new chromatographic peaks after 1 h of
incubation with methylglyoxal. Two of these peaks, whose pseudo-molecular masses were
equal to m/z 417, were identified as di-MGO-phloretin, as their [M-H] ™ corresponded to
the phloretin deprotonated ion (m/z 273) increased by 144 Da (two MGO). The remaining
formed adduct had an ion 1/z of 345 and was designated as mono-MGO-phloretin since
its mass corresponded to that of phloretin after the attachment of one MGO molecule. In
the one-hour reaction of phloretin with glyoxal, the formation of a single monoadduct was
observed with m/z equal to 331. The ion of the phloretin m/z 273 corresponded to the mass

of the mono-GO-phloretin adduct minus the mass of one molecule of glyoxal [M-58-H] .

This is consistent with previous reports of phloretin’s ability to trap MGO and GO and

confirms that the experimental conditions provided the potential for adduct formation.

Mass spectra of the adducts formed by phloretin and MGO/GO are shown in Figure 4.
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Figure 4. Mass spectra of phloretin and its methylglyoxal /glyoxal adducts after 1 h of incubation in
pH 7.4 phosphate buffer solution at 37 °C; (A), phloretin; (B), mono-MGO-phloretin; (C), di-MGO-
phloretin; (D), mono-GO-phloretin. Other isomers are also possible.

In the reaction of aspalathin with methylglyoxal, the formation of two new peaks
on the chromatogram was observed after 1 h of reaction. Both were identified as mono-
MGO-aspalathin due to an #1/z ion mass of 523 corresponding to that of the aspalathin ion
plus one molecule of methylglyoxal. In addition, the degradation profile corresponded to
that observed for aspalathin in the extract, with the presence of daughter ions at m/z 505
[M-18-H]™ and 415 [M-36-72-H]" reflecting the loss of one water molecule or two water
molecules and one methylglyoxal molecule, respectively (described above). The presence
of as many as four mono-MGO-aspalathin adducts was identified in GRE; two of them
were identical to the aspalathin standard and the other two appeared on the chromatogram
at around 26 and 27 min. These were probably isomeric forms, which were formed by
different ways of attaching MGO to the phloroglucinol ring of aspalathin at the C-5' position
and the -OH group at the 4’ or 6’ position or the presence of an aspalathin isomer in the
extract (see Table 1). In addition, the heterocyclic rings formed may have had a hemiketal or
hemiacetal structure. In the reaction of aspalathin with glyoxal, after incubation, similarly
to the reaction of GRE and glyoxal the formation of three chromatographic peaks with a
pseudo-molecular ion at #1/z 509 was observed, which corresponded to the attachment of
one molecule of glyoxal and the formation of mono-GO-adducts [451 + 58-H] . To the
best of our knowledge, this is the first time that the trapping ability of methylglyoxal and
glyoxal has been described for aspalathin. The example LC chromatograms of aspalathin
and its MGO/GO adducts are shown in Figure 5. Mass spectra of the adducts formed by
aspalathin and MGO/GO are shown in Figure 6 and the proposed chemical structures are
shown in Figure 8.
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Figure 5. Representative LC chromatograms of aspalathin and its methylglyoxal (A)/glyoxal
(B) adducts after 1 h of incubation in pH 7.4 phosphate buffer solution at 37 °C; (A), mono-MGO-
aspalathin; (B) mono-GO-aspalathin; a, mono-MGO-aspalathin a; b, mono-MGO-aspalathin b; ¢,
mono-MGO-aspalathin ¢; d, mono-MGQO-aspalathin d; a’, mono-GO-aspalathin a; b’, mono-GO-
aspalathin b; ¢, mono-GO-aspalathin ¢; asp, aspalathin.
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Figure 6. Mass spectra of aspalathin and its methylglyoxal/glyoxal adducts after 1 h of incubation in
pH 7.4 phosphate buffer solution at 37 “C; (A), aspalathin; (B), mono-MGQ-aspalathin; (C), mono-
GO-aspalathin.

The hydroethanolic extracts of green and red rooibos were also tested for their ability
to trap MGO and GO. Only in the unfermented rooibos extracts was the ability of individual
compounds to form adducts with methylglyoxal and glyoxal observed, and the fermented
rooibos extracts did not demonstrate trapping properties.
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After one hour of incubation of the GRE and methylglyoxal, the appearance of
new peaks on the chromatogram was observed. Under the experimental conditions,
monoadducts with MGO were formed by aspalathin and nothofagin. The reaction of
methylglyoxal and aspalathin proceeded in the same way as for the standard described
above, although after 1 h of incubation as many as four monoadducts of aspalathin and
MGO were formed (see Table 3). The formation of adducts in the reaction with glyoxal, on
the other hand, proceeded for aspalathin in exactly the same manner with both the extract
and the single compound samples (Table 4).

