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Il. Streszczenie

Nieprawidlowe odzywianie jest jednym z najwazniejszych problemow spotecznych
ostatnich lat. Zachodnia dieta, obfitujgca w produkty wysokoprzetworzone, bogate w cholesterol
i cukry proste, przyczynia si¢ do obserwowanego Stale trendu coraz powszechniej wystepujacej
nadwagi i otyto$ci oraz nierzadko powigzanych z nimi chor6b metabolicznych, m.in. miazdzycy
I cukrzycy typu Il. W przebiegu tych stanéw patologicznych czesto obserwuje si¢ zaburzenia
pracy ukladu sercowo-naczyniowego i watroby, a takze zmiany strukturalne (histologiczne),
np. zgrubienie $cian tetnic. Profilaktyka i terapia chorob spowodowanych nieprawidlowa dieta
niejednokrotnie bywa nieskuteczna lub obarczona istotnymi dziataniami niepozgdanymi. Dlatego
tez stale poszukuje si¢ nowych, potencjalnie skutecznych zwigzkéw o prozdrowotnym wptywie
na funkcje watroby i ukladu krazenia, a jednocze$nie bezpiecznych dla pacjenta. W takim
przypadku obiecujaca alternatywa pozostaja naturalne zwigzki pochodzenia roslinnego.

Do zwigzkow roslinnych, ktéore moga wykazywaé korzystny wpltyw na stan zdrowia
w przypadku nieprawidlowej diety nalezg m.in. irydoidy i antocyjany. Wptyw ten wynika przede
wszystkim z ich wlasciwosci antyoksydacyjnych i przeciwzapalnych, a takze zdolnosci
do zmiany ekspresji niektorych czynnikdw transkrypcyjnych. Irydoidy, substancje zaliczane
do grupy monoterpenoidow, izolowane sg gtownie z czeSci zielonych ro$lin, ale wystepuja
w duzym stezeniu takze w niektorych owocach. Antocyjany, substancje z grupy polifenoli,
to ciemne barwniki roslinne, pospolicie wystepujace w kwiatach i owocach. Zrodtem zwiazkow
z obu grup sg m.in. owoce derenia jadalnego (Cornus mas L.).

Uwzgledniajac stosunkowo duzg zawarto$¢ irydoidow 1 antocyjanow w owocach derenia
jadalnego, a takze ich pozytywny wplyw na rdéznorakie parametry pracy ukladu sercowo-
naczyniowego i watroby, autor postanowil przeprowadzi¢ szereg analiz, a ich wyniki 1 wnioski
Z nich wyptywajace przedstawi¢ w niniejszej rozprawie. W tym celu dokonany zostal przeglad
dostgpnych zrodet literaturowych dotyczacych prozdrowotnego wptywu zwigzkéw czynnych
z grup irydoidow 1 antocyjandw, ich mechanizméw dziatania 1 potencjalnych zastosowan
w profilaktyce 1 leczeniu choréb uktadu krazenia i watroby, a takze zmian ekspresji
najwazniejszych czynnikow transkrypcyjnych istotnych dla przemian cholesterolu i lipidow.
Natomiast celem badawczym przeprowadzonych analiz bylo okreslenie wplywu ekstraktu
z owocow derenia jadalnego na ekspresje PPAR-a 1 PPAR-y w aorcie oraz LXR-a w watrobie,
a takze na stezenia wybranych markerow w surowicy krwi: cholesterolu (catkowitego, HDL,
LDL), trojglicerydéw, adipokin (leptyny, rezystyny, adiponektyny), apolipoprotein

(A1, B100, E), glukozy i insuliny. Ponadto, ocenie poddano zmiany histopatologiczne



w $cianach aorty piersiowej i brzusznej — w warstwach intima i media oraz wyznaczono na ich
podstawie wskaznik I/M. W badaniach wykorzystano tkanki i krew pobrang od krélikow
nowozelandzkich skarmianych przez 60 dni dieta bogatocholesterolowa (1%). Zwierzeta
w jednej grupie badawczej otrzymywaty dodatkowo ekstrakt z owocdéw derenia jadalnego
w dawce 10 mg/kg m.c., a w drugiej grupie badawczej w dawce 50 mg/kg m.c. Natomiast
zwierzetom w grupie stanowigcej pozytywna kontrole podawano dodatkowo simwastatyne
w dawce 5 mg/kg m.c.

Zaobserwowano, ze podawanie ekstraktu z owocow derenia jadalnego prowadzi
do wzrostu ekspresji wszystkich trzech badanych czynnikow transkrypcyjnych. Przyczynia si¢
takze zwigkszenia st¢zenia adiponektyny, jednocze$nie zmniejszajac st¢zenie leptyny, rezystyny
i trojglicerydow. W ocenie histopatologicznej $cian tetnic odnotowano znaczacy spadek
wskaznika I/M w obu grupach badawczych otrzymujacych badany ekstrakt. Wszystkie powyzsze
zmiany wskazuja na potencjalng skuteczno$¢ ekstraktu z owocOw derenia jadalnego
w profilaktyce i leczeniu chorob uktadu sercowo-naczyniowego i watroby wynikajacych
z nieprawidlowej diety. Irydoidy i antocyjany zawarte w ekstrakcie moga przyczyniaé si¢
do ograniczenia ryzyka wystepowania, a takze intensywnosci objawow zwigzanych z otyloscia

chordb, takich jak miazdzyca, choroba wiencowa czy zesp6t metaboliczny.



I11. Summary

Improper nutrition is one of the most important social problems of recent years.
The Western diet, rich in highly processed products abundant in cholesterol and simple sugars,
contributes to the constantly observed trend of overweight and obesity, and frequently related to
them metabolic diseases, including atherosclerosis and type Il diabetes. In the course of these
pathological conditions, disorders of the cardiovascular system and the liver, and also structural
(histological) changes, e.g. thickening of the walls of the arteries, are commonly observed.
Prevention and treatment of diseases caused by unbalanced diet are often ineffective or burdened
with significant side effects. Therefore, new, potentially effective compounds with a health-
promoting influence on the functions of the liver and cardiovascular system, and at the same time
safe for the patient, are continuously searched for. In such case, natural compounds of plant
origin remain a promising alternative.

Two groups of plant compounds that may possess a beneficial impact on health in case of
an improper diet are iridoids and anthocyanins. This effect is mainly due to their antioxidant and
anti-inflammatory properties, as well as their ability to alter the expression of certain
transcription factors. Iridoids, substances classified to the group of monoterpenoids, are most
often isolated from the green parts of plants, but are also found in high concentrations in some
fruits. Anthocyanins, substances from the polyphenols group, are dark plant pigments commonly
found in flowers and fruits. Cornelian cherry fruits (Cornus mas L.) are the source of compounds
from both groups.

Taking into account the relatively high content of iridoids and anthocyanins in cornelian
cherry fruits, as well as their positive impact on various parameters of the cardiovascular system
and the liver, the author decided to conduct a number of analyzes and present their results and
conclusions in this dissertation. For this purpose, a review of the available literature sources was
made on the health-promoting effect of the active compounds from the groups of iridoids and
anthocyanins, their mechanisms of action and potential applications in the prevention and
treatment of cardiovascular and liver diseases, as well as changes in the expression of the most
pivotal transcription factors crucial for cholesterol and lipid metabolism. The research goal of the
conducted analyzes was to determine the effect of cornelian cherry extract on the expression of
PPAR-o and PPAR-y in the aorta and LXR-a in the liver, as well as on the concentration of
selected markers in the blood serum: cholesterol (total, HDL, LDL), triglycerides, adipokines
(leptin, resistin, adiponectin), apolipoproteins (Al, B100, E), glucose and insulin. Moreover, the

histopathological changes in the walls of the thoracic and abdominal aorta were assessed - in the



intima and media layers, and the I/M ratio was determined on their basis. Tissues and blood
collected from New Zealand rabbits fed for 60 days a cholesterol-rich diet (1%) were used in the
experiment. One research group additionally received cornelian cherry extract at a dose of 10
mg/kg b.w., and the other research group at a dose of 50 mg/kg b.w. Animals in the positive
control group received additionally simvastatin at a dose of 5 mg/kg b.w.

It was observed that the administration of cornelian cherry extract led to an increase in the
expression of all three tested transcription factors. It also contributed to an enhancement in the
concentration of adiponectin, while reducing the concentration of leptin, resistin and
triglycerides. In the histopathological evaluation of the arterial walls, a significant decrease in the
I/M ratio was noted in both research groups receiving the extract. All the above changes confirm
the potential effectiveness of cornelian extract in the prevention and treatment of cardiovascular
and liver diseases resulting from an improper diet. Iridoids and anthocyanins contained in the
extract may contribute to the reduction of the occurrence risk and the intensity of symptoms of
related to obesity diseases such as atherosclerosis, coronary artery disease or metabolic

syndrome.



IV. Wstep

Truizmem jest stwierdzenie, ze odzywianie bezposrednio wpltywa na nasze zdrowie.
Niezliczona liczba publikacji naukowych potwierdzita pozytywny lub negatywny wplyw,
zarowno diety jako cato$ci, jak i poszczegdlnych sktadnikow pokarmowych, na stan zdrowia
cztowieka, pracg poszczegdlnych organdw czy uktadéw. Daje si¢ takze zauwazy¢ rosnaca
Swiadomo$¢ konsumentéw w kwestii rodzaju 1 jakosci kupowanego pozywienia. I cho¢ wcigz
wiele popularnych produktéw jest wysoko przetworzonych, bogatych w cukier i tluszcze
nasycone, to jednocze$nie wzrasta dostepno$¢ wyrobow naturalnych 1 organicznych
w powszechnej sprzedazy, nierzadko takze producenci zywnosci starajg si¢ W pewnym stopniu
modyfikowa¢ sktady poszczegdlnych produktow w celu ograniczenia ich niekorzystnego
wplywu na zdrowie cztowieka, np. zmniejszajac ilos¢ uzytego cukru czy zastepujac olej
palmowy olejem rzepakowym lub stonecznikowym.

Kazdy czitowiek ma swoje wilasne, unikalne nawyki zywieniowe, ktore kreuje wiele
réznorakich czynnikéw, jak chociazby aspekty kulturowe, ekonomiczne, geograficzne czy tez
panujace w danym momencie mody i trendy. Znane sg rozne rodzaje diet, jak np. podstawowa
(zwyczajowa, okreslajaca powszechny w danej spolecznosci sposdb odzywiania si¢),
alternatywna (np. weganska, wegetarianska), terapeutyczna, eksperymentalna i wiele wiecej.
Za uniwersalng podstawe prawidlowego sposobu odzywania uwaza si¢ piramidy zdrowego
zywienia, tworzone w réznych krajach m.in. wedlug wytycznych Swiatowej Organizacji Zdrowia
(WHO). Okresowo, w miare postepu naukowego i coraz lepszego zrozumienia wptywu diety
na stan zdrowia cztowieka, piramidy sa aktualizowane. W najnowszej obowigzujacej w Polsce
wersji, opublikowanej w 2016r. przez Instytut Zywnosci i Zywienia (obecnie cze$¢ Narodowego
Instytutu Zdrowia Publicznego), udziat produktéw roslinnych zostat zwigkszony i to wlasnie one
powinny stanowi¢ podstawg naszej diety i by¢ spozywane w najwigkszej ilosci [1].

Niewlasciwa dieta oraz niewielka aktywnos¢ fizyczna, prowadzace do nadwagi 1 otytosci,
przyczyniaja si¢ do rozwoju choréb metabolicznych, takich jak miazdzyca, cukrzyca typu II czy
zespot metaboliczny, w przebiegu ktorych obserwuje si¢ m.in. zaburzenia funkcji ukladu
krazenia i watroby [2-4]. Chorobom tym czesto towarzyszy przewlekly stan zapalny, w tym
np. stan zapalny aorty, ktéry prowadzi do zmian strukturalnych w jej §cianie. Zauwazalne s3
rowniez zmiany w stezeniach lub aktywno$ci niektorych zwigzkéow w surowicy krwi,
np. adipokin, a takze zmiany ekspresji czynnikéw transkrypcyjnych kluczowych dla

metabolizmu cholesterolu i lipidow, np. receptorow aktywowanych przez proliferatory



peroksysomow (Peroxisome Proliferator Activated Receptor - PPAR) czy receptorow
watrobowych X (Liver X Receptor - LXR) [5-9].

Wplyw diety na prace uktadu sercowo-naczyniowego oraz watroby zostat potwierdzony
w licznych publikacjach naukowych. Stwierdzono m.in., ze dieta obfitujaca w produkty roslinne
(owoce 1 warzywa) moze zmniejsza¢ ryzyko wystgpienia choroby wiencowej, zmniejszaé
$miertelno$¢ z powodu choréb uktadu krazenia, wykazywac¢ wiasciwosci hepatoprotekcyjne,
a takze korzystnie wplywaé¢ na poziomy lipidow krwi (réznych frakcji cholesterolu,
trojglicerydow) czy enzymow  watrobowych  (aminotransferazy  alaninowej, ALT
i asparaginianowej, AST) [10-12].

Wsrod grup zwigzkow roslinnych, dla ktorych potwierdzony zostal korzystny wplyw
na stan zdrowia czlowieka, wymienia si¢ m.in. irydoidy i antocyjany. Sa to dosy¢ powszechnie
wystepujace substancje naturalne, ktorych dziatania prozdrowotne sg od dawna wykorzystywane
w fitoterapii. Wcigz jednak trwaja badania nad ich potencjalnie nowymi, nieznanymi dotad
wlasciwosciami 1 zastosowaniami terapeutycznymi. Jednym z wartosciowych zrédel zaréwno
irydoidow, jak i antocyjanow, sg owoce derenia jadalnego [13].

Deren jadalny (Cornus mas L.), zwany takze czasem dereniem wiasciwym, z rodziny
Dereniowatych (Cornaceae), to roztozysty krzew lub mate drzewo, osiggajace z reguty od 4 do
7 metrow wysoko$ci. Owoce derenia maja wydtuzony ksztalt o okoto 2 cm dlugosci, dojrzewaja
na przetomie sierpnia i wrzesnia, przyjmujac intensywnie czerwong, ciepta barwe. Sg bogate nie
tylko w irydoidy i antocyjany, ale takze m.in. fenolokwasy i kwasy organiczne [14, 15]. Jednak
to wlasnie ze wzgledu na znaczng zawartos¢ irydoidéw i antocyjanow, owoce derenia jadalnego
moga odgrywac istotng role w profilaktyce i leczeniu wielu chorob uktadu krazenia i watroby.

Irydoidy to organiczne zwigzki chemiczne nalezace do grupy monoterpenoidow.
Spotykane sg w roslinach z powszechnie wystepujacych rodzin, m.in. Jasnotowatych
czy Tredownikowatych. Wystepuja takze w roslinach wykorzystywanych jako srodki goryczowe,
m.in. z rodziny Goryczkowatych. Zwigzki irydoidowe izolowane s3 przede wszystkim
z zielonych cze¢sci roslin (gtownie lisci 1 mlodych pedow), ale moga tez wystepowaé w duzych
stezeniach w owocach. Do najwazniejszych zwigzkow czynnych z grupy irydoidow zalicza si¢
m.in. gencjopikrozyd, kwas loganowy, katalpol czy amarogentyne [16, 17].

Irydoidy wykazuja bardzo szerokie spektrum dziatania terapeutycznego. Ich wplyw
dotyczy przede wszystkim uktadu krgzenia 1 watroby (w tym przemian i poziomu glukozy
1 lipidow we krwi), ale opisano takze na przyklad dzialanie przeciwnowotworowe
i immunomodulujace irydoidow. Korzystne efekty lecznicze zwiazkow irydoidowych wynikaja

glownie z ich wlasciwosci antyoksydacyjnych i przeciwzapalnych. Dodatkowo wykazano
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rowniez, ze irydoidy moga zwigksza¢ ekspresj¢ czynnikéw  transkrypcyjnych,
m.in. zaangazowanych w regulacje metabolizmu lipidéw 1 cholesterolu — PPAR, LXR
oraz SREBP (Sterol Regulatory Element Binding Protein) [16, 18-20].

Antocyjany to ciemne barwniki roslinne nalezace do grupy polifenoli. Spotykane sg
w ro$linach klasyfikowanych m.in. do rodzin Slazowatych, Wrzosowatych czy Astrowatych.
Z racji swej podstawowej roli — barwnikow — zwiagzki te izolowane sa przede wszystkim
z kwiatdow 1 owocoéw. Antocyjany wystepuja w roslinach gltownie w postaci glikozydowej,
jednak to przede wszystkim ich aglikony, nazywane antocyjanidynami, s3 wlasciwymi
zwigzkami czynnymi. Najwazniejsze z nich to cyjanidyna, pelargonidyna i delfinidyna [21, 22].

Zwiazki z grupy polifenoli to jedne z najczesciej wspominanych w kontekscie dzialania
prozdrowotnego zwiazkoéw naturalnych. Jest to bardzo szeroka grupa, ktora charakteryzuje sie
réznorakim spektrum dzialania na organizm na czlowieka. Nie inaczej jest w przypadku
antocyjanow, ktore podobnie jak irydoidy, moga wptywaé pozytywnie na funkcje uktadu
Sercowo-naczyniowego oraz watroby, a takze wielu innych uktadow i narzadéw, glownie dzigki
whasciwosciom antyoksydacyjnym 1 przeciwzapalnym. Natomiast unikalng wlasciwoscia
antocyjanoéw, odrdzniajacg je od innych polifenoli, jest zdolno$¢ do zmniejszania wytwarzania
reaktywnych form tlenu (ROS) bez indukowania biogenezy mitochondrialnej lub ekspresji
dysmutazy ponadtlenkowej [23]. Istnieje rowniez wiele publikacji naukowych potwierdzajacych
korzystny wplyw antocyjandbw na ekspresje czynnikéw transkrypcyjnych istotnych
w metabolizmie lipidow i cholesterolu [24-26].

Procesy replikacji, transkrypcji i translacji odgrywaja podstawowa role w regulacji
procesOw namnazania, rozwoju i réznicowania komorek oraz utrzymania proceséw zyciowych
wszystkich organizmow. Proces transkrypcji nigdy nie obejmuje catej nici DNA, a jedynie
fragment, ktory koduje biatko strukturalne lub funkcyjne, na ktére w danym momencie pojawia
si¢ zapotrzebowanie. Zjawisko to jest posrednio kontrolowane przez specyficzng grupe biatek
i receptorow jadrowych, okre$lanych mianem czynnikow transkrypcyjnych. Ich zadaniem,
oprocz indukcji transkrypcji, jest skierowanie wlasciwego sygnatu do sekwencji promotorowe;
genu kodujacego pozadane biatko [27, 28]. Do czynnikow transkrypcyjnych, ktére odgrywaja
kluczowa role¢ w metabolizmie cholesterolu i lipidow zalicza si¢: LXR-a, PPAR-a, PPAR-y,
C/EBPa (CCAAT/enhancer-binding protein alpha) oraz SREBP-1c. Zardéwno irydoidy,
jak 1 antocyjany, moga zmienia¢ ekspresj¢ wszystkich wymienionych powyzej czynnikéw
transkrypcyjnych.

Tkanka tluszczowa wydziela mediatory zwane adipokinami. Wykazuja one dziatanie

autokrynne, parakrynne i endokrynne na réznorakie tkanki i narzady. Adipokiny odgrywaja
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istotng rol¢ regulatorowa wielu procesdw metabolicznych, m.in. przemian glukozy czy procesow
energetycznych. Adipokiny s3 kluczowymi zwigzkami wplywajacymi na wrazliwos$¢ tkanek
na insuling, w$rdd nich mozna wyrdzni¢ substancje zar6wno o dziataniu zmniejszajacym
insulinowrazliwo$¢ (np. rezystyna), jak 1 ja zwickszajace (np. adiponektyna). Jedng
z najwazniejszych adipokin jest takze leptyna, ktéra nazywana jest hormonem sytosci, bowiem
oddziatywujac na osrodek glodu i sytosci w podwzgorzu powoduje zmniejszenie taknienia.
Zaburzenia poziomu adipokin moga przyczynia¢ si¢ do rozwoju choréb metabolicznych,
m.in. cukrzycy typu II czy chordéb uktadu sercowo-naczyniowego, sa takze obserwowane
w przebiegu otylosci [29-31]. Adipokiny moga zatem peli¢ jednocze$nie rol¢ waznych
markerdw niekorzystnych zmian zachodzacych w organizmie pod wplywem nieprawidlowej
diety. Dowiedziono, cho¢ liczba publikacji na ten temat jest dotad stosunkowo niewielka,
ze zwigzki irydoidowe 1 antocyjanowe moga wplywaé na st¢zenia opisanych adipokin,
tym samym peti¢ potencjalnie wartosciowa role w profilaktyce i leczeniu choréb, w przebiegu
ktérych obserwuje si¢ zaburzenia poziomu adipokin.

Biatkowe czeSci lipoprotein odpowiedzialne za wigzanie lipidow nazywane
sg apolipoproteinami. Wyrdznia si¢ pie¢ klas apolipoprotein (oznaczonych literami od A do E),
wérod ktorych istnieje tez wiele wariantow poszczegdlnych zwigzkow. Na stezenie i aktywnosé
apolipoprotein w organizmie ludzkim wplywa wiele czynnikéw, w tym m.in. dieta, a takze
aktywno$¢ hormonow, w tym insuliny [32, 33]. Dlatego tez, podobnie jak w przypadku adipokin,
zaburzenia poziomu apolipoprotein sg obserwowane w przebiegu wielu chorob uktadu krazenia
1 watroby, a oznaczenie i modyfikacje ich stezenia mogg petni¢ istotng role diagnostyczna
1 terapeutyczng.

Zachodnia dieta (Western diet) charakteryzuje si¢ wysokim udzialem produktéw
wysokoprzetworzonych, obfitujacych w cholesterol i cukry proste, w tym napojow
wysokostodzonych. Wiaze si¢ ja takze ze stosunkowo szybkim powstawaniem nieprawidtowych
zwyczajow zywieniowych, ktore moga doprowadzi¢ nawet do zmian moézgowych o charakterze
przypominajgcym uzaleznienie, a objawiajacych si¢ objadaniem si¢ produktami typu Fast-food
i stodyczami [34, 35]. W odwracaniu tej niekorzystnej tendencji — modyfikacjach stosowanej
diety, zwigkszaniu aktywnosci fizycznej czy ograniczaniu zmian o charakterze metabolicznym —
kluczowa role pelni odpowiednia edukacja pacjentéw, jednak rola farmakoterapii réwniez jest
nie do przecenienia. Niestety, stosowanie wielu lekdw syntetycznych w terapii miazdzycy czy
otylo$ci wigze si¢ z wystgpowaniem niekorzystnych dziatan niepozadanych. Z tego powodu stale
poszukuje si¢ nowych rozwigzan, S$rodkéw ktore okazatyby sie nie tylko skuteczne

terapeutycznie czy profilaktycznie, ale takze bezpieczne dla pacjenta. Alternatywa dla
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farmaceutykow syntetycznych pozostaja w takiej sytuacji zwigzki pochodzenia roslinnego.
Przyktadem takiego Srodka jest ekstrakt z owocoéw derenia jadalnego, ktory dzigki stosunkowo
wysokiej zawartosci substancji czynnych z grup irydoidéw i antocyjanow, moze okazaé sig
wartosciowym preparatem stosowanym w zapobieganiu i leczeniu choréb uktadu sercowo-
naczyniowego i watroby, wynikajacych z nieprawidtowej diety.

Ewaluacja potencjalnego dziatania ekstraktu z owocdéw derenia jadalnego na organizm,
poprzez wptyw na wszystkie opisane powyzej parametry, jest przedmiotem niniejszej rozprawy.
W badaniu zastosowano model kréliczy, w ktérym zwierzeta przez 60 dni skarmiano dietg
bogatocholesterolowa (1%). Jest to uznany model hipercholesterolemii — po raz pierwszy kroliki
zostaly wykorzystane w badaniach nad miazdzyca przez Ignatowskiego w 1908 roku [36],
a skarmianie krolikow dieta wzbogacong o cholesterol (najczesciej w stezeniach wahajacych sie
w granicach od 0,05% do nawet 2% 1 wigcej — w zaleznosci od dlugosci modelu badawczego
oraz celu jaki ma w nim zosta¢ osiggnigty), to obecnie jeden z trzech podstawowych modeli

kréliczych wykorzystywanych w badaniach nad hipercholesterolemig [37].

13



V. Zalozenia i cele pracy

Wspblczesna, zachodnia dieta moze prowadzi¢ do wystgpienia powaznych chordb
metabolicznych, wynikajgcych m.in. z zaburzen pracy uktadu krazenia i watroby. Zwigzki
naturalne z grup irydoidoéw i antocyjanéw moga wykazywaé prozdrowotny wptyw na funkcje
uktadu sercowo-naczyniowego i watroby. Wtasciwosci te moga wynika¢ z wptywu na stezenie
roéznorakich zwigzkéw endogennych istotnych w patogenezie chor6b metabolicznych, z wplywu
na ekspresje niektorych czynnikéw transkrypcyjnych, a takze posredniego przeciwdzialania
zmianom histologicznym zachodzacym w organizmie w nast¢gpstwie nieprawidlowej diety.
Owoce derenia jadalnego (Cornus mas L.) obfitujg w sktadniki czynne z grup irydoidéw
i antocyjanéw.

