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1. Wykaz osiggnie¢ doktoranta

1.1. Wyksztalcenie

10.2020 - 09.2024

Studia doktorskie w Szkole Doktorskiej Nauk Medycznych i Nauk o Zdrowiu Collegium
Medicum im. Ludwika Rydygiera w Bydgoszczy Uniwersytetu Mikotaja Kopernika w
Toruniu.

10.2013 - 03.2019

Studia farmaceutyczne na Wydziale Farmaceutycznym Collegium Medicum im. Ludwika

Rydygiera w Bydgoszczy Uniwersytetu Mikotaja Kopernika w Toruniu.

1.2. Zatrudnienie

10.2023 - obecnie

Asystent

Katedra Botaniki Farmaceutycznej i Farmakognozji CM UMK, Wydzial Farmaceutyczny
10.2021 - obecnie

Specjalista inzynieryjno-techniczny

Katedra Botaniki Farmaceutycznej i Farmakognozji CM UMK, Wydzial Farmaceutyczny
10.2019 - 09.2020

Asystent

Katedra Farmakologii i Terapii CM UMK, Wydziat Lekarski
04.2019 - obecnie

Magister farmacji

Apteka Alba
04.2019-06.2019

Mikrobiolog w dziale R&D

Boruta Zachem Biochemia

13



1.3. Publikacje

Publikacje”

Prace w jezyku angielskim 12

Prace w jezyku polskim 1

Publikacje jako pierwszy autor 4

Sumaryczny IF 58,266

Sumaryczna punktacja MEIiN 1545

Cytowania" Hirsh index”
Web of Science 301 Web of Science
Scopus 346 Scopus

Google Scholar 497 Google Scholar

*dane na dzien 20.09.2024 r.

Wykaz publikacji wspélautorskich

1. Graczyk F, Gebalski J, Sulejczak D, Maltkowska M, Wojciak M, Gawenda-

Kempczynska D, Piskorska E, Krolik K, Markiewicz M, Kondrzycka-Dada A,
Lepianka W., Borowski G., Feldo M., Verporte R., 9 Zaluski D. UHPLC-DAD/ESI-
TOF-MS Phytochemical characterization and evaluation of the impact of
Eleutherococcus senticosus fruit intractum on biochemical, hepatological, and blood
Parameters in Balb/c Mice, Int. J. Mol. Sci. 2024; 25(17):9295. IF 4.9

. Graczyk F., Gebalski J., Piskorska E., Matkowska M., Slomka A., Gawenda-
Kempczynska D., Zatuski D. The Eleutherococcus senticosus fruits' intractum affects
changes in the transepithelial electric potential in the distal section of the rabbit's large
intestine and inhibits hyaluronidase, J. Ethnopharmacol. 2024; 117847. IF 5.4
Gebalski J.; Matkowska M.; Graczyk F.; Stlomka A.; Piskorska E.; Gawenda-
Kempczynska D.; Kondrzycka-Dada A.; Bogucka-Kocka A.; Strzemski M.; Sowa L.;
Wojciak M., Grzyb S., Krolik K., Ptaszynska A.A., Zatuski D. Phenolic compounds
and antioxidant and anti-enzymatic activities of selected adaptogenic plants from
south america, asia, and africa, Molecules, 2023; 28, 6004. IF 4.2

. Krol A, Kokotkiewicz A., Gorniak M., Naczk A., Zabiegala B., Gebalski J., Graczyk

F., Zaluski D., Bucinski A., Luczkiewicz M. Evaluation of the yield, chemical
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10.

composition and biological properties of essential oil from bioreactor-grown cultures
of Salvia apiana microshoots, Sci. Rep. 2023; 13 (1), 7141 IF 4.997

Graczyk F., Gebalski J., Makuch-Kocka A., Gawenda-Kempczynska D., Ptaszynska,
A. A., Grzyb S., Bogucka-Kocka A., Zatuski, D. (2022). Phenolic profile, antioxidant,
anti-enzymatic and cytotoxic activity of the fruits and roots of Eleutherococcus
senticosus (Rupr. et Maxim.) Maxim. Molecules, 27(17), 5579. IF 4.927

Przekwas J., Gebalski J., Kwiecinska-Pirog J., Wiktorczyk-Kapischke N., Watecka-
Zacharska E., Gospodarek-Komkowska E., Rutkowska D., Skowron K. The effect of
fluoroquinolones and antioxidans on biofilm formation by Proteus mirabilis strains.
Annals of Clinical Microbiology and Antimicrobials, 2023; 21(1), 1-10. IF 6.12
Wicinski M.; Gebalski J.; Golebiewski J.; Malinowski B. Probiotics for the treatment
of overweight and obesity in humans—a review of clinical trials, Microorganisms,
2020; 8, 1148. IF 4.128

Wicinski M.; Gebalski J.; Mazurek E.; Podhorecka M.; éniegocki M.; Szychta P;
Sawicka E.; Malinowski B. The influence of polyphenol compounds on human
gastrointestinal tract microbiota, Nutrients 2020; 12, 350. IF 6.706

Wicinski M.; Sawicka E.; Gebalski J.; Kubiak K.; Malinowski B. Human milk
oligosaccharides: health benefits, potential applications in infant formulas, and
pharmacology, Nutrients 2020; 12, 266. IF 6.706

Wicinski M., Socha M., Gebalski J., Malinowski B., Czerwinski M., Liczner G.,
Panek M., Pawlak-Osinska, K. Wplyw koenzymu Q10 na insulinoopornos¢, Lek w
Polsce, 2019; 29 (1), 16-24

1.4. Wykaz doniesien konferencyjnych

Tyrosinase and hyaluronidase inhibitors in Eleutherococcus divaricatus,
International Congress on Natural Products Research, Krakow, 13-17.07.2024 - poster
Inhibitory tyrozynazy i hialuronidazy w gatunkach Eleutherococcus, during the
XXIV Congress of the Polish Pharmaceutical Society, Lublin, 22-24.09.2021- poster

Inhibitory tyrozynazy i hialuronidazy w gatunkach Araliaceae, during the National
Scientific Conference, Natural medicinal and cosmetic raw materials, Lublin, 15-

16.11.2022 — prezentacja ustna

Udzial w badaniach prezentowanych na konferencjach
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e Extracts from the roots of Scutellaria baicalensis reduce honeybee death caused
by nosemosis, International Congress on Natural Products Research, Krakow, 13-
17.07.2024 — poster

¢ Analiza skladu chemicznego i wlasciwosci biologicznych wybranych roslin
adaptogennych Afryki, Azji i Ameryki Poludniowej, XV Interdisciplinary
Scientific Conference TYGIEL 2023, Lublin/online, 23-26.03.2023 r. — prezentacja
ustna

* Wlasciwosci przeciwstarzeniowe wybranych gatunkow z rodziny Araliaceae,
National Scientific and Training Conference entitled ‘Cosmetology in a holistic
approach’, Lublin, 20-21.04.2023 r. - poster

e Salvia apiana in vitro shoot system as a source of volatile fraction with
acetylcholinesterase inhibitory potential, Trends in Natural Products Reserach: A

Young Scientists' Meeting, 23-26.05.2022, Kolymbari, Grecja — prezentacja ustna

1.5. Organizacja konferencji naukowych
e Komitet Organizacyjny Ogdlnopolskiej Konferencji Opieka nad pacjentem
onkologicznym wyzwaniem dla lekarzy i farmaceutéw, Bydgoszcz, 18-20.05.2018 .
e Komitet Pomocniczy XXVIII Zjazd Polskiego Towarzystwa Mikrobiologow

,Mikrobiologia - nowe wyzwania, nowe mozliwosci”, Bydgoszcz, 25-27.09.2016 r.

1.6. Granty

12.6.1. Kierownictwo grantow
Debiuty — Inicjatywa Doskonalosci Uczelni Badawczej

¢ Kierownik projektu badawczego pt. AralDiab - new multifunctional compounds in

the treatment and prevention of diabetes in the genus Aralia
Grants4NCUStudents — Inicjatywa Doskonatosci Uczelni Badawczej

e Kierownik projektu badawczego pt. The search for new plant-based hyaluronidase
inhibitors (2 edycja)
e Kierownik projektu badawczego pt. The search for new plant-based tyrosinase

inhibitors (3 edycja)
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Kierownik projektu badawczego pt. PolyBaic — in a direction of the new baicalein
polymers (5 edycja)

Kierownik projektu badawczego pt. The search for new plants in treatment
civilization diseases (6 edycja)

Kierownik projektu badawczego pt. Effect of fruits with adaptogenic properties from
Polish crops on inflammation in neurodegenerative diseases (7 edycja)

Kierownik projektu badawczego pt. Study of the anti-inflammatory properties of

selected species from the Aralia genus (8 edycja)

1.6.1. Udzial w projektach badawczych

Realizacja projektu Biotransformacja i rafinacja kaskadowa S$ruty oleistej w celu
uzyskania surfaktyny, polimeréw i komponentéw paszowych w firmie
biotechnologicznej InventionBio sp. z o0.0., Europejski Fundusz Rozwoju

Regionalnego, Sektorowe programy B+R - INNOCHEM

Debiuty — Inicjatywa Doskonalosci Uczelni Badawczej

The significance of Rhizophagus irregularis in the production of phenolic compounds
and modulating the immunostimulating activity of the aerial parts of Echinacea
purpurea (L.) Moench

Spectroscopic analysis of medicinal plants: Eleutherococcus senticosus and

Scutellaria baicalensis - a pilot study

1.7. Wykaz stazy

Staz naukowy w firmie biotechnologicznej Boruta-Zachem Biochemia, Bydgoszcz,
01-31.09.2018 1.

Staz w szpitalu Nemocnice Milosrdnych sester sv. Karla Boromejského v Praze, 01-
12.07.2018 1.

Staz w szpitalu Orthopedic hospital "Banjicia", Belgrade, 01-30.07.2017 r.

1.8. Zgloszenia patentowe

Alkoholowy ekstrakt etanolowy ze $wiezego liofilizowanego korzenia Scutellaria

baicalensis do zastosowania w preparatach zwiekszajacych odpornos$¢ pszczét i
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zwalczajacych nosemoze, dr hab. Ptaszyniska A. prof. UMCS, dr hab. Zatuski D. prof.
UMK, mgr Gebalski J. Polski Urzad Patentowy, 2024

e Alkoholowy ekstrakt etanolowy z suszonego napowietrznie korzenia Scutellaria
baicalensis do zastosowania w preparatach zwiekszajacych odpornos$¢ pszczét i
zwalczajacych nosemoze, dr hab. Ptaszyniska A. prof. UMCS, dr hab. Zatuski D. prof.
UMK, mgr Gebalski J. Polski Urzad Patentowy, 2024

1.9. Wykaz nagrod

e Nagroda Zespolowa trzeciego stopnia Rektora UMK za dzialalnos¢ naukowo-
badawcza, 2024
¢ Nagroda Rektora za wysoko punktowane publikacje:
0 ,Evaluation of the yield, chemical composition and biological properties of
essential oil from bioreactor-grown cultures of Salvia apiana microshoots”,
2023
0 ,The Influence of Polyphenol Compounds on Human Gastrointestinal Tract
Microbiota”, 2020
0 ,Human Milk Oligosaccharides: Korzysci zdrowotne, potencjalne
zastosowania w preparatach dla niemowlat i farmakologia”, 2020
e Nagroda dla najlepszego kota naukowego na Wydziale Farmaceutycznym, Studenckie
Towarzystwo Naukowe, 2022/23
e Nagroda za dzialalnos¢ naukowo-badawcza w toku studiébw farmaceutycznych,
Bydgoszcz, 2019
e Nagroda za uzyskanie bardzo dobrych wynikéw w nauce podczas studiow
farmaceutycznych, 2019
e Tytul Najlepszego Studenta Wydzialu Farmaceutycznego CM UMK w roku
akademickim 2016/17 oraz 2017/18
¢ Il miejsce w wydzialowym Konkursie Prac Magisterskich, CM UMK, 2018
¢ II miejsce w Ogdélnopolskim Konkursie Umiejetnosci Klinicznych (OKUK), Gdansk,
2017
¢ Imiejsce w Konkursie Receptury Aptecznej (KRA), Warszawa, 2016
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1.10.

1.11.

1.12.