Since we did not use a nothofagin standard, observations were made only for the
nothofagin contained in the green rooibos extract. In the reaction with methylglyoxal, four
new chromatographic peaks were formed, labeled as mono-MGO isomers of nothofagin.
Their mi/z was 507, which corresponded to the mass of the precursor ion 11/z 436 increased
by the mass of one molecule of methylglyoxal (72 Da). To the best of our knowledge, this is
the first time that the trapping ability of methylglyoxal has been described for nothofagin.
Mass spectra of the adducts formed by nothofagin and MGO are shown in Figure 7 and
the proposed chemical structures are shown in Figure 8. In this experiment, nothofagin
contained in the green rooibos extract was not observed to form adducts after 1 h of
incubation with glyoxal.
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Figure 7. Mass spectra of nothofagin and its methylglyoxal adduct after 1 h of incubation in pH 7.4
phosphate buffer solution at 37 °C; (A), nothofagin; (B), mono-MGO-nothofagin.

The C-glycosylated flavones vitexin and isovitexin in a 1 h reaction with methylglyoxal
produced two new chromatographic peaks, each with [M — H]  at 503, suggesting that
under the experimental conditions two mono-adducts each were formed for vitexin and
isovitexin. These deprotonated ions corresponded to a vitexin and isovitexin precursor
ion mass of 431 plus one molecule of methylglyoxal (72 Da). The decay spectrum revealed
the presence of ions 413 and 311 formed by the loss of fragments with 90 Da and 120 Da,
respectively, from the cross-ring cleavages of the hexose unit. This indicates that in the
cleavage, the glucose moiety is degraded first rather than the heterocyclic structure of the
methylglyoxal adduct. Mass spectra of the adducts formed by vitexin and isovitexin and
MGO/GO are shown in Figures 9 and 10, respectively. The proposed chemical structures
of the adduct are shown in Figure 11 for vitexin and Figure 12 for isovitexin.
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with methylglyoxal/glyoxal after 1 h of incubation in pH 7.4 phosphate buffer solution at
37 °C; (A), aspalathin /nothofagin; (B1,B2), hemiacetal forms of mono-MGO-aspalathin /nothofagin;
(C1,C2), hemiketal forms of mono-MGO-aspalathin/nothofagin; (D1,D2), mono-GO-aspalathin iso-
mers, Other isomers are also possible,
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Figure 9. Mass spectra of vitexin and its methylglyoxal/glyoxal adducts after 1 h of incubation in pH
7.4 phosphate buffer solution at 37 °C; (A), vitexin; (B), mono-MGO-vitexin; (C), mono-GO-vitexin.
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Figure 10. Mass spectra of isovitexin and its methylglyoxal adduct after 1 h of incubation in pH 7.4

phosphate buffer solution at 37 “C; (A), isovitexin; (B), mono-MGO-isovitexin.

Figure 11. Proposals for chemical structures of adducts formed in the reaction of vitexin with
methylglyoxal/glyoxal after 1 h of incubation in pH 7.4 phosphate buffer solution at 37 °C; (A), vitexin;
(B1,B2), hemiacetal forms of mono-MGO-vitexin; (C1,C2), hemiketal forms of mono-MGO-vitexin;
(D1,D2), mono-GO-vitexin isomers. Other isomers are also possible.

Previous studies on vitexin and isovitexin in MGO trapping reported inconsistent
results. A study by Peng et al. [42] showed that vitexin and isovitexin lack the ability to
direct methylglyoxal capture. However, another more recent study by Ni et al. [73] found
that vitexin binds methylglyoxal to form adducts.

In the reaction of vitexin with glyoxal, two new peaks appeared on the chromatogram
after one hour. Both were assigned as mono-GO-vitexin since their deprotonated ion at m/z
489 was equivalent to the mass of the vitexin precursor ion (m/z 431) increased by 58 Da,
meaning one molecule of glyoxal.
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Figure 12. Proposals for chemical structures of adducts formed in the reaction of isovitexin with
methylglyoxal after 1 h of incubation in pH 7.4 phosphate buffer solution at 37 °C; (A), isovitexin;
(B), hemiacetal form of mono-MGO-isovitexin; (C) hemiketal form of mono-MGO-isovitexin. Other
isomers are also possible.

In this experiment, isovitexin was not observed to form adducts after incubation
with glyoxal. Both vitexin and isovitexin have one position each in the A-ring where
the dicarbonyl MGO/GO can be attached; these are the C-6 or C-8 sites, respectively. If,
as in the case of vitexin, there is a C-6 carbon, then two adducts can be formed with an
-OH group at C-5 or C-7 with two forms of hemiketal or hemiacetal for each version. For
isovitexin with an unsubstituted C-8 position, adducts are formed only with an -OH group
at C-7 and again with two forms of hemiketal and hemiacetal. Therefore, isovitexin can
have only two mono-adducts, while vitexin hypothetically can produce as many as four.
Although it is most likely that only two are preferentially predominant, we do not actually
know which. Isovitexin did not produce adducts with GO, so the C-8 position appears to
be less favored, most likely due to differences in the C-8 surroundings and substituents
at adjacent positions (-OH group free or in the C-ring heterocyclic system). As indicated,
these reactions lead to the formation of at least several different stereoisomers of adducts
of specific compounds with a-DCs, and some of them are preferentially formed due to
their favorable electron configuration. At this stage of research, however, we are not able to
determine their chemical structures spccifically, For this purpose, further structural studies
are necessary.