Podstawowym problemem badawczym podjetym w niniejszej rozprawie jest okreslenie
czy ekstrakt z owocow derenia jadalnego moze okaza¢ si¢ potencjalnie wartosciowym
terapeutycznie farmaceutykiem, ktory moze by¢ bezpiecznie stosowany w profilaktyce i leczeniu
choréb wynikajacych z diety bogatej w cholesterol. W tym celu autor dokonal przegladu,
zestawienia 1 podsumowania dostepnych zrddel dotyczacych wpltywu zwiazkow z grup
irydoidow 1 antocyjanéw na roznorakie parametry funkcji watroby i uktadu sercowo-
naczyniowego — mechanizmow dziatania i ich efektow, a takze potencjalnego zastosowania
irydoidow 1 antocyjanow w konkretnych rodzajach zaburzen i stanow patologicznych watroby
1 uktadu krazenia (Publikacja nr 1 — udzial autora rozprawy: opracowanie pomystu i tematu
artykulu, przeglad literatury, napisanie manuskryptu i stworzenie wizualizacji w postaci rycin).
Nastgpnie autor dokonat przegladu, zestawienia 1 podsumowania dostepnych zrodet dotyczacych
wplywu zwigzkéw z grup irydoidéw 1 antocyjandw na najwazniejsze czynniki transkrypcyjne
odgrywajace kluczowa role w metabolizmie cholesterolu 1 lipidow (Publikacja nr 2 — udziat
autora rozprawy: opracowanie pomystu 1 tematu artykutu, przeglad literatury, napisanie
manuskryptu i stworzenie wizualizacji w postaci rycin i tabel). Na podstawie zdobytych
informacji autor zaplanowal badania i analizy, ktérych celem byto jak najdoktadniejsze i jak
najszersze okreslenie wptywu ekstraktu z owocoéw derenia jadalnego na wybrane parametry
surowicy krwi, na ekspresj¢ wybranych czynnikéw transkrypcyjnych oraz na zmiany
histologiczne zachodzace pod wptywem diety bogatej w cholesterol (Publikacja nr 3 — udziat
autora rozprawy: opracowanie pomystlu i tematu artykutu, wybor parametréw poddanych
badaniom i metod ich pomiaru, wykonanie analiz metodg Elisa oraz Western Blot, analiza
statystyczna wszystkich zebranych danych, przeglad literatury, napisanie manuskryptu

I stworzenie wizualizacji w postaci rycin i tabel).
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Konkretne cele badawcze niniejszej rozprawy zaktadaty ustalenie czy i w jakim stopniu
dwie rézne dawki ekstraktu z owocow derenia jadalnego (10 mg na kilogram masy ciata lub 50
mg na kilogram masy ciata), zastosowane w modelu kréliczym, maja wptyw na:
e ckspresje receptora aktywowanego przez proliferatory peroksysomow-a (PPAR-o)
i receptora aktywowanego przez proliferatory peroksysomow-y (PPAR-y) w aorcie,
e ckspresje receptora watrobowego X-a (LXR-a) w watrobie,
e stezenie leptyny, adiponektyny, rezystyny, glukozy, insuliny oraz wybranych
lipoprotein i apolipoprotein w surowicy krwi,
e warto$¢ wskaznika intima/media aorty Dbrzusznej i piersiowej (zmiany
histopatologiczne).
Celem bylo réwniez porownanie zmian w markerach surowicy krwi — tych, ktore
odgrywaja istotng rolg¢ w praktyce klinicznej w przewidywaniu i ocenie ryzyka i progresji chorob
sercowo-naczyniowych i metabolicznych — ze zmianami molekularnymi i histopatologicznymi

w narzadach docelowych.
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VI. Material i metody

1. Material

Materiatem badan byt ekstrakt z owocow derenia jadalnego (Cornus mas L.).
Owoce derenia jadalnego zebrano w Arboretum i Instytucie Fizjografii w Bolestraszycach,
w Polsce. Przed analizg owoce byly przechowywane w probowkach typu Falcon w temperaturze
-20°C. Okaz zielnikowy — voucher specimen (BDPA 3967) zostal uwierzytelniony
i zdeponowany w Zielniku Arboretum i Instytutu Fizjografii w Bolestraszycach. Przygotowanie
ekstraktu z owocow derenia jadalnego (EXT) zostalo wykonane wg przepisu opisanego przez
profesor Alicj¢ Kucharska [38].

Zamrozone dojrzate owoce derenia rozdrobniono i1 ogrzewano przez 5 minut w 95°C
przy uzyciu urzadzenia Thermomix (Vorwerk, Wuppertal, Niemcy). Miazge schtodzono do 40°C
I poddano depektynizacji w temperaturze 50°C przez 2 godziny przez dodanie 0,5 ml Panzym Be
XXL (Begerow GmbH & Co., Darmstadt, Niemcy) na 1 kg. Po depektynizacji i usunigciu pestek
miazga zostata sprasowana w laboratoryjnej prasie hydraulicznej (Zodiak, SRSE, Warszawa,
Polska). Wycisniety sok przefiltrowano i przepuszczono przez kolumng z zywicg Amberlite
XAD-16 (Rohm and Haas, Chauny Cedex, Francja). Zanieczyszczenia zostaty sptukane woda
destylowang, natomiast pigmenty i irydoidy eluowano 80% etanolem. Eluat poddano procesowi
zageszczania pod proznia w 40°C. Rozpuszczalnik odparowano stosujac Rotavapor (Unipan,
Warszawa, Polska). Skoncentrowany ekstrakt barwnikéw i irydoidéow oczyszczono za pomoca
octanu etylu w celu usunigcia niepolarnych zanieczyszczen i innych flawonoidéw. Procedure
oczyszczania powtorzono trzykrotnie. Probka oczyszczonych zwigzkéw zostata zatezona pod
proznig w temperaturze 40°C i liofilizowana (Alpha 1-4 LSC, Christ, Germany).

W doswiadczeniu  wykorzystano  pigédziesiat dojrzalych  plciowo  krolikow
nowozelandzkich pici meskiej, w wieku od 8 do 12 miesigcy. Zwierzeta byly trzymane
w indywidualnych klatkach w temperaturze w zakresie 21-23°C. Kroliki poddano aklimatyzacji,
wazeniu i obserwacji przez 4 tygodnie przed rozpoczeciem 60-dniowego badania. Nastepnie
w sposob randomizowany zostaly one podzielone na 5 grup po 10 zwierzat. Zwierzeta w grupie
P byly karmione standardowa kompletng karma dla krélikow. Zwierzgta w pozostatych grupach:
CHOL, EXT 10, EXT 50 i SIMV 5 byly karmione powyzsza mieszanka wzbogacong
0o 1% cholesterol. Podczas eksperymentu, kroliki mialy nieograniczony dostep do wody
i otrzymywaty taka samg dzienng porcje karmy (40 g/kg). Raz dziennie, rano, przez kolejnych

60 dni doswiadczenia, krélikom podawano doustnie nastepujace substancje: grupa P
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i CHOL - 0,9% r-r NaCl, grupa EXT 10 — ekstrakt z owocdw derenia jadalnego 10 mg/kg m.c.,
grupa EXT 50 — ekstrakt z owocOw derenia jadalnego 50 mg/kg m.c., grupa SIMV 5 —
simwastatyna 5 mg/kg m.c. Probki krwi zostaty pobrane od kazdego zwierzecia na poczatku
1 koncu doswiadczenia, z zyly brzeznej ucha lub zyly odpiszczelowej. Na zakonczenie
eksperymentu, kroliki zostaty poddane terminalnej anestezji. Aorty i watroby zostaty nastepnie
pobrane i oczyszczone, a pdzniej zamrozone i przechowywane w temperaturze -70°C do czasu

wykonania dalszych analiz.

2. Metody badawcze

e Oznaczenie zwigzkéw metoda HPLC-PDA

Oznaczenie irydoiddw i antocyjandw  przeprowadzono z  wykorzystaniem
wysokosprawnej chromatografii cieczowej (HPLC, high-performance liquid chromatography)
z detektorem z matrycag diodowg (HPLC-PDA). Metoda HPLC jest odmiang cieczowej
chromatografii kolumnowej, ktora wyrdznia si¢ wysokim ci$nieniem pod jakim podawany jest
eluent na kolumny. Pozwala ona na separacj¢, oczyszczenie 1 identyfikacje zwigzkow
chemicznych. Do oznaczenia wykorzystano system Dionex HPLC (Germering, Niemcy)
wyposazony w detektor z matrycg diodowg Ultimate 3000. Zastosowano kolumng¢ Cadenza
Imtakt CD-C18 (75 x 4,6 mm, 5 pum). Faza ruchoma byta mieszaning 4,5% kwasu mrowkowego
viv (A) i 100% acetonitrylu (B), ptynaca 1,0 ml/min w elucji gradientowej o nastepujacych
warunkach: 0-1 min 5% B w A, 1-20 min 25% B w A, 20-26 min 100% B, 26-30 min 5% B
w A. Irydoidy monitorowano przy dlugosci fali 245 nm, kwas elagowy przy 254 nm,
fenolokwasy przy 320 nm, flawonole przy 360 nm i antocyjany przy 520 nm. Irydoidy zostaty
okreslone ilo$ciowo jako kwas loganowy, antocyjany jako cyjanidyno-3-O-glukozyd, kwasy
fenolowe jako kwas p-kumarowy, kwas kawowy i kwas elagowy, flawonole jako kwercetyno-3-

O-glukozyd i kemferolo-3-O-glukozyd.

e Pomiar parametrow fizycznych i biochemicznych

Mase ciata krolikow oznaczono za pomocg wagi precyzyjnej (Radwag, Radom, Polska).
Do oznaczen poziomow lipidow surowicy krwi 1 glukozy wykorzystano metody
kolorymetryczne - metody opierajace si¢ na okreslaniu stezenia roztworéw barwnych poprzez

poréwnanie intensywno$ci barw roztworéw badanych i odpowiednich wzorcéw. Poziomy
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cholesterolu catkowitego (TC) 1 trdjglicerydow (TG) w surowicy zostaly okreslone
z wykorzystaniem kolorymetrycznych metod enzymatycznych. Poziomy lipoprotein o duzej
gestosci (HDL) 1 lipoprotein o matej gestosci (LDL) zmierzono bezposrednimi metodami
kolorymetrycznymi (ABX Pentra 400, Horiba Ltd., Kioto, Japonia). Stezenie glukozy okreslono
przy uzyciu testu aktywnosci glukozy Trindera (ABX Pentra 400, Horiba Ltd., Kioto, Japonia).

e Oznaczenie stezen adiponektyny, leptyny, rezystyny, apolipoprotein (Al, B100, E)

1 insuliny metoda testu immunoenzymatycznego (ELISA)

Metoda ELISA to jeden z najcze$ciej stosowanych w diagnostyce biomedycznej testow
immunoenzymatycznych fazy statej. Stuzy do wykrywania i ilo$ciowego oznaczania biatek
z wykorzystaniem przeciwcial mono- lub poliklonalnych, skoniugowanych z odpowiednim
enzymem. Metoda ta opiera si¢ na wytworzeniu wigzania pomigdzy antygenem a przeciwciatem,
co uwidacznia reakcja barwna, ktorej intensywnos¢ jest iloSciowo zalezna.

Nastepujace zestawy ELISA zostaly wykorzystane do przeprowadzenia oznaczen:
adiponektyna (ADP/Acrp30, ERB0002, Fine Test, Wuhan Fine Biotech Corp., Wuhan, Chiny),
leptyna (CSB-E06971Rb, Cusabio Technology LLC, Houston, Teksas, USA), rezystyna
(ERB0105, Fine Test, Wuhan Fine Biotech Corp., Wuhan, Chiny), apolipoproteina Al
(ERB0009, Fine Test, Wuhan Fine Biotech Corp., Wuhan, Chiny), apolipoproteina B100
(ERBO0010, Fine Test, Wuhan Fine Biotech Corp., Wuhan, Chiny), apolipoproteina E (ERB0014,
Fine Test, Wuhan Fine Biotech Corp., Wuhan, Chiny), insulina (ELISA 90186, Crystal Chem
Inc., EIk Grove Village, Illinois, USA). Badania przeprowadzono zgodnie z instrukcjami

producenta. Wszystkie stezenia wyrazono w ng/ml lub mmol/l.

e Ocena histopatologiczna $cian aorty piersiowej i brzusznej

Material utrwalony w buforowanej 7% formalinie zatopiono w parafinie 1 pocigto
na 4 um sekcje, ktore wybarwiono standardowa metoda hematoksylina-eozyna. Probki ogladano
bez znajomos$ci podziatu na grupe kontrolng i grupy eksperymentalne. Analiz¢ mikroskopowa
przeprowadzono przy uzyciu mikroskopu $wietlnego Olympus BX53, potaczonego z aparatem
Olympus UC90. Pomiar grubo$ci warstw intima i media wykonano przy uzyciu standardowego
oprogramowania cellSens V1. Zdjecia zostaty wykonane w powiekszeniu 100x lub 200x, skala

pokazana na zdjeciach to 50 um lub 100 pm.
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e lzolacja RNA, odwrotna transkrypcja i Real-Time PCR

Metoda PCR, czyli tancuchowa reakcja polimerazy, to technika powielania tancuchow
DNA w wyniku wielokrotnego podgrzewania 1 ozigbiania probki. Znalazta szerokie
zastosowanie w analizie ekspresji genow, diagnostyce klinicznej czy badaniach nad genomem.
Real-time PCR, czyli metoda PCR w czasie rzeczywistym, inaczej nazywana PCR ilo$ciowym,
pozwala na okreslenie danej sekwencji w probie za pomocg pomiarow fluorescencji.
Charakteryzuje si¢ znacznie lepsza czulo$cig i precyzja w porownaniu do standardowego PCR,
umozliwiajac analiz¢ jako$ciowg 1 iloSciowg nawet przy niewielkim st¢zeniu badanego
materiatu, w stosunkowo krotkim czasie.

Catkowite RNA wyizolowano z badanych probek tkanek za pomocag zestawu RNeasy
Fibrous Mini Kit (Qiagen, Hilden, Niemcy) zgodnie =z protokolem producenta.
Aby wyeliminowa¢ ryzyko zanieczyszczenia genomicznego DNA, przeprowadzono trawienie
DNaza na kolumnie przy uzyciu zestawu RNase-Free DNase Set (Qiagen, Hilden, Niemcy). Ilo§¢
1 czystos¢ probek RNA oceniono przez pomiar absorbancji przy 260 1 280 nm za pomoca
spektrofotometru NanoDrop1000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
First-strand cDNA zsyntetyzowano przy uzyciu zestawu High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Carlsbad, Kalifornia, USA) zgodnie z instrukcja
producenta. Ekspresja mMRNA PPAR-a i PPAR-y zostata okreslona przez iloSciowg reakcje PCR
W czasie rzeczywistym z wykorzystaniem systemu 7500 Real-Time PCR System i Power SYBR
Green PCR Master Mix (Applied Biosystems, Carlsbad, Kalifornia, USA). Jako gen referencyjny
zastosowano dehydrogenaze 3-fosforanowa aldehydu glicerynowego (GAPDH). Reakcje
przeprowadzono z wykorzystaniem zestawu primerow RT2gPCR dla kroliczego PPAR-a
(PPN13311A, Qiagen, Hilden, Niemcy), PPAR-y (PPNO05175A, Qiagen, Hilden, Niemcy)
i GAPDH (PPN00377A, Qiagen, Hilden, Niemcy). Wszystkie reakcje przeprowadzono w trzech
powtorzeniach w nastgpujacych warunkach: aktywacja polimerazy w 50°C przez 2 min,
poczatkowa denaturacja w 94°C przez 10 min i 40 cykli denaturacji w 94°C przez 15 s,
a nastepnie wyzarzanie 1 wydluzanie w 60°C przez 1 min. Swoisto$¢ reakcji PCR okreslono
za pomocg analizy krzywej topnienia dla kazdej reakcji. Wzgledng ekspresj¢ mRNA badanych

czynnikow obliczono za pomoca metody AACt.
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e Ocena ekspresji LXR-a metodg Western Blot

Metoda Western Blot znalazta szerokie zastosowanie w diagnostyce medycznej. Technika
ta, inaczej zwana immunoblottingiem, to metoda badawcza biologii molekularnej, ktéra pozwala
na wykrycie konkretnych biatek w analizowanym materiale, ktorym jest homogenat tkankowy
lub ekstrakt biatkowy. Podstawg dziatania tego testu jest reakcja antygen-przeciwciato. Western
Blot sklada si¢ z dwoch gltownych etapow: rozdziatu elektroforetycznego oraz transferu
rozdzielonych biatek na membraneg.

Watroby krolicze zhomogenizowano w buforze zawierajacym 25 mM Tris pH 7,5,
50 mM NacCl, 1% NP-40 i zestaw inhibitorow proteazy. Po odwirowaniu, klarowny supernatant
zostal zmieszany z buforem do probek SDS, gotowany w 95°C przez 5 min i dodany
do SDS-PAGE na 12% zelu. Rozdzielone biatka przeniesiono na membrang PVDF (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) przy uzyciu transferu potsuchego.
Po przeniesieniu, membrane zablokowano 1% kazeing w TBS w 4°C przez noc, a nastgpnie
inkubowano z 1 pg/ml przeciwciatem anty-LXR-o (NRIH3/LXR Alpha Antibody LS-B3526-50,
LifeSpan Biosciences Inc., Seattle, Waszyngton, USA) i beta-aktyng C-04 (Santa Cruz
Biotechnology Inc., Dallas, Teksas, USA) w temperaturze pokojowej przez 1 h, a nastgpnie
drugorzedowym przeciwciatem znakowanym peroksydaza chrzanowa (Dako, Agilent, Santa
Clara, Kalifornia, USA). Zwiazane przeciwciala zwizualizowano za pomoca systemu detekcji
West-Pico blotting (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Bloty

zeskanowano, a gesto$¢ optyczng prazkdéw zanalizowano za pomocg programu Image J.

3. Metody statystyczne

Dane parametryczne wyrazono jako $rednig + odchylenie standardowe ($rednia + OS).
Analizg statystyczng przeprowadzono przy uzyciu oprogramowania Statistica v. 13.3 (TIBCO
Software Inc., Palo Alto, Kalifornia, USA). Rozktad normalny wszystkich zmiennych ciagtych
sprawdzono za pomocg testu Shapiro-Wilka - standardowego testu wykorzystywanego
do okreslania normalno$ci danych. Jednoczynnikowa analiza wariancji (ANOVA), stuzaca
do porownywania $rednich w wielu populacjach, z testem najmniejszych istotnych réznic (NIR)
post hoc Fishera zostala przeprowadzona dla poréwnania obejmujacego badane grupy.
Za statystycznie istotne uznano wartosci p < 0,05. Graficzne przedstawienia danych
statystycznych zostaty utworzone przy uzyciu programu Statistica v. 13.3 (TIBCO Software Inc.,
Palo Alto, Kalifornia, USA).
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The old adage says, “you are what you eat.” And although it is a banality repeated by many with a grain of salt, it also has quite a bit
of truth in it, as the products we eat have a considerable impact on our health. Unfortunately, humanity is eating worse from one
year to another, both in terms of product quality and eating habits. At the same time, it is brought up frequently that plant products
should form the basis of our diet. This issue was also reflected in the new version of the food pyramid. Iridoids and anthocyanins are
groups of plant compounds with proven beneficial effects on health. Both groups affect the cardiovascular system and the liver
functions. Although many mechanisms of action and the therapeutic effects of these compounds have already been learned,
intensive animal and clinical research is still underway to explore their new curative mechanisms and effects or to broaden our
knowledge of those previously described. In this article, we review the effects of natural iridoids and anthocyanins on selected

parameters of liver and cardiovascular system functions.

1. Introduction

In the era of fast life and the constant pursuit of wealth, fame,
and realization of various dreams, the time spent on prepar-
ing meals and caring for a proper, balanced diet has been
reduced to a minimum by many people. This situation is
being met by food producers, frequently large global food
concerns, whose main motto, understandably from an
economic point of view, is often to obtain only the highest
possible financial profit. Highly processed products, contain-
ing many different chemical additives, e.g., flavor enhancers
or preservatives; ready meals, which you only need to heat
in a microwave; and finally fast food or sweetened drinks,
are an increasing part of people’s diet. This leads to global
health and social consequences, which without exaggeration
can be called an epidemic of unhealthy nutrition. Worldwide,
diseases such as type II diabetes, atherosclerosis, hyperten-

sion, metabolic syndrome, and balance obesity are constantly
observed.

Fortunately, opinions calling for a change of lifestyle,
including paying more attention to the fact that plant pro-
ducts—fresh and low processed—should be the basis of diet,
are becoming louder, including in the mass media. This belief
has been confirmed by numerous, recent publications that
have meta-analyzed previous studies and have shown signif-
icant correlations between increased consumption of fruits
and vegetables and decreased risk of coronary artery disease
(CAD), cardiovascular disease (CVD) mortality, and stroke
[1, 2]. Similarly, a plant-based diet was reported to demon-
strate a hepatoprotective capacity in nonalcoholic fatty liver
disease (NAFLD) or alcoholic cirrhosis and to contribute to
a reduction in cholesterol, alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) levels and an improve-
ment in detoxifying processes [3-7].
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The best example of a change in the global approach to
nutrition is the fact that WHO has recently modified the
multiyear guidelines for creating a healthy eating pyramid.
In its new version, it is plant products that have a far domi-
nant role. It seems that the simplest advice for those looking
for a way to improve their eating habits is to eat more plants.
There are many groups of plant compounds showing a con-
firmed beneficial effect on human health. Such groups are,
e.g., iridoids and anthocyanins. These compounds have been
known for many years, but their new, potentially valuable
therapeutic and prophylactic properties are still being discov-
ered. The aim of this article is to review the reports on the
effects of natural iridoids and anthocyanins on selected
parameters of liver and cardiovascular system functions.

2. Iridoids

Iridoids are a group of organic chemical compounds from
the monoterpenoid group. They are found in many plant
families, e.g., Apocynaceae, Gentianaceae, Lamiaceae, Loga-
niaceae, Rubiaceae, Scrophulariaceae, and Verbenaceae [8],
usually as glycosides with a glucose moiety attached to C-1
in the pyrene ring. Large amounts of iridoids are also
observed in herbs with bitter effects. Structurally, they are
cyclopentano-(c)-pyran monoterpenoids, and biogenetically
and chemotaxonomically, they determine a structural link
between terpenes and alkaloids [9]. The basic structural fea-
ture of iridoids is a bicyclic H-5/H-93, 3-cis-fused cyclopen-
tanopyran ring system; also, several enantiomeric forms of
iridoids exist in nature, e.g., secoiridoids in which the cyclo-
pentane ring is torn between C-7 and C-8 [10]. Iridoids are
found in the green parts of plants, mainly in the leaves and
young stems, and sometimes in fruits and sprouts. Among
the most commonly mentioned iridoids in the therapeutic
context, the following stand out above all: gentiopicroside,
geniposide, sweroside, loganin, loganic acid, catalpol, and
amarogentin (Figure 1) [8, 11-25].

2.1. Iridoid Mechanisms of Action and Potential Curative
Effects. During numerous studies on the biological activity
of iridoids, a very wide range of action on the human body
was found. Those confirmed so far include cardiovascular,
hypoglycemic, hypolipidemic, antihepatotoxic, choleretic,
anti-inflammatory, antispasmodic, antitumor, antiviral,
immunomodulatory, and purgative activities [11]. The
health-improving properties of iridoids are majorly due to
their antioxidative and anti-inflammatory activity. The
anti-inflammatory effects of iridoids are attributed to the
inhibition of cyclooxygenase 2 (COX-2), proinflammatory
cytokines, prostaglandin E2 (PGE2), and thromboxane-B2
(TBX2) [12]. Some iridoids, like the hydrolyzed derivative
of harpagide, have a similar chemical structure to PGE2
and celecoxib—a selective COX-2 inhibitor [12]. Previous
studies have also shown that iridoids may increase the
expression of transcription factors involved in the regulation
of lipid metabolism, like peroxisome proliferator-activated
receptors (PPARs) (Figure 2) and sterol regulatory element-
binding proteins (SREBPs) [26, 27]. Among different iridoids
possessing anti-inflammatory properties, particularly inter-
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Figure 1: Chemical structures of common iridoids.

esting, due to its possible therapeutic potential with high effi-
ciency of COX inhibition, is loganic acid. Loganic acid has a
greater affinity for inducible COX-2 than constitutive COX-1
[28], which means that its therapeutic use does not have to
entail severe side effects, such as the risk of gastrointestinal
ulceration. In addition to the aforementioned high affinity
for COX-2, it reduces the expression of some proinflamma-
tory cytokines, ia., TNF-a, interleukin-1f8 (IL-1p), and
interleukin-6 (I1-6). It also exerts an inhibitory effect on
fMLP-induced superoxide generation in human neutrophils
[29]. Confirmed and proposed effects and parameters altered
by iridoids in humans are summarized in Figure 3.

2.2. Iridoids in Liver Injury. The liver is a key organ responsi-
ble for the metabolism, excretion, and detoxification pro-
cesses of the body. Due to its role in the body, it is exposed
to injuries from various types of metabolism products, toxins,
endotoxins, viruses, or drugs [30]. It is estimated that even
about 1,000 commonly used drugs are hepatotoxic. Many
cases of liver diseases have been noted every year in the
world, and they are also one of the most common causes of
death [31]. Oxidative stress is considered the major mecha-
nism contributing to the appearance and progression of liver
diseases. The excess of reactive oxygen or nitrogen forms, as
well as the deficiency of antioxidant compounds, is the main
factor responsible for liver damage [32]. Highly reactive
metabolites lead to the depletion of reduced glutathione
(GSH) which is needed for the detoxification reaction of glu-
tathione-S-transferase, and also lead to a rise in the levels of
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lipid peroxides in the liver. This induces, through the nuclear
factor-kappa B (NF-xB), the production of proinflammatory
cytokines and chemokines, and the activation of cyclooxy-
genase 2 and inducible nitric oxide synthase (iNOS). Inflam-
mation in the liver is most often mediated by tumor necrosis
factor-alpha (TNF-a), interleukin-12 (IL-12), monocyte-1
chemotactic protein (MCP-1), and macrophage-2 inflamma-

tory protein (MIP-2) (Figure 4). An increase in TNF-« leads
to apoptosis and cell death [33, 34].