Recenzowanie artykulow w czasopismach naukowych

Journal of Enzyme Inhibition and Medicinal Chemistry, 5.75 IF, (2 recenzje)
International Journal of Molecular Sciences 4.9 IF (2 recenzje)

Molecules, 4.2 IF (2 recenzje)

Plants 4.0 IF (1 recenzje)

Journal of Food Processing and Preservation, 2.93 IF, (2 recenzje)

Natural compounds communication, 1.49 IF (2 recenzje)

Nutrition and Dietary Supplements, 1.3 IF (1 recenzje)

Indian Journal of Pharmaceutical Sciences, 0.66 IF, (1 recenzja)

Current Cosmetic Science (2 recenzje)

Farmacja Polska (8 recenzji) 140 pkt MNiSW

Prospects in Pharmaceutical Sciences 0.1 IF (1 recenzja)

Kursy i szkolenia

2023 r. — ukonczenie kursu uprawniajacego do uczestnictwa w procedurach na
zwierzetach, Wydziatl Farmaceutyczny, CM UMK

2023 r. — udzial w kursie ,Pozyskiwanie Srodkow na badania, pisanie grantow
miedzynarodowych z sukcesem” realizowanych przez Poznanski Park Naukowo-
Technologiczny (PPNT) z siedzibg w Poznaniu, NAWA

2023 r. — szkolenie z obstugi aparatury do denzytometrii, CAMAG

2022 r. — kurs ze statystyki podstawowej, eTrapez

Inna dzialalnos¢ naukowa, dydaktyczna oraz organizacyjna

Opieka nad pracami magisterskimi

Kwasy fenolowe jako inhibitory hialuronidazy; 2024, mgr farm. Milena Matkowska
Immobilizacja metabolitow wtérnych obecnych w Scutellaria baicalensis Georgi do
alginianu wapnia; 2023, mgr farm. Paulina Sas

Immobilizacja metabolitéw wtornych obecnych w Eleutherococcus senticosus (Rupr.
et Maxim.) Maxim. do alginianu wapnia; 2023, mgr farm. Maria Mleczak

Aktywnos¢ biologiczna wybranych gatunkéw roslin adaptogennych; 2022, mgr farm.
Jakub Hubert Siuda
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Analiza fitochemiczna wybranych gatunkéw roslin adaptogennych; 2022, mgr farm.

Paulina Zabrodzka

Opieka nad projektami Studenckiego Kola Naukowego Farmakognozji

Wykorzystanie naturalnych glebokich rozpuszczalnikow eutektycznych (NADES) w
celu uzyskania ekstraktow bogatych we flawonoidy oraz saponiny z korzenia
Astragalus membranaceus.

Kwasy fenolowe jako inhibitory hialuronidazy, tyrozynazy i acetylocholinoesterazy -
czy istnieje zaleznos¢ struktura-aktywnosc?

Poszukiwanie nowych inhibitoréw elastazy w roslinach adaptogennych.

Wplyw wybranych roslin z rodziny Araliaceae na aktywno$¢ kolagenazy i utlenianie

kolagenu

Opieka nad studentami z zagranicy

Opieka nad studentami uczestniczagcymi w programie Erasmus

Dzialalnos$¢ dydaktyczna

Prowadzenie ¢wiczen, seminariéw oraz wyktadow dla studentow III roku farmacji z
farmakognozji

Prowadzenie wykladéw dla studentow IV roku analityki medycznej z farmakologii
ogolnej

Prowadzenie C¢wiczen oraz seminariow dla studentow III roku medycyny z

farmakologii ogolnej z elementami toksykologii oraz prawa farmaceutycznego

Dzialalnosc¢ organizacyjna

Udzial w przygotowaniu zaje¢ dla uczniow szkét srednich 2022/23 - promocja
Wydziatu Farmaceutycznego

Organizacja akcji prozdrowotnej ,Rzeka Zdrowia”, Studenckie Towarzystwo
Naukowe

Organizacja Dni Otwartych z Katedra Chemii Lekow, Katedra Technologii Postaci
Lekow i Katedra Farmakognozji w latach 2016/17, 2017/18

Prowadzenie wyktadu Samoleczenie lekami OTC — szansa czy zagrozenie? w ramach
Bydgoskiego Festiwalu Nauki, 25 maja 2018 r.

Prowadzenie warsztatbw chemicznych "Minichemia - maxisprva" w ramach

Bydgoskiego Festiwalu Nauki, 19 maja 2016 r.
20



Prowadzenie warsztatow "Bialy proszek - jak rozpoznaé, jaki to lek" w ramach

"Medicalia" Nauka 2016 i 2017 r.
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2. Wykaz publikacji stanowigcych podstawe postepowania

w sprawie o nadanie stopnia naukowego doktora

P.1. Gebalski J., Graczyk F., Zatuski D. Paving the way towards effective plant-based
inhibitors of hyaluronidase and tyrosinase: A critical review on a structure—activity

relationship. J. Enzyme. Inhib. Med. Chem. 2022; 37(1), 1120-1195.
Impact Factor: 5.6

Punktacja MNiSW: 140.000

P.2. Gebalski J.,, Matkowska M., Gawenda-Kempczynska D., Stomka A., Strzemski M.,
Styczynski J., Zatuski D. Eleutherococcus divaricatus fruits decrease hyaluronidase activity
in blood serum and protect from antioxidative damages in in vitro model. Int. J. Mol. Sci.

2024; 25(4):2033.
Impact Factor: 4.9

Punktacja MNiSW: 140.000

P3. Gebalski J., Matkowska M., Wnorowska S., Gawenda-Kempczynska D., Strzemski M,
Wojciak M., Slomka A., Styczynski J., Zaluski D. Ethyl acetate fraction
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3. Wykaz skrotow

Skrét Pelna nazwa w jezyku polskim Pelna nazwa w jezyku angielskim
ED Eleutherococcus divaricatus Eleutherococcus divaricatus
TCM Tradycyjna Medycyna Chinska Traditional Chinese Medicine
HA kwas hialuronowy hyaluronic acid
HYAL  hialuronidaza hyaluronidase
TYR tyrozynaza tyrosinase
hTYR  tyrozynaza ludzka human tyrosinase
mTYR  tyrozynaza grzybowa fungal tyrosinase
bHYAL hialuronidaza bydleca bovine hyaluronidase
hHYAL hialuronidaza ludzka human hyaluronidase
minimalne stezenie hamujace minimum inhibitory concentration of
1650 aktywno$¢ enzymu w 50% 50% of enzyme activity
LPS lipopolisacharydy lipopolysaccharides
IL interleukina interleukin
SGLT  biatka transportujgce sod i glukoze sodium-glucose transport proteins
eNOS srodblonkowa syntaza tlenku azotu endothelial nitric oxide synthase
HPLC- chromatografia cieczcowa z detekcja Liquid chromatograpy with diode-array
DAD diodowa detection
TPC catkowita zawartosc¢ polifenoli the total phenolic contents
TFC catkowita zawartos¢ flawonoidow the total flavonoid contents
TPAC calkowita zawartose kwasow the total phenolic acid contents

fenolowych
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4. Streszczenie w jezyku polskim

Rosliny na przestrzeni dziejow odgrywaly kluczowa role jako zrodio zwigzkow
leczniczych. Napary, odwary, masci i nalewki z substancji roslinnych stanowity podstawowe
leki stosowane w roznych dolegliwosciach. Interesujaca grupg roslin o szerokim dziataniu
biologicznym jest rodzaj Eleutherococcus, obejmujacy 29 gatunkéw rosnacych gléwnie w
Azji (Chiny, Japonia, Korea). Najbardziej znanym przedstawicielem jest Eleutherococcus
senticosus (Rupr. & Maxim.) Maxim., powszechnie stosowany w Tradycyjnej Medycynie
Dalekowschodniej. RoSliny te, dzieki zréznicowanemu skladowi fitochemicznemu
(triterpeny, flawonoidy, lignany, kwasy fenolowe, chalkony, stilbeny, diterpeny), wykazuja
szerokie spektrum aktywnosci biologicznej. Mniej znanym przedstawicielem jest

Eleutherococcus divaricatus (Siebold & Zucc.) S.Y.Hu..

Celem pracy bylo uzyskanie odpowiedzi na pytanie, czy E. divaricatus zawiera
zwigzki o charakterze inhibitorow hialuronidazy oraz tyrozynazy. Obecne na rynku inhibitory
tyrozynazy i hialuronidaz majq wiele niekorzystnych wiasciwosci. Hydrochinon i arbutyna
wykazuja dzialanie mutagenne i maja skutki uboczne, takie jak pieczenie, kontaktowe
zapalenie skory, podraznienie i rumien. Kwas kojowy jest rakotwdérczy i ma niskq stabilnos¢
podczas przechowywania. Kwas L-askorbinowy jest niestabilny i wrazliwy na czynniki
zewnetrzne (tlen, Swiatlo, pH, temperatura). Jedynym dostepnym inhibitorem hialuronidaz
jest escyna, ktora jednak charakteryzuje sie niska biodostepnoscig. Dlatego konieczne jest

poszukiwanie nowych, bardziej skutecznych i bezpieczniejszych substancji.

Wyniki badan wilasnych opublikowatem jako dwie prace oryginalne, ktére wraz z
praca przegladowa dotyczaca roslinnych inhibitoréw hialuronidazy i tyrozynazy, wchodza w

sktad monocyklu stanowigcego rozprawe doktorska.

Wyniki tych badan wskazuja na obecnos¢ inhibitorow hialuronidaz (bHYAL,
hHYAL) oraz tyrozynazy (mTYR) w owocach oraz korzeniu E. divaricatus. Najsilniejsza
inhibicje wykazata frakcja octanu etylu otrzymana z 75% metanolowego ekstraktu z korzenia.
Ta sama frakcja hamowata hialuronidaze obecna w surowicy krwi dzieci ze zdiagnozowana
ostrg biataczka limfoblastyczna. Za aktywnos$¢ odpowiedzialne sa zwigzki polifenolowe

(gtownie kwasy fenolowe oraz pochodne kwasu kawoilochinowego).

Obecnos¢ inhibitorow hialuronidazy stwarza mozliwos¢ wykorzystania owocow i
korzeni E. divaricatus w lagodzeniu stanéw zapalnych i niedoboru immunologicznego.

Uwzgledniajac wyniki przeprowadzonych badan dostarczylem naukowych dowodéw na
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zasadno$¢ stosowania E. divaricatus w etnomedycynie Chin i Syberii, w chorobach o podtozu

immunologicznym i zapalnym.
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5. Streszczenie w jezyku angielskim

Plants throughout history have played a key role as a source of medicinal compounds.
Infusions, decoctions, ointments and tinctures of plant substances have been the primary
medicines used for various ailments. An interesting group of plants with broad biological
activity is the genus Eleutherococcus, which includes 29 species growing mainly in Asia
(China, Japan, Korea). The best-known representative is Eleutherococcus senticosus (Rupr. &
Maxim.) Maxim., widely used in Traditional Far Eastern Medicine. These plants, thanks to
their diverse phytochemical composition (triterpenes, flavonoids, lignans, phenolic acids,
chalcones, stilbenes, diterpenes), exhibit a wide spectrum of biological activity. A lesser-

known representative is Eleutherococcus divaricatus (Siebold & Zucc.) S.Y.Hu.

The purpose of this study was to find out whether E. divaricatus contains compounds
that are hyaluronidase and tyrosinase inhibitors. Tyrosinase and hyaluronidase inhibitors
present on the market have many adverse properties. Hydroquinone and arbutin show
mutagenic effects and have side effects such as burning, contact dermatitis, irritation and
erythema. Kojic acid is carcinogenic and has low stability during storage. L-ascorbic acid is
unstable and sensitive to external factors (oxygen, light, pH, temperature). The only
hyaluronidase inhibitor available is escin, which has low bioavailability. Therefore, it is

necessary to search for new, more effective and safer substances.

I published the results of my own research as two original papers, which, together with
a review paper on plant hyaluronidase and tyrosinase inhibitors, are included in the

monocycle constituting my dissertation.

The results of our own research indicate the presence of inhibitors of hyaluronidases
(bHYAL, hHYAL) and tyrosinase (mTYR) in the fruit and root of E. divaricatus. The ethyl
acetate fraction obtained from a 75% methanolic extract of the root showed the strongest
inhibition. The same fraction inhibited hyaluronidase present in the blood serum of children
diagnosed with acute lymphoblastic leukemia. Polyphenolic compounds (mainly phenolic

acids and cavoylquinic acid derivatives) are responsible for the activity.