After the incubation of MGO with the only representative flavanones, i.e., eriodictyol,
four additional chromatographic peaks were noted on the chromatogram labeled as mono-
MGO-eriodictyol. Their pseudo-molecular ions were at m/z 359, which corresponds to the
ion of the precursor mi/z 287 enlarged by 72 Da (one molecule of MGO). For the reaction
of eriodictyol with glyoxal, two additional peaks appeared on the chromatogram after
1 h of incubation. Both of these peaks were identified as mono-GO-eriodictyol (m/z 345,
which corresponds to the mass of the eriodictyol ion increased by the mass of one glyoxal
molecule). In A. linearis, C-glycosides of eriodictyol have been identified; according to the
literature, glucose is substituted into the eriodictyol in a manner similar to that observed in
the C-glycosides of apigenin and luteolin (at the C-6 or C-8 position of the A-ring). We did
not have standards for specific eriodictyol-C-glycosides, so we used aglycone; however,
based on the results for vitexin and isovitexin, it can be assumed that the eriodictyol-C-
glycosides found in rooibos may also at least partially possess MGO- and GO-trapping
properties. Further studies are needed for confirmation. Mass spectra of the adducts
formed by eriodictyol and MGO /GO are shown in Figure 13.
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Figure 13. Mass spectra of eriodictyol and its methylglyoxal/glyoxal adducts after 1 h of incubation
in pH 7.4 phosphate buffer solution at 37 °C; (A), eriodictyol; (B), mono-MGO-eriodictyol; (C), mono-
GO-eriodictyol.

Although three different subgroups of flavonoids—dihydrochalcones (aspalathin,
nothofagin, and phloretin), flavones (vitexin and isovitexin) and flavanones (eriodictyol)—
show different C-ring structures, all can effectively capture methylglyoxal, indicating that
the C-ring of flavonoids may not play an important role in trapping MGO. By contrast, for
nothofagin and isovitexin, we did not observe the ability to form adducts with glyoxal,
although the two compounds have a different C-ring structure: Nothofagin as a dihy-
drochalcone has an open C-ring, while isovitexin as a flavone has a C-ring in closed form.

The structure of the B-ring does not seem to play a key role in the ability to trap o-
dicarbonyls. In our test, both aspalathin with two -OH groups and phloretin and nothofagin
possessing only one -OH group in the B-ring exhibited the ability to trap methylglyoxal.
However, only phloretin was able to form diadducts with MGO, undoubtedly influenced
by the fact that it does not have a substituted C-glucose in the A-ring. The importance of
the A-ring structure of flavonoids was described above.

In summary, A. linearis extracts were rich in dihydrochalcones, flavanones, flavones,
and flavonols. However, green rooibos extract had several times more flavonoids—especially
aspalathin and nothofagin—than red rooibos extract. In the antiglycation assay, isovitexin
demonstrated the highest activity in both glycation models with MGO and GO, and its
activity was statistically significantly higher than that of aminoguanidine, a compound
considered one of the most potent inhibitors of non-enzymatic glycation. Only green
rooibos extract inhibited the glycation process at a level comparable to isolated aspalathin
(no statistically significant difference), which suggests that it is aspalathin as the main
compenent found in GR and GRE in the greatest amounts that determines the antiglycation
activity. Indeed, red rooibos did not display the ability to inhibit protein glycation in
any of the models. Some compounds tested, despite their ability to trap GO, showed no
activity against glyoxal-induced glycation inhibition (e.g., eriodictyol). This was likely
influenced by factors such as pH, reaction time, process temperature, and the fact that
glyoxal is present in hydrated forms in solution (described in detail below). Others, despite
their lack of GO-trapping ability, were able to inhibit the glyoxal-triggered glycation
process, perhaps due to the strong antioxidant properties that are a component of the
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antiglycation effect. This study revealed that under the experimental conditions, all tested
compounds demonstrated activity towards the direct trapping of methylglyoxal, while
only aspalathin, vitexin, and eriodictyol exhibited the ability to trap glyoxal. Phloretin
and phloroglucinol used as reference compounds showed trapping activity against both
a-dicarbonyls. No MGO or GO adducts were observed for RRE, which is probably due
to low concentrations of flavonoids in the extract, compared to GRE (320.2 pM/L vs.
1443.1 pM/L). In GRE, only dihydrochalcones were a source of MGO (aspalathin and
nothofagin) and GO (aspalathin) adducts.