The hepatoprotective effect of iridoids is mainly attrib-
uted to their antioxidant activity. This action is both indirect,
through the stimulation of the antioxidant defense system,
and direct, through the removal of reactive oxygen species
(ROS) [6]. Therefore, the use of plant substances with antiox-
idant properties, as ready-made preparations or intermedi-
ates to obtain drugs with hepatoprotective effects, seems to
be justified and desirable. There are many such substances,
e.g., silymarin, curcumin, ellagic acid, or exactly iridoids.
An example of a mixture of the latter is Picroliv. Picroliv is
a standardized mixture of iridoid glycosides isolated from
the roots and rhizomes of the Picrorhiza kurroa. It contains
at least 60% of a mixture of picroside I and kutkoside in a
1:1.5 ratio; the remainder (40%) is a mixture of iridoid and
cucurbitacin glycosides [35]. Picroliv has antioxidant proper-
ties which appear to be mediated through the activity of
superoxide dismutase, metal ion chelators, and xanthine oxi-
dase inhibitors [36]. Moreover, Picroliv restores malondial-
dehyde (MDA) levels to normal in a carbon tetrachloride-
(CCl4-) induced liver injury model in mice, thereby pointing
to antilipid peroxidative properties. It works on the principle
of an anaerobic free radical scavenger, limiting lipid peroxi-
dation involved in cell membrane damage caused by hepato-
toxins [34, 35].

Tan et al. conducted an interesting study assessing the
hepatoprotective ability of iridoids isolated from Veronica
ciliata in an acetaminophen-induced acute liver injury
murine model. Acetaminophen is one of the most popular
analgesic and antipyretic drugs globally, commonly given to
adults and children. It turned out that treatment with an iso-
lated iridoid fraction significantly reduced the level of liver
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enzymes alanine aminotransferase, aspartate aminotransfer-
ase, and tumor necrosis factor-alpha in the serum. Decreased
malondialdehyde formation and expression of proinflamma-
tory factors, along with elevated superoxide dismutase and
glutathione activity in the liver, was also found [37].

One of the basic factors of liver damage, regardless of the
cause, is its fibrosis as a result of the deposition of type I col-
lagen in the extracellular space of the liver. Transforming
growth factor-f1 (TGF-f1) plays a key role in the pathogen-
esis of liver fibrosis (Figure 4). Another important factor is
epithelial-mesenchymal transition (EMT) which accom-
panies the pathological processes and leads to the transfor-
mation of the cellular phenotype, including changes in the
activity of collagens (I-V) and elastin [13]. Following iridoid
compounds, geniposide (present, i.a., in the fruit of Gardenia
Jjasminoides) may inhibit TGF-f1-induced EMT in hepatic
fibrosis by suppressing the TGF-f/Smad and ERK-
mitogen-activated protein kinase (MAPK) signaling path-
ways [14]. Catalpol is another iridoid that protects the liver
against fibrosis as well as steatosis and necrosis. Catalpol
has been reported to reduce serum alkaline phosphatase
(ALP), serum ALT, AST, and bilirubin, as well as the liver/-
body weight ratio. In addition, catalpol limited the fibrosis
process by reducing collagen deposition in the liver as well
as reduced inflammation by lowering the levels of proinflam-
matory IL-1f3, TNF-a, IL-18, IL-6, and COX-2 in a dose-
dependent manner in vivo [15].

In 2018, Dai et al. published the results of a study in
which they examined the effect of iridoids, secoiridoids, and
their glycosides on acontine-induced hepatotoxicity. The
effect of 53 active substances on the human CYP3A4 enzyme
was tested. Researchers particularly focused on six popular
iridoid compounds: gentiopicroside, sweroside, swertia-
marin, loganic acid, 6-O--d-glucosyl-gentiopicroside, and

amarogentin. In particular, the latter showed a significant
inductive effect on CYP3A4 mRNA levels in HepG2 cells,
as well as in the case of acontine-induced toxicity [16]. These
results are consistent with the previously published work of
other researchers who confirmed the effectiveness of amaro-
gentin on carbon tetrachloride-induced liver fibrosis in mice.
They showed that amarogentin delayed the formation of liver
fibrosis and decreased ALT, AST, MDA, and hydroxyproline
levels. At the same time, it increased the levels of albumin,
cyclic guanosine monophosphate (cGMP), glutathione per-
oxidase, and superoxide dismutase. In addition, a decrease
in the level of a-smooth muscle actin, TGF-f1, and protein
kinases has been observed [17]. Based on the above results,
a conclusion that the hepatoprotective effects of iridoids are
caused by the facilitation of drug metabolism, amelioration
of mitochondrial dysfunction, reduction of oxidative stress,
and suppression of the mitogen-activated protein kinase sig-
naling pathway can be drawn.

2.3. Iridoids in Fatty Liver Disease. Fatty liver disease is one of
the first stages of alcoholic liver damage. Importantly, it is
usually reversible. Consumption of large amounts of alcohol
contributes to the increase of fatty acid production and
impairment of their beta-oxidation in mitochondria, which
consequently leads to lipid accumulation in the liver and
inflammatory changes within hepatocytes. Sterol regulatory
element-binding proteins, primarily SREBP-1c, as well as
the PPAR-alpha transcriptional factors, play a major role in
controlling fatty acid synthesis and their oxidation. In turn,
AMP-activated protein kinase (AMPK), a key factor in con-
trolling cellular energy homeostasis, affects hepatic lipid
metabolism through modulating the downstream acetyl-
CoA carboxylase (ACC) and carnitine palmitoyltransferase-
1 (CPT-1) pathway [18]. Kupffer cells (hepatic resident
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macrophages) play a pivotal role in the pathogenesis of these
inflammatory changes. They express a range of chemokines
and proinflammatory cytokines, including IL-18 [19]. The
release of IL-1 requires caspase-1 activation by NOD-like
receptors (NLRs), mainly NLRP3, which forms an inflamma-
tory complex. Activation of Kupffer cells leads to the upreg-
ulation of inflammatory mediators through toll-like
receptor 4 (TLR4). Additionally, too high uric acid or ATP
level also plays an important role in the development of
inflammation in the course of alcoholic fatty liver disease
(AFLD) [20]. High ATP concentration activates the P2X7
receptor, an ATP-gated ion channel, which is considered to
be a secondary signal important in the pathogenesis of liver
steatosis [21].

Gentiopicroside is an effective and safe therapeutic
option in the case of alcoholic fatty liver disease. Li et al.
reported that gentiopicroside administered in both acute
and chronic alcohol-induced liver impairments in mice
reduces the level of serum liver enzymes, as well as the accu-
mulation of triglycerides (TGs). Moreover, it modulates the
expression of SREBP-1, PPAR-a, and phosphorylated
acetyl-CoA carboxylase. Researchers also observed P2X7
receptor suppression and reduction of IL-1f production
[21]. In turn, geniposide can rebalance a wide range of met-
abolic disorders due to alcohol-induced liver injury. Zhang
et al. identified 48 AFLD-specific biomarkers. Geniposide
regulated up to 32 of them. It modified abnormal liver metab-
olism resulting in the regulation of amino acid metabolism
disorders and lessening oxidative stress [22].

The previously mentioned balance obesity associated
with improper diet and deficiency of physical activity can
lead to nonalcoholic fatty liver disease (NAFLD). Among
the factors that may affect the development of NAFLD are,
e.g., insulin resistance, oxidative stress, and the action of adi-
pokines (e.g., adiponectin), cytokines, and other inflamma-
tory mediators. Insulin resistance contributes to an increase
in lipolysis and concentration of free fatty acids in hepato-
cytes. This phenomenon together with emerging oxidative
stress and mitochondrial dysfunction results in the develop-
ment of inflammation in the liver and its steatosis [23].
Moreover, overexpression of uncoupling protein-2 (UCP2)
in the liver can cause acute liver injury. Genipin (an aglycone
derived from geniposide) inhibits UCP2-mediated pyropto-
sis and reverses liver damage caused by a high-fat diet [24].
Genipin also protects against ischemia and reperfusion-
(IR-) induced hepatic injury via improving mitochondrial
quality control. It ameliorates hepatocellular oxidative dam-
age and mitochondrial dysfunction triggered by IR [25].

2.4. Iridoids in Cholestasis. Liver damage and failure are also
commonly caused by cholestasis. Analysis of proteomic and
metabonomic  studies showed altered pathways in
cholestasis-induced liver injury involving increased activity
of farnesoid X receptor (FXR)/retinoid X receptor (RXR), bile
acid biosynthesis, and peroxisome proliferator-activated
receptor-a/retinoid X receptor-a. Gentiopicroside normal-
izes metabolic, protein, and blood biochemical markers, as
well as alleviates liver damage, so it can be a useful therapeu-
tic alternative in the treatment of cholestasis [38]. It was

shown that gentiopicroside modulates bile acid metabolism,
which results in a decrease of the intracellular bile acid pool
back to basal levels. It upregulates hepatic mRNA levels of
synthesis enzymes, transporters, and also ileal bile acid circu-
lation mediators. This effect leads to a decrease in serum and
hepatic bile acid levels and a further increase in urinary and
fecal bile acid levels [39]. Similar findings were established
with the use of another iridoid glycoside—sweroside [40]. It
is worth remembering, however, that the hepatoprotective
effect of most iridoids is dose-dependent and high doses
may cause harmful effects. It has been proven that geniposide
at a dose of 300 mg/kg can induce liver injury with accompa-
nying changes in bile acid regulating genes, leading to an
accumulation of taurine conjugates in the rat liver [41].

2.5. Iridoids in Hyperlipidemia. Hyperlipidemia is a set of
metabolic disorders manifested by elevated total cholesterol
(often including elevated LDL-C and decreased HDL-C)
and triglyceride serum levels. It is most frequently caused
by improper nutrition or lack of physical activity or due to
genetic predispositions. It evokes excessive fat accumulation
in peripheral tissues, especially in arterial blood vessels. It is
a direct risk factor for atherosclerosis, cardiovascular dis-
eases, hypertension, diabetes mellitus, nonalcoholic fatty
liver disease, dyslipidemia, osteoarthritis, and cancer [42,
43]. Among others, microRNAs (miRNAs) have been
reported to play a crucial role in regulating lipid and lipopro-
tein metabolism. MicroRNAs are short, noncoding, single-
stranded RNA molecules which regulate the expression of
target genes by partial sequence-specific base-pairing to the
targeted mRNA 3' UTR, blocking its translation and promot-
ing its degradation or its sequestration into processing bod-
ies. In the course of hyperlipidemia, increased miRNA
levels in circulation are observed [44]. For example, miR-
122, through targeting SREBP-1c, regulates fatty acid metab-
olism, and upregulation of miR-34a results in the downregu-
lation of hepatic PPAR-a. Zhong et al. revealed that genipin
decreases body weight, lipid serum levels, and hepatic lipid
accumulation in high-fat diet mice. It increases the expres-
sion of miR-142a-5p, which bounds to SREBP-1c and thus
leads to the inhibition of lipogenesis [45]. Another extensive
analysis of the curative impact of the iridoid fraction was car-
ried out by Zhu et al. Rats fed a high-fat diet received three
different doses of iridoid fraction isolated from Valeriana
jatamansi. Regardless of the dose, a decrease in weight gain
was observed in rats compared to the model group, as well
as a decrease in triglyceride and an increase in HDL-C serum
levels. In addition, all doses enhanced the expression of apo-
lipoprotein A5 (ApoA5) and the PPAR-a receptor and
reduced the expression of the SREBP-1c protein in the liver.
Moreover, depending on the dose, a different influence of the
iridoid fraction was observed, among others, on AST and
ALT levels, lipoprotein lipase (LPL) and hepatic lipase (HL)
activities, or liver X receptor-a (LXR-a) expression. These
results suggest the positive effect of iridoids on the function-
ing of the liver and circulatory system in the course of hyper-
lipidemia. It also indicates the possibility of differentiating
some of the desired therapeutic effects depending on the used
dose of these substances [46]. Iridoids have also been found
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to reduce the expression of vascular cell adhesion molecule 1
(VCAM-1) and intercellular adhesion molecule 1 (ICAM-1)
as well as the MCP-1 protein, thereby contributing to the
reduction of inflammation within the blood vessels. Iridoid
glycosides increase the expression of PPAR-alpha and
PPAR-gamma, which act as modulators of both acute and
chronic inflammation. They also play a key role in regulating
energy metabolism, and their agonist may be used in the
treatment of dyslipidemia and CVDs [29].

2.6. Iridoids in Cardiovascular Disease. One of the most
important factors causing cardiovascular disease is type 2
diabetes. At the same time, CVDs are a common cause of
mortality in patients with diabetes, mainly due to macrovas-
cular complications such as atherosclerosis. Platelets and
shear stress play a major pathophysiological role in the devel-
opment of atherosclerosis. Atherosclerosis is also a condition
directly associated with hyperlipidemia and inflammation in
blood vessels. Natural iridoids seem to possess properties that
can prevent and reduce the severity of CVDs. Cornus mas L.
(cornelian cherry) fruits are an interesting, rich source of iri-
doids, as well as flavonoids including anthocyanins. Sozanski
et al. conducted a series of studies examining the influence of
cornelian cherry on selected parameters of liver and circula-
tory system functions in various animal models. They proved
that administering cornelian cherry significantly reduces
serum triglyceride and LDL-cholesterol and increases HDL-
cholesterol levels. Moreover, it decreases intima thickness
and the intima/media ratio in the thoracic aorta. Cornelian
cherry compounds have a substantial protective effect on oxi-
dative stress in the liver and causes a vital enhancement of
PPAR-alpha and PPAR-gamma expression in the liver [47-
50]. In turn, clinical trials in diabetic type 2 and hyperlipid-
emic patients showed a significant improvement of the sugar
level and insulin secretion in diabetic patients and an amelio-
ration of the lipid profile, apolipoprotein status, and vascular
inflammation in hyperlipidemic patients. It was also proven
that Cornus mas fruits are safe on acute toxicity studies in
rat and human models [7].

Catalpol is another iridoid compound the administration
of which resulted in significant attenuation of atherosclerotic
lesions. It is the main active ingredient of Rehmannia gluti-
nosa, Katalpa officinalis, or Euphrasia rostkoviana. As in
the examples quoted earlier, catalpol lowers the levels of total
cholesterol, triglycerides, and low-density lipoproteins in
blood serum and boosts the level of high-density lipopro-
teins. Furthermore, the reduction of TNF-a, 1I-6, MCP-1,
soluble VCAM-1, and soluble ICAM-1 levels in the serum
was observed in a rabbit study [51]. Meanwhile, the depletion
of VCAM-1, MCP-1, TNF-q, iNOS, matrix metalloprotein-
ase-9, and NF-«B expression levels in the aortic arch was
noticed. The lessening of the lipid peroxidation levels and
the enhancement of the antioxidant capacity were also estab-
lished during the catalpol treatment [51, 52]. Catalpol may be
a particularly valuable therapeutic agent in diabetes therapy.
It has been proven that it reduces fasting blood glucose (FBG)
and random blood glucose (RBG) in a dose-dependent man-
ner, with the reduction of RBG being even greater than in the
case of the basic antidiabetic drug—metformin. Moreover,
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catalpol significantly improves glucose tolerance via increas-
ing insulin sensitivity. The administration of catalpol to the
db/db mice significantly increases the expression of 287
genes involved mainly in lipid metabolism, response to stress,
energy metabolism, and cellular processes and significantly
decreases the expression of 520 genes involved in cell growth
and death, in the immune system, and in the response to
stress [53]. Catalpol ameliorates hepatic insulin resistance
in type 2 diabetes through acting on the AMPK/NOX4/PI3-
K/AKT pathway [54]. It exerts a renal protective effect in dia-
betic db/db mice [55] and restores balance between oxidative
and antioxidative enzymes in the course of diabetes [56].
One of the suggested mechanisms of the antiathero-
sclerotic action of iridoid compounds is the inhibition of
the 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reduc-
tase. It is a liver enzyme located in the cytoplasm of hepato-
cytes, responsible for regulating the amount of synthesized
cholesterol and thus also affecting its plasma level. The
HMG-CoA-inhibiting properties of iridoids, as well as their
capacity for lowering the level of total cholesterol, triglycer-
ides, low-density lipoproteins, and very low-density lipopro-
teins in serum, have been confirmed, i.a., in swertiamarin
[57]. Moreover, swertiamarin presents similar signaling
pathways as serotonin 5-HT2 receptor modulators. A
peripheral increase in serotonin levels is considered to be
one of the markers of diabetes. Changing the level of this
autacoid implies alterations in the expression of 5-HT recep-
tors which are involved in the pathogenesis of diabetes [58].
Guo et al. reported that geniposide modulates ATP pro-
duction and glucose-stimulated insulin secretion (GSIS)
and increases GLUT?2 protein levels in high-glucose concen-
tration in rat INS-1 pancreatic f3 cells [59]. It also reverses
glucose-induced impairment of insulin release, induces phos-
phorylation of AMPK, and inhibits hepatic glucose produc-
tion. It appears that AMPK plays a key role in geniposide-
regulated GSIS in pancreatic 3 cells and glucose production
in HepG2 cells [60]. These results are consistent with out-
comes of other studies [61, 62]. Moreover, geniposide pro-
tects rat insulinoma cells from apoptosis in high-glucose
concentrations [63] and regulates endoplasmic reticulum
(ER) stress, which might be an important factor of dysfunc-
tion and death of pancreatic f3 cells [64]. The antioxidative
properties of geniposide eventuates from either the inhibition
of numerous pathological processes (e.g., production of some
inflammatory cytokines, LPS-induction of nitric oxide, and
blocking upstream of TLR4, NF-xB, and MAPK pathways)
or the activation of various proteins associated with cell sur-
vival, e.g., heme oxygenase-1 (HO-1) and B-cell lymphoma-2
(Bcl-2) or a combination of both. It was proven that genipo-
side may be useful in the prophylaxis or treatment of not only
diabetes mellitus but also cardiac fibrosis, cardiac hypertro-
phy, myocardium I/R, obesity-related cardiac injury, athero-
sclerosis, ischemic stroke, and diabetic nephropathy [65].

3. Anthocyanins

Besides iridoids, the other group of natural substances that
have garnered increasing interest in recent years are anthocy-
anins. Anthocyanins are polyphenolic glycosidic plant dyes
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(mainly red, blue, or purple) of primarily fruits and flowers,
which are biochemically related to flavonoids. Structurally,
anthocyanins are aliphatic or aromatic three-ring com-
pounds with one or more sugar molecules and sometimes
with a sugar-attached aryl group. The colored aglycons are
the anthocyanidins (usually cyanidin, pelargonidin, or del-
phinidin) (Figure 5).

3.1. Anthocyanin Mechanisms of Action and Potential
Curative Effects. As in the case of iridoids, the overall
health-improving properties of anthocyanins seem to result
significantly from its antioxidative and anti-inflammatory
activity. What distinguishes anthocyanins from other poly-
phenol compounds is that they are unique in decreasing
ROS generation without inducing mitochondrial biogenesis
or manganese superoxide dismutase expression [66]. To date,
the broad effect of anthocyanins on the liver and cardiovas-
cular function parameters has been reported. The intake of
especially anthocyanidins was associated with a statistically
significant reduction of cardiovascular disease risk [67, 68].
Anthocyanin’s ability to reduce insulin resistance, improve
glycemic control, decrease lipid accumulation in the liver,
constrain inflammation (manifested as a lessening of inflam-
matory markers such as TNF-a), decrease oxidative stress in
the liver (including stress markers such as MDA), and
decrease levels of liver enzymes (such as ALT and AST)
was also confirmed [69-71].

The following mechanisms of anthocyanin activity have
been proposed, i.a., reduction of cholesterol synthesis
through the downregulation of HMG-CoA reductase expres-
sion; inhibition of cholesteryl ester transfer protein (CEPT)
which lowers the concentration of LDL; reduction of apoli-
poprotein B and apolipoprotein C-III levels which results in
decreasing the concentration of TG in serum; and lessening
the levels of various inflammatory cytokines such as IL-6
and IL-1B, TNF-a, iNOS, and NF-xB in HepG2 cells [70-
72]. Anthocyanins were also reported to slow ageing-related
deterioration of liver function and structure by inhibiting
DNA damage [73]. As anthocyanins potentially inhibit plate-
let function (e.g., decrease the number of activated platelets
and their aggregation), they may represent a useful adjunct
in patients treated with typical antiplatelet drugs and be
exploited as a complementary therapy to reduce CVD in dia-
betes [71, 74]. The modulation of the redox state and inflam-
mation by anthocyanins is mediated through various
pathways. One of them is the upregulation of the nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) [75]. This inducible
transcriptional factor is a key regulator of antioxidant
responses and contributes to inflammatory tissue injuries.
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Nrf2 is also responsible for the downregulation of endothelial
monocyte chemoattractant protein-1, which is one of the
pivotal chemokines regulating the migration and infiltration
of monocytes and macrophages [76]. Other proposed
mechanisms include the ability to capture free radicals and
anions; inhibition of xanthine oxidase—a superoxide-
producing enzyme; chelating metal ions, which leads to the for-
mation of stable anthocyanin-metal complexes; and the inhibi-
tion of the oxidation of LDL-cholesterol, as well as the
modulation of cyclooxygenases and lipooxygenases—the key
enzymes in the synthesis of prostaglandins and leukotrienes
[71]. Moreover, anthocyanins may protect the heart from ische-
mia/reperfusion-induced injury by activating signal transduc-
tion pathways and sustaining mitochondrial functions [77].
Confirmed and proposed effects and parameters altered by
anthocyanins in humans are summarized in Figure 6.

3.2. Anthocyanins in Liver Injury. Anthocyanins, like iri-
doids, may prove effective in the treatment of liver fibrosis.
They reduced ALT and AST levels in blood serum; MDA
and protein carbonyl content of liver homogenate; and
MCP-1, IL-1, MIP-2, collagen III, and a-SMA in a mice
study [78]. Similar results were obtained in a rat liver fibrosis
study [79].
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One of the most common anthocyanidin compounds is
cyanidin. It occurs in the fruits of hawthorn, hibiscus,
elderberry, or blueberry. It exhibits potent antiatherogenic
activity in vitro and in vivo by changing the expression and
binding to all three PPAR subtypes, mostly to PPAR-a[80].
It was proven that cyanidin-3-O-f-glucoside (C3G)
possesses the ability of enhancing cellular AMPK activity
and ACC phosphorylation and stimulation of carnitine
palmitoyltransferase-1 CPT-1 expression, which leads to a
significant increase of fatty acid oxidation in HepG2 cells
[18]. Similar results were obtained in other studies on antho-
cyanins [81, 82]. Thereto, C3G lowered fasting glucose levels
and improved the insulin sensitivity in both the high-fat diet-
fed mice and the db/db mice model. Furthermore, depletion
of white adipose tissue messenger RNA levels of MCP-1,
TNF-a, and IL-6; serum concentrations of TNF-a, IL-6,
and MCP-1; macrophage infiltration in adipose tissue; and
attenuation of liver steatosis were observed. It has been
reported that C3G attenuated oxidative stress by activating
the GSH synthesis antioxidant defense mechanism against
excessive intracellular ROS production, contributing to the
prevention of hyperglycemia-induced hepatic oxidative dam-
age [83]. C3G was also shown to regulate the thermogenic
and secretory functions of brown adipose tissue (BAT) [84].

3.3. Anthocyanins in Cardiovascular Disease. Although there
has been quite a lot of research on anthocyanins, their mech-
anisms of action are not fully known and it has not been thor-
oughly determined which compounds and in what doses are
the most beneficial; therefore, it is worth noting any reports
that broaden our knowledge on this issue. Habanova et al.
have shown that the regular intake of bilberries (Vaccinium
myrtillus L.), fruits very rich in anthocyanins, both in women
and men causes decreasing LDL-C/TG and increasing HDL-
C levels and thus may contribute to reducing the risk of
CVDs [85]. Cassidy et al. conducted a series of clinical trials
examining the influence of higher intake of fruit-based
anthocyanins and flavonoids on some cardiovascular dis-
eases. They are potentially useful in the prevention of hyper-
tension, in the reduction of myocardial infarction (MI) risk
in men and young women, and in the reduction of ischemic
stroke risk in men. Researchers suggested that a key compo-
nent underlying the reduction in that risk may be an anti-
inflammatory effect of anthocyanins and flavonoids [86-89].

However, it should be taken into consideration that low
plasma concentrations and rapid clearance kinetics of antho-
cyanins suggest that it is their phenolic metabolites which are
responsible for their biological activity in vivo. The most
common theory of anthocyanin metabolism leans on the
assumption that their degradation is a result of their chemical
instability and the impact of bacterial catabolism, resulting in
a number of circulating phenolic metabolites. Warner et al.
investigated the influence of physiologically relevant antho-
cyanin metabolite signatures, derived from C3G, on soluble
VCAM-1 and IL-6 in human endothelial cells. It turned out
that signatures of anthocyanin metabolites, identified post-
consumption of dietary achievable levels of anthocyanins,
had inhibitory effects on inflammatory protein secretion,
with maximal effects observed for the 6 and 24h profiles.
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Researchers also noticed that the greatest inhibition of
VCAM-1 occurred in response to the 24 h metabolite signa-
ture, which may suggest that the metabolites of lower intesti-
nal microbial origin are responsible for fasting or chronic
anti-inflammatory impact [90]. In another study, it was shown
that anthocyanin metabolites modify vascular reactivity by
inducing HO-1 and modulating NADPH oxidase (NOX) activ-
ity in the endothelium, which resulted in decreased superoxide
production and ameliorated NO bioavailability [91]. These
results were confirmed in a subsequent study, which addi-
tionally proved that the bioactivity of common phenolic
metabolites of anthocyanins is increased when in combina-
tion, indicating their additive or synergistic effects [92].