The presence of hyaluronidase inhibitors creates the possibility of using the fruits and
roots of E. divaricatus in alleviating inflammation and immune deficiency. Considering the
results of my research, I have provided scientific evidence for the legitimacy of the use of E.
divaricatus in ethnomedicine in China and Siberia, in diseases with immunological and

inflammatory causes.
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6. Wstep

6.1. Rosliny jako zrodlo lekow

Rosliny od wiekoéw stanowia kluczowe zrodto lekéw stosowanych w profilaktyce czy
leczeniu choréb cztowieka. Wykorzystywane byly przez ludzi w réznych jednostkach
chorobowych, czesto bez znajomoS$ci zwigzkéw odpowiedzialnych za ich aktywnos$¢
biologiczng. Przelomem w ,,Swiadomym” wykorzystaniu roslin byto wyizolowanie morfiny w
1804 roku przez niemieckiego aptekarza Friedricha Sertiirnera. Badania te zapoczatkowaly
nowaq ere prac nad wlasciwosciami leczniczymi roslin, co umozliwito leczenie takich choréb
jak nadcis$nienie (rezerpina), dna moczanowa (kolchicyna) czy nowotwory (paklitaksel,
winkrystyna, winblastyna). Po okresie zmniejszonego zainteresowania roslinami,
spowodowanego rozwojem chemii kombinatoryjnej, XXI wiek przyniost ,renesans” lekow

pochodzenia naturalnego. Wynika to z dwéch gtéwnych powodow:

1. rosliny sq bogate w metabolity wtorne o réznorodnej budowie chemicznej, co generuje
wiele unikalnych farmakoforow,

2. zwiazki pochodzenia naturalnego, w przeciwienstwie do czasteczek syntetycznych,
cechujg sie wiekszym powinowactwem do bialek komorkowych oraz zdolnosciag

przenikania miedzykomorkowego.

Nalezy réwniez wspomnie¢, ze gwattowny rozwdj metod screeningowych (bardziej
skuteczne), metod analitycznych (pozwalajace na okreSlenie niedominujacych skladnikow
ekstraktu, a ktore ze wzgledu na wiasciwosci biologiczne determinujq aktywnos¢ substancji
roslinnej) oraz metod statystycznych (integrowanie oraz analiza ogromnej iloSci danych)

pozwolit na doktadniejsze badanie roslin.

6.2. Charakterystyka botaniczna Eleutherococcus divaricatus

(Siebold & Zucc.) S.Y.Hu

Interesujaca grupa roslin o wielokierunkowym dziataniu biologicznym jest rodzaj
Eleutherococcus. Rodzaj ten obejmuje 29 gatunkéw, rosnacych glownie w Azji (Chiny,
Japonia, Korea). Najbardziej znanym przedstawicielem tego rodzaju jest Eleutherococcus
senticosus (Rupr. & Maxim.) Maxim., powszechnie stosowany w Tradycyjnej Medycynie
Dalekowschodniej. Jednym =z mniej znanych przedstawicieli tego rodzaju jest
Eleutherococcus divaricatus (Siebold & Zucc.) S.Y.Hu, znany réwniez jako oni-ukogi.

Gatunek ten wystepuje w srodkowej i potudniowej Japonii, na Pétwyspie Koreanskim oraz w
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kontynentalnych Chinach. Jest to krzew, ktéry moze osigga¢ wysoko$¢ do 2-3 metréw (Ryc.
1.). Liscie sq dloniasto ztozone, skladajace sie z 5-7 listkdw. Listki sq eliptyczne, zabkowane
na brzegach (Ryc. 2.). Kwiaty sa drobne, zebrane w baldachy, maja kolor zottawy lub
zielonkawy. Owoce sa czarne, kuliste, o Srednicy okoto 5 mm (Ryc. 3.). Korzen jest gruby i
rozgateziony, czesto z licznymi bocznymi korzeniami. Zewnetrzna warstwa korzenia jest
brazowa, podczas gdy wewnetrzna cze$S¢ ma jasny, kremowy kolor. Korzen jest twardy i

widknisty (Ryc. 4.).

Ryc. 1. Pokréj morfologiczny Eleutherococcus divaricatus, Arboretum w Koérniku [fot. Jakub

Gebalski].
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Ryc. 2. Budowa morfologiczna lisci Eleutherococcus divaricatus, Arboretum w Rogowie

[fot. Daniel Zatuski].

Ryc. 3. Budowa morfologiczna owocéw Eleutherococcus divaricatus, Arboretum w Rogowie

[fot. Daniel Zatuski].
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Ryc. 4. Budowa morfologiczna korzenia Eleutherococcus divaricatus, Arboretum w Kérniku

[fot. Jakub Gebalski].

6.3. Charakterystyka fitochemiczna Eleutherococcus divaricatus

(Siebold & Zucc.) S.Y.Hu

Glowne zwiazki czynne obecne w E. divaricatus to glikozydy pochodne lignanow i
fenylopropanu, tzw. eleuterozydy, w tym eleuterozydy B, E i E1. Najbogatszym zr6diem
eleuterozydéw jest korzen. Ponadto w korzeniu zidentyfikowano izofraksydyne, kwas

ursolowy oraz oleanolowy [1].

Z kolei owoce sg bogate w kwasy fenolowe (kwas p-kumarowy, kwas kawowy, kwas
protokatechowy, kwas ferulowy oraz kwas salicylowy), flawonoidy (rutyna, hyperozyd,
izokwercetyna oraz naryngenina) oraz polisacharydy [2]. W lisciach zidentyfikowano gtéwnie
saponozydy (sochiisanozyd, 22a-hydroksychiisanogenina, chiisanogenina, chiisanozyd, 24-
hydroksychiisanogenina, izochiinasonia, protochiisanozyd) oraz pochodne kwasu kawowego
(kwas 5-O-kawoilochinowy, kwas 4-O-kawoilochinowy, kwas 3,4-di-O-kawoilochinowy,
kwas  3,5-di-O-kawoilochinowy, kwas 4,5-di-O-kawoilochinowy, kwas 1,5-di-O-
kawoilochinowy) [3-8].

Wiekszos¢ badan nad skladem fitochemicznym E. divaricatus dotyczyla todygi, w

ktérej zidentyfikowano gtéwnie lignany [([3)-pinoresinol, ()-medioresinol, (3)-syringaresinol,
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akantozyd B, obtusifozyd A, akantozyd D, (p)-sesamina, ([)-larikiresinol-9-O-3-D-
glukopiranozyd, ()-alangilignozyd C, (3)-salwadorozyd, cytrusyna B], fenole (4-(3-metoksy-
1-propen-1-ylo)-1,2-benzenodiol, alkohol koniferylowy, 4-[(1E)-3-metoksy-1-propenyl]fenol,
kwas trans-4-hydroksycynamonowy, kwas trans-kofeinowy, kofeinian metylu, sinapaldehyd)
oraz  glikozydy  fenolowe  (3-metoksy-1-(3-hydroksy-propen-1-ylo)fenylo-4-O-a-L-
rhamnopyranozylo-(1/6)-3-D-glukopiranozyd, (E)-izokoniferyna) [9,10]. Budowa chemiczna

poszczegblnych metabolitow wtornych zostata przedstawiona w Tabeli 1.

Tabela 1. Budowa chemiczna metabolitow wtérnych wyizolowanych z czeSci nadziemnych i

podziemnych Eleutheroccocus divaricatus.

ZWIAZKI TERPENOWE

R, R,
chiisanozyd H a-L-Rha(1 - 4)--D-Glc(1 - 6) )-B-D-Glc
chiisanogenina H H
22a-hydroksychiisanozyd OH a-L-Rha(1 - 4)--D-Glc(1 - 6) )-B-D-Glc
24a-hydroksychiisanozyd H a-L-Rha(1 - 4)--D-Glc(1 - 6) )-B-D-Glc
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izochiisanozyd

Glc-Glc-

Rha

COO-Glc-Glc-Rha

11-deoksyizochiisanozyd

a-L-Rha(1 - 4)-8-D-Glc(1 - 6) )-B-D-Glc

[%]

sachunozyd

B-D-
a-L-Rha(1 - 4)-B-D-Glc(1 - 6) )-B-D-Glc
Glc
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kwas ursolowy H
kwas oleanowy CH;
ZWIAZKI FENOLOWE
0
HO OH
R0 4O
.0
R, R, R;
kofeinian
kwas 5-O-kawoilochinowy = H H
kwas 4-O-kawoilochinowy = H kofeinian H
kwas 4,5-di-O-
H kofeinian  kofeinian
kawoilochinowy
kwas 3,5-di-O-  kofeinian kofeinian
H
kawoilochinowy
kwas 3,4-di-O-
kofeinian kofeinian H
kawoilochinowy
]
o
HC”
HO
8]
“CH,

R,

R;
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aldehyd sinapylowy

o
HaC™ R
R1
o
“CHy

aldehyd sinapinowy H
glukozyd aldehydu sinapinowego B-D-Glc
OR;

HO
kwas 4-hydroksycynamonowy H H
kwas kawowy OH H
kwas ferulowy OCH; H
kofeinian metylu OH OCH;
D\\ OH

Rs

Ry

Ry
R R, R3

kwas protokatechowy OH OH H
kwas salicylowy H H OH

OR;
RD/H\““)
HO
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4-(3-metoksy-1-propen-1-yl)-1,2-

OH OCHs
benzenediol
(E)-izokoniferyna OCH; B-D-Glc
alkohol koniferylowy OCH; H
4-[(1E)-3-metoksy-1-propenyl] fenol H OCH:;
OH4C
: RS OH
R0
Ry
eleuterozyd B B-D-Glc OCH;
3-metoksy-1-(3-hydroksy-propen-1-
ylo)-fenyl-4-O-a-L-
a-L-Rha(1 - 6)-B-D-Glc H

rhamnopyranozylo-(1 - 6)-B-D-

glukopiranozyd

WW
R,0

koniferyna B-D-Glc

HO_ OH3C
“\E | WOH
R10M0

3-hydroksy-2-{4-(1E)-3-
hydroksyprop-1-en-1-yl]-2-

B-D-Glc
metoksyfenoksy }-propyl-p-D-

glukopyranozyd

LIGNANY
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R,
Ry R, R3 R, Rs
(+)-larycyrezynol-9-O-3-
H H H H B-D-Glc
D- glukopyranozyd
(+)-alangilignozyd C H H OCH; OCH; B-D-Glc
B-D-
(+)-salvadorazyd B-D-Glc  OCH; OCH; H
Glc
RS
ORg
o
R
OCH; ¢
o
RO
R
Ry R, Rs R, Rs
(+)-pinoresinol H H H H OCH;
(+)-medioresinol H H H OCH; OCH;
(+)-
H H OCH; OCH; OCH;
syringaresinol
akantozyd B H B-D-Glc OCH; OCH; OCH;
obtusifozyd A B-D-Glc-(1 - 6)- B-D-
H OCH; OCHs; OCH;
Api
eleuterozyd E B-D-
B-D-Glc OCH; OCH; OCH;
Glc
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O
0 il
(o]
o
g
(+)-sesamina
(IzH3 OH TH
CH
4] - 3
'\ -
0
R,0
OH
? =
CH4
B-D-
cytrusyna B
Glc
KUMARYNY
Hsc"'o =%
HO o7 "o
o]
“CHy
izofraksydyna
FLAWONOIDY
OH
Rz
R R, R;
hiperyna O-B-D-Gal OH H
rutyna O-Rut H OH
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afzelina O-a-L-Rha H H

kwercetyna OH H OH

kempferol OH H H

naryngenina

6.4. Charakterystyka fitofarmakologiczna FEleutherococcus

divaricatus (Siebold & Zucc.) S.Y.Hu

Korzen E. divaricatus stosowany byt w Tradycyjnej Medycynie Chinskiej (TMC) w
leczeniu nadcisnienia, cukrzycy, reumatyzmu, zapalenia watroby, ostabienia miesni i koSci
oraz w celu przywrocenia sit witalnych [11-16]. Niemniej jednak istnieje niewiele badan
naukowych okres$lajacych aktywnosc¢ biologiczng E. divaricatus. Wodny ekstrakt z todygi E.
divaricatus var. albeofructus redukowat stany zapalne w ptucach. W badaniu zastosowano
trzy dawki: 30, 100 i 300 mg/ml. Ekstrakty oraz zwigzki takie jak akantozyd B, 4-[(1E)-3-
metoksy-1-propenyl]fenol i kofeinian metylu hamowaty synteze marker6w stanu zapalnego,
IL-6 i tlenku azotu, w komorkach nablonka phlic poddanych dziataniu IL-1p oraz
makrofagach pecherzykowych poddanych dziataniu lipopolisacharydu (LPS). Podawanie
myszom z ostrym uszkodzeniem pluc ekstraktow oraz akantozydu D znaczaco zmniejszato
stan zapalny w ptucach. Wyniki tych badan sugeruja, ze E. divaricatus var. albeofructus ma

duzy potencjatl w leczeniu chordb pluc zwigzanych ze stanem zapalnym [17].