It is known that non-enzymatic antiglycation activity usually results from a number of
different mechanisms of reaction. The literature reports that components of the inhibitory
effect on the glycation process include antioxidant activity, the ability to chelate transition
metals, and the capacity of compounds to trap x-DCs [39]. Frequently, these activities
occur synergistically, especially in the group of natural compounds known as flavonoids.
An example of a compound acting through all of these mechanisms is quercetin—well
known in the context of inhibiting the glycation process, which is characterized by very
strong antiradical activity, chelating properties, and the ability to trap methylglyoxal and
glyoxal [44,74]. Given the above, it is important to keep in mind that often compounds
exhibiting only some of these mechanisms may ultimately fail to exert a strong antiglycation
effect, and sometimes compounds characterized by only one of these mechanisms may
act as a potent antiglycation agent. This seems to be the case with isovitexin, which has
proven most potent as an inhibitor of GO-induced glycation while lacking the ability to
trap it. However, isovitexin has both the ability to chelate transition metals and strong
antioxidant properties, which taken together can result in a strong antiglycation effect.
Therefore, the scavenging of reactive dicarbonyls appeared to not be a major mechanism for
isovitexin to inhibit protein glycation. However, given these considerations, another issue
must be taken into account. Individual compounds reacted (or failed to react) differently
with methylglyoxal and glyoxal. The discrepancy in the number of adducts formed in
the reaction with MGO and GO is likely attributable to the fact that, as structural studies
suggest, in aqueous solutions the main forms of GO are the hydrated monomer, dimer,
and trimer. Consequently, the reactions of the investigated compounds with glyoxal were
significantly slowed down by the transformation of the above-mentioned forms of GO
to free GO [31]. Thus, there is a possibility that both isovitexin and nothofagin, which
in our experiment did not demonstrate GO-trapping ability, may bind it under different
experimental conditions. However, some other compounds from the group of flavones
(vitexin) or dihydrochalcones (aspalathin and phloretin) have shown the potential to attach
glyoxal molecules under given experimental conditions; therefore, it can be assumed
that for isovitexin and nothofagin, this process takes place slightly less readily, perhaps
due to the molecular spatial conditions. Further structural studies are needed to explain
these discrepancies.

An important aspect that should be considered is the fact that aspalathin, despite its high
antiglycation as well as trapping properties, has an extremely low level of bioavailability—at
less than 1% [75]. However, aspalathin as a C-glycoside is metabolized with the involve-
ment of bacterial enzymes in the large intestine, where low-molecular metabolites, such
as phloroglucinol, have the chance to be absorbed into the circulation and can have a
systemic antiglycation and trapping effect [76]. At this point, it should be mentioned that
phloroglucinol is not an aspalathin-specific metabolite, but is a structural core of most
flavonoids, which can exert their biological effects even with poor bioavailability of pre-
cursor flavonoids [77,78]. There is also evidence that the C-glycosides of flavonoids such
as aspalathin and nothofagin present in A. linearis, which are metabolized in the large
intestine, may exert local beneficial anti-AGE and anti-x-dicarbonyl effects in conditions
such as irritable bowel syndrome. Bacterial metabolites that act deleteriously in excess
on the digestive system and cause unpleasant symptoms in the form of irritation play a
major role in these conditions [79]. One such bacterial metabolite is methylglyoxal. Thus,
the use of dihydrochalcones and other flavonoids broken down in the intestine with the
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production of phloroglucinel can also exert a local effect by reducing the concentration of
methylglyoxal as an irritant [80].

3. Materials and Methods
3.1. Plant Material

Dried, crushed leaves and apical parts of shoots of Aspalathus linearis (Burm. f.) R.
Dahlgren plantations in South Africa were used to prepare infusions and hydroethanolic
extracts. Two types of raw materials were used: unfermented (green rooibos, GR) and
fermented (red rooibos, RR) purchased from the Polish tea manufacturer Oxalis (“OXALIS
POLSKA SP. Z 0.0.; Radzionkdw, Poland”).

3.2. Preparation of Extracts

Before the preparation of the extracts, both types of raw material were finely ground,
each for 5 min, using an IKA A11B analytical mill (TKA Polska Sp. z o0.0.; Warsaw, Poland).
Then, 0.25 g of the powdered plant material was weighed on an analytical balance, placed
in appropriately labeled volumetric flasks, and extracted with 25 mL of boiling water
(infusions) or a mixture of water and ethanol (50%, v/v) for 15 min. The DER was 1:100.
An ultrasonic bath (Bandelin Sonorex Digital 10P; Bandelin, Berlin, Germany) at 40 °C
was used for hydroethanolic extraction. After 15 min, the extracts were centrifuged and
then filtered using 0.22 um diameter Durapore filters into vials. The filtrates were used for
phytochemical analysis and in vitro tests. Hydroethanolic extracts from GR and RR were
designated GRE and RRE, while infusions were designated GRI and RRI, respectively.

3.3. Chemicals

Methylglyoxal (MGO, 40% in water), glyoxal (GO, 40% in water), methanol (HPLC
grade), acetonitrile (HPLC gradient grade and LC-MS grade), water (LC-MS grade), bovine
serum albumin, DMSO, 98-100% formic acid, phloroglucinol (CAS No. 108-73-6), phloretin
(CAS No. 60-82-2), eriodictyol (CAS No. 552-58-9), aspalathin (CAS No. 6027-43-6),
aminoguanidine hydrochloride (CAS No. 16139-18-7), and metformin hydrochloride
(CAS No. 1115-70-4) were purchased from Merck-Sigma-Aldrich (Sigma-Aldrich Sp. z
0.0., Poznan, Poland). Vitexin (CAS No. 3681-93-4), isovitexin (CAS No. 38953-85-4),
hyperoside (CAS No. 482-36-0), isoquercitrin (CAS No. 482-35-9), rutin (CAS No. 153-
18-4), eriodictyol-7-O-B-glucoside (CAS No. 38965-51-4), apigenin (CAS No. 520-36-5),
luteolin (CAS No. 491-70-3), and chrysoeriol (CAS No. 491-71-4) were purchased from
Extrasynthese (Genay Cedex, France). NaCl, KCl, NapHPOy, and KHoPOy (reagent grade)
were obtained from Chempur (Piekary Slaskie, Poland). Water used in the study was
deionized. The stock solutions of standards for in vitro assays were prepared by dissolving
the reference compound in 5 mL of a suitable solvent, filtered through hydrophilic Millex
Syringe Filters Durapore 0.22 um (Sigma-Aldrich, Poznar, Poland) and stored at —20 °C.