4. Concomitant Intake of Iridoids
and Anthocyanins

Using the knowledge obtained, it is interesting to put forth
the hypothesis that anthocyanins and iridoids consumed
concomitantly may exert positive additive or synergistic
effects on dyslipidemia and atherosclerosis. Thus far, only
several fruits containing both anthocyanins and iridoids are
known. They are, mainly, the cornelian cherry (Cornus mas
L.), Cornus officinalis Sieb. et Zucc., and other Cornaceae,
honeysuckle berry (Lonicera caerulea L.), lingonberry (Vacci-
num vitis-idaea L.), blueberry (Vaccinium corymbosum L.),
and cranberry (Vaccinium oxycoccos L.). Researchers found
that oral administration of lyophilisated cornelian cherry
fruits (with substantial amounts of anthocyanins and iri-
doids, mainly loganic acid) in feed-induced atherosclerotic
rabbits prevented the development of dyslipidemia and ath-
erosclerosis through the activation of PPAR-alpha receptors
in the liver. Anti-inflammatory properties of whole fruits,
measured as a decrease in proinflammatory cytokines were
also confirmed [49]. Then, they found that oral administra-
tion of cornelian cherry may modulate vascular NO balance
by increasing the L-arginine and L-arginine/asymmetric
dimethylarginine (ADMA) ratio and decreasing endogenous
inhibitors of endothelial nitric oxide synthase- (eNOS-)
ADMA and symmetric dimethylarginine (SDMA). These
effects were accompanied by a decrease in intima thickness
and the intima/media ratio and an increase in GSH level in
the thoracic aorta [47]. In a subsequent study done with the
same animal model, Sozanski et al. demonstrated that both
loganic acid and anthocyanins isolated from cornelian cherry
fruits diminished dyslipidemia, increased the expression of
PPAR-alpha and PPAR-gamma receptors (Figure 2), and
decreased intima thickness and the intima/media ratio in
the thoracic aorta. Although the degree of these effects dif-
fered between anthocyanins and iridoids, the trend in
changes was similar. The only significant difference between
anthocyanins and iridoids was that it was mainly loganic acid
exerting anti-inflammatory effects [48]. Further analyses are
required to indicate which iridoids and anthocyanins and at
what doses have the most beneficial anti-inflammatory effect.

5. Future Perspectives

Incorrect eating habits can be called a peculiar epidemic of
the 21st century. Fortunately, thanks to the louder calls for
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change and the slow but steadily increasing public awareness
of healthy nutrition, the share of plant products in the diet of
many people is increasing. Thanks to this, compounds with
proven therapeutic effects on the body, such as iridoids or
anthocyanins, may play an increasingly important role in
the prevention and adjunctive or combined treatment of
many civilization diseases. The undoubted advantages of
using iridoids and anthocyanins in medicine include the fact
that many of their effects and mechanisms of action are rela-
tively well known and have been confirmed by many studies.
Unfortunately, those were largely animal studies and cer-
tainly one of the most important goals for the near future is
to conduct more clinical studies to confirm these effects in
humans. New applications for the abovementioned com-
pounds should also be sought, as they are potentially a valu-
able option for usage in, e.g., metabolic syndrome. However,
it should be remembered that as natural products, iridoids
and anthocyanins will prove best in the prevention of early
stages of liver and cardiovascular diseases. Moreover, their
complete effect will depend on properly selected doses with
confirmed pharmacological effects of a single compound or
a mixture of these compounds, the length of therapy, and
the regularity of use by patients.

6. Conclusion

In conclusion, current knowledge clearly points to the benefits
of consuming foods comprising both iridoids and anthocya-
nins. These compounds exert many curative ascendancies,
including pleiotropic positive effects, modulation of transcrip-
tion factors regulating lipid and glucose metabolism, redox
stress and inflammation, and impact on NO vascular balance.
The abovementioned findings justify future studies that are
aimed at better understanding the properties of currently
known iridoids and anthocyanins or creating new phytophar-
maceuticals containing both groups of substances.
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Abstract: Nutrition determines our health, both directly and indirectly. Consumed foods affect the
functioning of individual organs as well as entire systems, e.g., the cardiovascular system. There
are many different diets, but universal guidelines for proper nutrition are provided in the WHO
healthy eating pyramid. According to the latest version, plant products should form the basis of
our diet. Many groups of plant compounds with a beneficial effect on human health have been
described. Such groups include anthocyanins and iridoids, for which it has been proven that their
consumption may lead to, inter alia, antioxidant, cholesterol and lipid-lowering, anti-obesity and
anti-diabetic effects. Transcription factors directly affect a number of parameters of cell functions and
cellular metabolism. In the context of lipid and cholesterol metabolism, five particularly important
transcription factors can be distinguished: liver X receptor (LXR), peroxisome proliferator-activated
receptor-a (PPAR-«), peroxisome proliferator-activated receptor-y (PPAR-y), CCAAT/enhancer
binding protein « (C/EBPa) and sterol regulatory element-binding protein 1c (SREBP-1c). Both
anthocyanins and iridoids may alter the expression of these transcription factors. The aim of this
review is to collect and systematize knowledge about the impact of anthocyanins and iridoids on
transcription factors crucial for lipid and cholesterol homeostasis.

Keywords: anthocyanins; iridoids; transcription factors; lipids; cholesterol

1. Introduction

It is a truism to say that nutrition directly reflects our health. Many scientific publica-
tions have proven the beneficial effects of a proper diet on, among others, blood parameters,
skin condition or the work of key metabolic organs such as the pancreas, liver or kidneys.
Moreover, although, globally, store shelves are filled with highly processed, heavily sweet-
ened and high-saturated-fat products, natural and organic ingredients are becoming more
and more popular. Various campaigns are organized—sometimes national or nationwide—
calling for populations to adopt an appropriate dietary regimen. Furthermore, the mass
media, celebrities and public figures often promote a healthy lifestyle, frequently by setting
an example.

Each individual has their own unique dietary habits. Countless factors influence our
ways of eating. An important role is played by cultural, financial or geographic aspects.
Various types of diets are known, such as basic, alternative, therapeutic, experimental
and many more. Occasionally, new diets are proposed. They are based on, for example,
including or excluding a certain dietary group from everyday consumption, a specific
caloric balance or the content of basic nutrients—proteins, fats or carbohydrates. Regardless
of the scientific basis for creating a given diet or the effectiveness of achieving its goal,
the WHO pyramid of healthy eating remains a universal determinant of proper nutrition.
According to its new version, plant products should form the basis of our diet and be
consumed in the largest quantities.
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Transcription factors are proteins that possess the ability to bind DNA in the promoter
or enhancer sequence at a specific site or region, where they regulate the transcription pro-
cess. Transcription factors are essentially classified by three different aspects: mechanism
of action, regulatory function and sequence homology in their DNA-binding domains. Due
to the fact that they help to "turn on" or "turn off" individual genes, they directly affect a
number of parameters of cell functions and cellular metabolism. Thus, in a broader context,
transcription factors affect the work of different organs, e.g., the liver, or entire systems,
e.g., cardiovascular [1-5].

Five transcription factors play a crucial role in lipid and cholesterol metabolism:
liver X receptor (LXR), peroxisome proliferator-activated receptor-oc (PPAR-«), peroxisome
proliferator-activated receptor-y (PPAR-y), CCAAT/enhancer binding protein o (C/EBP«)
and sterol regulatory element-binding protein 1c (SREBP-1c). There are many groups of
plant substances that influence the expression of these factors, and thus also the genes
whose functioning they regulate. This impact was confirmed in numerous studies—both
tissue and animal as well as human models. Among the most frequently mentioned
compounds exhibiting such effects, the following are worth mentioning: polyphenols,
phytoestrogens, soy proteins, mono- and polyunsaturated fatty acids, alkaloids, saponins,
and also anthocyanins and iridoids. The latter two are the subject of our particular in-
terest. Studies summarizing the current knowledge on the effect of, e.g., polyphenols or
unsaturated fatty acids, on the transcription factors associated with lipid and cholesterol
turnovers are quite common. However, to the best of our knowledge, there is no publi-
cation collecting data on this subject in the case of anthocyanins and iridoids. Therefore,
we decided to assemble and systematize information on the impact of anthocyanins and
iridoids on transcription factors crucial for lipid and cholesterol metabolism.

2. Major Transcription Factors Involved in Lipid and Cholesterol Metabolism

Replication, transcription and translation—at the cellular level—play a key role in the
reproduction, development and maintenance of life processes in all organisms. The genome
contains all information regarding the structure and function of bodily proteins. The process
of protein formation is indirectly controlled by a specific group of proteins and nuclear
receptors, described as transcription factors (TFs). The transcription process never enfolds
the whole DNA strand, but only the fragment that encrypts a protein that is currently
required by the body. This phenomenon is determined, among others, by transcription
factors. Their task, apart from the transcription induction itself, is to direct the appropriate
signal to the promoter site of the gene encoding the desired protein [6,7]. It was found
that a dysfunction of transcriptional factors is related to a third of human developmental
disorders. Moreover, TFs occur numerously among the group of oncogenes [3].

Transcription factors control initiation or elongation processes. Certain TFs may
affect both of these processes. They typically bind cofactors—protein complexes that are
associated with activation (coactivators) and repression (corepressors) but do not have
DNA-binding capabilities of their own. Most TFs are thought to contribute to transcription
initiation precisely by recruiting coactivators [2].

Transcription factors, as mentioned earlier, can be divided according to various cri-
teria, but the simplest classification differentiates them into two basic groups: general
transcription factors (GTFs) and specific transcription factors (STFs). GTFs, which always
remain active, forming the pre-initiation complex, are responsible for inducing the tran-
scription process. Six general factors can be distinguished: TFIIA, TFIIB, TFIID, TFIIE TFIIF,
and TFIIH. In turn, specific factors accelerate or inhibit the transcription of target genes
in response to signals sent to the cell nucleus. These factors are activated or suppressed
depending on the demand for specific proteins [6-8].

STFs attach to the DNA fragment within the promoter, which leads to facilitating
or hindering the recognition of the binding sequence by the pre-initiation complex. This
conflation takes place by using small binding proteins, called either enhancers or silencers,
i.e., short DNA sequences that are located even up to several thousand base pairs away

34



Int. J. Mol. Sci. 2021, 22, 6074

3of 14

from the promoter. The attachment of the transcription factor to the enhancer results
in accelerated transcription, while silencers cause the opposite effect [2,9]. This is why
STFs are a very engaging research target and therapeutically promising factors for many
substances, including various food compounds.

To date, over 1000 various transcription factors have been described in humans [3].
Five of them play a key role in lipid and cholesterol metabolism: liver X receptor (LXR),
peroxisome proliferator-activated receptor-a (PPAR-x), peroxisome proliferator-activated
receptor-y (PPAR-y), CCAAT/enhancer binding protein o (C/EBP«x) and sterol regulatory
element-binding protein 1c (SREBP-1c¢).

Liver X receptor is a ligand-activated transcription factor of the nuclear receptor
superfamily, playing a critical role in the regulation of the expression of major genes
involved in cholesterol, lipid and glucose homeostasis. Two isoforms of liver X receptor
can be distinguished: LXRa and LXRf. It was proven that LXRs’ reverse the transportation
of cholesterol to peripheral tissues and transport the excess cholesterol into the liver, reduce
cholesterol absorption by intestinal epithelial cells and directly induce the expression
of the essential transcription factor for lipid and cholesterol synthesis in the liver, sterol
regulatory element-binding protein 1c [10,11]. One of the first direct LXR target genes
identified was ATP-binding cassette transporter A1 (ABCA1). LXR activation leads to
the robust upregulation of ABCA1 in macrophages, the intestine and in the liver, and the
efflux of cholesterol to apolipoprotein A1, which results in the formation of high-density
lipoproteins (HDL) [10,12]. LXRs are responsible for the stimulation of HDL synthesis [13].

Cholesterol is, above all, an essential constituent of the cell membrane but also rep-
resents a precursor for the synthesis of several hormones and bile acids that play sig-
nificant roles in various physiological processes. Incorrect maintenance of cholesterol
homeostasis, including absorption, biosynthesis, transmission and efflux, may contribute
to severe disorders, such as atherosclerosis, metabolic syndrome, cardiovascular disease
(CVD) or cholelithiasis [14]. Therefore, LXR as a cholesterol sensor play a critical role
in its metabolism and protection against atherosclerosis [15-17]. It is worth highlight-
ing that synthetic LXR agonists may exert undesirable effects on plasma and hepatic
triglycerides through activating another transcriptional factor—hepatic sterol regulatory
element-binding protein 1c [18]. For this reason, natural LXR agonists, which could be
deprived of these side effects, are urgently needed.

Peroxisome proliferator-activated receptors (PPARs) are a superfamily of nuclear
receptors functioning as ligand-activated transcription factors. PPARs include PPAR-«,
PPAR-5 and PPAR-y subtypes. PPARs play a relevant role in the regulation of glucose and
lipid metabolism. PPAR-«, highly expressed in the liver, is closely related to fatty acid
{-oxidation in the liver and in brown adipose tissue and also modulates both acute and
chronic inflammation [11,19]. To a lesser extent, it occurs in the cardiovascular system,
muscles and kidneys. PPAR-« regulates the transcription of multiple genes, including
acyl-CoA-oxidase, carnitine palmitoyl transferase (CPT) and several CYP4As [20]. PPAR-5
is expressed in almost all the tissues of the body. PPAR-y is a major regulator expressed in
fat tissue that promotes fat storage in white adipose tissue and also, to a lesser extent, in the
liver, muscles and cardiovascular system [11]. In the case of overweight or obesity, white
adipose tissue plays a pivotal role in the development of oxidative stress, inflammation
and depletion of n-3 long-chain polyunsaturated fatty acids [21].

Two essential transcription factors that adjust adipocyte differentiation and regulate
the expression of adipogenic and lipogenic genes are PPAR-y and CCAAT/enhancer
binding protein a (C/EBP«) [22]. CCAAT/enhancer binding protein « is a member of
a family of six transcription factors, named from C/EBP«x to C/EBP{. They interact
with the CCAAT (cytosine—cytosine-adenosine-adenosine-thymidine) sequence, present
in several gene promoters. C/EBPs are pivotal in adipogenesis (C/EBPB and C/EBP3
are early adipogenic transcription factors, while isoform « regulates the final stages of
adipogenesis) and the development of osteoporosis. C/EBPa is one of the inductors of
PPAR-y expression [23,24]. Importantly, from a potential therapeutic perspective, the
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suppressor of PPAR-y, C/EBP«, and also SREBP-1 expression, is AMP-activated protein
kinase (AMPK) [25,26]. AMPK is a key factor controlling cellular energy homeostasis.
It influences hepatic lipid metabolism through modulating the downstream acetyl-CoA
carboxylase (ACC) and carnitine palmitoyl transferase-1 (CPT-1) pathway [27].

Another crucial transcription factor that enhances lipogenesis and adipogenesis is
sterol regulatory element-binding protein 1c (SREBP-1c). There are two isoforms of sterol
regulatory element-binding protein 1, SREBP-1a and SREBP-1c. SREBP-1a is expressed
in the intestine and spleen, whereas SREBP-1c is mainly expressed in the liver, muscle
and adipose tissue. SREBP-1c regulates genes required for glucose metabolism, fatty acid
and lipid production and facilitates the storage of fatty acids as triglycerides [28-30]. Its
expression is induced i.a. by insulin. A high-fat diet (HFD) is another key factor triggering
the overexpression of both SREBP-1c and PPAR-y in the liver and adipose tissue [31,32].

3. Impact of Anthocyanins

Anthocyanins are a group of natural substances that have garnered increasing in-
terest in recent years. Anthocyanins are natural polyphenolic glycosidic phytopigments
(mainly red, blue or purple), occurring primarily in fruits and flowers, that are biochemi-
cally related to flavonoids. Structurally, anthocyanins are aliphatic or aromatic three-ring
compounds with one or more sugar molecules, and sometimes with a sugar attached aryl
group. The colored aglycons are the anthocyanidins (usually cyanidin, pelargonidin or
delphinidin) [33] (Figure 1). Fruits, which contain anthocyanins, are the sources of 90%
of their habitual consumption [34]. Although anthocyanins are common in fruits, their
daily intake by individual people in western countries is often relatively low [35]. The
most common sources of these compounds are blueberries, blackberries, cranberries, acai
berries, chokeberries, purple sweet potatoes, cherries, redcurrants or black soybeans. An-
thocyanins possess potential anti-oxidative, antimicrobial, anti-inflammatory, anti-aging,
lipid-lowering, anti-diabetic, anti-cancerous and anti-obesity bioactivities [36,37].

OH

pelargonidin delphinidin
Figure 1. Chemical structures of main anthocyanins’ aglycons.

Anthocyanins suppress lipid accumulation in adipocytes due to the broad inhibition of
the transcription factors regulating lipogenesis. This may partially explain the mechanism
by which anthocyanins exert their anti-obesity effect. Anthocyanins may also lessen the
process of triglyceride and lipid accumulation during adipocyte differentiation [38]. They
reduce the gene and protein expression levels of lipogenic transcription factors such as
liver X receptor «, sterol regulatory element-binding protein 1c, peroxisome proliferator-
activated receptor-y and CCAAT/enhancer binding protein «. A fortiori, target genes’ and
proteins’ expression of these TFs is also distinctly suppressed by anthocyanins [38].

One of the most common anthocyanidins (aglicons of anthocyanins) is cyanidin.
Cyanidin is natural compound abundant in fruits and vegetables, i.a. hawthorn, hibiscus
or blueberry [33]. Jia et al. [13] showed that cyanidin is a direct ligand for both LXRa
and LXRp. Moreover, cyanidin affects all three PPAR subtypes, with the greatest affinity
to PPAR-« [39]. Cyanidin-3-O-B-glucoside (C3G) activates liver X receptor (LXR)-ATP-
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binding cassette transporter-dependent cholesterol efflux [40,41] and phosphorylation of
cellular AMPK in human hepatoma (HepG2) cells [27,42,43]. It was proven that C3G
decreases the expression of adipogenic transcription factors involved in hepatic lipid
metabolism, such as SREBP-1c, C/EBP«x and PPAR-y, both in the HepG2 cells and in the
livers of supplemented mice [44]. The decreasing influence of anthocyanins on the gene
expression of SREBP-1c and C/EBP« was also validated in other studies [43,45-47].

Nonetheless, the issue of anthocyanins’ effects on PPAR-a activation still requires more
research. There have been reports that anthocyanins have a strong affinity and a significant
impact on the expression of this receptor [39,41,45,48], while Rimando et al.’s [49] results
on the hamster model stand in opposition to the above findings.

Anthocyanins have been reported to have beneficial effects on obesity and obesity-
related metabolic disorders (e.g., insulin resistance and dyslipidemia). Anthocyanins
elicited from, e.g., purple corn, sweet cherry, hibiscus or black soybean, in mice or 3T3-L1
preadipocyte models, prevented adipocyte differentiation, lipid accumulation and low-
density lipoprotein (LDL) oxidation and protected against diet-induced hepatic steatosis by
reducing PPAR-y transcriptional activity [50-53]. A very abundant source of anthocyanins
is the fruits of Aronia melanocarpa (AM). Park et al. [54] conducted an interesting AM
study both on cells and mice. It appeared that AM extract significantly reduced free fatty
acid-induced lipid droplet accumulation in vitro. Moreover, the synthesis of PPAR-y2 was
inhibited in vivo, the transcriptional activity of PPAR-y2 was downregulated in vitro and
the mRNA expression of PPAR-y2 and its target genes, adipocyte protein 2 and lipoprotein
lipase, was lowered both in vitro and in vivo.

However, in a recently conducted human study, berry supplementation triggered an
inhibition of nuclear factor-kappa B (NF-kB)-dependent gene expression, accompanied
by an enhancement in PPAR-y expression. Nevertheless, an improvement in selected
features of metabolic syndrome and related cardiovascular risk factors was observed [55].
Therefore, it can be hypothesized that stimulation or inhibition of PPAR-y expression by
anthocyanins may have both positive and negative consequences. Stimulation of this
transcription factor may contribute to the reduction of inflammation while acting as a
lipogenic, whereas the inhibition of PPAR-y expression brings beneficial effects in the
context of lipid homeostasis. Overall, it may lead to a partial prevention of obesity-induced
atherosclerosis by attenuating inflammatory responses. It is also worth remembering that
there are differences in fat metabolism between rodents and humans, which also may
translate into disparities in the results of individual research models.

In 2019, Park et al. [37] confirmed most of the properties attributed to anthocyanins
in earlier studies. They proved that another common anthocyanin—Delphinidin-3-O-p-
glucoside (D3G)—significantly inhibited the accumulation of lipids in a dose-dependent
manner without displaying cytotoxicity. In the 3T3-L1 adipocytes, D3G lowered the
expression of major adipogenic and lipogenic transcription factors, i.e., PPAR-y, SREBP-1
and C/EBP«. In addition, D3G enhanced the phosphorylation of AMPK and ACC—a
fatty acid oxidation enzyme. These results once again supported the previously presented
hypothesis that anthocyanins attenuate adipogenesis and promote lipid metabolism and
are potential therapeutic agents in the treatment of obesity. Similar findings were obtained
with a sole aglicon, delphinidin [56].

Anthocyanins represent also an interesting therapeutic option in diabetic nephropathy.
Renal damage occurring in this disorder is mainly caused by oxidative stress and lipotox-
icity. Db/db mice treated with anthocyanins show decreased albuminuria, ameliorated
intra-renal lipid concentrations and improvement of glomerular matrix expansion and
inflammation related to an increase in AMPK phosphorylation, upregulation of PPAR-x
and PPAR-y and decrease in SREBP-1 activity [48]. The studies describing the impact of
anthocyanins on the discussed transcription factors are summarized in Table 1.
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Table 1. List of studies describing the impact of anthocyanins on discussed transcription factors.

suthors a}nd D AR Research Model Compounds Used in Study Observed Changes
of Publication
Aboonabi et al., 2020 [55] human berry anthocyanin supplements PPAR-y 4*
Chang et al., 2013 [43] HepG2 cells mulberry anthocyanin extract SREBP-1c * PPAR-o 17
de Sousa et al., 2018 [45] rats extruded sorghum flour SREBP-1c ** PPAR-« 1+
Du et al., 2015 [41] HK-2 cells CysidinE-C-frehniecelce; LXR« { PPAR-« {t
cyanidin
g mice, mice mammary e .
Fu et al., 2014 [40] epithelial cells cyanidin-3-O-B-glucoside LXRa {7
9 purple sweet potato
Hwang et al., 2011 [42] mice nthseyanin Shctices SREBP-1¢ TF
; oo PPAR-ot 17 PPAR-5 17
L 3 -
Jia et al., 2013 [39] HepG2 cells, CHO-K1 cells cyanidin PPAR-y 17
Jia etal., 2013 [13] macrophages, hepatocytes cyanidin L)S(ggéll;ﬁl:%ﬁ
Kao et al., 2009 [52] mouse macrophage J774A.1 cells hibiscus anthocyanin extract PPAR-y L
C. kousa anthocyanin ethanolic
Khan et al., 2018 [47] 3T3-L1 cells T PPAR-y L¥ C/EBP« ¥
. black soybean
Kim et al., 2012 [53] 3T3-L1 cells e PPAR-y 1
: > . PPAR-a 17 PPAR-y ¢
Koh et al., 2015 [48 Seoriti th tract
oheta [48] mice eoritae anthocyanin extrac SREBP-1c &
Lee et al., 2014 [38] 3T3-L1 cells grape anthocyanin isolate C;gg;z%g};:iz]? o
purple corn pericarp
3T3-L1 cells anthocyanin extract, PPAR-y ¥

Luna-Vital et al., 2017 [50]

pure anthocyanins

Park et al., 2015 [46]

rats

unfermented and fermented
black carrot extract

SREBP-1c ** PPAR-« %

Park et al., 2017 [54]

mice, FL83B cells

A. melanocarpa spray-dried
ethanol extract

PPAR-y ¥

Park et al., 2019 [44]

HepG2 cells

honeyberry extract

SREBP-1c > PPAR-y **
C/EBP« 1} PPAR-a 17

3T3-L1 cells, primary

PPAR-y ¥ C/EBPa 1%

Park et al., 2019 [37] white adipocytes delphinidin-3-O-B-glucoside SREBP-1c &
Rahman et al., 2016 [56] 3T3-L1 cells delphinidin PPAR-y I E JEBP ¥
Rimando et al., 2016 [49] hamsters blueberry peel extract & PPAR-x

Song et al., 2016 [51] mice sweet cherry anthocyanins PPAR-y ¥
Sozariski et al., 2014 [12] rabbits éﬁf{f})‘;’; f\t‘lf:;fe PPAR-a (
Sozanski et al., 2016 [36] rabbits mixture of anthocyanins PPAR-« 11 PPAR-y 17

1F- up regulation, T down regulation, ¢=§—unchanged.
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4. Impact of Iridoids

Iridoids are a large group of organic monoterpenoids, occurring in plants usually as
glycosides with a glucose moiety attached to C-1 in the pyrene ring. The basic structural
feature of iridoids is a bicyclic H-5/H-9§, p-cis-fusedcyclopentanopyran ring system.
Iridoids are found in the green parts of plants, mainly in the leaves and young stems, and
sometimes in fruits and sprouts. They are found in many plant families, e.g., Apocynaceae,
Gentianaceae, Lamiaceae, Loganiaceae, Rubiaceae, Scrophulariaceae and Verbenaceae. Among
the most commonly mentioned iridoids in the therapeutic context, the following stand
out above all: gentiopicroside, geniposide, sweroside, loganin, loganic acid, catalpol and
amarogentin [33] (Figure 2). In foods consumed in western diets, they are rarely present.
However, they can be found in some raw fruits (e.g., olives, cornelian cherry, honeysuckle
berries and cranberries) and in products derived from these fruits [57-60]. Iridoids possess
potential cardiovascular, hypoglycemic, hypolipidemic, antihepatotoxic, choleretic, anti-
inflammatory, antispasmodic, antitumor, antiviral, immunomodulatory and purgative
bioactivities [61].