Ekstrakt wodny z todygi E. divaricatus var. albeofructus skutecznie blokowat
upoSledzenie biernego unikania oraz zwiekszal immunoreaktywnos¢ kwasnego biatka
wlokienkowego gleju i IL-la w hipokampie. Ponadto !agodzit spadek poziomu
acetylocholiny oraz wzrost poziomu aldehydu dimalonowego w korze moézgowej. Ekstrakt
znaczgco poprawiat wyniki w zadaniu polegajacym na rozpoznawaniu nowych obiektow oraz

zmniejszal odkladanie sie amyloidu i IL-1 w mozgu [18].
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Wodny ekstrakt z lodygi i korzenia (1:4) E. divaricatus var. albeofructus oraz
akantozyd D moga tagodzi¢ uszkodzenia watroby spowodowane niedokrwieniem i reperfuzjq.
Dziatajg poprzez hamowanie infiltracji komoérek zapalnych, co zmniejsza uwalnianie cytokin
zapalnych i rownowazy stan oksydacyjno-antyoksydacyjny. Proces ten jest mediowany przez
p38 MAPK oraz c-Jun NH2-terminalng kinaze/kinaze biatkowa aktywowana stresem [13].
Wodny ekstrakt z E. divaricatus var. chiisanensis oraz akantozyd D znaczaco obnizyly
ciSnienie krwi oraz zmniejszyty grubos¢ Sciany aorty. Ekstrakt i akantozyd D dzialaly poprzez
zwiekszenie ekspresji srédblonkowej syntazy tlenku azotu (eNOS) w blonie wewnetrznej i
Srodkowej. Ponadto, istotny wzrost wewnatrzkomoérkowej produkcji tlenku azotu zostat
wywolany po stymulacji wodnym ekstraktem E. divaricatus var. chiisanensis oraz

akantozydem D ludzkich komorek srodbtonka zyty pepowinowej [19,20].

6.5. Hialuronidazy oraz tyrozynaza

6.5.1 Hialuronidaza

Hialuronidaza (HYAL)jest enzymem odpowiedzialnym za hydrolize kwasu
hialuronowego (HA). HA to liniowy, wysokoczasteczkowy, niesiarczanowany polisacharyd,
zbudowany z reszt N-acetylo-D-glukozaminy i kwasu D-glukuronowego, polaczonych
wigzaniami glikozydowymi. Zwigzek ten wystepuje zaréwno u prokariontow, jak i
eukariotow, i jest powszechnie obecny w wielu tkankach i ptynach ustrojowych, takich jak
miesnie, stawy, plyny maziowe, skdra i cialo szkliste. Dodatkowo, HA bierze udzial w

procesach gojenia sie ran, stanach zapalnych i karcenogenezie.
W oparciu o strukture i mechanizm dziatania wyr6zniono trzy klasy hialuronidaz.

1. Pierwsza klasa obejmuje endo-f-N-acetyloheksozaminidazy (EC 3.2.1.35), ktére sq
obecne u ssakow oraz w jadzie wezy. Enzymy te sa odpowiedzialne za hydrolize
wigzania [-1,4-glikozydowego w kwasie hialuronowym (HA). HA jest rozkladany na
mniejsze fragmenty, co moze wplywal na rdézne procesy biologiczne, takie jak

przepuszczalnosc¢ tkanek i migracja komorek.

2. Druga klasa to endo-f3-D-glukuronidazy (EC 3.2.1.36), ktére hydrolizuja wigzania [-
1,3-glikozydowe w HA. Enzymy te s obecne gléwnie u bezkregowcow. Ich dziatanie
prowadzi do rozkladu HA, co moze mieC znaczenie w regulacji struktury macierzy

zewnatrzkomorkowej.
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3. Trzecia klasa obejmuje endo-pB-N-acetyloheksozaminidazy (EC 4.2.2.1), ktére sa
obecne wylacznie u prokariontow. Enzymy bakteryjne z tej grupy rozrywaja wigzania
B-1,4-glikozydowe w HA. Proces ten prowadzi do depolimeryzacji HA, co moze

wplywac na zdolnos¢ bakterii do kolonizacji i infekcji tkanek gospodarza.

HYAL biorg udziat w patogenezie wielu choréb. HYAL sa waznym czynnikiem
zjadliwosci dla wielu gatunkéw bakterii, takich jak Staphylococcus spp., Streptococcus
spp. i Streptomyces spp. Rozklad HA zwieksza lepko$¢ plyndw ustrojowych i zmniejsza
integralno$¢ tkanek, ulatwiajac przenikanie mikroorganizméw w glab tkanek. Podobna

funkcje HY AL pelia w jadzie blonkéwek, pajakéw i wezy.

Ponadto wykazano udzial HYAL we wzroScie guza, przerzutach i angiogenezie.
Jednak przeprowadzone badania nie dostarczaja jednoznacznych wynikéw pokazujacych, ze
HYAL moze funkcjonowa¢ zaréwno jako supresor, jak i promotor karcenogenezy. HA
wspomaga przerzuty do nowotworu, wiec enzym, ktory rozklada hialuronian hamuje ich
wzrost. Z drugiej strony, HA o niskiej masie czasteczkowej stymuluje angiogeneze, promujac

wzrost guza i tworzenie przerzutow (Ryc. 5) [21-28].
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~a / yn w giq
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Ryc. 5. Udzial hialuronidaz w patogenezie choréb. BioRender.com

6.5.2. Tyrozynaza

Tyrozynaza jest kluczowym enzymem biorgcym udziat w melanogenezie, nalezagcym

do klasy oksydoreduktaz (EC 1.14.18.1). Odpowiada za katalize hydroksylacji tyrozyny do L-
DOPA oraz oksydacyjna konwersje L-DOPA do dopachinonu. Enzym ten jest szeroko
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rozpowszechniony w przyrodzie, wystepujee w grzybach, bakteriach, glonach, roslinach i

zwierzetach.

U wyzszych kregowcow melanina jest wytwarzana w melanocytach obecnych w
naskérku, mieszkach wtosowych, blonie naczyniowej oka (naczynidéwka, ciatlo rzeskowe i
teczowka), uchu wewnetrznym (Slimak) oraz osrodkowym ukladzie nerwowym. Melaniny to
makroczasteczkowe pigmenty polimerowe powstajace w wyniku utleniania i polimeryzacji
zwigzkow fenolowych. Synteza melaniny odbywa sie w pecherzykach zwanych
melanosomami i jest jednym z najczestszych procesow pigmentacyjnych zachodzacych w

przyrodzie.

U ssakow tyrozynaza melanosomalna bierze udzial w tworzeniu czarno-brazowej
eumelaniny oraz  Zo6tto-czerwonawej feomelaniny. Eumelanina ma  wlasciwosci
fotoprotekcyjne, wynikajace ze zdolnosci do pochtaniania promieniowania ultrafioletowego
(UV) oraz neutralizacji wolnych rodnikow i reaktywnych form tlenu (ROS). Z kolei
feomelanina ma wlasciwosci fotouczulajace i pod wplywem promieniowania UV moze

uczestniczy¢ w wytwarzaniu ROS.

Pigmentacja melaniny u ssakow pelni wiele waznych funkcji fizjologicznych, takich
jak zabarwienie adaptacyjne, ochrona tkanek przed promieniowaniem UV, kontrola termiczna
organizmu oraz regulacja biosyntezy witaminy D3. Nieprawidlowa aktywnosS¢ tyrozynazy
moze prowadzi¢ do zaburzen skérnych, takich jak bielactwo czy piegi. Ponadto, tyrozynaza
moze odgrywac role w nowotworzeniu oraz chorobach neurodegeneracyjnych, takich jak

choroba Parkinsona (Ryc.6.) [29-35].

(o}
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(COOH) v
OH (0]
o,
0 HO -
HO. NADPRODUKCJA Plamy po poparzeniach
> OH = O o (COOH) — stonecznych
NH,
He HN  OH HO
L-tyrozyna L-DOPA DOPAchinon (COOH) Ograniczenie skutecznosci

radioterapii i chemioterapii

Melanina

Ryc. 6. Udzial tyrozynaz w patogenezie choréb. BioRender.com
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7. Powody podjecia badan

Brak skutecznych i bezpiecznych inhibitorow tyrozynazy i hialuronidazy jest
podstawa do poszukiwania nowych zwiazkow z tej grupy. Nowe inhibitory tyrozynazy maja
szczegblne zastosowanie w dermatologii i produkcji zywnoSci. Soki przygotowywane z
owocOw i warzyw z powodu brazowienia maja krotki okres przydatnosci do spozycia. Aby
wydhuzy¢ okres przydatnosci do spozycia i zachowac¢ naturalny, Swiezy wyglad, przemyst
przetworstwa owocOw wymaga opracowania nowych, skutecznych i bezpiecznych
inhibitoréw tyrozynazy. Z drugiej strony, nadprodukcja melaniny w skorze jest przyczyna
réznych choréb i probleméw estetycznych. Inhibitory tyrozynazy mogq zmniejszac
biosynteze melaniny i by¢ stosowane w produktach kosmetycznych do profilaktyki
przebarwien, w tym piegow i przebarwien po oparzeniach stonecznych. Ponadto inhibitory
tyrozynazy mogq by¢ réwniez stosowane w leczeniu przebarwien, takich jak poparzenia

stoneczne, przebarwienia pozapalne i plamy starcze [36,37].

Hialuronidazy odgrywaja kluczowa role w wielu procesach fizjologicznych i
patologicznych, jednakze ich udzial w wielu z tych proceséw pozostaje niewyjasniony.
Selektywne inhibitory hialuronidazy s niezbedne do zrozumienia zwigzku miedzy
aktywnoscig hialuronidazy a jej skutkami. Co wiecej, inhibitory hialuronidazy moga byc¢
uzyteczne jako narzedzia farmakologiczne, np. w polaczeniu z antybiotykami w leczeniu
infekcji wywolanych przez bakterie wytwarzajace hialuronidaze, w tym Streptococcus
pneumoniae, gtowny Gram-dodatni patogen czlowieka. Identyfikacja i charakterystyka
inhibitorow hialuronidazy moze réwniez przyczyni¢ sie do opracowania nowych lekéw
przeciwnowotworowych, srodkdw antykoncepcyjnych i odtrutek na jady i toksyny. Obecnie
znane inhibitory, tj. kwas askorbinowy i jego analogi, a takze escyna, wykazuja staba
aktywno$¢ wobec hialuronidazy, ponadto escyna jest stabo wchlaniana w przewodzie

pokarmowym [38-40].

Uwzgledniajac powyzsze argumenty, niezwykle istotne jest poszukiwanie nowych
inhibitorow tych enzymoéw, ktére beda charakteryzowaé sie wieksza funkcjonalnosciag i

bezpieczenstwem stosowania.
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8. Cel rozprawy doktorskiej

Rosliny od wiekéw stanowity wazne Zrodlo lekow (przez wiekszos¢ czasu jedyne).
Duza réznorodnosc¢ strukturalna zwigzkoéw naturalnych determinuje ich szeroka aktywnosc
biologiczng. Pierwszym skutecznym lekiem w leczeniu nadci$nienia tetniczego byla rezerpina
wyizolowana z korzeni rauwolfii zmijowej (Rauwolfia serpentina (L.) Bentham ex Kurz).
Prekursorem metforminy, leku pierwszego rzutu w leczeniu cukrzycy, byla galagina
wyizolowana z ruty lekarskiej (Galega officinalis L.). Inhibitory SGLT-2, np.
empagliflozyna, kanagliflozyna i dapagliflozyna naleza do nowej generacji lekow
przeciwcukrzycowych wywodzacych sie ze struktury floryzyny wyizolowanej z jabloni
(Malus domestica Borkh.). Leczenie bolu paliatywnego oraz pooperacyjnego bylo mozliwe
dzieki morfinie wyizolowanej z maku lekarskiego (Papaver somniferum L.). Powyzsze

przyklady pokazuja istotnos¢ roslin jako Zrédta nowych lekow.

Celem nadrzednym rozprawy bylo zidentyfikowanie inhibitoréw hialuronidazy oraz
tyrozynazy w Eleutherococcus divaricatus (Siebold & Zucc.) S.Y.Hu, okreSlenie ich
cytotoksyczno$ci wobec wybranych linii komérkowych czerniaka i wlasciwosci

antyoksydacyjnych.
Realizacja celu zostata oparta na dwoch strategiach (A i B):

A: identyfikacji ekstraktéw/frakcji/zwigzkéw czynnych o pozadanej funkcjonalnosci
w kierunku stymulacji aktywnosci hialuronidazy i tyrozynazy z uwzglednieniem tych
enzymow obecnych w surowicy krwi dzieci ze zdiagnozowang ostra biataczka

limfoblastyczna, przed rozpoczeciem leczenia,

B: ocenie bezpieczenstwa na modelowych liniach czerniaka w skojarzeniu z

chemioterapeutykiem doksorubicyna.
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9. Wyniki badan

P.1. Charakterystyka naturalnych oraz pélsyntetycznych inhibitorow hialuronidazy
oraz tyrozynazy

Praca przegladowa

P.1._Gebalski J., Graczyk F., Zaluski D. Paving the way towards effective plant-based
inhibitors of hyaluronidase and tyrosinase: A critical review on a structure—activity

relationship. J. Enzyme. Inhib. Med. Chem. 2022; 37(1), 1120-1195.