Stock solutions (1 mg/mL) for quantitative and semiquantitative analysis were made
by dissolving 5 mg of flavonoid in 5 mL of methanol. Working standard solutions in the
range of 10-250 g/mL (6 measurement points for each pattern) were prepared by mixing
with 50% aq. methanol (v/v), filtered through hydrophilic Millex Syringe Filters, Durapore
0.22 pm (Sigma-Aldrich, Poznan, Poland) and stored at —20 °C.

3.4. Phytochemical Profile of Extracts

Phytochemical analysis of extracts was conducted using the Thermo Scientific Dionex
UltiMate 3000 UHPLC system (Thermo Fisher Scientific; Waltham, MA, USA) incorporated
with Compact ESI-QTOF-MS (Bruker Daltonics; Bremen, Germany), quaternary pump
(LPG-3400D), and UltiMate 3000 RS autosampler (WPS-3000). Compounds were separated
on a Kinetex C18 column (150 x 2.1 mm, particle size 2.6 pm) (Phenomenex; Torrance, CA,
USA) and a temperature-controlled column compartment (TCC-3000) was used to maintain
its temperature at 40 °C. Mobile phases consisted of 0.1% (v/v) formic acid in water (solvent
A) and 0.1% (v/v) formic acid in acetonitrile (solvent B). The following gradient mobile
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phase program at a flow rate of 0.3 mL/min was used: 0-12 min, 97-65% A in B; 12-14 min,
65% A in B; 14-17 min, 65-20% A in B; 17-19 min, 20% A in B. Then, the system was
returned to the initial settings and washed with 97% A in B until the system was stabilized
before the next analysis. Negative ion mode (ESI—) was used for data acquisition. Nitrogen
was used as a nebulizing gas at 210 °C temperature, 2.0 bar pressure, and 0.8 L/min flow
rate. For internal calibration, sodium formate clusters (10 mM) were used. The injection
volume was 2.5 pL. Additional operating conditions of the mass spectrometer were as
follows: the capillary voltage was set at 5 kV, the collisional energy was 8.0 eV, and for the
MS2 mode, it was 40 eV. The data processing was carried out using Compass Data Analysis
software (Bruker Daltonics; Bremen, Germany). The same method was used to analyze the
formation of MGO and GO adducts.

The content of aspalathin and other flavonoids in extracts was quantified using the
HPLC-DAD method described in Section 3.4.

3.5. Quantification of Flavonoids

HPLC-DAD analysis was performed on a Smartline system (Knauer, Germany) with a
pump (Managare 5000), dynamic mixing chamber (V7119-1), DAD 2800 detector, manual 6-
port 2-channel injection valve (A1366), and column thermostat (Jetstream Plus). Data were
processed using EuroChrom for Windows Basic Edition V3.05 (V7568-5). The separation
was carried out on a Hypersil GOLD C18 column (250 x 4.6 mm, particle size 5 um)
with a C18 precolumn (10 x 4.6 mm, size 5 um) (Thermo scientific, USA). The following
eluents were used: C, 1.5% formic acid in water (v/v) and D, 1.5% formic acid in acetonitrile
(v/v). HPLC gradient was as follows: 10%, 25%, 65%, 80% (D in C) at time points of
0-30-33-50 min. The flow rate was 0.9 mL/min, and the injection volume was 20 uL. The
column was operated at 20 °C. The spectral measurements were made in the wavelength
range 200-600 nm in steps of 2 nm. Dihydrochalcones and flavanones were analyzed at
280 nm, while flavones and flavonols were analyzed at 360 nm.

The HPLC-DAD method was validated according to ICH guidelines for linearity,
detection and quantification limits, and intra- and inter-day precision. Calibration curves
for the quantified flavonoids were determined from 6 measurement points, and double
injections were performed for each concentration. The range of correlation coefficients of
the calibration curves (r) used in the calculations was 0.999 to 0.9999.

Flavonoid content (mg/100 mL of hydroethanolic extract or 1 g of dry plant material)
was determined using the external standard method from the areas of the corresponding
peaks. Dihydrochalcones, flavanones, flavones, flavonols, and total flavonoids were cal-
culated by summing the content of compounds from these (sub)groups. Nothofagin was
calculated as an aspalathin equivalent. Similarly, orientin and isoorientin were expressed
as vitexin and isovitexin, and eriodictyol-C-glucosides were expressed as eriodictyol-7-O-f-
glucoside. The concentrations of other flavonoids were quantified using their correspond-
ing standards. Mean content and standard deviations were calculated from five indepen-
dent measurements. We also converted the obtained results into micromolar concentrations.