CO,Me
E
fo) HO
H W
HO 0OGlc KO
gentiopicroside geniposide
HO
HO.
«H
HO Y ()
i H
OH
¢ H
- 9 OH
o :) i\
HO (o}
loganin loganic acid
HO
HQ
CH
. o 7/ —
HO = & Y
\ 4 o_
% 0
HQ e
HO “oH
catalpol amarogentin

Figure 2. Chemical structures of main iridoids.
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MicroRNAs are short, non-coding, single-stranded RNA molecules which have been
reported to play a key role in the adjustment of lipid and lipoprotein metabolism. Increased
levels of some miRNAs have been observed in the circulation in the course of hyperlipi-
demia [62]. It was proven that genipin upregulates the expression of miR-142a-5p, which
binds to SREBP-1c and consequently leads to the inhibition of lipogenesis, which results in
decreased body weight, lipid serum levels and hepatic lipid accumulation in HFD mice [63].
However, it is worth noting that there are a lot of miRNAs involved in fat metabolism, and
some variants grow while others decline in the course of hyperlipidemia.

Zhu et al. [64] conducted an interesting study whose assumptions were based on
providing HFD rats with three different doses of an iridoid fraction isolated from Valeri-
ana jatamansi. Compared to the model group, a decrease in weight gain as well as a decrease
in triglyceride and an increase in HDL-C serum levels were noticed regardless of the dose.
All doses enhanced the expression of the PPAR-« receptor and reduced the expression of
the SREBP-1c protein in the liver. In addition, depending on the dose, alterations in liver X
receptor-« expression were observed. Hypolipidemic and antioxidant activity of iridoids
through the stimulation of PPAR-« was noted also in different studies [36,65-68].

Cornus alternifolia (CA) is a tree that is common mainly in Eastern Asia and North
America. Extracts of this plant have been used in traditional Chinese medicine as tonics,
analgesics and diuretic drugs, while, in the United States, CA is grown as an ornamental
plant. Cornus alternifolia leaves are a valuable source of iridoid compounds. It was shown
that one of them—kaempferol-3-O-p-glucopyranoside—exhibited significant agonistic ac-
tivities for PPAR-, PPAR-y and LXR dose-dependently in human hepatoma (HepG2) cells
and Chinese hamster ovary cells (CHO) [69]. Several other iridoid substances isolated from
CA leaves also influenced the expression of these transcription factors, but it is kaempferol-
3-O-B-glucopyranoside which presents the most promising curative potential [69]. Fraxinus
is a tree genus from which valuable quantities of iridoid compounds can also be obtained.
Fraxinus compounds show significant inhibitory activity on adipocyte differentiation in the
3T3-L1 cells, reduce fat and triglyceride accumulation in differentiated 3T3-L1 cells with-
out affecting cell viability and suppress the induction of C/EBP«, C/EBPf and PPAR-y
transcription factors, concomitantly activating the PPAR-« receptor [70,71]. Similar effects
were noticed in the case of iridoids of olive trees [72].

As with anthocyanins, iridoids, e.g., catalpol, may be a useful therapeutic option for
the treatment of diabetes complications [73]. Gentiopicroside, a compound that belongs
to the sub-group of seco-iridoids, ameliorated dyslipidemia and improved nerve blood
flow through regulating the PPAR-y/AMPK/ACC signal pathway in a diabetic peripheral
neuropathy rat model [74]. Moreover, gentiopicroside in both acute and chronic alcohol-
induced mouse hepatosteatosis (the latter stage of alcoholic liver disease, ALD) models
mitigated the upregulation of SREBP-1 and downregulation of PPAR-«, among others,
by activation of AMPK [75]. Alleviation of SREBP-1 expression was observed also in a
nonalcoholic fatty liver disease model, namely by swertiamarin [76].

Iridoids and seco-iridoids such as catalpol, geniposide, harpagoside, loganin and oleu-
ropein have been found to exhibit essential neuroprotective effects in Alzheimer’s disease
(AD) and Parkinson’s disease (PD). One of the proposed mechanisms by which the process
of neurogedeneration is slowed down is by increasing the PPAR-y receptor expression,
which contributes to the clearance of amyloid-f in the apolipoprotein E-mediated pathway
in the brain [77].

For the prevention and treatment of obesity and dyslipidemia, a potentially useful iri-
doid compound is loganic acid (LA). Park et al. [78] demonstrated the antiadipogenic effects
of LA in vitro and in vivo. Loganic acid treatment significantly decreased the adipocyte
differentiation of 3T3-L1 preadipocytes in a dose-dependent manner and substantially
lowered the expression of key adipogenesis transcription factors such as peroxisome
proliferator-activated receptor-y and CCAAT/enhancer-binding protein «. Moreover, a
diminution of body weight gain, total fat increase, fatty hepatocyte deposition in the
liver and adipocyte enlargement in the abdominal visceral fat tissues were noticed in an
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ovariectomy-induced obesity mice model compared to the comparative group. Loganic
acid is also an important active ingredient found in cornelian cherry fruits. Cornus mas
fruits, abundant in substantial amounts of both anthocyanins and iridoids, may exert posi-
tive additive or synergistic effects on dyslipidemia and atherosclerosis. In a rabbit model
of diet-induced dyslipidemia and atherosclerosis, Sozanski et al. [36] demonstrated that
both anthocyanins and, to a lesser extent, loganic acid increased the expression of PPAR-o
and PPAR-y receptors in the liver and decreased intima thickness and the intima/media
ratio in the thoracic aorta. The studies describing the impact of iridoids on the discussed
transcription factors are summarized in Table 2.

Table 2. List of studies describing the impact of iridoids on discussed transcription factors.

Authors and Date

of Publication Research Model Compounds Used in Study Observed Changes
aqueous extract and
Bai et al., 2010 [71] 3T3-L1 cells compounds isolated from the PPAR-« 17

seeds of F. excelsior

Choi et al., 2011 [70]

C/EBP« L C/EBPB 1%

3T3-L1 cell
= PPAR-y L+

hydroxyframoside B

Drira et al., 2011 [72]

PPAR-y L% C/EBP« {+

3T3-L1 cell
e SREBP-1¢ **

oleuropein

leaf f C. al ifoli
eaf extract of C. a termfo ia, PPAR- QPP AR-y &

He et al., 2012 [69] HepG2 cells, CHO cells incl. Kaempferol-'3-0-ﬁ- LXRo 47
glucopyranoside
Lietal., 2018 [75] mice, HepG2 cells, macrophages gentiopicroside SREBP-1c ¥ PPAR-a 17
Luetal., 2018 [74] rats gentiopicroside PPAR-y 11
Ma et al., 2011 [66] rats geniposide PPAR-« {F
Malliou et al., 2018 [65] mice oleuropein PPAR-« 1F
Park et al., 2018 [78] 3T3-L1 cells, mice loganic acid PPAR-y L& C/EBP« ¥
Patel et al., 2016 [67] HepG2 cells swertiamarin SREBP-1c ** PPAR- 17
Sozariski et al., 2014 [12] rabbits é::‘:ll;fl; }C1}1\lfsrge PPAR-« {7
Sozanski et al., 2016 [36] rabbits loganic acid PPAR- 17 PPAR-y 17
Yang et al., 2019 [76] mice swertiamarin SREBP-1c ¥
Yang et al., 2020 [68] mice sweroside PPAR-« 11
Zhong et al., 2018 [63] mice, primary hepatocytes genipin SREBP-1c 1+
Zhu et al., 2016 [64] i iridoic‘l;jr;'c: nf;’e:gion in LXRocpfASlil;Bglc &

ﬁ—up regulation, L —down regulation.

5. Future Perspectives

Improper nutrition is a compelling problem nowadays. The share of plant products
in the diets of many people should be much more extensive. In this context, compounds
with proven therapeutic effects on the body, such as anthocyanins and iridoids, may play
an increasingly important role in the prevention and adjunctive or combined treatment
of many human diseases. Many studies confirmed the curative effects and mechanisms
of action of these groups of substances. Unfortunately, the majority of these studies were
performed on animals, and first and foremost, so the paramount goal for the near future
is to conduct more clinical studies to confirm the positive impact of anthocyanins and
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iridoids on the human body. New applications for the above-mentioned compounds should
also be sought. Interestingly, most of the conducted research pertains to the influence of
anthocyanins and iridoids on high-fat-diet models. It would certainly be a challenging
option to consider a study, or a whole series, verifying the impact of these substances on
multiple parameters in a low-fat diet.

6. Conclusions

In conclusion, the current knowledge clearly points to the benefits of consuming
foods comprising anthocyanins and iridoids. Both groups of substances modulate the
expression of crucial transcription factors in lipid and cholesterol homeostasis, i.e., liver X
receptor, peroxisome proliferator-activated receptor-a, peroxisome proliferator-activated
receptor-y, CCAAT/enhancer binding protein « and sterol regulatory element-binding
protein 1c and their target genes (Figure 3). Therefore, anthocyanins and iridoids present
an essential therapeutic option in disorders proceeding with disturbances in lipid and
cholesterol metabolism, such as obesity, atherosclerosis, diabetes, metabolic syndrome and
many more.

Anthocyanins \ / Iridoids

/=

Graphic representation caption

PPAR - alpha PPAR - gamma SREBP-1¢c C/EBPalpha

) )

acyl-CoA-oxidase
CPT
CYP4As

- -
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-

Created in BioRender.com bio

Figure 3. Influence of anthocyanins and iridoids on main transcription factors involved in cholesterol and lipid metabolism.
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Abbreviations

ABCA1 ATP-binding cassette transporter A1
HDL high-density lipoprotein
acyl-CoA-oxidase acyl coenzyme A oxidase
CPT carnitine palmitoyl transferase
CYP4As cytochrome P450 4A subfamily enzymes
GLC glucose

AMPK AMP-activated protein kinase
ACC acetyl coenzyme A carboxylase
(@] B-oxidation

References

1. Papavassiliou, A.G. Molecular Medicine. Transcription Factors. N. Engl. ]. Med. 1995, 332, 45-47. [CrossRef] [PubMed]

2. Lee, T.I; Young, R.A. Transcriptional Regulation and its Misregulation in Disease. Cell 2013, 152, 1237-1251. [CrossRef] [PubMed]

3. Vaquerizas, ] M.; Kummerfeld, S.K.; Teichmann, S.A.; Luscombe, N.M. A Census of Human Transcription Factors: Function,
Expression and Evolution. Nat. Rev. Genet. 2009, 10, 252-263. [CrossRef]

4. Papavassiliou, K.A.; Papavassiliou, A.G. Transcription Factor Drug Targets. |. Cell Biochem. 2016, 9999, 1-5. [CrossRef]

5. Ortega, E.; Rengachari, S.; Ibrahim, Z.; Hoghoughi, N.; Gaucher, J.; Holehouse, A.S.; Khochbin, S.; Panne, D. Transcription Factor
Dimerization Activates the p300 Acetyltransferase. Nature 2019, 562, 538-544. [CrossRef]

6. Lee, TI; Young, R.A. Transcription of Eukaryotic Protein-Coding Genes. Annit. Rev. Genet. 2000, 34, 77-137. [CrossRef]

7. Lemon, B;; Tjian, R. Orchestrated Response: A Symphony of Transcription Factors for Gene Control. Genes Dev. 2000, 14, 2551-2569.
[CrossRef]

8. Orphanides, G.; Lagrange, T.; Reinberg, D. The General Transcription Factors of RNA Polymerase II. Genes Dev. 1996, 10, 2657-2683.
[CrossRef] [PubMed]

9.  Bartnik, E. Struktura i dziatanie genéw eukariotycznych. In Genetyka Molekularna; Wegleriski, P., Ed.; Wydawnictwa Naukowe
PWN: Warszawa, Poland, 2002; p. 497.

10. Cao, G; Liang, Y.; Broderick, C.L.; Oldham, B.A.; Beyer, T.P,; Schmidt, R.J.; Zhang, Y.; Stayrook, K.R.; Suen, C.; Otto, K.A_; et al.
Antidiabetic Action of Liver X Receptor Agonist Mediated by Inhibition of Hepatic Gluconeogenesis. |. Biol. Chem. 2003,
278,1131-1136. [CrossRef] [PubMed]

11.  Shuang, R.; Rui, X.; Wenfang, L. Phytosterols and Dementia. Plant Foods Hum. Nutr. 2016, 71, 347-354. [CrossRef]

12.  Sozanski, T.; Kucharska, A.Z.; Szumny, A.; Magdalen, ].; Bielska, K.; Merwid-Lad, A.; WozZniak, A.; Dzimira, S.; Piorecki, N.;
Trocha, M. The Protective Effect of the Cornus Mas Fruits (Cornelian Cherry) on Hypertriglyceridemia and Atherosclerosis
Through PPAR« Activation in Hypercholesterolemic Rabbits. Phytomedicine 2014, 21, 1774-1784. [CrossRef]

13.  Jia, Y.; Hoang, M.H.; Jun, H.].; Lee, ].H.; Lee, S.]J. Cyanidin, a Natural Flavonoid, Is an Agonistic Ligand for Liver X Receptor
Alpha and Beta and Reduces Cellular Lipid Accumulation in Macrophages and Hepatocytes. Bioorganic Med. Chem. Lett. 2013,
23, 4185-4190. [CrossRef] [PubMed]

14.  Guo, S.; Li, L.; Yin, H. Cholesterol Homeostasis and Liver X Receptor (LXR) in Atherosclerosis. Cardiovasc. Hematol. Disord. Drug
Targets 2018, 18, 27-33. [CrossRef]

15. Chen, Z,; Liu, J.; Fu, Z; Ye, C.; Zhang, R.; Song, Y.; Zhang, Y.; Li, H.; Ying, H.; Liu, H. 24(S)-Saringosterol from Edible Marine
Seaweed Sargassum fusiforme is a Novel Selective LXRbeta Agonist. J. Agric. Food Chem. 2014, 62, 6130-6137. [CrossRef]

16. Hoang, M.H.; Jia, Y.; Jun, H.].; Lee, ].H.; Lee, B.Y.; Lee, S.J. Fucosterol is a Selective Liver X Receptor Modulator that Regulates the
Expression of Key Genes in Cholesterol Homeostasis in Macrophages, Hepatocytes, and Intestinal Cells. J. Agric. Food Chem.
2012, 60, 11567-11575. [CrossRef] [PubMed]

17.  El Kharrassi, Y.; Samadi, M.; Lopez, T.; Nury, T.; El Kebbaj, R.; Andreoletti, P.; El Hajj, H.I.; Vamecq, J.; Moustaid, K.;
Latruffe, N.; et al. Biological Activities of Schottenol and Spinasterol, Two Natural Phytosterols Present in Argan Oil and
in Cactus Pear Seed Oil, on Murine Microglial BV2 cells. Biochem. Biophys. Res. Commun. 2014, 446, 798-804. [CrossRef]

18. Bogie, J.; Hoeks, C.; Schepers, M.; Tiane, A.; Cuypers, A.; Leijten, F.; Chintapakorn, Y.; Suttiyut, T.; Pornpakakul, S.; Struik, D.; et al.
Dietary Sargassum fusiforne Improves Memory and Reduces Amyloid Plaque Load in an Alzheimer’s Disease Mouse Model. Sci.
Rep. 2019, 9, 4908. [CrossRef]

19. Liu, H.; Zhong, H.; Leng, L.; Jiang, Z. Effects of Soy Isoflavone on Hepatic Steatosis in High Fat-Induced Rats. J. Clin. Biochem.
Nutr. 2017, 61, 85-90. [CrossRef]

20. Ronis, M.]. Effects of Soy Containing Diet and Isoflavones on Cytochrome P450 Enzyme Expression and Activity. Drug Metab.
Rev. 2016, 48, 331-341. [CrossRef]

21. Tllesca, P; Valenzuela, R.; Espinosa, A.; Echeverria, F.; Soto-Alarcon, S.; Ortiz, M.; Videla, L.A. Hydroxytyrosol Supplementa-
tion Ameliorates the Metabolic Disturbances in White Adipose Tissue From Mice Fed a High-Fat Diet Through Recovery of
Transcription Factors Nrf2, SREBP-1c, PPAR-y and NF-kB. Biomed. Pharmacother. 2019, 109, 2472-2481. [CrossRef] [PubMed]

22.  Wakil, S.J.; Abu-Elheiga, L.A. Fatty Acid Metabolism: Target for Metabolic Syndrome. J. Lipid Res. 2009, 50, S138-5143. [CrossRef]

23. Ramiji, D.P; Foka, P. CCAAT/enhancer-Binding Proteins: Structure, Function and Regulation. Biochem. J. 2002, 365, 561-575.

[CrossRef]

43



Int. J. Mol. Sci. 2021, 22, 6074 12 0f 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

Clarke, S.L.; Robinson, C.E.; Gimble, ].M. CCAAT/enhancer Binding Proteins Directly Modulate Transcription From the
Peroxisome Proliferator-Activated Receptor Gamma 2 Promoter. Biochem. Biophys. Res. Commun. 1997, 240, 99-103. [CrossRef]
Chan, C.Y.; Wei, L.; Castro-Munozledo, F.; Koo, W.L. (—)-Epigallocatechin-3-gallate Blocks 3T3-L1 Adipose Conversion by
Inhibition of Cell Proliferation and Suppression of Adipose Phenotype Expression. Life Sci. 2011, 89, 779-785. [CrossRef]
[PubMed]

Angin, Y.; Beauloye, C.; Horman, S.; Bertrand, L. Regulation of Carbohydrate Metabolism, Lipid Metabolism, and Protein
Metabolism by AMPK. In AMP-Activated Protein Kinase; Cordero, M., Viollet, B., Eds.; Springer International Publishing: Cham,
Switzerland, 2016; pp. 23-43.

Guo, H; Liu, G.; Zhong, R.; Wang, Y.; Wang, D.; Xia, M. Cyanidin-3-O-p-glucoside Regulates Fatty Acid Metabolism via an
AMP-activated Protein Kinase-dependent Signaling Pathway in Human HepG2 cells. Lipids Health Dis. 2012, 11, 10. [CrossRef]
[PubMed]

Bengoechea-Alonso, M.T.; Ericsson, J. SREBP in Signal Transduction: Cholesterol Metabolism and Beyond. Curr. Opin. Cell Biol.
2007, 19, 215-222. [CrossRef]

Chen, G.; Liang, G.; Ou, J.; Goldstein, J.L.; Brown, M.S. Central Role of Liver X Receptor in Insulin-mediated Activation of
SREBP-1c Transcription and Stimulation of Fatty Acid Synthesis in Liver. Proc. Natl. Acad. Sci. USA 2004, 101, 11245-11250.
[CrossRef] [PubMed]

Ferré, P; Foufelle, F. Hepatic Steatosis: A Role for de novo Lipogenesis and the Transcription Factor SREBP-1c. Diabetes Obes.
Metab. 2010, 12, 83-92. [CrossRef] [PubMed]

Yamazaki, T.; Li, D.; Ikaga, R. Effective Food Ingredients for Fatty Liver: Soy Protein $-Conglycinin and Fish Oil. Int. |. Mol. Sci.
2018, 19, 4107. [CrossRef] [PubMed]

Terzo, S.; Caldara, G.F; Ferrantelli, V.; Puleio, R.; Cassata, G.; Mule, F;; Amato, A. Pistachio Consumption Prevents and Improves
Lipid Dysmetabolism by Reducing the Lipid Metabolizing Gene Expression in Diet-Induced Obese Mice. Nutrients 2018, 10, 1857.
[CrossRef]

Danielewski, M.; Matuszewska, A.; Nowak, B.; Kucharska, A.Z.; Sozanski, T. The Effects of Natural Iridoids and Anthocyanins
on Selected Parameters of Liver and Cardiovascular System Functions. Oxidative Med. Cell Longev. 2020, 2020, 2735790. [CrossRef]
[PubMed]

Cassidy, A.; Bertoia, M.; Chiuve, S.; Flint, A.; Forman, J.; Rimm, E.B. Habitual Intake of Anthocyanins and Flavanones and Risk of
Cardiovascular Disease in Men. Am. J. Clin. Nutr. 2016, 104, 587-594. [CrossRef] [PubMed]

Wu, X.; Beecher, G.R.; Holden, ].M.; Haytowitz, D.B.; Gebhardt, S.E.; Prior, R.L. Concentrations of Anthocyanins in Common
Foods in the United States and Estimation of Normal Consumption. J. Agric. Food Chem. 2006, 54, 4069-4075. [CrossRef] [PubMed]
Sozanski, T.; Kucharska, A.Z.; Rapak, A.; Szumny, D.; Trocha, M.; Merwid-Lad, A.; Dzimira, S.; Piasecki, T.; Piérecki, N.;
Magdalan, | ; et al. Iridoid-loganic Acid Versus Anthocyanins From the Cornus Mas Fruits (Cornelian Cherry): Common and
Different Effects on Diet-Induced Atherosclerosis, PPARs Expression and Inflammation. Atherosclerosis 2016, 254, 151-160.
[CrossRef]

Park, M.; Sharma, A.; Lee, H.J. Anti-Adipogenic Effects of Delphinidin-3- O- 3-Glucoside in 3T3-L1 Preadipocytes and Primary
White Adipocytes. Molecules 2019, 24, 1848. [CrossRef]

Lee, B.; Lee, M.; Lefevre, M.; Kim, H.R. Anthocyanins Inhibit Lipogenesis During Adipocyte Differentiation of 3T3-L1
Preadipocytes. Plant Foods Hum. Nutr. 2014, 69, 137-141. [CrossRef]

Jia, Y.; Kim, J.Y.; Jun, H.J.; Kim, S.J.; Lee, ].H.; Hoang, M.H.; Kim, H.S.; Chang, H.I; Hwang, K.Y.; Um, S.J.; et al. Cyanidin is an
Agonistic Ligand for Peroxisome Proliferator-Activated Receptor-alpha Reducing Hepatic Lipid. Biochim. Biophys. Acta 2013,
1831, 698-708. [CrossRef]

Fu, Y.; Wei, Z.; Zhou, E.; Zhang, N.; Yang, Z. Cyanidin-3-O-3-glucoside Inhibits Lipopolysaccharide-Induced Inflammatory
Response in Mouse Mastitis Model. |. Lipid Res. 2014, 55, 1111-1119. [CrossRef]

Du, C; Shi, Y,; Ren, Y.,; Wu, H.; Yao, F.; Wei, J.; Wu, M.; Hou, Y.; Duan, H. Anthocyanins Inhibit High-Glucose-Induced Cholesterol
Accumulation and Inflammation by Activating LXR«x Pathway in HK-2 Cells. Drug Des. Dev. Ther. 2015, 9, 5099-5113.

Hwang, Y.P,; Choi, ].H.; Han, E.H.; Kim, H.G.; Wee, ] H.; Jung, K.O.; Jung, K.H.; Kwon, K.I; Jeong, T.C.; Chung, Y.C.; et al. Purple
Sweet Potato Anthocyanins Attenuate Hepatic Lipid Accumulation through Activating Adenosine Monophosphate-activated
Protein Kinase in Human HepG2 Cells and Obese Mice. Nutr. Res. 2011, 31, 896-906. [CrossRef]

Chang, J.J.; Hsu, M.].; Huang, H.P,; Chung, D.J.; Chang, Y.C.; Wang, C.]. Mulberry Anthocyanins Inhibit Oleic Acid Induced Lipid
Accumulation by Reduction of Lipogenesis and Promotion of Hepatic Lipid Clearance. J. Agric. Food Chem. 2013, 61, 6069-6076.
[CrossRef]

Park, M.; Yoo, ].H.; Lee, Y.S.; Lee, H.J. Lonicera caerulea Extract Attenuates Non-Alcoholic Fatty Liver Disease in Free Fatty
Acid-Induced HepG2 Hepatocytes and in High Fat Diet-Fed Mice. Nutrients 2019, 11, 494. [CrossRef]

de Sousa, A.R.; de Castro Moreira, M.E.; Lopes Toledo, R.C.; Anjos Benjamin, L.D.; Vieira Queiroz, V.A.; Paranho Veloso, M.;
de Souza Reis, K.; Duarte Martino, H.S. Extruded Sorghum (Sorghum Bicolor L.) Reduces Metabolic Risk of Hepatic Steatosis in
Obese Rats Consuming a High Fat Diet. Food Res. Int. 2018, 112, 48-55. [CrossRef] [PubMed]

Park, S.; Kang, S.; Jeong, D.Y.; Jeong, S.Y.; Park, ].].; Yun, H.S. Cyanidin and Malvidin in Aqueous Extracts of Black Carrots
Fermented With Aspergillus Oryzae Prevent the Impairment of Energy, Lipid and Glucose Metabolism in Estrogen-Deficient Rats
by AMPK Activation. Genes Nutr. 2015, 10, 455. [CrossRef]

44



Int. J. Mol. Sci. 2021, 22, 6074 13 of 14

47.

48.

49.

50.

51.