Przed rozwojem wspotczesnej medycyny, ziotolecznictwo bylo szeroko stosowane w
leczeniu wielu choréb. Wspolczesna medycyna wykorzystuje przede wszystkim roslinne
skladniki aktywne, ktore ze wzgledu na swoja roznorodnos¢ strukturalng stanowia dobre

zrodto nowych lekow.

Jednym z mechanizméw dzialania lekéw jest inhibicja biatek enzymatycznych,
ktorych aktywnos¢ czesto wzrasta w rozwoju stanow patologicznych. Na szczeg6lng uwage
zastuguja tyrozynaza i hialuronidaza. Hamowanie aktywnosci tyrozynazy moze zostac
wykorzystane w leczeniu chorob skory (plamy starcze, przebarwienia stoneczne), czy
nowotworach skory (czerniak). Z kolei inhibitory hialuronidaz moga zosta¢ wykorzystane w
leczeniu infekcji bakteryjnych, ukgszen wezy, ograniczeniu przerzutéw nowotworowych, czy

jako doustna antykoncepcja u mezczyzn.

Celem tej pracy bylo poszukiwanie korelacji pomiedzy budowa chemiczng zwigzkow
roslinnych a ich hamujagcym wplywem na aktywnos$¢ hialuronidazy (ludzkiej, bakteryjnej,
wezowej) i tyrozynazy (grzybowej i ludzkiej). W celu potwierdzenia mojej hipotezy, czyli
wykazania, ze zwiazki roslinne hamuja powyzsze enzymy, dokonalem krytycznej analizy
artykutow oryginalnych, korzystajac z nastepujacych baz danych: ScienceDirect, PubMed,
Scopus, Web of Science, Google Scholar i ClinicalTrials. W pracy uwzgledniono publikacje z
okresu od stycznia 1990 r. do grudnia 2021 r. W strukturze pracy mozna wyrozni¢ dwie
czesci: pierwsza posSwiecona jest charakterystyce enzymow (klasyfikacja, wystepowanie,
funkcja), a druga przedstawia zaleznos¢ struktura-aktywnos$¢ zwigzkéw naturalnych wobec

tyrozynazy oraz hialuronidazy (polifenole, alkaloidy, zwigzki izoprenowe).

W przypadku tyrozynazy duza aktywnoscia hamujacq charakteryzowaty sie zwiazki
polifenolowe, szczegoélnie flawonoidy o strukturze podobnej do kwasu kojowego. Obecnos$¢

grup hydroksylowych (OH) w polozeniu rezorcynolu lub katecholu zwiekszata aktywnos¢
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tych zwiazkow. Natomiast metylacja grup OH oraz wprowadzenie reszty cukrowej
zmniejszaly ich dzialanie. Podobne wyniki uzyskano dla innych polifenoli, takich jak

kumaryny, lignany, chalkony, stilbeny oraz garbniki.

Przechodzac do drugiego enzymu, mianowicie do hialuronidazy, okazato sie, zZe grupa
inhibitorow szczegdlnie aktywna sg réwniez polifenole. Obecno$¢ wigzania podwojnego
miedzy drugim a trzecim atomem wegla, grupy OH w potozeniu C-4’, C-5 oraz C-7 oraz
grupy ketonowej w pozycji C-4 we flawonoidach korzystnie wplywaly na aktywnos¢ tych
zwiazkéw. Wysoka aktywnoscia charakteryzowaly sie rowniez kwasy fenolowe, szczeg6lnie
pochodne kwasu cynamonowego. Wzrost liczby grup OH oraz estryfikacja grupy
karboksylowej (COOH) alkoholami o dlugim tancuchu weglowodorowym korzystnie
wplywaly na aktywnos$¢ kwasow fenolowych. Zarowno, w przypadku flawonoidow jak i
kwaséw fenolowych, przylaczenie reszty cukrowej oraz metylacja grup OH zmniejszaly

aktywnos¢ inhibicyjna.

Przechodzac do konkluzji, z cala pewnoscia mozna stwierdzi¢, ze zwiazki naturalne sa
skutecznymi inhibitorami hialuronidaz i tyrozynazy. Na szczeg6lng uwage zastuguja zwiazki
polifenolowe, ktérych budowa chemiczna umozliwia interakcje z aminokwasami enzyméw w
centrum aktywnym. W przysztosci zwigzki te moga zosta¢ wykorzystane do opracowania
skutecznych lekdw w leczeniu réznych schorzen. Jednakze nalezy mieC na uwadze, Ze
wiekszos¢ badan zostata wykonana na enzymach zwierzecych, bakteryjnych lub grzybowych.
W celu uzyskania bardziej wiarygodnych wynikow, ktore mozna skorelowac z organizmem

cztowieka, w przysztosci enzymy ludzkie powinny by¢ uwzglednione w analizach.
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P.2. Okreslenie wlasciwosci anty-hialuronidazowych oraz anty-tyrozynazowych owocéow
Eleutherococcus divaricatus (Siebold & Zucc.) S.Y.Hu

Praca oryginalna

P.2. Gebalski J,, Matkowska M., Gawenda-Kempczynska D., Stomka A., Strzemski M.,
Styczynski J., Zatuski D. Eleutherococcus divaricatus fruits decrease hyaluronidase activity
in blood serum and protect from antioxidative damages in in vitro model. Int. J. Mol. Sci.

2024; 25(4):2033.

Owoce sg kluczowymi sktadnikami diety i Zzrédlem zwigzkow biologicznie czynnych,
ktore znajduja zastosowanie w farmakologii Zzywieniowej. Ze wzgledu na obecno$¢ zwiazkow
polifenolowych, owoce odgrywajq istotng role w zapobieganiu chorobom cywilizacyjnym. Z
tego wzgledu wazne jest badanie sktadu fitochemicznego i aktywnosci biologicznej owocow,

zwlaszcza tych, ktére od dawna sa wykorzystywane w etnomedycynie.

Celem pracy bylo okreslenie zawartosci zwigzkéw fenolowych oraz hamujacego
potencjalu 75% ekstraktu metanolowego z owocow Eleutherococcus divaricatus wobec
tyrozynazy (ludzkiej i grzybowej) oraz hialuronidazy (ludzkiej i bydlecej). Wykorzystujac
chromatografie cieczowa z detekcja diodowa (HPLC-DAD) zbadano sktad ekstraktu. Testy
oparte na spektrofotometrii postuzyly do oceny aktywno$Sci antyenzymatycznej oraz

antyoksydacyjnej ekstraktu (chelatowanie jonow zelaza (II), DPPH, ABTS oraz FRAP).

Na podstawie wynikéw analizy metoda HPLC-DAD zidentyfikowano 3 zwiazki
wobec 14 wzorcowych, mianowicie eleuterozyd E (0,23 mg/g), kwas chlorogenowy (0,13
mg/g) oraz kwas protokatechowy (1,47 mg/g). Przechodzac do aktywnosci
antyenzymatycznej, zauwazono, ze ekstrakt wykazal umiarkowana aktywnos¢ wobec
hialuronidazy z jader bydlecych (9,06-37,70%). W ramach wspolpracy z prof. Janem
Styczynskim (Katedra Pediatrii, Hematologii i Onkologii, CM UMK, Bydgoszcz)
pozyskaliSmy krew od pacjentdw onkologicznych przed leczeniem (dzieci ze zdiagnozowana
ostra biataczka limfoblastyczna, mediana wieku 7 lat). Hialuronidaza jest enzymem, ktérego
aktywno$¢ wzrasta w chorobach nowotworowych czy chorobach przebiegajacych z rozwojem
stanu zapalnego. Uzyskane wyniki potwierdzity znaczaca inhibicje hialuronidazy na poziomie
82,51% (wartos¢ srednia dla grupy), wobec escyny zastosowanej jako kontrola, inhibicja
71,04% (warto$¢ srednia dla grupy). Roznica w hamowaniu hialuronidazy w surowicy

ludzkiej moze wynikac ze zmiennosci osobniczej miedzy pacjentami.
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Nie zauwazono znacznej aktywnoS$ci antytyrozynazowej ekstraktu (tyrozynaza
grzybowa, 2,94-12,46%). Przeprowadzone badania wskazuja na umiarkowane dzialanie
antyoksydacyjne (ICsp — ABTS 0,28 mg/mL, DPPH 1,30 mg/mL, chelatowanie Fe?* 1,45
mg/mL oraz rodnik O, 1,51 mg/mL).

Na podstawie analizy uzyskanych wynikow badan wstepnych, szczegblnie w
przypadku inhibicji hialuronidazy obecnej w surowicy krwi, mozna z cala pewnoScia
stwierdzi¢, ze wyniki te uzasadniaja tradycyjne stosowanie E. divaricatus w leczeniu chorob
zapalnych oraz zwigzanych z ukladem odpornosciowym. Hialuronidaza, enzym bioracy
udzial w degradacji kwasu hialuronowego, odgrywa istotng role w procesach zapalnych i
immunologicznych. Inhibicja tego enzymu przez ekstrakty z E. divaricatus wskazuje na
potencjalne korzysci terapeutyczne tej rosliny w leczeniu schorzen, w ktorych hialuronidaza

moze odgrywac kluczowa role.
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P.3. Okreslenie wlasciwosci anty-hialuronidazowych oraz anty-tyrozynazowych
korzenia Eleutherococcus divaricatus (Siebold & Zucc.) S.Y.Hu

Praca oryginalna

P3. Gebalski J., Matkowska M., Wnorowska S., Gawenda-Kempczynska D., Strzemski M,
Wojciak M., Slomka A., Styczynski J., Zaluski D. Ethyl acetate fraction
from Eleutherococcus divaricatus root extract as a promising source of compounds with anti-

hyaluronidase, anti-tyrosinase, and antioxidant activity but not anti-melanoma

activity. Molecules. 2024; 29(15):3640.

Eleutherococcus divaricatus to ro$lina, ktora od wiekow jest wykorzystywana w
tradycyjnej medycynie dalekowschodniej. Korzen posiada rozne  wiasciwosci
farmakologiczne,  takie = jak  dzialanie = przeciwzapalne,  przeciwnowotworowe,
przeciwdepresyjne,  przeciwcukrzycowe, = neuroprotekcyjne,  hepatoprotekcyjne i
immunostymulujace. Jednakze, pomimo dhugiej historii stosowania w etnofarmakologii w
leczeniu wyzej wymienionych choréb, mechanizm jego dzialania pozostaje w duzej mierze

nieznany.

Celem trzeciej pracy bylo okreslenie skladu chemicznego oraz aktywnoSci
farmakologicznej ekstraktow z korzenia E. divaricatus, w kontekscie ich wplywu na
tyrozynaze (ludzka i grzybowa) oraz hialuronidaze (ludzka i bydlecg). W tym celu
przygotowalem cztery ekstrakty, stosujac rozpuszczalniki o r6znej polarnosci: 75% metanol,
chloroform, octan etylu oraz mieszanine metanolu, chloroformu i wody (7:3:0,4). Ekstrakty te
zostaly wstepnie przebadane pod katem inhibicji hialuronidazy i tyrozynazy. Najaktywniejszy
ekstrakt (75% metanolowy) poddano frakcjonowaniu metodq ekstrakcji ciecz-ciecz.
Nastepnie okreslono sklad chemiczny frakcji octanu etylu, ktéra wykazala najwyzszq
inhibicje wobec enzyméw. Ponadto, frakcja ta zostala przebadana in vitro na trzech liniach
czerniaka, aby oceni¢ jej potencjalne dzialanie cytotoksyczne. Dodatkowo, okreslono

aktywnos$¢ antyoksydacyjng ekstraktow.

Wstepna analiza fitochemiczna frakcji octanu etylu, ktéra przeprowadzilem z
wykorzystaniem prostych reakcji chemicznych (TPC, TFC, TPAC), wykazala, ze frakcja
octanu etylu zawiera najwiecej polifenoli. Analiza chromatograficzna przy uzyciu UHPLC-
DAD/ESI-TOF-MS potwierdzita obecno$¢ gtownie kwaséw fenolowych. Intensywny sygnat
zaobserwowano dla jonéw o m/z 353.08835 (191, 179); 515.12021 (353); 515.12048 (353) i
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515.12035 (353), ktore pochodzily od kwasu chlorogenowego, kwasu 3,5-

dikawoilochinowego, kwasu dikawoilochinowego i kwasu 4,5-dikawoilochinowego).