3.6. Glycation Process and Fluorescence Measurement of AGEs
3.6.1. In Vitro Glycation Model

The glycation model was created based on a slightly modified published method [46].
In the proposed model, BSA serves as the protein and o-DCs serve as glycation agents.
In short, 21.2 uM BSA was incubated with MGO or GO at 0.5 mM in 100 mM sodium
phosphate buffer (pH 7.4) with 0.02% (m/v) sodium azide, which prevented microorganism
growth in a test tube. Compounds investigated for antiglycation activity were added at
a final concentration of 1.5 mM. Hydroethanolic extracts (DER 1:400) were added at a
volume of 500 uL. Then, the reaction solution was incubated in simulated physiological
conditions at 37 °C, shaken at 50 revolutions per minute for 7 days in closed vials secured
with parafilm tape, and kept away from sunlight.
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3.6.2. Antiglycation Assay

The fluorescent intensity of a-DC-mediated AGEs formed during incubation was
analyzed using a Synergy HTX Multi-Mode Microplate Reader (BioTek Instruments Inc.,
Winooski, VT, USA) at a wavelength of 360 nm for excitation (Aex) and 460 nm for emis-
sion (Aem). Data processing was carried out using Gen5 Software (BioTek Instruments Inc.,
Winooski, VT, USA). The measurements from three experiments were all performed in tripli-

cate, and the percent inhibition of AGE formation was calculated using the following equation:

Inhibition of c-DC-mediated AGEs [%] = -(1 — [(FI;)/(FIp)]} x 100

where Flj is the mean fluorescence intensity of the blank sample and FI; is the mean
fluorescence intensity of the tested sample.

3.7. w-Dicarbonyl Trapping and Adduct Analysis

The direct MGO- and GO-trapping capacity of individual compounds and extracts was
investigated according to the published method of Shao et al. [71] with slight modifications.
Briefly, 0.6 mM of freshly prepared MGO or GO solution was incubated with 0.2 mM of
an individual compound or 500 uL of A. linearis hydroethanolic extract (DER 1:400) and
0.1 M PBS (pH 7.4 was determined immediately before use) at 37 °C and shaken at 50 rpm
for 1 h. The reaction was stopped by adding 2.5 pL of glacial acetic acid and transferring
Eppendorf tubes with the collected samples to an ice water bath. Next, the samples were
carefully filtered through hydrophilic Millex Syringe Filters (Durapore 0.22 um; Millipore,
Burlington, MA, USA) and analyzed using UHPLC-ESI-MS (described in Section 3.4} to
test their capacity to form adducts with MGO and GO.

3.8. Statistical Analysis

All data are presented as mean =+ standard deviation (SD). Data were analyzed using
the Shapiro-Wilk test to assess the normality of distribution, followed by one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison test using the GraphPad Prism 9
software, and p values equal to or less than 0.05 were considered significant.

4. Conclusions

Dicarbonyls are ubiquitous in our bodies since they are metabolic intermediates and
can be generated from glycolysis and lipid peroxidation. Reducing their concentration in
the human body can be achieved through diet—primarily by eliminating excess simple
sugars from the diet. However, since in some pathological conditions their overproduction
is not only related to diet, attempts are also being made to reduce their concentration in the
body through the use of MGO- and GO-trapping compounds, among others.

This study demonstrated that in addition to the many health properties attributed to
green and red rooibos, this plant material may also be considered as a potential adjunctive
anti-a-dicarbonyl agent preventing the onset and development of glycation-related con-
ditions. Since there are currently no pharmacological strategies to decrease o-DC levels
as an early preventive measure against AGE-induced diseases, it is important to search
for adjunctive therapies. Our study indicates that green rooibos, probably due to its high
concentration of aspalathin and nothofagin, exhibits MGO- and GO-trapping activity and
antiglycation potential, unlike red rooibos. However, compounds present in both unfer-
mented and fermented A. linearis can trap MGO and GO and inhibit the glycation process
induced by o-DCs. Further studies using in vivo models are needed to confirm and expand
our results.
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Molecules, 25(24), 5810.

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

Mdj udziat polegat na: wspdtuczestnictwie w opracowaniu metodologii, wykonaniu walidacji metody,
analiz, obrébce pozyskanych danych, wizualizacji wynikéw, przygotowaniu pierwszego oryginalnego
tekstu manuskryptu, pozyskaniu funduszy (wspétudziat w przygotowaniu projektu finansujgcego
badania), korespondenciji z redakcja.
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s Bednarska K., Fecka |. 2022; Aspalathin and Other Rooibos Flavonoids Trapped a-Dicarbonyls
and Inhibited Formation of Advanced Glycation End Products In Vitro. Int. J. Mol

Sci. 2022, 23(23), 14738.
(autorzy, rok wydania, tytuf, czasopismo lub wydawca, tom, strony)

M&j udziat polegat na: wspétuczestnictwie w opracowaniu koncepcji, metodologii, wykonaniu walidacji
metody, analiz, obrébce pozyskanych danych, wizualizacji wynikow, przygotowaniu pierwszego
oryginalnego tekstu manuskryptu, pozyskaniu funduszy (kierownik projektu finansujgcego badania),
korespondencji z redakcja.
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Oswiadczam, ze w pracach:

o Bednarska K., Fecka |. 2021; Potential of Vasoprotectives to Inhibit Non-Enzymatic Protein
Glycation, and Reactive Carbonyl and Oxygen Species Uptake. Int. J. Mol. Sci. 22(18), 10026.