52:

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

Khan, M.IL; Shin, ].H.; Shin, T.S.; Kim, M.Y.; Cho, N.J.; Kim, ].D. Anthocyanins From Cornus Kousa Ethanolic Extract Attenuate
Obesity in Association With Anti-Angiogenic Activities in 3T3-L1 Cells by Down-Regulating Adipogeneses and Lipogenesis.
PL0oS ONE 2018, 13, e0208556. [CrossRef] [PubMed]

Koh, E.S.; Lim, J.H.; Kim, M.Y.; Chung, S.; Shin, S.J.; Choi, B.S.; Kim, H.W.; Hwang, S.Y.; Kim, S.W.; Park, C.W.,; et al. Anthocyanin-
rich Seoritae Extract Ameliorates Renal Lipotoxicity via Activation of AMP-activated Protein Kinase in Diabetic Mice. J. Transl.
Med. 2015, 13, 203. [CrossRef] [PubMed]

Rimando, A.M.; Khan, S.I; Mizuno, C.S.; Ren, G.; Mathews, S.T.; Kim, H.; Yokoyama, W. Evaluation of PPAR« Activation by
Known Blueberry Constituents. J. Sci. Food Agric. 2016, 96, 1666-1671. [CrossRef]

Luna-Vital, D.; Weiss, M.; de Mejia, E.G. Anthocyanins From Purple Corn Ameliorated Tumor Necrosis Factor-a-Induced
Inflammation and Insulin Resistance in 3T3-L1 Adipocytes via Activation of Insulin Signaling and Enhanced GLUT4 Translocation.
Mol. Nutr. Food Res. 2017, 61, 1700362. [CrossRef] [PubMed]

Song, H.; Wu, T.; Xu, D.; Chu, Q; Lin, D.; Zheng, X. Dietary Sweet Cherry Anthocyanins Attenuates Diet-Induced Hepatic
Steatosis by Improving Hepatic Lipid Metabolism in Mice. Nutrition 2016, 32, 827-833. [CrossRef] [PubMed]

Kao, E.S.; Tseng, T.H.; Lee, H.].; Chan, K.C.; Wang, C.J. Anthocyanin Extracted From Hibiscus Attenuate Oxidized LDL-mediated
Foam Cell Formation Involving Regulation of CD36 Gene. Chem. Biol. Interact. 2009, 179, 212-218. [CrossRef]

Kim, HK; Kim, ].N.; Han, S.N.; Nam, ].H.; Na, H.N.; Ha, T.J. Black Soybean Anthocyanins Inhibit Adipocyte Differentiation in
3T3-L1 Cells. Nutr. Res. 2012, 32, 770-777. [CrossRef] [PubMed]

Park, C.H.; Kim, ].H.; Lee, E.B.; Hur, W.; Kwon, O.].; Park, H.J.; Yoon, S.K. Aronia melanocarpa Extract Ameliorates Hepatic Lipid
Metabolism through PPARy2 Downregulation. PLoS ONE 2017, 12, e0169685. [CrossRef]

Aboonabi, A.; Aboonabi, A. Anthocyanins Reduce Inflammation and Improve Glucose and Lipid Metabolism Associated With
Inhibiting Nuclear factor-kappaB Activation and Increasing PPAR-y Gene Expression in Metabolic Syndrome Subjects. Free Radic.
Biol. Med. 2020, 150, 30-39. [CrossRef] [PubMed]

Rahman, N.; Jeon, M.; Kim, Y.S. Delphinidin, a Major Anthocyanin, Inhibits 3T3-L1 Pre-Adipocyte Differentiation Through
Activation of Wnt/ 3-catenin Signaling. Biofactors 2016, 42, 49-59.

Turner, A.; Chen, S.N.; Nikolic, D.; van Breemen, R.; Farnsworth, N.R.; Pauli, G.FE. Coumaroyl Iridoids and a Depside from
Cranberry (Vaccinium macrocarpon). |. Nat. Prod. 2007, 70, 253-258. [CrossRef]

Xie, PJ.; Huang, L.X.; Zhang, C.H.; Zhang, Y.L. Phenolic Compositions, and Antioxidant Performance of Olive Leaf and Fruit
(Olea europaea L.) Extracts and their Structure-Activity Relationships. . Funct. Foods 2015, 16, 460-471. [CrossRef]

Kucharska, A.Z.; Szumny, A.; Sokél-Letowska, A.; Piérecki, N.; Klymenko, S.V. Iridoids and Anthocyanins in Cornelian Cherry
(Cornus mas L.) Cultivars. |. Food Compos. Anal. 2015, 40, 95-102. [CrossRef]

Kucharska, A.Z.; Fecka, I. Identification of Iridoids in Edible Honeysuckle Berries (Lonicera caerulea L. var. kamtschatica Sevast.) by
UPLC-ESI-qTOF-MS/MS. Molecules 2016, 21, 1157. [CrossRef] [PubMed]

Ghisalberti, E.L. Biological and Pharmacological Activity of Naturally Occurring Iridoids and Secoiridoids. Phytomedicine 1998,
5,147-163. [CrossRef]

Desgagne, V.; Bouchard, L.; Guerin, R. MicroRNAs in Lipoprotein and Lipid Metabolism: From Biological Function to Clinical
Application. Clin. Chem. Lab. Med. 2017, 55, 667-686. [CrossRef] [PubMed]

Zhong, H.; Chen, K.; Feng, M.; Shao, W.; Wu, |.; Chen, K.; Liang, T.; Liu, C. Genipin Alleviates High-Fat Diet-Induced
Hyperlipidemia and Hepatic Lipid Accumulation in Mice via miR-142a-5p/SREBP-1c Axis. FEBS |. 2018, 285, 501-517. [CrossRef]
[PubMed]

Zhu, J.; Xu, K.; Zhang, X.; Cao, J.; Jia, Z.; Yang, R.; Ma, C.; Chen, C.; Zhang, T.; Yan, Z. Studies on the Regulation of Lipid
Metabolism and its Mechanism of the Iridoids Rich Fraction in Valeriana jatamansi Jones. Biomed. Pharmacother. 2016, 84, 1891-1898.
[CrossRef] [PubMed]

Malliou, F; Andreadou, I.; Gonzalez, EJ.; Lazou, A.; Xepapadaki, E.; Vallianou, 1.; Lambrinidis, G.; Mikros, E.; Marselos, M.;
Skaltsounis, A.L.; et al. The Olive Constituent Oleuropein, as a PPARx Agonist, Markedly Reduces Serum Triglycerides. J. Nutr.
Biochem. 2018, 59, 17-28. [CrossRef] [PubMed]

Ma, T.; Huang, C.; Zong, G.; Zha, D.; Meng, X.; Li, J.; Tang, W. Hepatoprotective Effects of Geniposide in a Rat Model of
Nonalcoholic Steatohepatitis. . Pharm. Pharmacol. 2011, 63, 587-593. [CrossRef] [PubMed]

Patel, T.P;; Rawal, K.; Soni, S.; Gupta, S. Swertiamarin Ameliorates Oleic Acid Induced Lipid Accumulation and Oxidative Stress
by Attenuating Gluconeogenesis and Lipogenesis in Hepatic Steatosis. Biomed. Pharmacother. 2016, 83, 785-791. [CrossRef]
Yang, Q.; Shu, E; Gong, J.; Ding, P.; Cheng, R.; Li, ].; Tong, R.; Ding, L.; Sun, H.; Huang, W.; et al. Sweroside Ameliorates
NAFLD in High-Fat Diet Induced Obese Mice Through the Regulation of Lipid Metabolism and Inflammatory Response. J.
Ethnopharmacol. 2020, 255, 112556. [CrossRef]

He, Y.Q.; Ma, G.Y,; Peng, ].N.; Ma, Z.Y.; Hamann, M.T. Liver X Receptor and Peroxisome Proliferator-Activated Receptor Agonist
from Cornus alternifolia. Biochim. Biophys. Acta 2012, 1820, 1021-1026. [CrossRef]

Choi, K.M.; Shin, E.; Liu, Q.; Yoo, H.S.; Kim, Y.C.; Sung, S.H.; Hwang, B.Y.; Lee, M.K. Hydroxyframoside B, a Secoiridoid of
Fraxinus Rhynchophylla, Inhibits Adipocyte Differentiation in 3T3-L1 Cells. Planta Med. 2011, 77, 1020-1023. [CrossRef] [PubMed]
Bai, N.; He, K.; Ibarra, A ; Bily, A.; Roller, M.; Chen, X.; Riihl, R. Iridoids From Fraxinus Excelsior With Adipocyte Differentiation-
Inhibitory and PPARalpha Activation Activity. J. Nat. Prod. 2010, 73, 2-6. [CrossRef]

45



Int. J. Mol. Sci. 2021, 22, 6074 14 0f 14

72.

73.

74.

75.

76.

78.

Drira, R.; Chen, S.; Sakamoto, K. Oleuropein and Hydroxytyrosol Inhibit Adipocyte Differentiation in 3 T3-L1 Cells. Life Sci. 2011,
89, 708-716. [CrossRef]

Bai, Y.; Zhu, R; Tian, Y.; Li, R.; Chen, B.; Zhang, H.; Xia, B.; Zhao, D.; Mo, F; Zhang, D.; et al. Catalpol in Diabetes and Its
Complications: A Review of Pharmacology, Pharmacokinetics, and Safety. Molecules 2019, 24, 3302. [CrossRef]

Lu, Y,; Yao, J.; Gong, C.; Wang, B.; Zhou, P.; Zhou, S.; Yao, X. Gentiopicroside Ameliorates Diabetic Peripheral Neuropathy by
Modulating PPAR- I'/ AMPK/ACC Signaling Pathway. Cell Physiol. Biochem. 2018, 50, 585-596. [CrossRef]

Li, X.; Zhang, Y.; Jin, Q.; Xia, K.L.; Jiang, M.; Cui, BW.; Wu, Y.L.; Song, S.Z.; Lian, L.H.; Nan, ].X. Liver Kinase B1/AMP-activated
Protein Kinase-Mediated Regulation by Gentiopicroside Ameliorates P2X7 Receptor-Dependent Alcoholic Hepatosteatosis. Br. J.
Pharmacol. 2018, 175, 1451-1470. [CrossRef]

Yang, Y.; Li, J.; Wei, C.; He, Y.; Cao, Y.; Zhang, Y.; Sun, W.; Qiao, B.; He, . Amelioration of Nonalcoholic Fatty Liver Disease by
Swertiamarin in Fructose-Fed Mice. Phytomedicine 2019, 59, 152782. [CrossRef]

Dinda, B.; Dinda, M.; Kulsi, G.; Chakraborty, A.; Dinda, S. Therapeutic Potentials of Plant Iridoids in Alzheimer’s and Parkinson’s
Diseases: A Review. Eur. |. Med. Chem. 2019, 169, 185-199. [CrossRef]

Park, E.; Kim, J.; Yeo, S.; Kim, G.; Ko, E.H.; Lee, S.W.; Li, W.Y.; Choi, C.W,; Jeong, S.Y. Antiadipogenic Effects of Loganic Acid in
3T3-L1 Preadipocytes and Ovariectomized Mice. Molecules 2018, 23, 1663. [CrossRef]

46



nutrients

Article

Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin
Extract Enhances PPAR-«, PPAR-y Expression and Reduces I/M
Ratio in Aorta, Increases LXR-« Expression and Alters
Adipokines and Triglycerides Levels in Cholesterol-Rich Diet

Rabbit Model

Maciej Danielewski "*{, Alicja Z. Kucharska 2", Agnieszka Matuszewska 1"/, Andrzej Rapak 3{,

Agnieszka Gomulkiewicz

Jan Magdalan !, Narcyz Piérecki ®7, Adam Szelag !

check for

updates
Citation: Danielewski, M.;
Kucharska, A.Z.; Matuszewska, A.;
Rapak, A.; Gomutkiewicz, A.;
Dzimira, S.; Dziegiel, P.; Nowak, B.;
Trocha, M.; Magdalan, J.; et al.
Cornelian Cherry (Cornus mas L.)
Iridoid and Anthocyanin Extract
Enhances PPAR-«, PPAR-y
Expression and Reduces I/M Ratio in
Aorta, Increases LXR-a Expression
and Alters Adipokines and
Triglycerides Levels in
Cholesterol-Rich Diet Rabbit Model.
Nutrients 2021, 13, 3621. https://
doi.org/10.3390/nu13103621

Academic Editor: LaVerne L. Brown

Received: 13 September 2021
Accepted: 14 October 2021
Published: 16 October 2021

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

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/ licenses /by /
4.0/).

, Stanistaw Dzimira 50, Piotr Dziegiel *(, Beata Nowak ', Malgorzata Trocha 17,
6 and Tomasz Sozariski !

Department of Pharmacology, Wroclaw Medical University, J. Mikulicza-Radeckiego 2,

50-345 Wroclaw, Poland; agnieszka.matuszewska@umed.wroc.pl (A.M.); beata.nowak@umed.wroc.pl (B.N.);
malgorzata.trocha@umed.wroc.pl (M.T.); jan.magdalan@umed.wroc.pl (J.M.);

adam.szelag@umed.wroc.pl (A.S.); tomasz.sozanski@umed.wroc.pl (T.S.)

Department of Fruit, Vegetable, and Plant Nutraceutical Technology,

Wroclaw University of Environmental and Life Sciences, ]. Chelmonskiego 37, 51-630 Wroctaw, Poland;
alicja.kucharska@upwr.edu.pl

Hirszfeld Institute of Inmunology and Experimental Therapy, Polish Academy of Sciences, R. Weigla 12,
53-114 Wroclaw, Poland; andrzej.rapak@hirszfeld.pl

Department of Human Morphology and Embryology, Wroclaw Medical University, T. Chalubinskiego 6a,
50-368 Wroclaw, Poland; agnieszka.gomulkiewicz@umed.wroc.pl (A.G.); piotr.dziegiel@umed.wroc.pl (P.D.)
Department of Pathology, Wroctaw University of Environmental and Life Sciences, C. K. Norwida 31,
50-375 Wroclaw, Poland; stanislaw.dzimira@upwr.edu.pl

Bolestraszyce Arboretum and Institute of Physiography, Bolestraszyce 130, 37-722 Wyszatyce, Poland;
npiorecki@ur.edu.pl

Institute of Physical Culture Sciences, Medical College, University of Rzeszéw, Towarnickiego 3,

35-959 Rzeszow, Poland

Correspondence: maciej.danielewski@umed.wroc.pl

Abstract: Cornelian cherry (Cornus mas L.) fruits possess potential cardiovascular, lipid-lowering and
hypoglycemic bioactivities. The aim of this study is to evaluate the influence of resin-purified cor-
nelian cherry extract rich in iridoids and anthocyanins on several transcription factors, intima/media
ratio in aorta and serum parameters, which determine or are valuable indicators of the adverse
changes observed in the course of atherosclerosis, cardiovascular disease, and metabolic syndrome.
For this purpose, male New Zealand rabbits were fed a diet enriched in 1% cholesterol for 60 days.
Additionally, one group received 10 mg/kg b.w. of cornelian cherry extract and the second group
50 mg/kg b.w. of cornelian cherry extract. PPAR-« and PPAR-y expression in the aorta, LXR-
expression in the liver; cholesterol, triglycerides, adipokines, apolipoproteins, glucose and insulin
levels in serum; the intima and media diameter in the thoracic and abdominal aorta were determined.
Administration of cornelian cherry extract resulted in an enhancement in the expression of all tested
transcription factors, a decrease in triglycerides, leptin and resistin, and an increase in adiponectin
levels. In addition, a significant reduction in the I/M ratio was observed for both the thoracic and
abdominal aorta. The results we have obtained confirm the potential contribution of cornelian cherry
extract to mitigation of the risk of developing and the intensity of symptoms of obesity-related
cardiovascular diseases and metabolic disorders such as atherosclerosis or metabolic syndrome.

Keywords: cornelian cherry; iridoids; anthocyanins; transcription factors; adipokines; triglycerides;
aorta; atherosclerosis; metabolic syndrome
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1. Introduction

There are many groups of plant compounds with proven curative effects on the body.
These include, among others, iridoids and anthocyanins. Both groups affect positively espe-
cially the function of the cardiovascular system and the liver. Up to this date cardiovascular,
hypoglycemic, hypolipidemic, antihepatotoxic, choleretic, anti-inflammatory, antispasmodic,
antitumor, antiviral, immunomodulatory and purgative activities of iridoids [1,2] and anti-
oxidative, antimicrobial, anti-inflammatory, anti-aging, lipid-lowering, anti-diabetic, anti-
cancerous, and anti-obesity activities of anthocyanins were reported [3-6].

One of the valuable sources of both iridoids and anthocyanins is the cornelian cherry
fruits. Cornus mas L., from the Cornaceae family, is a branchy shrub or small tree, native to
central and south-eastern Europe and western Asia. In addition to iridoids and anthocyanins,
cornelian cherry fruits contain also other flavonoids (e.g., flavonols), phenolic acids, terpenoids
(ursolic acid), carotenoids and organic acids [7-10]. Due to the significant content of the
iridoids and anthocyanins, cornelian cherry fruits may play an important role in the prevention
and treatment of many diseases of the cardiovascular system and the liver [11,12].

The excess level of cholesterol, often resulting from improper diet and lack of ade-
quate physical activity contributes to the development of hyperlipidemia and then possible
atherosclerosis, metabolic syndrome, hypertension or cardiovascular disease (CVD) [13-16].
Cholesterol overabundance, broaden by frequently accompanying chronic inflammation, can
also lead to aortic dysfunctions, which in extreme cases may result in the aortic aneurysm or
aortic valve insufficiency [17,18]. Noticeable alterations in the levels of compounds important
for lipid metabolism and transport, e.g., adipokines, as well as changes in the expression of
transcription factors, such as peroxisome proliferator-activated receptors (PPARs) and liver X
receptors (LXRs) are also observed [19-21].

The previous findings [4,22-24] showed that cornelian cherry fruits are a prospectively
valuable source of chemicals that can play an exploitable role in preventing adverse changes
in the cardiovascular system, including the aorta and also the liver. However, the impact of
cornelian cherry’s iridoids and anthocyanins on transcription factors that play an important
role in lipid and cholesterol metabolism, and also on many serum parameters crucial in the
development and diagnostics of cardiovascular and liver diseases, is not fully explored.

The aim of this study is to determine and compare whether and to what extent two dif-
ferent doses of resin-purified cornelian cherry extract (10 mg per kilogram of body weight
or 50 mg per kilogram of body weight) have an effect on the expression of peroxisome
proliferator-activated receptor-a (PPAR-w), peroxisome proliferator-activated receptor-y
(PPAR-y) in the aorta, and liver X receptor-« (LXR-x) in the liver; on serum levels of
leptin, adiponectin, resistin, glucose, insulin and selected lipoproteins and apolipoproteins
(Apos); and on aortal intima/media ratio (histopathological changes) in the rabbit model.
We also try to compare changes in blood markers-those that play an important role in
clinical practice in predicting and assessing the risk and progression of cardiovascular and
metabolic diseases-with molecular and histopathological changes in target organs. So far,
to our knowledge, no one has studied these features so thoroughly, and we believe that our
results may constitute another important step towards full determination of the therapeutic
value of cornelian cherry fruits and their potential use in the prophylaxis and therapy of
cardiovascular diseases.

2. Materials and Methods
2.1. Animal Model

Fifty sexually mature male New Zealand rabbits aged 8 months to 1 year were used
in the experiment. The animals were housed in individual chambers with temperatures
maintained at 21-23 °C. Rabbits were acclimated, weighed and observed for four weeks prior
to the beginning of the sixty-day study. Then, they were randomly divided into 5 groups
of 10 animals. The animals in group P were fed the standard complete formula for rabbits.
Animals in other groups: CHOL, EXT 10, EXT 50 and SIMV 5 were fed with the above-
mentioned mixture enriched in 1% cholesterol. During the experiment, rabbits had ad libitum
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water access and received the same daily portion of chow (40 g/kg). Once-daily, in the
morning, for the consecutive 60 days of the study, the following substances were administered
orally to the rabbits: groups P and CHOL-normal saline solution, group EXT 10-Cornus mas
L. extract 10 mg per kg b.w., group EXT 50-Cornus mas L. extract 50 mg per kg b.w., group
SIMV 5-simvastatin 5 mg per kg b.w. The feeding schema is presented in Table 1.

Table 1. Experimental groups, feeding plan and scheduled administration of tested substances.

Group Chow Tested Substance Dlose of Tusted
Substance
P standard chow none none
0,
CHOL standard chow + 1% — SGHe
cholesterol
standard chow + 1% .
EXT 10 holesteral cornelian cherry extract 10 mg/kg b.w.
standard chow + 1% .
EXT 50 cholesterol cornelian cherry extract 50 mg/kg b.w.
SIMV 5 standard chiow + 1% simvastatin 5mg/kg b.w.

cholesterol

Blood samples were collected before and after 60 days of the experiment from each
animal, from the margin vein of the ear or the saphenous vein. At the end of a study,
the rabbits were euthanized with terminal anesthesia, using Morbital® (Biowet, Putawy,
Poland; 1 mL of the drug contains 133.3 mg of sodium pentobarbital and 26.7 mg of
pentobarbital) at a dose of 2 mL/kg given intraperitoneally (i.p.). The aortas and livers
were then harvested and cleaned, and afterward frozen and stored at the temperature of
—70 °C for further examination.

2.2. Chemicals and Materials

Acetonitrile, methanol, and formic acid were purchased from Sigma-Aldrich (Stein-
heim, Germany). Loganic acid, p-coumaric acid, caffeic acid, ellagic acid, quercetin 3-O-
glucoside, kaempferol 3-O-glucoside, and cyanidin 3-O-glucoside were purchased from
Extrasynthese (Lyon Nord, France).

2.3. Plant Materials and Preparation of Extract

Cornelian cherry (Cornus mas L.) fruits were assembled in the Bolestraszyce Arboretum
and Institute of Physiography, Poland. Before analysis, fruits were stored in a falcon tube
at —20°C. A plant herbarium specimen (BDPA 3 967) was authenticated and deposited in
the Herbarium of the Bolestraszyce Arboretum and Institute of Physiography, Poland. The
preparation of a resin-purified cornelian cherry extract (EXT) was previously described by
Nowak et al. [25]. The quantitative composition of iridoids and polyphenols in the EXT is
shown in Figure 1.
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Figure 1. Iridoids and polyphenols (anthocyanins, phenolic acids, and flavonols) content in the purified cornelian cherry ex-
tract. Abbreviations: LA-loganic acid, Co-cornuside; Df 3 gal-delphinidin 3-O-galactoside; Cy gal-cyanidin 3-O-galactoside;
Cy rob—cyanidin 3-O-robinobioside; Pg gal-pelargonidin 3-O-galactoside; Pg rob—pelargonidin 3-O-robinobioside; Cy—
cyanidin; Pg-pelargonidin; Cahex—caffeoylhexoside; p-CuQA 1-p-coumaroilquinic acid 1; CaQA-caffeoylquinic acid;
p-CuA-p-coumaric acid; p-CuQA 2-p-coumaroilquinic acid 2; p-CuQA 3-p-coumaroilquinic acid 3; EA-ellagic acid; Q
glrd—quercetin 3-O-glucuronide; Q glc—quercetin 3-O-glucoside; Kf gal-kaempferol 3-O-galactoside; Kf glrd—kaempferol

3-O-glucuronide.

2.4. Quantification of Compounds by HPLC-PDA

The assay of iridoids and anthocyanins was carried out according to the method
described by Kucharska et al. [26], with a Dionex HPLC system (Germering, Germany)
equipped with the Ultimate 3000 model diode array detector. The Cadenza Imtakt column
CD-C18 (75 x 4.6 mm, 5 um) was used. The mobile phase was a mixture of 4.5% aq. formic
acid, v/v (A) and 100% acetonitrile (B), flowing at 1.0 mL min — 1 under gradient elution
conditions: 0-1 min 5% B in A, 1-20 min 25% B in A, 20-26 min 100% B, 26-30 min 5% B
in A. Iridoids were monitored at wavelengths of 245 nm, ellagic acid at 254 nm, phenolic
acids at 320 nm, flavonols at 360 nm, and anthocyanins at 520 nm. Iridoids were quantified
as loganic acid, anthocyanins as cyanidin 3-O-glucoside, phenolic acids as p-coumaric
acid, caffeic acid, and ellagic acid, flavonols as quercetin 3-O-glucoside and kaempferol
3-O-glucoside.

2.5. Measurement of Physical and Biochemical Parameters

The bodyweight of the rabbits was determined using a precision scale (Radwag,
Radom, Poland). The serum levels of total cholesterol (TC) and triglycerides (TGs) were
estimated based on calorimetric, enzymatic methods. High-density lipoprotein (HDL-C)
and low-density lipoprotein cholesterols (LDL-C) were measured using calorimetric, direct
methods (ABX Pentra 400, Horiba Ltd., Kyoto, Japan). Glucose levels were determined
using the Trinder glucose activity test (ABX Pentra 400, Horiba Ltd., Kyoto, Japan).
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2.6. Quantification of Adiponectin, Leptin, Resistin, Apolipoproteins (A1, B100, E), and Insulin by
Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA method was used in the determination of adiponectin (ELISA kit for Rabbit
ADP/Acrp30, ERB0002, Fine Test, Wuhan Fine Biotech Corp., Wuhan, China), leptin
(Rabbit Leptin ELISA Kit, CSB-E06971Rb, Cusabio Technology LLC, Houston, TX, USA),
resistin (Rabbit Resistin ELISA kit, ERB0105, Fine Test, Wuhan Fine Biotech Corp., Wuhan,
China), apolipoprotein A1 (ELISA kit for Rabbit Apolipoprotein A1, ERB0009, Fine Test,
Wuhan Fine Biotech Corp., Wuhan, China), apolipoprotein B100 (ELISA kit for Rabbit
Apolipoprotein B100, ERB0010, Fine Test, Wuhan Fine Biotech Corp., Wuhan, China),
apolipoprotein E (ELISA kit for Rabbit Apolipoprotein E, ERB0014, Fine Test, Wuhan Fine
Biotech Corp., Wuhan, China), and insulin (Rabbit Insulin ELISA kit, 90186, Crystal Chem
Inc., Elk Grove Village, IL, USA) levels, according to manufacturer’s instructions. All
concentrations were expressed as ng/mL or mmoL/L.