Sposrod czterech ekstraktow, ktdre przygotowatem stosujac rozpuszczalniki rozniace
sie polarnoscia, to ekstrakt 75% metanolowy najsilniej hamowat enzym (mTYR = 274,37
pg/mL, bHYAL = 104,13 pg/mL). Nastepnie ekstrakt ten poddano frakcjonowaniu stosujac
ekstrakcje typu ciecz-ciecz. Analizujac aktywno$¢ uzyskanych frakcji wobec tyrozynazy
grzybowej oraz hialuronidazy ludzkiej, stwierdzilem, ze najwyzszq aktywnos¢ miala frakcja

octanowa (mTYR = 65,5 pg/mL, bHYAL = 27,5 pg/mL).

Na podstawie analizy uzyskanych wynikow badan, wykazatem, ze frakcja octanu etylu
hamowata hialuronidaze obecna w surowicy krwi pacjentéw onkologicznych przed leczeniem
(pte¢: meska, wiek: 3, 4, 4, 5, 17 lat, zdiagnozowana ostra bialaczka limfoblastyczna) na
poziomie 55,82% (wartos¢ Srednia dla grupy) w porownaniu do kontroli, escyny 63,8%
(wartos¢ Srednia dla grupy). W analizowanym modelu enzymatycznym podjalem rowniez
probe okreslenia wplywu tej frakcji na aktywno$¢ tyrozynazy w surowicy krwi dzieci, nie
odnotowatem inhibicji. Rodwnolegle okreslitem cytotoksyczny wptyw frakcji na 3 linie
komorek czerniaka (UACC — 647, A375, SK-MEL-30), nie odnotowatem cytotoksycznego
wplywu na te linie. W kolejnym etapie sprawdzitem, czy frakcja octanu etylu moze dziatac¢
synergistycznie w kombinacji frakcja octanu etylu — doksorubicyna. ZauwazyliSmy niezwykle
ciekawq interakcje, ot6z frakcja zmniejszata dziatanie doksorubicyny, co moze wskazywac¢ na
jej protekcyjny efekt na komorki czerniaka. Obnizenie skutecznosci dziatania doksorubicyny
w obecnosci frakcji octanu etylu zauwazono na trzech badanych liniach czerniaka. Jest to
bardzo wazne odkrycie, ktore czesciowo przeczy, wbrew przyjetym ustaleniom, ze surowce

adaptogenne/immunostymulacyjne powinno sie stosowa¢ w trakcie leczenia onkologicznego.

Uzyskane wyniki potwierdzaja skuteczno$¢ stosowania E. divaricatus w tradycyjnej
medycynie chinskiej (TCM) w leczeniu choréb zapalnych i immunologicznych. Niemniej
jednak, w Swietle dotychczasowych badan, nalezy zachowac ostroznos¢ przy jednoczesnym
stosowaniu tej rosliny i chemioterapii. Zaleca sie stosowanie E. divaricatus przed
rozpoczeciem lub po zakonczeniu leczenia onkologicznego, aby wzmocni¢ organizm i
wspomOc jego regeneracje. Wyniki te sa réwniez zgodne z zalozeniami radzieckich
naukowcow z lat 70. i 80. XX wieku, ktorzy ostrzegali przed tgczeniem adaptogendw z grupy
Eleutherococcus z leczeniem onkologicznym. Podkreslali oni, Ze takie polaczenie moze

wplywac na skutecznosSc¢ terapii przeciwnowotworowej. Jednakze, aby w pelni zrozumiec
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mechanizmy dzialania E. divaricatus i jego interakcje z chemioterapia, konieczne sg bardziej
szczegotowe badania z wykorzystaniem modeli zwierzecych. Takie badania pozwolg na
dokladniejsze okreslenie bezpieczenstwa i skutecznosci stosowania tej rosliny w kontekscie

leczenia onkologicznego.
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ABSTRACT

Human has used plants to treat many civilisation diseases for thousands of years. Examples include reser-
pine (hypertension therapy), digoxin (myocardial diseases), vinblastine and vincristine (cancers), and
opicids (palliative treatment). Plants are a rich source of natural metabolites with multiple biological activ-
ities, and the use of modern approaches and tools allowed finally for more effective bioprospecting. The
new phytochemicals are hyaluronidase (Hyal) inhibitars, which could serve as anti-cancer drugs, male con-
traceptives, and an antidote against venoms. In turn, tyrosinase inhibitors can be used in cosmetics/phar-
maceuticals as whitening agents and to treat skin pigmentation disorders. However, the activity of these
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inhibitors is stricte dependent on their structure and the presence of the chemical groups, e.q. carbonyl or ® e
hydroxyl. This review aims to provide comprehensive and in-depth evidence related to the anti-tyrosinase
and anti-Hyal activity of phytochemicals as well as confirming their efficiency and future perspectives.
GRAPHICAL ABSTRACT
Tyrosinase
Hyalwronidases
1. Introduction uses plant active ingredients that can be divided into primary and

Before the advancement of modern science, herbal medicines

secondary metabolites. Secondary metabolites are defined as sub-

were widely used in ethnomedicine. Modem medicine primarily ~Stances that are not directly necessary for the organism’s growth
and development. It is believed that they play an important role
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in adapting plants to changing external conditions. Secondary
metabolites are formed in various metabolic pathways, including
amino acids and sugars intermediates, therefore, plants can syn-
thesise many structurally diverse metabolites. It is estimated that
plants produce at least 250,000 natural products, many of which
have not yet been identified and characterised in structure and
biological activity’. The enormous diversity in the plant werld
(250,000-300,000 species) has provided many substances currently
used in treatment™. The isolation of morphine and codeine from
Papaver somniferum L ensured an effective pain treatment®,
Obtaining digoxin from Digitalis purpurea L. allowed for an effect-
ive treatment of atrial fibrillation and heart failure®. Salicylic acid,
which is found, among others, in Salix alba L, after esterification
forms acetylsalicylic acid, used in pain and thrombotic diseases®.
The isolated artimizin from Arfemisia annua L. is used in the treat-
ment of a resistant form of malaria’. Other compounds used in
the treatment are capsaicin from Capsicum annuum L% quinine
from Cinchona L% and inulin'®. Additionally, some compounds,
after structure modification, have contributed to a new group of
drugs. A good example is a phlorizin, which has served as the
hast structure for SGLT2 sodium-glucose co-transporter inhibitors,
eg. dapaglifiozin'’. The development of new branches of science,
such as genetics, biotechnology, and molecular biclogy, allowed
for a better understanding of diseases’ pathophysiology'*"*. Hyals
and tyrosinases are an underestimated group of enzymes com-
monly found in the world of organisms. Hyal, due to its participa-
tion in many biclogical processes, such as fertilisation, diffusion of
toxins and microorganisms, inflammatory and allergic reactions,
and cancer development, is perceived as a potential therapeutic
target”. Besides, the inhibitors of tyrosinases and Hyals can be
used in cosmetolegy to develop cosmetics or drugs used in der-
matological diseases, such as eczema, acne, discolouration, and
photoaging* 7.

This study aims to systematise knowledge about the Hyal and
tyrosinase inhibitors. We have hypothesised that there are the
plant-based compounds and their chemically modified derivatives
which inhibit the Hyal and tyrosinase.

2. Methods

To confirm our hypothesis we have searched for the different
available databases (ScienceDirect, PubMed, Scopus, Web of
Science, Google Scholar, and ClinicalTrials) in the regard to the
relationship between the structure and activity of inhibitors, their
action’s mechanism, and the prospects for their use in treatment.
Search terms included “natural substances®, “plant substances”,
“polyphencls”, “phenolic acids”, "chalcones”, “stilbenes”, “lignans”,
“terpenes”, “alkaloids®, “glycosides”, “tyrosinase”, “tyrosinase inhib-
itors”, “hyaluronidase” (Hyal), “hyaluronidase inhibitors”, and
“bacterial lyase”. The search equation was defined according to
the formula [tyrosinase inhibitor OR tyrosinase OR Hyal inhibitor
OR Hyal OR bacterial lyase inhibitor OR bacterial lyase] AND [nat-
ural substances OR plant substances OR polyphenols OR phenolic
acids OR chalcones OR stilbenes OR lignans OR terpenes OR alka-
loids OR glycosides]. Publications were searched from January
1920 to December 2021.

3. Types of inhibition

Inhibition is the process that slows down or completely stops a
chemical reaction by a substance called an inhibitor. Depending
on the way of binding of the inhibitor with the enzyme, one can
distinguish reversible and irreversible inhibition (Table 1).
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Table 1. Effect of the inhibitor on K, and V...

Types of inhibitor [ Verax
Competitive inhibition Unchanged

1
Non-competitive inhibition Unchanged
Uncompetitive inhibition !
Mixed inhibition 1
Irreversible inhibition Unchanged

3.1. Irreversible inhibition

An irreversible inhibitor is a compound with a structure similar to
the substrate or product that forms a covalent bond with a group
present in the active centre. In the case of irmeversible inhibition,
it is not necessary to maintain the inhibitor concentration at a suf-
ficient level to ensure enzyme-substrate interaction. The complex
formed does mot dissociate, so the enzyme is inactive even when
the inhibitor is absent. In contrast to irreversible inhibition, revers-
ible inhibition is characterised by dissociating the enzyme-inhibi-
tor complex. There are the following types of reversible inhibition:
competent, incompetent, acompetent, and mixed'®.

3.1.1. Competent inhibition

The inhibitor shows a structural similarity to the substrate with
which it competes for access to the enzyme's active centre. The
enzyme-inhibitor complex converts to an enzyme-substrate com-
plex, and the inhibitor is displaced from the enzyme's active site.
The degree of inhibition of the enzyme depends on the concen-
tration of the substrate. The higher substrate concentration rela-
tive to the inhibitor, the fewer enzyme molecules will bind to the
inhibitor. Therefore, the inhibition of the reaction caused by a
competent inhibitor can be reversed by increasing the substrate
concentration.

3.1.2. Noncompetent inhibition

A noncompetent inhibitor usually bears no resemblance to the
structure of the substrate. The inhibitor binds to the enzyme at a
different site than the substrate. The inhibitor can attach to the
free enzyme or the enzyme-substrate complex. Unlike competent
inhibition, incompetent inhibition does not depend on the con-
centration of the substrate.

3.1.3. Accompetent inhibition
The inhibitor binds to the enzyme-substrate complex, forming an
enzyme-inhibitor-substrate complex.

3.1.4. Mixed inhibition

It is a case of partially competent and incompetent inhibition. The
inhibitor can bind to both the free enzyme and the ES complex,
reducing the maximum rate'®.

4, Inhibitors of hyaluronidase
4.1. Hyaluronic acid and hyaluronidase

Hyal is responsible for the hydrolysis of hyaluronic acid (HA). HA is
a linear, high melecular weight unsulfated polysaccharide com-
posed of alternating N-acetyl D-glucosamine and D-glucuronic
acid residues linked by glycosidic bonds. That compound is pre-
sent both in prokaryotes and eukaryotes, commonly found in
many tissues and body fluids, such as muscles, joints, synovial
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fluid, skin, and vitreous body. In addition to its structural func-
tions, it is involved in wound healing, inflammation, and tumour
development. Hyals are a group of enzymes commonly found in
nature, e.g. they are an important component of the venom of
bees, spiders, and snakes™ *. Based on the structure and mech-
anism of action, there are three classes of Hyals (Figure 1). The
first class includes endo-fi-N-acetylhexosaminidases (EC 3.2.1.35)
present in mammals and in snake and hymenoptera venom. They
hydrolyse f§-1,4-glycosidic bonds in HA. The second class is endo-
f-D-glucuronidases (EC 3.2.1.36), which hydrolyse the fi-13-glyco-
sidic linkages in the HA and are present in invertebrates. As a
result of the activity of both enzymes, tetra, and hexasaccharide
of HA are formed. The third class includes endo-fi-N-acetylhexosa-
minidases (EC 4.2.2.1), present only in prokaryotes. Bacterial
enzymes break fi-1,4-glycosidic bonds in HA using a f-elimination
reaction. As a result of their action, unsaturated di-, tetra-, and
hexasaccharide are formed. There are five types of Hyals found in

O, O o, OH
)—iH oH
) 00H 0
o4 + o] 7
OH aH
o OH wN_ cH, OH oM O WM. CHy
h'd g
o o
Bacterial |.3-u|um..u.-.:\

humans: HYAL-1, HYAL-2, HYAL-3, HYAL-4, and HYAL-5. HYAL-1
and HYAL-2 are found in most tissues and are involved in the cir-
culation of HA™. HYAL-2 degrades long-chain hyaluronic acid
(HMWHA) found in the extracellular matrix to short-chain hyalur-
onic acid (LMWHA), which after binding to the CD44 receptor, is
transported into the cell HYAL-1 is found inside the cell and is
responsible for the degradation of LMWHA into tetra and
hexasaccharide™.

Hyals are involved in the regulation of important physiological
processes, such as fertilisation and skin ageing. Present in sperm,
HYAL-5 plays a key role in fertilisation in mammals as it enables
the sperm to connect to the egg cell by breaking down HA in the
granule layer. The overactivity of collagenases, Hyal, and elastase
leads to the formation of wrinkles™.