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

Moj udziat polegat na: opracowaniu koncepcji, nadzorowaniu projektu, wspétudziale w opracowaniu
metodologii, obrébce pozyskanych danych, wizualizacji wynikow, recenzji i edycji oryginalnego tekstu
manuskryptu, a takze na wspdtudziale w pozyskaniu funduszy (opiekun naukowy w projekcie dla
Mtodych Naukowcow) i zarzadzaniu projektem.

e Bednarska K., Feckal., Scheijen J.L.1.M., Sanne A., Vangrieken P., Schalkwijk C.G. 2023; A citrus
and pomegranate complex reduces methylglyoxal in healthy elderly subjects: secondary
analysis of a double-blind randomized cross-over clinical trial. Int. J. Mol. Sci. 2023, 24(17),
13168.

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

Mdj udziat polegat na: recenzji i edycji oryginalnego tekstu manuskryptu, przetwarzaniu pozyskanych
danych, wizualizacji wynikow.

e Bednarska K., Kus P., Fecka |. 2020; Investigation of the Phytochemical Composition,
Antioxidant Activity, and Methylglyoxal Trapping Effect of Galega officinalis L. Herb In Vitro.
Molecules, 25(24), 5810. )

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

M06j udziat polegat na: opracowaniu koncepcji, nadzorowaniu projektu, wspétudziale w opracowaniu
metaodologii, obrébce pozyskanych danych, wizualizacji wynikdw, recenzji i edycji oryginalnego tekstu
manuskryptu, a takze wspotudziale w pozyskaniu funduszy (opiekun naukowy w projekcie dla Mtodych
Naukowcéw) i zarzadzaniu projektem.
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e Bednarska K., Fecka . 2022; Aspalathin and Other Rooibos Flavonoids Trapped a-Dicarbonyls
and Inhibited Formation of Advanced Glycation End Products In Vitro. Int. . Mol
Sci. 2022, 23(23), 14738.

{autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony}

M6j udziat polegat na: wspdtuczestnictwie w opracowaniu koncepcji, metodologii, obrobce
pozyskanych danych, wizualizacji wynikoéw, recenzji i edycji oryginalnego tekstu manuskryptu, a takze
wspétudziale w nadzorowaniu projektu, pozyskaniu funduszy, zarzadzaniu projektem.
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Bednarska K., Kus$ P., Fecka I. 2020; Investigation of the Phytochemical Composition, Antioxidant
Activity, and Methylglyoxal Trapping Effect of Galega officinalis L. Herb In Vitro. Molecules, 25(24),
5810.

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

moj udziat polegat na pomocy w opracowaniu metodologii i walidacji metod chromatograficznych i
spektrometrycznych, uczestnictwie w wykonaniu analiz, ocenie i interpretacji uzyskanych wynikéw
araz recenzji i edycji oryginalnego tekstu manuskryptu.
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» Bednarska K., Fecka 1., Scheijen J.L.J.M., Sanne A., Vangrieken P, Schalkwijk C.G. 2023; A citrus
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Katarzyna Bednarska

Wykaz publikacji

1. Publikacje w czasopismach naukowych

1.1 Publikacje w czasopismie z IF

Wroctaw, 04.09.2023 r.

Lp.

Opis bibliograficzny

Punkty

Bednarska Katarzyna, Ku$ Piotr, Fecka lzabela: Investigation of the
phytochemical composition, antioxidant activity, and methylglyoxal trapping
effect of Galega officinalis L. herb in vitro, Molecules, 2020, vol. 25, nr 24,
art.5810 [27 s.], DOI:10.3390/molecules25245810

4,412

140

Bednarska Katarzyna, Fecka lzabela: Potential of vasoprotectives to inhibit
non-enzymatic protein glycation, and reactive carbonyl and oxygen species
uptake, International Journal of Molecular Sciences, 2021, vol. 22, nr 18,
art.10026 [22 s.}, DOI:10.3390/ijms221810026

6,208

140

Bednarska Katarzyna, Fecka lzabela: Aspalathin and other rooibos
flavonoids trapped a-dicarbonyls and inhibited formation of advanced
glycation end products in vitro, International Journal of Molecular Sciences,
2022, vol. 23, nr 23, art,14738 [27 s.], DO1:110.3390/ijms232314738

5,6

140

Bernacka Karolina, Bednarska Katarzyna, Starzec Aneta, Mazurek Sylwester,
Fecka lzabela: Antioxidant and antiglycation effects of Cistus x incanus
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Molecules, 2022, vol. 27, nr 8, art.2432 [22 5],
DCI;10.3390/molecules27082432