2.7. Histopathological Assessment of the Thoracic and Abdominal Aorta

The material fixed in buffered 7% formalin was embedded in paraffin and cut into 4 pm
sections which were stained by the routine hematoxylin-eosin method. The preparations
were viewed without knowing the division into the control group and experimental groups.
Microscopic analysis was performed using the Olympus BX53 light microscope coupled
with Olympus UC90 camera. The intima and media thickness measurements were made
using a cellSens standard V1 software. Photos were made at an enlargement of 100x or
200x, the scale shown in the photo is 50 um or 100 um.

2.8. RNA Isolation, Reverse Transcription and Real-Time PCR

Total RNA was isolated from studied tissue samples with RNeasy Fibrous Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. To eliminate genomic
DNA contamination, on-column DNase digestion was performed using RNase-Free DNase
Set (Qiagen, Hilden, Germany). Quantity and purity of RNA samples were assessed by
measuring the absorbance at 260 and 280 nm with NanoDrop1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was synthesized using
the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA,
USA) as described in the protocol. The mRNA expression of PPAR-« and PPAR-y was
determined by quantitative real-time PCR with 7500 Real-Time PCR System and Power
SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA). Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as the reference gene. The reactions were
performed with RT? qPCR Primer Assay for Rabbit PPAR-« (PPN13311A, Qiagen, Hilden,
Germany), PPAR-y (PPN05175A, Qiagen, Hilden, Germany), and GAPDH (PPN00377A,
Qiagen, Hilden, Germany). All reactions were performed in triplicates under the following
conditions: activation of the polymerase at 50 °C for 2 min, initial denaturation at 94 °C for
10 min and 40 cycles of denaturation at 94 °C for 15 s followed by annealing and elongation
at 60 °C for 1 min. The specificity of the PCR was determined by melt curve analysis for
each reaction. The relative mRNA expression of the examined factors was calculated with
the AACt method.

2.9. Western Blotting of LXR- Expression

Rabbit livers were homogenized in buffer containing 25 mM Tris pH 7.5, 50 mM NaCl,
1% NP-40 and protease inhibitors set. After centrifugation, the clear supernatant was
mixed with the SDS sample buffer, boiled at 95 °C for 5 min and subjected to SDS-PAGE
on 12% gel. The resolved proteins were transferred to the PVDF membrane (Thermo Fisher
Scientific, Waltham, MA, USA) using semi-dry transfer. After the transfer, the membrane
was blocked with 1% casein in TBS at 4 °C, overnight, and then incubated with 1 pug/mL of
antibody anti-LXR- (NR1H3/LXR Alpha Antibody LS-B3526-50, LifeSpan Biosciences Inc.,
Seattle, WA, USA) and beta-actin C-04 (Santa Cruz Biotechnology Inc., Dallas, TX, USA) at
room temperature for 1 h, followed by secondary horseradish peroxidase-labeled antibody
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(Dako, Agilent, Santa Clara, CA, USA). The bounded antibodies were visualized using the
West-Pico blotting detection system (Thermo Fisher Scientific, Waltham, MA, USA). The
blots were scanned, and the optical density of bands was analysed with Image J software.

2.10. Statistical Analysis

Parametric data were expressed as mean + standard deviation (mean 4 SD). The
statistical analysis was conducted using the Statistica v. 13.3 software (TIBCO Software
Inc., Palo Alto, CA, USA). The normality of all continuous variables was verified with the
Shapiro-Wilk test. One-way analysis of variance (ANOVA) with least significant difference
(LSD) Fisher’s post hoc test was performed for a comparison involving 3 or more groups.
The p-values < 0.05 were considered statistically significant. Graphical representations of
the statistical data were created using the Statistica v. 13.3 software (TIBCO Software Inc.,
Palo Alto, CA, USA).

3. Results

We have studied the effects of the oral administration of resin-purified cornelian cherry
extract on mRNA expression of PPAR-« and PPAR-y in the aorta and LXR-x expression
in hepatocytes. We have indicated the levels of various parameters in the serum, and we
conducted also a histopathological analysis of the intima-media ratio in the thoracic and
abdominal aorta.

3.1. Body Weight and Serum Lipid Levels

Firstly, we assessed the change in body weight of the rabbits. On day 60 (the last day
of the study), we observed an increase in average body weight among all study groups.
The highest increase in average body weight was noted in the SIMV 5 group and the CHOL
group. The smallest weight gain compared to the control group was recorded in the EXT
50 group. Summary data are presented in Table 2.

Table 2. Rabbit average weight on days 0 and 60 and weight change during the study.

Average Weight (kg) Weight Weight Change in Weight Change in Weight
Group [Mean + 5D] Changge (kg) Changge (%) Gain in Comparison  Gain in Comparison
Day 0 Day 60 to P Group (%) to CHOL Group (%)

P 3.203 £0.338  3.380 + 0.305 0.177 5.53 0 —57.14
CHOL 3.117 £0.453  3.530 £ 0.377 0.413 13.25 133.33 0
EXT 10 3.315+£0.320  3.696 + 0.367 0.381 11.49 115.25 -7.75
EXT 50 3.161 £0.434  3.475 £ 0.422 0.314 9.93 77.40 -23.97
SIMV 5 2975 +0249  3.395+0.274 0.420 14.12 137.29 1.69

In quantification of serum lipid levels, a significant increase in the total cholesterol
level was observed in the CHOL group compared to the P group. In both groups fed with
the cholesterol diet with the cornelian cherry extract, a slightly smaller increase in TC levels
was observed (compared to the P group), but only in the simvastatin group, the change
was statistically significant (p < 0.001). In the case of the LDL-C fraction, an identical trend
was observed, while in the HDL-C level evaluation the alterations were negligible. On the
contrary, the measurement of triglycerides showed significant decreases in their levels in
all three research groups (EXT 10 p = 0.036; EXT 50 p = 0.002; SIMV 5 p < 0.001) (Figure 2).
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Figure 2. Serum lipid levels. (A) total cholesterol, (B) LDL cholesterol, (C) HDL cholesterol, and (D) triglycerides levels on
day 60. of the study. P-standard chow; CHOL-standard chow + 1% cholesterol; EXT 10-standard chow + 1% cholesterol +
cornelian cherry extract 10 mg/kg b.w.; EXT 50-standard chow + 1% cholesterol + cornelian cherry extract 50 mg/kg b.w.; SIMV

5-standard chow + 1% cholesterol + simvastatin 5 mg/kg b.w. Values are presented as mean + SD.

{3 ) <0.05 vs. CHOL.

3.2. Expression of PPAR-a and PPAR-7y in the Aorta and LXR-w in the Liver

Feeding a cholesterol-rich diet compared to the baseline caused a decrease in the
mRNA expression of PPAR-x and PPAR-y in the aorta, while uptake of cornelian cherry
extract led to an increase in the expression of both transcription factors, wherein receiving
of 10 mg/kg b.w. extract changed significantly the expression of PPAR-«x (p = 0.035)
and receiving of 50 mg/kg b.w. extract changed significantly the expression of PPAR-y
(p=0.031).

Using the Western blot method with bands optical density assessment, we deter-
mined the expression of another transcription factor-liver X receptor alpha-LXR-«. The
cholesterol diet slightly decreased, while the consumption of cornelian cherry extract
significantly induced the LXR-«x expression, with a greater effect observed in the group
receiving 10 mg/kg b.w (p = 0.001, in comparison to p = 0.007 in EXT 50 group), while the
greatest augmentation was noted in the SIMV 5 group (p < 0.001) (Figure 3).
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Figure 3. Expression of transcription factors. (A) PPAR-« in aorta, (B) PPAR-y in aorta, (C) LXR-« in liver. P-standard chow;
CHOL-standard chow + 1% cholesterol; EXT 10-standard chow + 1% cholesterol + cornelian cherry extract 10 mg/kg b.w.;
EXT 50-standard chow + 1% cholesterol + cornelian cherry extract 50 mg/kg b.w.; SIMV 5-standard chow + 1% cholesterol

+ simvastatin 5 mg/kg b.w. Values are presented as mean =+ SD. G p <0.05vs. CHOL.

3.3. Adipokines Serum Levels

In the case of leptin serum level, a beneficial effect of cornelian cherry extract was
observed in both dosing regimens—in both cases, changes were statistically significant
(respectively p=0.011 and p = 0.003). On the other hand, in the measurement of adiponectin,
the beneficial effect of the extract was also observed for both dosing regimens, but only
for the amount of 50 mg/kg b.w. the changes were statistically significant (p = 0.027). The
positive effect of cornelian cherry extract on the serum level of resistin was also confirmed.
Administration in the amount of 10 mg/kg b.w. caused a significant change (p = 0.032) in
the level of resistin compared to the CHOL group (Figure 4).
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Figure 4. Concentrations of adipokines. (A) leptin, (B) adiponectin and (C) resistin. P-standard chow; CHOL-standard
chow + 1% cholesterol; EXT 10-standard chow + 1% cholesterol + cornelian cherry extract 10 mg/kg b.w.; EXT 50-standard
chow + 1% cholesterol + cornelian cherry extract 50 mg/kg b.w.; SIMV 5-standard chow + 1% cholesterol + simvastatin

5mg/kg b.w. Values are presented as mean + SD. O p <0.05vs. CHOL.

3.4. Apolipoproteins, Glucose and Insulin Levels

Other investigated parameters were the levels of selected apolipoproteins, i.e., protein
fragments of lipoproteins that are responsible for lipid binding. The results for apolipoprotein
A1, B100 and E were determined. In the case of Apo Al and B100, we observed a certain
favorable tendency caused by the oral intake of cornelian cherry extract, but the obtained
changes did not turn out to be statistically significant (Figure 5). In turn, measurement of Apo
E showed opposite effects of two studied doses, a slight decrease in Apo E level by 10 mg/kg
b.w. dosage and a slight increase in Apo E level by 50 mg/kg b.w. dosage. Examination of
glucose and insulin levels also did not show a significant result (Figure 6), similarly to the
measurement of the insulin resistance index (HOMA-IR) (Table 3).
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Figure 5. Concentrations of apolipoproteins. (A) apolipoprotein A1, (B) apolipoprotein B100 and (C) apolipoprotein E.
P-standard chow; CHOL-standard chow + 1% cholesterol; EXT 10-standard chow + 1% cholesterol + cornelian cherry
extract 10 mg/kg b.w.; EXT 50-standard chow + 1% cholesterol + cornelian cherry extract 50 mg/kg b.w.; SIMV 5-standard
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chow + 1% cholesterol + simvastatin 5 mg/kg b.w. Values are presented as mean =+ SD. O p <0.05vs. CHOL.

3.5. Intima, Media and I/M Ratio in the Thoracic and the Abdominal Aorta

In the histopathological examination of the thoracic aorta, favorable changes were
observed in all groups fed with the assessed compounds, compared to the CHOL group, in
which a considerable increase in the diameter of the artery wall was noted. In a complex
approach (intima + media), a meaningful reduction in thickness was observed in all three
research groups (respectively: p = 0.001, p = 0.009, and p < 0.001). This change particularly
pertained to the intima (a significant decrease in all three groups), and to a lesser extent
the media (a valuable alteration only in the EXT 10 group). In turn, the measurement of
the I/M ratio indicated the EXT 50 (p = 0.025) and SIMV 5 (p = 0.008) groups as those with
the most favorable changes (Figure 7). Moreover, in the histopathological examination
of the abdominal aorta, in the collective approach (intima + media), an increase in the
wall thickness in the CHOL group and a downward trend in the research groups (the
most vivid in the SIMV 5 group-p < 0.001) were also observed. The alterations again were
particularly visible in the intima assessment (all three groups p < 0.001), while in the case
of the media, the changes were not statistically meaningful, and in the groups fed with the
cornelian cherry extract even an increase in thickness was noted. However, the I/M ratio
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in both the extract and simvastatin groups showed a significantly positive reduction in

value (p < 0.001) (Figure 8).
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Figure 6. Concentrations of (A) glucose and (B) insulin. P-standard chow; CHOL-standard chow + 1% cholesterol; EXT
10-standard chow + 1% cholesterol + cornelian cherry extract 10 mg/kg b.w.; EXT 50-standard chow + 1% cholesterol +
cornelian cherry extract 50 mg/kg b.w.; SIMV 5-standard chow + 1% cholesterol + simvastatin 5 mg/kg b.w. Values are

presented as mean == SD. O p <0.05vs. CHOL.

Table 3. Mean insulin resistance (HOMA-IR) index on day 60.

Group P CHOL EXT 10 EXT 50 SIMV 5
HOMA-IR 248 3.58 3.19 2.90 2.73
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Figure 7. Cont.
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Figure 7. Intima and media thickness, and the intima/media ratio in the thoracic aorta. (A) intima + media thickness,
(B) intima thickness, (C) media thickness, and (D) I/M ratio. P-standard chow; CHOL-standard chow + 1% cholesterol;
EXT 10-standard chow + 1% cholesterol + cornelian cherry extract 10 mg/kg b.w.; EXT 50-standard chow + 1% cholesterol
+ cornelian cherry extract 50 mg/kg b.w.; SIMV 5-standard chow + 1% cholesterol + simvastatin 5 mg/kg b.w. Values are

presented as mean =+ SD. o] p <0.05 vs. CHOL. Representative cross-sections of the thoracic aorta segments, stained with
hematoxylin-eosin in the (E) P group, (F) CHOL group, (G) EXT 10 group, (H) EXT 50 group and (I) SIMV 5 group.
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Figure 8. Intima and media thickness, and the intima/media ratio in the abdominal aorta. (A) intima + media thickness,
(B) intima thickness, (C) media thickness, and (D) I/M ratio. P-standard chow; CHOL-standard chow + 1% cholesterol;
EXT 10-standard chow + 1% cholesterol + cornelian cherry extract 10 mg/kg b.w.; EXT 50-standard chow + 1% cholesterol
+ cornelian cherry extract 50 mg/kg b.w.; SIMV 5-standard chow + 1% cholesterol + simvastatin 5 mg/kg b.w. Values are

presented as mean = SD. O p <0.05 vs. CHOL. Representative cross-sections of the abdominal aorta segments, stained
with hematoxylin-eosin in the (E) P group, (F) CHOL group, (G) EXT 10 group, (H) EXT 50 group and (I) SIMV 5 group.

4. Discussion

The main conclusion of our study is that oral administration of resin-purified cornelian
cherry extract has a positive effect on factors that may contribute to the development of
atherosclerosis-related cardiovascular disorders and these effects are at least partially
evoked by changes in the expression of transcription factors in the aorta and liver. The key
findings are that cornelian cherry extract increases expression of PPAR-« and PPAR-y in
the aorta, and LXR-a expression in hepatocytes. It also decreases the serum levels of leptin,
resistin and triglycerides, concomitantly enhancing the level of adiponectin. Moreover, the
extract has a positive impact on histopathological changes in the thoracic and abdominal
aorta, reducing the I/M ratio. All the observed effects contribute to the limitation of the
occurrence of functional and metabolic disorders, which may result in cardiovascular
diseases such as atherosclerosis or metabolic syndrome.

As the greatest limitation of our work, we consider the lack of assessment of the
extract’s influence on the activity of particularly important target genes for the tested
transcription factors. In addition, an increased incidence of cardiovascular diseases and
metabolic syndrome is often associated with the Western diet, which apart from being
rich in saturated fat and cholesterol, is also characterized by excess carbohydrates and low
amounts of fiber. Therefore, the model of animal feeding adopted in our study may not
have an unequivocal transfer to the conditions of an actual human diet. Nevertheless, the
high-cholesterol feeding allowed us to study the effect of one isolated harmful factor and
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the possible protective effect of a diet rich in anthocyanins and iridoids as well as provide
a basis for further investigations.

Obesity is a condition conducive to the development of diseases of the cardiovascular
system. Furthermore, obesity is also associated with an increased risk of all-cause and CVD
mortality. Weight reduction is one of the first recommendations and the most important
steps to reduce that risk [27,28]. The anthocyanins and iridoids contained in cornelian
cherry extract may limit weight gain in a cholesterol-rich diet. Although during the study
we observed an increase in body weight in each of the research groups, the gain was to
some extent smaller in the EXT 10 and EXT 50 groups. This effect was especially noticeable
in the group receiving the higher dose of the extract, where the weight increase was lower
by almost 24% compared to the weight increase in the group fed with a cholesterol diet.
Weight loss or reduction of weight gain as an effect of iridoids [29-32] and anthocyanins
[33-36] were also observed in other research models. This also applied to models in which
compounds from active extract groups were tested, e.g., loganic acid [37], cyanidin [38] or
pelargonidin [39]. What distinguishes our research model from quoted studies, is that it
was conducted not on commonly tested rats or mice, but on rabbits-nonrodents that share
much more similar lipid metabolic pathways with humans. This may confirm that the
positive effect of a diet rich in iridoids and anthocyanins may limit weight gain regardless
of species, thereby demonstrating potential efficacy in humans.

Determination of serum lipid levels showed particularly favorable changes in the case
of triglycerides. Both in the EXT 10 and EXT 50 groups, there was a statistically significant
reduction in the level of TGs compared to the CHOL group. This is highly likely related to
the enhanced expression of PPAR-x and PPAR-y-also demonstrated in our previous studies
in the liver [4,22], which activate genes responsible, inter alia, for lipolysis of triglycerides
to free fatty acids [40,41]. The elevated concentration of adiponectin in the extract groups
may also contribute to this. In turn, in the case of cholesterol levels, both in TC, HDL-C
and LDL-C fractions, a certain positive effect of the extract was observed (lowering TC
and LDL-C, increasing HDL-C levels), but these changes were relatively small, lesser than
observed in the positive control group receiving simvastatin. Other publications reported a
more significant effect of iridoids and anthocyanins on plasma/serum cholesterol levels
[42-47]. However, the qualitative composition of iridoids and anthocyanins in mentioned
research models, as well as laboratory animal selection, differed from the composition of
the cornelian cherry extract and our animal model.

There are five known transcription factors, that play a crucial role in lipid and choles-
terol metabolism: liver X receptor-«, peroxisome proliferator-activated receptor-«, perox-
isome proliferator-activated receptor-y, CCAAT/enhancer-binding protein « (C/EBP«),
and sterol regulatory element-binding protein 1c (SREBP-1c) [48]. We assessed the expres-
sion levels of PPAR-« and PPAR-y mRNA in the aorta and LXR-a in hepatocytes.

In both groups fed with the extract, we observed an enhancement in the expression of
PPAR-x and PPAR-y. Interestingly, the increase in expression differed from the dose of
the extract used-a dose of 10 mg/kg b.w. caused a greater increase in PPAR-o expression,
while the dose of 50 mg/kg b.w. in PPAR-y. While the increase in PPAR-o expression can
rather be evidently associated with a positive effect on cholesterol and lipid metabolism,
the effect of PPAR-y is not so unequivocal. PPAR-« is responsible for the catabolism and
intracellular transformations of lipids, through the regulation of the transcription of mul-
tiplicitous genes, including acyl-CoA-oxidase, carnitine palmitoyl transferase (CPT) and
several CYP4As. PPAR-« is closely related with fatty acid B-oxidation in the peroxisomes
and mitochondria, and w-oxidation in the microsomes. It was also proven that it modu-
lates both acute and chronic inflammation [49-53]. In turn, PPAR-y plays an important
role in the differentiation and maturation of adipocytes, promotes fat storage in white
adipose tissue and increases the tissues’ sensitivity to insulin, which leads to a decrease
in extracellular glucose levels [49,52,54]. PPAR~y lowers the transcription of, among oth-
ers, adipocyte fatty acid-binding protein (aP2), which is responsible for the intracellular
binding of fatty acids [55] and lipoprotein lipase (LPL), which regulates the hydrolysis of
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triglycerides [56,57]. It also enhances the transcription of i.a. fatty acid transporter (FATP),
which adjusts transport of fatty acids inside the cells [58], fatty acid-binding protein (L-
FABP), which participates in adipogenesis, transport and storage of fatty acids [59]. At the
same time, PPAR-y increases transcription of Acyl-CoA synthetase (lipogenesis and/or
catabolism of lipids) [60], ATP-binding cassette G1 (ABCG1), which regulates the transport
of cholesterol and phospholipids to macrophages [61], ATP-binding cassette transporter A1
(ABCAT1) [62], and also adipocyte-related complement protein 30 (Acrp30), which decrease
the concentration of glucose, triclycerides and free fatty acids [40]. Therefore, an enhance-
ment of PPAR-y expression can cause both positive and negative changes—it all depends
on the expression of which of the target genes is activated. In our study, the increase in
PPAR-y expression was accompanied by a mitigation of the intensity of intima/media
adverse changes, so it can be associated with a positive vascular effect. We observed a
significant reduction in intima diameter in both the thoracic and abdominal aorta. This
also translated into favorable I/M ratio results. We can thus hypothesize that the increase
in both investigated PPARs expression in the aorta may contribute to limited arterial wall
thickening observed in the course of atherosclerosis.

For LXR-o expression, it was the 10 mg/kg b.w. dose that caused a bigger augmen-
tation of expression. This may suggest that a proper dose selection is particularly crucial
in achieving the potential full therapeutic effect of the cornelian cherry extract, also in
humans. Liver X receptor-« reverses transportation of cholesterol to peripheral tissues and
transports the excess cholesterol into the liver, reduces cholesterol absorption by intestinal
epithelial cells and directly induces the expression of the essential transcription factor for
lipid and cholesterol synthesis in the liver, SREBP-1c [48]. One of the most pivotal target
LXR-« genes is ATP-binding cassette transporter Al. LXR-« expression enhance leads to a
robust upregulation of ABCA1 in macrophages, intestine, and in the liver and the efflux of
cholesterol to apolipoprotein A1 and apolipoprotein E, which results in the formation of
high-density lipoproteins (HDL-C) [22,63]. Noteworthy, in the CHOL group there was no
increase in LXR-& expression, and even a slight decrease was noted. It seems that the most
presumable hypothesis explaining the lack of change in LXR-x expression is that the study
period was too brief to observe important alterations. However, since significant changes
in LXR-« expression were noted in the test groups, it can be hypothesized that the active
compounds contained in cornelian cherry extract activate LXR-x expression in the liver,
which has a positive effect on the metabolism of cholesterol.

There are previous reports describing the impact of iridoids and anthocyanins on
the expression of transcription factors crucial for cholesterol and lipid homeostasis [48,64].
However, none of these studies concerned the Cornus mas L. extract. Moreover, none of
the iridoid or anthocyanin surveys have evaluated the changes of PPARs expression in
the aorta and their consequences. Considering the results we have obtained, it seems
that potentially greater efficacy of the lower dose is a positive result, as it would be more
practical for technological development in the form of a drug, e.g., a tablet, which, due to
a lesser dose of the active substance, could be smaller and easier for administering. For
example: using the formula for dose translation based on BSA [65], calculated dose for
adult humans weighing 70 kgs would amount to 227 mg (3.24 mg/kg b.w.), which could
be easily compressed in the form of one tablet. As the results of our research are promising,
further studies, both determining the dose-effect dependency and conducted in the human
model, are necessary.

The adipose tissue secretes several mediators, called adipokines (e.g., adiponectin,
leptin, and resistin). Adipokines play an important regulatory function in various metabolic
processes and are involved in the development of metabolic diseases, such as type 2 diabetes
and cardiovascular diseases. High levels of leptin and resistin occurring in obese indi-
viduals, lead to the emergence of insulin resistance, whereas adiponectin may prevent
it [66,67]. Leptin is produced and secreted by the adipose tissue in direct relation to the
amount of body fat [68]. Circulating leptin positively reflects adipose tissue size, and
communicates energy storage status to the brain [69]. We observed a significant reduction
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of leptin levels in all research groups. The lowering effect of anthocyanins on leptin con-
centrations was confirmed in many studies [70-74]. Fewer data are available on iridoids.
Ishaq et al. hypothesize that asperuloside-iridoid glycoside found in many traditional
Chinese medicinal plants—-downregulates the gene expression of appetite regulators, i.a.
leptin, in the hypothalamus. It overstimulates taste buds signaling in response to high-fat
diet consumption leading to suppression of orexigenic signaling [32]. Contrarily, in the
case of loganin, an iridoid glycoside isolated from Cornus officinalis, an elevation of leptin
serum level in type 2 diabetic db/db mice was observed [75].

We noted a significant diminution in resistin level in EXT 10 group, in EXT 50 group
the effect was lesser. This is in line with our previous findings that a lower dose of the
extract could potentially prove to be more effective. There are not many sources describing
the effect of the tested compounds on the level of resistin. The reduction of its level in
the case of an anthocyanin-rich diet was observed in the rat [67] and mouse model [72].
However, we have not found a study evaluating this effect for iridoids. Resistin was shown
to play a pivotal role in various metabolic, inflammatory, and autoimmune diseases [76].
Increased resistin levels are associated with the pathogenesis of obesity-associated insulin
resistance and exert pro-inflammatory effects [77,78]. Resistin also appears to mediate the
pathogenesis of atherosclerosis by promoting endothelial dysfunction, vascular smooth
muscle cell proliferation, arterial inflammation, and the formation of foam cells [79]. There-
fore, we can hypothesize that a decrease in the level of resistin together with an increase in
PPAR-« and -y expression translates into the positive effects we observed, limiting adverse
changes in the aorta.