Hyals are an important virulence factor for many bacterial spe-
cies, such as Staphylococcus spp., Streptococcus  spp.  and
Streptomyces spp. The decompasition of HA increases the viscosity
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Figure 1. Classification of hyaluronidases (HMWHA: long-chain hyaluronic acid; LMWHA: short-chain hyaluronic acid).
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of body fluids and reduces tissues’ integrity, facilitating the pene-
tration of microorganisms and toxins into the skin®®.

Hyals are an important component of the wvemom of
Hymenoptera, spiders, and snakes. Hyal, present in the venom,
helps to distribute the toxins throughout the body. Several studies
have shown Hyal to be involved in tumour growth, metastasis,
and angiogenesis”’. However, the conducted studies de not pro-
vide unambiguous results showing that Hyals can function both
as a suppressor and a promoter of carcinogenesis. HA promotes
tumour metastasis, so the enzyme that breaks down hyaluronan
(Hyal) inhibits their growth. On the other hand, low molecular
weight HA stimulates angiogenesis, promoting tumour growth
and metastasis formation™.

4.2, Polyphenaols as inhibitors of hyalurenidase:
structure-activity relationships (SARS)

4.2.1. Flavonoids

Plant-based metabolites represent the chemically-different groups
of compounds, of which many have been isolated for the first
time from the plants used in the ethnomedicine of indigenous
tribes. Those steps have allowed for their identification, biotechmo-
logical modification of their structure or to develop a synthesis
path involving bacteria or fungi.

Phenclic compounds include a very numerous and important
group of compounds commonly found in the world of plants.
Polyphenols are plant secondary metabolites with very diverse
chemical structures, containing at least two hydroxyl groups
attached to an aromatic ring. Due to the number and way of
connecting aromatic rings, we can distinguish phenolic acids,
flavonoids, stilbenes, and Iignans"'g'z“. The presence of multiple
hydroxyl groups gives phenoclic compounds antioxidant proper-
ties’'. Phenclic compounds also show antitumor, anti-inflamma-
tory, antiviral, antibacterial, antifungal, hepatoprotective,
antiallergic, anticoagulant, and blood vessel sealing properties™.
Besides, many plant-derived pelyphenols affect Hyal and other
enzymes that regulate the metabolism of the extracellu-
lar matrin’* %

Inhibition of Hyal activity by polyphenolic compounds is
related to, among others, the presence of hydroxyl groups
(Figure 2). Hertel et al. investigated the effect of flavonoids with a
different number of hydroxyl groups on Hyals' activity [flavones
(apigenin and luteolin) and flavonols (kaempferol and quercetin)
in concentration 0.1mM)]. In the case of bovine testicular Hyal
(4 UW/mL), the activity of the tested compounds was low (less than

The 5.7 and 4' hydroxyl groups
increase the activity of the inhibitors

Glycosidic forms do not inhibit the
activity of hyaluronidase

Figure 2. Chemical groups of flavonoids involved in the inhibition of hyaluronidase.
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20% for apigenin and luteolin). The inhibition of Hyal was only
slightly enhanced by hydroxyl groups (quercetin or myricetin).
Phenolic compounds with an additional hydroxyl group in the
3-position (quercetin ca. 90% inhibition or myricetin - ca. 70%
inhibition) more strongly inhibited Streptococcus agalactiae hyalur-
onan lyase. Additionally, the introduction of a sugar moiety signifi-
cantly reduces the test compounds’ activity (e.g. rutin). Aglycones
were more potent inhibitors than their corresponding glycosides,
what may probably result from the inhibitor's difficult access to
the Hyal active site in case of glycosides™.

Another study®®*® determined the effect of luteolin, apigenin,
kaempferol, myricetin, quercetin, and morine on bovine testicular
hyaluronidase (BTH). Flavonoids containing a double bond
between the 2 and 3 carbon atoms showed a greater potency
than flavonocids without the double bond. Additionally, a ketone
group in the 4-position or hydroxyl group at 5,7, and 4" positions
may increase the inhibition of Hyal. In turn, methoxylation of the
4'-0H group in hesperitin and diosmetin reduces their activity. On
the other hand, the presence of the 3-OH group did not affect
the potency of Hyal inhibition. In addition, the presence of a cat-
echol system in the B ring (3'4-0OH) may show a beneficial effect
on the inhibitory activity of flavonoids. As in other studies, glyco-
side substituent presence completely reverses the inhibitory effect
of flavonoids on BTH. The compounds possessing the malonyl
group in the C-6 position of the sugar moiety, such as apigenin-7-
0-{6"-0-malonylglucoside (ICs; = 360pM) or luteolin-7-O-(6"-0-
malonylglucoside (ICs; = 324 M) show stronger inhibitory prop-
erties than compounds lacking this group, i.e. apigenin-7-O-rutino-
side (ICsp = 1000uM), naringenin?-O-rutinoside (ICsg > 1000 M)
and luteolin-7-O-glucoside (ICs, = 695 puM)™. In another study, a
relationship between the position of the sugar moiety and an
activity against Hyal was found [apigenin 7-O-(3"-O-acetyl}-glucur-
onide (200uM, inhibition 10.0%) and apigenin 5-O-(3"-O-acetyl)-
glucuronide (200 uM, inhibition 13.9%)".

Compounds containing a sugar residue in the C-3 pesition
weakly block Hyal [kaempferol-3-O-2-L-thamno  pyranoside
(18.26%), quercetin-3-0O-z-L-rthamno pyranoside (6.88%), and quer-
cetin-3-0-z-L-arabino pyranoside (13.81%)) (Table 2)*%

Another possible mechanism invelved in an inhibition of Hyals'
activity is based on the ability to associate compounds of low
molecular weight. The acid function (hydroxyl, carboxyl, phos-
phate, or sulphate) is necessary to form an aggregate with mul-
tiple negative charges. More research is needed to determine the
possibility of aggregating by low molecular weight flavonoids that
can act as effective inhibitory units.

between the 2nd and 3rd carbon atoms

The presence of a double bond
5
increases the activity of the inhibitors

increases the activity of polyphenols

The presence of a ketone group
5
towvards hyaluronidase
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Bralley et al. determined antioxidants’ influence (phenolic acids,
flavonoids, and condensed tannins) in Sorghum on Hyal activity.
Amongst tested compounds, ie. condensed tannin, apigenin,
luteolin, kaempferol, guercetin, and rutin, only the four first were
effective. Probably condensed tannins mot only denature the
enzyme but also interact with the hydrophobic channel®.
Tatemoto et al. investigated the effect of tannin, apigenin, and
guercetin on Hyal activity and the fertilisation process in witro.
Tannins showed the greatest inhibitory properties at concentra-
tions of 2-10 pg/mL. These data suggest that an adequate concen-
tration of tannic acid prevents polyspermia by inhibiting sperm
Hyal activity during IVF of porcine cocytes. However, the presence
of apigenin or quercetin in the same concentrations as tannic acid
could net prevent polyspermy™.

The study by Zeng et al. determined how apigenin, luteolin,
kempferol, quercetin, morin, naringenin, daidzein, and genistein
bind to HAase. It was shown that those compounds interacted
with the active centre of the enzyme through electrostatic forces,
hydrophobic interactions, and hydrogen bonds. The binding of fla-
vonoids caused changes in the active centre structure, resulting in
inhibition of HAase (Table 3)*.

4.2.2. Phenolic acids

Phenolic acids have demonstrated potent anti-Hyal properties.
The impact of rosmarinic acid (ICs, = 24.3 pg/ml), protocatechuic
acid (ICsy = 107.6 pg/mlL), ferulic acid (ICsp = 396.1 pg/mL), and
chlorogenic acid (ICsy = 1624 pg/mL) on the activity of Hyal
was noted.

lwanaga et al. investigated the composition and effects of
aqueous-acetone extracts from the aerial parts of Cimicifuga sim-
plex and Cimicifuga japonica on HAase. The newly isolated fukiic
acid derivatives (ICsy; of compound 1. 255puM; 2. 102 pM; 3.
173 uM; 4. 120 puM) inhibited Hyal more potently tham rosmarinic
acid (ICsy = 545 pM), caffeic acid (ICsy = 2000pM), ferulic acid
(ICsq > 2000uM) and isoferulic acid (ICg, > 2000 puM). Based on
the structure of compounds nr 2 and 4, the methoxy groups at
the C-3" and C4" positions may participate in the Hyal
inhibition™.

Oligomers composed of caffeic acid exhibited interesting anti-
Hyal properties. Caffeic acid trimer isolated from Dracocephalum
foetidum inhibited Hyal more strongly than disodium cremogly-
cate (ICsa = 220pM and ICs, = 650 pM). Similar results were
obtained by Aoshima's team studying coffee acid oligomers iso-
lated from Clinopodium gracile. It was appeared that coffee acid
oligomers, such as dinopodic acid M, showed more potent inhibi-
tory activity than rosmarinic acid (ICss = 19and 226 uM, respect-
ively). The most active compounds possessed 3-(34
dihydroxyphenyl)-2-hydroxypropionic acid - danshensu grouping.
The activity of other compounds with the structure of danshensu
amounted to: dinopodic acid E (ICs, = 40 pM), dinopodic acid |
ICsq = 112uM), cinopodic acid K(IC;; = 63 pM), clinopodic acid
L(ICss = 26 uM), clinopodic acid N(ICs; = 161 uM), clinopodic acid
O(ICsy = 66 pM), clinopodic acid P(ICs, = 25 pM), clinopodic acid
QICs5 = 165 uM), lithospermic acid (ICs, = 36 uM), salvianolic acid
B (ICsg = 107 uM), and salvianolic acid A (ICsp = 206 pM). The ICs,
values for compounds without the danshensu structure were
equal 206 and 653uM for clinopodic acid J and 8-epiblechnic
acid, respectively. An interesting structure for further studies may
be clinopodic acid E, which has instead of the structure of 23-
dihydrobenzofuran, 14-benzodioxane. This compound is four
times more potent than the analogue having the structure of 2,3
dihydrobenzofuran (clinopodic acid M). Additionally, as in other

studies, a beneficial effect of the increase in cligomer mass on the
inhibition of Hyal activity is seen ™,

The structure of 14-benzodioxane is present in clinopodic acid
C (ICss = 80.1 uM) and clinopodic acid E (ICs, = 82.8 uM), isolated
from the herbal drug takuran, which is produced from Lycopus
lucidas. These compounds inhibited Hyal more strongly than ros-
marinic acid (ICs; = 309 uM). It was found that an esterification of
the carboxyl group associated with the structure of 1,4-benzodiox-
ane decreased the activity of the compounds (lycopic acid A; ICsp
= 134 uM; lycopic acid B; 1Css = 141 pM). Rosmarinic acid oligom-
ers (trimer ICyy = 275uM; tetramer ICsp = 183 uM) blocked Hyal
more potent than rosmarinic acid (ICs, = 309 pM). Activity against
hyalurinidase is also shown by seric acid A (ICs; = 119pM), F (ICsp
= 1330 uM), and G (ICso = 1270 uM) isolated from the Oenanthe
javanica root (Figures 3 and 4) (Table 4)*.

4.2.3. Tannins

Tannins are nitrogen-free plant substances of high molecular
weight (500 — 3000), having numerous hydroxyl groups. Due to
their chemical structure, they are divided into two groups: hydro-
lysing and non-hydrolysing (condensed) (Figure 5). The first group
is divided into galotannins (ester combinations of gallic acid and
its derivatives) or elagotannins (ester combinations of ellagic acid).
The second group is formed by the condensation of catechins (fla-
van-3-ol products). Tannins show the ability to form complexes
with proteins, resulting in an astringent effect on the skin and
mucous membranes. Tannins have been shown to have many
properties, such as antibacterial, antiviral, anticancer, antioxidant,
anti-inflammatory, and anti-hemorrhagic®® =",

Sugimoto et al. investigated the effect of hydrolysing tannins
isolated from an ethanolic extract of Eucalyptus globulus Labill. on
Hyal activity (400 units/mL; from bovine testis Type IV-5). The fol-
lowing tannins were used in the study: pedunculagin (ICey=
1.51mM), tellimagrandin | (ICss= 0.9mM), tellimagrandin Il (ICsy=
0.58mM), heterophyllin A (ICsp,= 089mM), 1,3-di-O-galloyl-4.6-
hexahydroxydiphenoyl-fi-D-glucose  (ICsp= 0.74mM), 1,2 4-tri-O-
galloyl-f-D-glucose (ICs= 1.57 mM), 1,2,36-tetra-O-galloyl-f-D-glu-
cose (ICs= 035mM), 1,24,6-tetra-O-galloyl-f-D-glucose (ICss=
0.68mM), 1,.234,6-penta-O-galloyl-f-D-glucose  (ICso= 0.55 mM),
ellagic acid (iCso= 4.66), gallic acid (ICsa= 5.0mM), and disodium
cromoglycate (ICse= 0.45mM) as a control. The activity of the
tested compounds increases with the number of gallic acid resi-
dues attached to the sugar grouping (1,2,4-tri-O-galloyl-f-D-glu-
cose — 1Cg= 1.57 mM, 1,2,4,6-tetra-O-galloyl-f-D-glucose — ICsp=
0.68mM, 1,23,4,6-penta-O-galloyl-f-D-glucose — 1Cg= 0.55 mM).
Also, the localisation of gallic acid residues affects the inhibitory
activity (1,2,3,6-tetra-O-galloyl-£-D-glucose ICs= 0.35mM ws.
1,24 6-tetra-O-galloyl-f-D-glucose ICsp= 0.68mM]). The inhib-
ition level was similar for both ellagotannins and gallotannins.
Another gallotannin, agrimoniin (ICso= 2.65uM), also showed
strong inhibition of Hyal activity™.