4,6

140

Fecka Izabela, Bednarska Katarzyna, Wtodarczyk Maciej: Fragaria x
ananassa cv. Senga Sengana leaf: an agricultural waste with antiglycation
potential and high content of ellagitannins, flavonols, and 2-pyrone-4,6-
dicarboxylic acid, Molecules, 2022, vol. 27, nr 16, art.5293 [30s.],
DO0I:10.3390/molecules27165293

4,6

140

Bednarska Katarzyna, Fecka Izabela, Scheijen Jean L. J. M., Ahles Sanne,
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Journal of Molecular Sciences, 2023, vol. 24, nr 17, art.13168 [14 s.],
DO0I:10.3390/ijms241713168

5,6*

140

Fecka Izabela, Bednarska Katarzyna, Kowalczyk Adam: In vitro antiglycation
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and its polyphenols, Molecules, 2023, vol. 28, nr 6, art.2865 [21 5.],
DO0I1:10.3390/molecules28062865

4,6*
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1.2 Publikacje w czasopismie bez IF

Lp.

Opis bibliograficzny Punkty

Bernacka Karolina, Bednarska Katarzyna, Urbanowicz Iwona, Fecka Izabela: Rooibos
- dobry wybdr!, Farmacja Polska, 2021, vol. 77, nr 7, s. 403-424, 70
DOI:10.32383/farmpol/142109

2. Abstrakty

Opis bibliograficzny

Bednarska Katarzyna, Fecka |zabela: Badania skiadu fitochemicznego Geranii robertiani herba
w zakresie zwigzkéw wielofenolowych, W: 1Il Ogdlnopolska Konferencja Naukowa
"Wspétczesne zastosowanie metod analitycznych w farmacji i medycynie". Wrectaw, 9
kwietnia 2018 r. Ksigzka abstraktow 2018, 19 poz.P2, [[Dostep 12.04.2018). Dostepny w:
http://www.farmacja.wroclaw.pl/images/ksi%C4%85%C5%BCka%20abstrakt%C3%B3w%20kw
iecie%C5%84%202018.pdf]

Bednarska Katarzyna, Czwojdziriska Marta, Sikorska Karolina, Baranowski Jakub, Sawicka Ewa:
Oko jako narzedzie wczesnej diagnostyki choroby Alzheimera, W: IV Ogélnopolska Konferencja
Naukowa "Wspdiczesne zastosowanie metod analitycznych w farmacji i medycynie”.
Wroclaw, 12 kwietnia 2019 r. Ksigzka abstraktéw 2019, [13], [[Dostep 18.04.2019). Dostepny
w: http://www.farmacja.wroclaw.pl/images/ksia%CC%A8z%CC%87ka-abstrakto%CC%81w-
kwiecien%CC%81-2019.pdf]

Bednarska Katarzyna, Matwiej Marta, Fecka Izabela: Izolacja geraniny z ziela iglicy pospolitej,
W: IV Ogdlnopolska Konferencja Naukowa "Wspoéiczesne zastosowanie metod analitycznych w
farmacji i medycynie". Wroclaw, 12 kwietnia 2019 r. Ksigzka abstraktéw 2019, [14], [[Dostep
18.04.2019]. Dostepny w: http://www.farmacja.wroclaw.pl/images/ksia%CC%A82%CC%87ka-
abstrakto%CC%81w-kwiecien%CC%81-2019.pdf]

Czwojdziriska Marta, Bednarska Katarzyna, Sawicka Ewa: Nowoczesne metody wykrywania i
identyfikacji koronawiruséw u zwierzat, W: IV Ogdlnopolska Konferencja Naukowa
"Wspdtczesne zastosowanie metod analitycznych w farmacji i medycynie". Wroclaw, 12
kwietnia 2019 r. Ksigzka abstraktow 2019, [18], [[Dostep 18.04.2018). Dostepny w:
http://www.farmacja.wroclaw.pl/images/ksia%CC%AB8z%CC%87ka-abstrakto%CC%81w-
kwiecien%CC%81-2019.pdf]

Fecka lzabela, Bednarska Katarzyna, Ku$ Piotr: Rutwica lekarska - nowe wiaéciwosci i
perspektywy zastosowania, W: V Ogdlnopolska Konferencja Naukowa "Wspdiczesne
zastosowanie metod analitycznych w farmac]i i medycynie". [Online], 27 listopada 2020 r.
Ksigzka abstraktéw 2020, s. 11

Bednarska Katarzyna, Fecka lzabela: Badanie zdolInosci rutyny i trokserutyny do putapkowania
metyloglioksalu, W: V Ogdlnopolska Konferencja Naukowa "Wspotczesne zastosowanie metod
analitycznych w farmacji i medycynie". [Online], 27 listopada 2020 r. Ksigika abstraktéw 2020,
s.19-20

Bernacka Karolina, Starzec Aneta, Bednarska Katarzyna, Fecka Izabela: Ziele czystka szarego -
czy wlasciwosci popularnego suplementu znajdujg potwierdzenie w badaniach naukowych?,
W: VI OgdlInopalska Konferencja Naukowa "Wspdtczesne zastosowanie metod analitycznych w
farmaciji i medycynie". Wroclaw, 03 grudnia 2021 r. Ksigzka abstraktéw, Wroctaw 2021, s. 15
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