Measurement of adiponectin concentration showed the opposite dose-response result.
Although the smaller dose augmented the adiponectin level compared to the CHOL group,
a significantly beneficial effect of the 50 mg/kg b.w. dose was observed. An enhancement
in adiponectin levels was also noted in other studies, evaluating among others asperulo-
side [80], cyanidin-3-O-p-glucoside [81], an anthocyanin-rich tart cherry extract comprised
mainly of cyanidin glycosides [72] and cornelian cherry extract administered to humans,
but only with total anthocyanin-base standardization [82]. An increase in adiponectin quan-
tity is a desirable outcome since adiponectin is important homeostatic factor regulating
glucose levels, lipid metabolism, and insulin sensitivity through its anti-inflammatory, anti-
fibrotic, and antioxidant effects via two adiponectin receptors, AdipoR1 and AdipoR2 [83].
Circulating adiponectin levels are reduced in obese individuals, and it was proposed to
have a crucial role in the pathogenesis of atherosclerosis and cardiovascular diseases asso-
ciated with obesity and metabolic syndrome. Moreover, adiponectin concentration was
found to be correlated with lipoprotein metabolism, especially the high-density lipopro-
teins and triglycerides. Adiponectin appears to increase HDL-C and decrease TGs levels,
among others through activating ATP-binding cassette transporter Al and lipoprotein
lipase and decreasing hepatic lipase [84].

Despite our promising results for adipokines and transcription factors expression,
we did not obtain statistically significant outcomes for both glucose and insulin levels.
Similarly, the insulin resistance index (HOMA-IR) showed an observable positive trend,
but the changes were still in the over normative range. The above findings may hail
from species differences resulting from the applicated rabbit model and feeding pattern.
However, since the decrease in the value of the HOMA-IR index was, at least in two tested
doses, dose-dependent and increasing with its enhancement, it can be hypothesized that
the use of a higher dose of the extract may have a more beneficial effect. Although a
noticeable increase in HOMA-IR was observed in the CHOL compared to the P group, the
feeding schema used (diet enriched with 1% cholesterol) probably also slightly limited
the observed effects, because it did not take into account the high level of carbohydrates
characteristic for Western diet. The same tendency (dose-dependency) was observed in the
case of apolipoproteins, and determination of their levels also requires further research,
with various diet models as well as the higher dose or prolonged application of the extract.
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The overall positive effect of cornelian cherry extract on detrimental changes induced
by a cholesterol-rich diet was confirmed by a decrease in intima and media thickness and
the intima/media ratio in the thoracic and abdominal aorta observed in both groups (higher
efficacy in the EXT 50 group). Thickening of the arterial wall, especially of the intima layer, is
regarded as a risk-marker of atherosclerosis and is described as one of the earliest vascular
pathologies observed in microscopic assessment during atherogenesis [85]. Comparable
outcomes were obtained by Sozariski et al. in another Cornus mas fruits study [4,86].

In the end, it is worth noting that in the course of our study we did not observe any
adverse effects of cornelian cherry extract administration, regardless of the dose. Therefore,
future determinations, including elongated administration or, feasibly, higher doses of the
extract, promise a valuable application also in terms of its safety.

5. Conclusions

Oral administration of resin-purified cornelian cherry extract showed a diversified
contribution to the regression of pathological changes induced by a cholesterol-rich diet
in the rabbit model. The positive effects were mainly caused by the increased expression
of PPAR-« and PPAR-y in the aorta and LXR-x expression in hepatocytes, as well as a
significant impact on the concentration of adipokines—a decrease in the level of leptin
and resistin, and an increase in the level of adiponectin. Additionally, a reduction in the
thickness of the thoracic and abdominal aorta walls was observed, and a diminution of the
I/M ratio. Our study, to our knowledge, for the first time tested the influence of iridoids
and anthocyanins extract on PPARs expression in the aorta, and the rabbit model stood out
among the popularly used rats and mice models. The results we have obtained confirm
the potential contribution of cornelian cherry extract to mitigate the risk of developing
and the intensity of symptoms of obesity-related cardiovascular diseases and metabolic
disorders such as atherosclerosis or metabolic syndrome. Thus, cornelian cherry extract
may become a valuable resource for reducing the adverse effects caused by the Western diet
and constitute a promising pharmaceutical agent. However, further research, especially in
humans, is required to fully determine the properties of the extract.
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VII1. Podsumowanie i wnioski

W niniejszej rozprawie przeanalizowano dane literaturowe dotyczace wplywu irydoidow
1 antocyjanow na funkcje uktadu sercowo-naczyniowego i watroby oraz na ekspresje czynnikow
transkrypcyjnych istotnych dla metabolizmu lipidéw 1 cholesterolu, a takze oceniono wplyw
dwach dawek ekstraktu z owocOw derenia jadalnego na wybrane czynniki wplywajace na ryzyko
powiktan sercowo-naczyniowych w modelu kroliczym. W czeéci doswiadczalnej, zwierzeta
podzielono w spos6b randomizowany na 5 grup badawczych: grupe P — otrzymujgca
standardowa karme; grupe CHOL — otrzymujaca standardowa karmg + 1% cholesterol; grupg
EXT 10 — otrzymujaca standardowa karme + 1% cholesterol + ekstrakt z owocow derenia
jadalnego 10 mg/kg m.c.; grupe EXT 50 — otrzymujaca standardowg karme¢ + 1% cholesterol +
ekstrakt z owocOw derenia jadalnego 50 mg/kg m.c. oraz grup¢ SIMV 5 — otrzymujaca
standardowg karme + 1% cholesterol + simwastatyne 5 mg/kg m.c. Ocenie poddano wplyw
ekstraktu z owocOw derenia jadalnego na ekspresje PPAR-a i PPAR-y w aorcie i LXR-a
w watrobie, stezenia cholesterolu (catkowitego, HDL, LDL), trojglicerydéw, adipokin
(adiponektyny, leptyny, rezystyny), apolipoprotein (Al, B100, E), glukozy i insuliny, a takze
na zmiany histologiczne w $cianach aorty piersiowej i brzusznej.

Ekstrakt z owocoéw derenia zostal wybrany jako material badawczy, bowiem owoce
derenia jadalnego zawieraja stosunkowo duze ilosci zwigzkéw czynnych z grup irydoidow
i antocyjanow. Dokonany przeglad dostgpnej w tym temacie literatury potwierdzit, ze zwigzki
z grup irydoidow i antocyjanéw posiadajg bardzo szeroki terapeutyczny wptyw na funkcje
uktadu sercowo-naczyniowego i watroby, i mogg by¢ efektywnie wykorzystane w leczeniu ich
stanow patologicznych. W tym konteks$cie opisano dotychczas m.in. dziatanie hipotensyjne,
hipoglikemiczne, hipolipemiczne, przeciwzapalne i hepatoprotekcyjne irydoidéw i antocyjanow.
Prozdrowotne dziatanie tych zwigzkéw wynika gtéwnie z ich wlasciwosci antyoksydacyjnych.
Dziatanie to jest zarowno bezposrednie, m.in. poprzez eliminacj¢ reaktywnych form tlenu, jak
i posrednie, poprzez stymulacje systemow antyoksydacyjnych organizmu.

Wielokierunkowy, pozytywny wplyw irydoidow na czynniki sprzyjajace zaburzeniom
funkcji watroby 1 ukladu krazenia, m.in. na uwalnianie prozapalnych cytokin, stezenia
i aktywno$¢ niektorych enzymow i biatek (np. ALT, AST, AMPK — AMP-activated protein
kinase, ACC — Acetyl-CoA carboxylase, VCAM-1 — vascular cell adhesion molecule-1, ICAM-1
— intercellular adhesion molecule-1) czy tez metabolizm kwasow zoétciowych, wolnych kwasow
tluszczowych 1 glukozy, pozwala na rozpatrywanie ich jako wartosciowej opcji terapeutycznej

w leczeniu m.in. alkoholowego i niealkoholowego stluszczenia watroby, cholestazy, zwtdknienia
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watroby, miazdzycy czy choroby wiencowej. Podobnie jest w przypadku antocyjanéw, ktore
m.in. zmniejszaja aktywnos$¢ reduktazy 3-hydroksy-3-metyloglutarylokoenzymu A (reduktazy
HMG-CoA, HMG-CoA reductase), hamuja biatko transportujace estry cholesterolu (CETP,
cholesteryl ester transfer protein) oraz wptywajg na stezenia niektorych apolipoprotein i cytokin.

Zwiazki czynne z grup irydoidéw i antocyjanow wpltywaja takze w sposob istotny
na ekspresj¢ czynnikow transkrypcyjnych odgrywajacych kluczowsa role w metabolizmie lipidow
i cholesterolu, tj. LXR, PPAR-a i -y, SREBP i C/EBP. Potwierdzono, ze moga by¢ one
bezposrednimi ligandami tych receptoréw, w wigkszosci przypadkdw hamujac gléwne
adipogeniczne 1 lipogenne czynniki transkrypcyjne (SREBP 1 C/EBP) oraz aktywujac
te o przeciwnym dziataniu (LXR i PPAR-a). W przypadku PPAR-y wplyw irydoidow
i antocyjanéw w roznych modelach jest bardzo zroznicowany, a jednoznaczne okreslenie roli
tego czynnika w patogenezie chorob uktadu sercowo-naczyniowego i watroby nie jest proste,
bowiem pobudzenie tego receptora z jednej strony moze przyczynia¢ si¢ do ograniczenia stanu
zapalnego, ale z drugiej strony stymulowac lipogenezg.

W przeprowadzonym do$wiadczeniu stwierdzono pozytywny wplyw podawania
ekstraktu z owocow derenia jadalnego na ekspresje badanych czynnikow transkrypcyjnych,
stezenia wybranych markeréw surowicy krwi oraz zmiany histologiczne w $cianach aorty
piersiowej i brzusznej. Chociaz w przebiegu doswiadczenia zaobserwowano wzrost masy ciala
w kazdej z badanych grup, to jednak wzrost ten byt do pewnego stopnia mniejszy w obu grupach
przyjmujacych wyciag, a w szczeg6lnosci w grupie EXT 50, gdzie zaobserwowano redukcje
przyrostu masy ciata o prawie 24% w poréwnaniu do grupy CHOL.

W obu grupach otrzymujacych ekstrakt zaobserwowano wzrost ekspresji PPAR-a.
i PPAR-y. Co ciekawe, zwigkszenie ekspresji roznito si¢ w zalezno$ci od uzytej dawki ekstraktu,
bowiem dawka 10 mg/kg m.c. spowodowata wigkszy wzrost w przypadku PPAR-a, natomiast
dawka 50 mg/kg m.c. w przypadku PPAR-y. Z kolei, w kontekscie receptora LXR-a, to nizsza
dawka wywotata bardziej znaczgcy wzrost jego ekspresji. Warto odnotowac, ze w grupie CHOL
nie tyle nie zaobserwowano zwigkszenia ekspresji LXR-a, cho¢ liczba receptorow LXR-a jest
zalezna od poziomu cholesterolu, co nawet lekkie jej zmniejszenie. Prawdopodobng przyczyna
takiego rezultatu mogt by¢ krotki okres eksperymentu. Poniewaz jednak odnotowano istotne
zmiany w ekspresji LXR-o w grupach badawczych, mozna hipotetyzowac, ze irydoidy
i antocyjany zawarte w ekstrakcie aktywowaty ekspresje LXR-a w watrobie, co przetozyto si¢ na
pozytywne efekty przyjmowania ekstraktu.

Oddzialywanie zwigzkéw czynnych z grup irydoidow i antocyjanéw na ekspresje

powyzszych czynnikéw transkrypcyjnych byto opisane w innych publikacjach naukowych,
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jednak zadne z wczesniej przeprowadzonych doswiadczen nie dotyczyto ekstraktu z owocow
derenia jadalnego. Co wigcej, zadne z opisanych badan nie ocenialo zmian ekspresji
PPAR w aorcie i efektow, jakie te zmiany wywotujg.

W ocenie stezenia lipidow w surowicy, szczegdlnie korzystng zmian¢ odnotowano
w przypadku poziomu tréjglicerydéw. Zaréwno w grupie EXT 10, jak i EXT 50, zaobserwowano
statystycznie istotng redukcj¢ poziomu TG. Zmiana ta wynikata najprawdopodobniej
ze zwickszenia ekspresji PPAR-a i PPAR-y oraz st¢zenia adiponektyny, ktore zaobserwowano
w grupach otrzymujacych ekstrakt. Natomiast w przypadku cholesterolu modyfikacje st¢zenia
okazaly si¢ relatywnie niewielkie, ale dato si¢ zauwazy¢ pozytywny trend, np. obnizenie st¢zenia
frakcji LDL 1 podwyzszenie HDL.

Tkanka thuszczowa wydziela mediatory zwane adipokinami (np. adiponektyne, leptyng
1 rezystyne), ktore odgrywaja wazng role regulatorowg wielu przemian metabolicznych lipidow
1 weglowodandw, w tym pelnia istotng rol¢ w rozwoju insulinooporno$ci. Zaburzenia poziomu
adipokin sg obserwowane w przebiegu wielu chorob zwigzanych z nieprawidtowa dieta,
np. otytosci i cukrzycy typu II. Doustne przyjmowanie ekstraktu z owocdéw derenia
spowodowato znaczace, korzystne zmiany st¢zen trzech oznaczanych adipokin, tj. redukcje
st¢zenia leptyny (porownywalny efekt w obu grupach EXT) i rezystyny (wigkszy w EXT 10)
oraz wzrost stezenia adiponektyny (wigkszy w EXT 50). Warto zaznaczyé rowniez, ze o ile
istnieje co najmniej kilka publikacji opisujacych wptyw antocyjanéw na poziom adipokin,
to Zrodet opisujacych wplyw irydoidow jest niewiele, a autorowi nie udato si¢ wyszuka¢ zadnej
publikacji odnoszacej si¢ do oddzialywania irydoidow na stezenie rezystyny.

Nie odnotowano natomiast istotnych statystycznie réznic w kontekscie wynikow
badanych apolipoprotein (Al, B100, E), a takze stezen glukozy 1 insuliny. Tym samym, takze
wyniki wskaznika insulinoopornosci (HOMA-IR) pozwolity jedynie na zobrazowanie
zauwazalnej pozytywnej tendencji, nie mniej jednak wszystkie zmiany utrzymywaly si¢ ciagle
w zakresie wartosci ponadnormatywnych. Na powyzsze wyniki wpltyw mogt mie¢ szereg
roznorakich czynnikdw, np. wybor zwierzecia laboratoryjnego, dlugos¢ doswiadczenia czy
przede wszystkim schemat karmienia, czyli zastosowanie diety wzbogaconej o 1% cholesterol,
co nie odzwierciedla charakterystycznego dla zachodniej diety wysokiego poziomu
weglowodandw.

W niniejszym badaniu, zwigkszeniu ekspresji receptorow PPAR-o i PPAR-y w aorcie
towarzyszylo zmniejszenie intensywno$ci niekorzystnych zmian warstw intima 1 media.
Zaobserwowano znaczgca redukcje srednicy intima zarébwno w przypadku aorty piersiowej,

jak i aorty brzusznej. Przetozylo si¢ to takze na zmniejszenie wskaznika I/M, przy czym zmiana
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ta byla wigksza w przypadku grupy EXT 50. Zgrubienie Sciany aorty, szczegdlnie warstwy

intima, jest uwazane za jeden z wazniejszych markerOw ryzyka miazdzycy i jest opisywane jako

jedno

z najwczesniejszych zaburzen obserwowanych w ocenie mikroskopowej zmian

arteriosklerotycznych. Tym samym wycigg z owocoOw derenia moze okaza¢ si¢ potencjalnie

skutecznym s$rodkiem farmakologicznym, ktéry mozna wykorzysta¢ do zapobiegania zmianom

miazdzycowym.

Uwzgledniajac przedstawione powyzej wyniki, mozna wyciagnaé nastgpujace wnioski:

Doustne przyjmowanie ekstraktu z owocOw derenia jadalnego:

1.

10.

Ze wzgledu na zawarto$¢ zwigzkéw czynnych z grup irydoidéw i antocyjandw,
ma pozytywny wplyw na czynniki, ktore moga przyczynia¢ si¢ do rozwoju zwigzanych
Z nieprawidtows dietg i otytoscig chordb uktadu sercowo-naczyniowego i watroby.
Sprzyja ograniczeniu przyrostu masy ciala spowodowanego dieta obfitujaca
w cholesterol.

Powoduje zwickszenie ekspresji czynnikéw transkrypcyjnych PPAR-a i PPAR-y
w aorcie i LXR-a w watrobie.

Przyczynia si¢ do korzystnych zmian st¢zenia niektorych parametrow surowicy krwi,
przede wszystkim adipokin i trojglicerydow.

Prowadzi do ograniczenia przyrostu grubo$ci $cian aorty piersiowej i aorty brzusznej,
zmniejszajac jednoczesnie wskaznik I/M.

Nie wywotluje istotnych zmian w st¢zeniach apolipoprotein, cholesterolu, glukozy
i insuliny, przynajmniej w zastosowanych dawkach.

W obu zastosowanych dawkach nie wywoluje Zadnych dziatan niepozadanych,
przynajmniej w 60-dniowym okresie stosowania.

Po przeliczeniu dawek na witasciwe dla dorostych ludzi (korzystajac ze wzoru
na przeliczenie dawek opartego na BSA), pozwala na proste technologicznie
przygotowanie odpowiedniej dawki ekstraktu w formie gotowego leku, np. jednej
tabletki.

Moze stanowi¢ skuteczng i bezpieczng opcj¢ farmakoterapeutyczng w profilaktyce
i leczeniu niektérych choréb uktadu sercowo-naczyniowego i watroby, np. miazdzycy
czy zespotu metabolicznego.

Wymaga przeprowadzenia badan klinicznych, bowiem cho¢ model kroliczy jest blizszy
ludzkiemu niz popularnie stosowane modele szczurze czy mysie, daje jedynie obiecujace
przestanki, a nie miarodajne wyniki reakcji organizmu ludzkiego na doustne

przyjmowanie ekstraktu z owocdéw derenia.
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and Cardiovascular System Functions. Oxid Med Cell Longev. 2020; 2020: 2735790
moj udziat polegat na rewizji finalnej wersji manuskryptu.

Uniwersytet Medycghy e Wroclawiu
KATEDRA | ZAKLAD FARMAKOLOGII

drhab. n. med. Tomaz\gozhniski prof. uczelni



Wroctaw, 10.03.2022r.

dr Agnieszka Matuszewska

Katedra i Zaktad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,, Danielewski M, Matuszewska A, Szelgg A, Sozanski T. The
Impact of Anthocyanins and Iridoids on Transcription Factors Crucial for Lipid and
Cholesterol Homeostasis. Int J Mol Sci. 2021; 22(11): 6074” mdj udzial polegal na
krytycznej ocenie manuskryptu.
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Wroclaw, 07.03.2022r.

prof. dr hab. Adam Szelag

Katedra i Zaktad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Matuszewska A, Szelgg A, Sozanski T. The
Impact of Anthocyanins and Iridoids on Transcription Factors Crucial Jor Lipid and
Cholesterol Homeostasis. Int J Mol Sci. 2021; 22(11): 6074 moj udziat polegal na rewizji

finalnej wersji manuskryptu.
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Wroclaw, 07.03.2022r.

dr hab. n. med. Tomasz Sozanski, prof. UMW
Katedra i Zaktad Farmakologii

Uniwersytet Medyczny we Wroctawiu

ul. Jana Mikulicza-Radeckiego 2

50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Matuszewska A, Szelqg A, Sozanski T. The
Impact of Anthocyanins and Iridoids on Transcription Factors Crucial for Lipid and
Cholesterol Homeostasis. Int J Mol Sci. 2021; 22(11): 6074” méj udzial polegat na rewizji
finalnej wersji manuskryptu.

Uniwersytet Medffczny we Wroclawiu
KATEDRA | ZAKYADFARMAKOLOGII

drhab. n. med. TorfdsZ $ozariski prof. uczelni



Wroctaw, 23.03.2022r.

dr hab. inz. Alicja Kucharska, profesor uczelni

Katedra Technologii Owocow, Warzyw i Nutraceutykéw Roslinnych
Uniwersytet Przyrodniczy we Wroctawiu

ul. Jozefa Chetmonskiego 37

51-630 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,, Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-o, PPAR-y Expression and Reduces I'M Ratio in Aorta, Increases LXR-a Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621” m¢j udziat polegal na przygotowaniu oraz analizie sktadu
ekstraktu z owocow derenia jadalnego metoda HPLC-PDA, a takze przygotowaniu tekstu
manuskryptu w podrozdziatach 2.2, 2.3 i 2.4, w tym ryciny 1.
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Wroctaw, 07.03.2022r.

dr Agnieszka Matuszewska

Katedra i Zaktad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Os$wiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces I/M Ratio in Aorta, Increases LXR-« Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621” m6j udziat polegat na rewizji finalnej wersji manuskryptu.

t Medyczny we Wroclawiu

KATEORA | ZAKLAD FARMAKOLOGII

. MGmnte

dr Agriieszka Matuszewska
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Wroclaw, 16.03.2022r.

dr hab. Andrzej Rapak, prof. nadzw.

Instytut Immunologii i Terapii Doswiadczalnej
Polska Akademia Nauk we Wroctawiu

ul. Rudolfa Weigla 12

53-114 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,, Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces I'M Ratio in Aorta, Increases LXR-a Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621” moéj udziat polegal na nadzorze nad wykonaniem analiz
technika Western Blot oraz przygotowaniu tekstu manuskryptu w podrozdziale 2.9.
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Wroctaw, 07.03.2022r.

dr Agnieszka Gomutkiewicz

Katedra Morfologii i Embriologii Cztowieka
Uniwersytet Medyczny we Wroctawiu

ul. Tytusa Chatubinskiego 6a

50-368 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces IM Ratio in Aorta, Increases LXR-c. Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621 méj udziat polegat na wykonaniu analiz technika RT-PCR,
a takze przygotowaniu tekstu manuskryptu w podrozdziale 2.8.
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Wroctaw, 07.03.2022r.

dr hab. Stanistaw Dzimira, prof. uczelni
Zaktad Patomorfologii i Weterynarii Sadowej
Uniwersytet Przyrodniczy we Wroctawiu

ul. Cypriana Kamila Norwida 3 1

50-375 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces /M Ratio in Aorta, Increases L.XR-u Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621 m6j udziat polegat na wykonaniu analizy histopatologicznej
pobranego materialu i jej zobrazowaniu oraz przygotowaniu tekstu manuskryptu w

podrozdziale 2.7.
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Wroctaw, 07.03.2022r.

prof. dr hab. Piotr Dziggiel

Katedra Morfologii i Embriologii Cztowieka
Uniwersytet Medyczny we Wroctawiu

ul. Tytusa Chatubinskiego 6a

50-368 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-o, PPAR-y Expression and Reduces I'M Ratio in Aorta, Increases LXR-o. Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621” m6j udziat polegat na rewizji finalnej wersji manuskryptu.
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Wroctaw, 07.03.2022r.

dr hab. Beata Nowak

Katedra i Zaktad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomultkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces /M Ratio in Aorta, Increases LXR-a Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621 moj udziat polegat na rewizji finalnej wersji manuskryptu.
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Wroctaw, 07.03.2022r.

dr hab. Malgorzata Trocha, prof. UMW
Katedra i Zakfad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomutkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piorecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces I/M Ratio in Aorta, Increases LXR-o Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621 moj udziat polegat na rewizji finalnej wersji manuskryptu.
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Wroctaw, 07.03.2022r.

dr hab. Jan Magdalan

Katedra i Zaktad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piorecki N, Szelqg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-0a, PPAR-y Expression and Reduces I'M Ratio in Aorta, Increases LXR-o. Fxpression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621” mdj udziat polegat na rewizji finalnej wersji manuskryptu.
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Rzeszow, 14.03.2022r.

dr hab. Narcyz Piérecki

Instytut Nauk o Kulturze Fizycznej
Uniwersytet Rzeszowski

ul. Cicha 2A

35-326 Rzeszow

OSWIADCZENIE

Oswiadczam, ze w pracy ,, Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-a, PPAR-y Expression and Reduces /M Ratio in Aorta, Increases LXR-a Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621 " méj udzial polegat na dostarczeniu owocéw derenia jadalnego

do doswiadczenia oraz na przygotowaniu surowca do zielnika.
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Wroctaw, 07.03.2022r.

prof. dr hab. Adam Szelag

Katedra i Zaktad Farmakologii
Uniwersytet Medyczny we Wroctawiu
ul. Jana Mikulicza-Radeckiego 2
50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelgg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-0, PPAR-y Expression and Reduces I'M Ratio in Aorta, Increases LXR-a Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 3621” m6j udziat polegat na rewizji finalnej wersji manuskryptu.
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Wroctaw, 07.03.2022r.

dr hab. n. med. Tomasz Sozanski, prof. UMW
Katedra i Zaktad Farmakologii

Uniwersytet Medyczny we Wroctawiu

ul. Jana Mikulicza-Radeckiego 2

50-345 Wroctaw

OSWIADCZENIE

Oswiadczam, ze w pracy ,,Danielewski M, Kucharska AZ, Matuszewska A, Rapak A,
Gomulkiewicz A, Dzimira S, Dziggiel P, Nowak B, Trocha M, Magdalan J, Piérecki N, Szelqg
A, Sozanski T. Cornelian Cherry (Cornus mas L.) Iridoid and Anthocyanin Extract Enhances
PPAR-0, PPAR-y Expression and Reduces I'M Ratio in Aorta, Increases LXR-a Expression
and Alters Adipokines and Triglycerides Levels in Cholesterol-Rich Diet Rabbit Model.
Nutrients. 2021; 13(10): 362" méj udziat polegal na kierowaniu projektem naukowym

obejmujacym badania opisane w tej pracy oraz rewizji finalnej wersji manuskryptu.

niwersytet Medyczfly we Wroclawiu
K‘i\TEDRyA‘?ZAKL&\ FARMAKOLOGII

dr hab. n. med. Tomagz fiski prof. uczelnl
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