In ancther study™, gallic acid esters with different n-alkanol
chain lengths (from C-1 to C-12) were examined to determine
their inhibitory activity against Hyal. With an increase of the alkyl
chain length, the inhibitory activity was increased. Cromoglycan
disodium (ICss= 450pM) was used as a positive control. Hexyl
(ICso= 253 uM), heptyl (ICsy= 112uM), octyl (ICsy= 106 M), nonyl
(ICso= 167 uM), and decyl (ICso= 580 uM) gallates inhibited Hyal.
Next, the impact of hydroxyl groups in octyl gallate on an activity
was checked. Octyl 3-hydroxybenzoate and octyl 4-hydroxyben-
zoate did not inhibit Hyal. Octyl 34-dihydroxybenzoate (ICsy=
902 uM) blocked the enzyme to a small extent. The strongest
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Table 2. Structure of flavonoid glycosides with an anti-hyaluronidase activity.

Ic
Structure Name [u:l?l References
OH Apigenin-7-0-(6"-0-malonyliglucoside 360  Aoshima
[s] [s] et al®
M o} 0
HO o ‘
HOY" "OH
OH OH o]
OH Luteolin-7-0-(6"-0-malonyl)glucoside 324  Aoshima
o] o] et al®
T o
HO o “ OH
’ “OH

OH OH O

Apigenin-7-0-rutinoside

=1000 Aoshima
et al®

Naringenin?-O-rutinaside

=1000 Aashima
et al®

lcontinued )
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Table 2. Continued.
ICsg
Structure Name (uM]  References
OH Luteolin-7-O-glucoside 695 Aoshima
et al.
Apigenin 7-0-{3"-0-acetyl}-glucuronide - Kubinova
et al”
Apigenin 5-0-(3"-D-acetyl)-glucuronide - Kubinova
et al®
Kaempferol-3-0-a-L-rthamno pyranoside -  Karakaya
et al.
k4
OH
(continued)
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IC,
Structure Name [pf.ﬁ References
OH Quercetin-3-0-a-L-rhamno pyranoside - Karakaya
et al®
OH
HO
OH
HO o} O,,‘ B
OH
@]
OH
OH Quercetin-3-0-a-L-arabino pyranoside - Karakaya
et al®
OH
HO
OH
HO o] C F
OH
@)
OH

inhibitor was octyl 3,5-dihydroxybenzoate (ICso= 113 pM). This
shows the significance of the 3,5-OH grouping in gallic acid (Table
5). The type of inhibition was determined only for octyl gallate,
which inhibited the enzyme in a competitive manner. The K, value
was estimated to be 45 M (Figure 6).

Tokeshi et al. examined the effect of three tannins (tannic acid
TA, gallic acid GA, and ellagic acid EA) on boar sperm Hyal. TA
and EA strongly inhibited Hyal in the concentration range of
2-10uM**. The phlorotannins present in Eisenia bicyclis and
Ecklonia kurome inhibited Hyal activity more strongly than stand-
ard substances such as disodium cromoglycate (ICs, = 270uM),
catechin (ICso = 620uM), and epigallocatechin gallate (IC, =
190 puM). The ICsy values for phloroglucinol, phloroglucinol tetra-
mer, eckol (trimer), phlorofucofuroeckol A (pentamer), dieckol, and
8,8'-bieckol (hexamers) were at the level of 280, 650, =800, 140,
120, and 40 uM, respectively. In the case of phlorofucofuroeckol A,
dieckol, and 8,8"-bieckol an inhibition type (competitive inhibition)
and the inhibition constant (K] walues (130, 115, and 35pM,
respectively) were also established. Additionally, it was confirmed
that the higher molecular weight of inhibitor the stronger inhib-
ition is observed. This is probably associated with a stronger effect
on the dimensional structure of the enzyme®*,

Procyanidin  B1, procyanidin B3, epicatechin, and catechin
exhibited a comparable inhibitory activity to disodium cromogly-
cate (51.1%) at the concentration of 250 M (50.1, 289, 45.9, and

29.9%, respectively). At the concentration of 125 uM, epicatechin
(30.3%), and procyanidin B1 (33.5%) showed a higher activity than
DSCG (22.9%).

4.3. Non-polyphenols as inhibitors of hyaluronidase:
structure-activity relationships (SARS)

4.3.1. Alkaloids

Natural alkaline nitrogen compounds are synthesised by plants,
fungi, bacteria, and animals. Alkaloids, in minimal doses, have a
strong physiological effect, especially on the central nervous sys-
tem. Moreover, these compounds have antitumor, anaesthetic,
antifungal, antibacterial, anti-inflammatory, and analgesic proper-
ties. Due to the heterocydic ring system, we distinguish deriva-
tives: pyridine and piperidine, tropane, quincline, gquinoline,
indole, erget, and purine®®. A study by Girish et al. determined
the effect of aristolochic acid on the activity of purified Indian
cobra venom hyaluronidase (NNH1) and the activity of whole
venom Hyal. The tested compound inhibited NNH1 non-competi-
tively. Besides, the venom's administration with aristolochic acid
to mice showed more than a twofold increase in survival time
compared to mice injected with the venom alone. Lower survival
was obtained by splitting the application of the inhibitor over
time (10min). Aristolochic acid did not bind to the enzyme's
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Table 3. Structures of the active compounds.

Substituent

Flavones Compounds R Rz L] R
Apigenin H oM H OH
Luteolin H OH OH OH
Baicalein OH OH H H
Baicalin OH Glucuronide H H
Kaempferol OH H H
Quercetin OH OH H
Myricetin OH OH OH
Rutin Rutinose H OH

OH o]

Flavanones
Maringenin OH H OH
Hesperetin OH 0OH OCH;
Naringin Neohesperidose H OH
Hesperidin Rutineside OH OCH;
Genistein OH H
Catechin H

Chlorogenic acid

al3]




An increase in the length of the .ulc_ul.-h..m]
o results in an increase in activiry agains
hyahuronidase
HO
o]
HO

OH

Figure 3. Effect of alkyl chain length in phenolic acids on activity against
hyaluronidase.

Polymerization of cafieic acid molecales
increases ishibisory sctviry o IyToRines:

HO.

Figure 4. Potential groups engaged in an interaction oligomers phenolic adids-
hyaluronidase.

active site but interacted with exposed tyrosine and tryptophan
HAase residues. Aristolochic acid (50, 100, and 200 pM) inhibited
NNH1 at the level of 100% for each concentration. Other alkaloids,
ajmaline, and reserpine inhibited Hyal weaker than aristolochic
acid (ajmaline 11, 26, 40%; reserpine 9, 23, 31%, respectively)
(Table 3)°’.

Another study™® determined the effect of alkaloids isolated
from the methanolic extract of Nelumbo nucifera Gaertn. flowers
harvested at different stages of bloom (beginning of bloom, one-
third in bloom, half in bloom, three-quarters in bloom, and full
bloom). Samples flowering at half (52.69 mg per dried flower) had
the highest alkaloid content (Figure 7). Among the alkaloids, nor-
nuciferin (ICsg= 22.5 uM), asymilobin (ICss= 11.7 pM), norarmepa-
vin (ICsq = 26.4pM), coclaurin (ICsg= 114pM), and norjuzyfin
(ICso= 24.3 uM) inhibited Hyal. The activity of alkaloids was more
potent than that of the anti-allergic drug disodium cromoglycate
(ICsp= 64.8 uM). The N-methyl group reduces the ability of alka-
lpids to inhibit Hyal, e.g. nuciferine ICgy > 100 uM < normuciferine
ICs= 22.uM or asimilobine 1Css= 11.7 pM = N-methylasimilobine.
On the other hand, demethylation of the hydroxyl groups
increases their activity (asimilobine ICsg= 11.7 uM = nomuciferine
ICso= 22.5uM). The observed structural relationships apply to
both benzylisoquinoline alkaloids and apomorphine alkaloids
(Tables 6 and 7).

4.3.2. L-ascorbic acid

Ascorbic acid (vitamin C - AA) is a compound commeonly found in
the world of plants and animals. Human is incapable of synthesis-
ing vitamin C, therefore, it must be supplied in the diet (parsley,
red pepper, black currant, and Brussels sprouts). The ability of vita-
min C to create an oxidative system (AA <=3 AA < => dehy-
droascorbic acid) determines its antioxidant properties. AA is the
most important antioxidant of extracellular fluids in the human
body. It is present in high concentrations in the eyeball and lym-
phocytes, protecting cells against reactive forms of oxygen and
nitrogen. Besides its antioxidant activity, AA is involved in the
absorption of non-heme iron; in the metabolism of fats,
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cholesterol, and bile; regeneration of vitamin E in the cell mem-
brane; in the synthesis of collagen, accelerating the wound heal-
ing process. Additionally, the presence of AA in the skin may
constitute a defense mechanism against an invasion of pathogenic
bacteria. Despite the fact that AA is one of the most known bio-
legically-active compound its anti-Hyal activity and SAR are still
unknown in details. Several studies involving AA and AA deriva-
tives have found to be able to inhibit Hyals™ ',

In 2001, Li et al. first described a competitive type of AA inhib-
ition on Hyal isolated from Streptococcus pneumoniae LHyal (hya-
luronan lyase). The activity of AA towards Hyal is due to the
structural similarity of witamin C to glucuronic acid, being one of
the basic building blocks of hyaluronan (HA) (f-1,4-glucuron-f-1,3-
glucosamine). It was found that one AA molecule may bind to the
enzyme's active site. The AA carboxyl group provides a negative
charge that directs the molecule to the positively charged enzyme
gap. In the active centre of the enzyme, AA interacts with amino
acids through hydrophobic (Trp-292), ionic (Arg-243, Arg-462, and
Arg-466), and hydrogen (Tyr-408, Asn-290, and Asn-580) bonds®.

In 2003, Okorukwu et al. confirmed the inhibitory effect of AA
and AA analogs on the activity of bovine testicular Hyal (BTH -
final concentration 3.5 Units/mL) and LHyal (Streptococcus zooepi-
demicus - final concentration 2.5 Units/mL). Gel permeation chro-
matography (GPC) was used in this study to ewvaluate the
inhibitory activity. The AA and AA derivatives (D-iso-ascorbic acid
and dehydroascorbic acid) blocked the hyaluronan lyase more
strongly than BTH. D-Saccharic-14-lactone and saccharic acid
inhibited LHyal without affecting the enzymatic activity of testicu-
lar Hyal. The introduction of a carboxyl group that gives the mol-
ecule a negative charge positively affects the inhibitory effect of
AA derivatives. Hydrogenation of the double bond between the
2nd and 3rd carbon atoms decreases the activity of the com-
pounds. Saccharic acid can be used to develop selective inhibitors
of bacterial hyaluronan lyase (Table 8)** .

In a study conducted by Botzki et al, a positive comelation was
confirmed between the inhibition of Hyal activity and the
increased hydrophobic interactions. L-Ascorbyl palmitate, through
an increase in hydrophobic interactions with Phe343, His399, and
Thr400 in the active centre, led to increased inhibition of hyalur-
onan lyase (competitive inhibition). A similar effect was achieved
with BTH. The long alkyl chain interacts with a hydrophobic chan-
nel formed primarily by the amino acids Ala-84, Leu-91, Tyr-93,
Tyr-220, and Leu-344°*,

The new LHyal inhibitors should have a larger ring system to
favourably influence the hydrophobic bonding to the Trp-292
indole group and contain at least one negative charge group
(carboxyl group), which brings the inhibitor to the cleft region
(rich in positively charged arginine).

Spickenreither et al. examined the effect of 6-O-acylated AA
derivatives on the Hyal activity of BTH and Streptococcus agalac-
tige strain 4755 (Sag Hyal 4755). All compounds showed more
potent activity against bacterial lyase. Methylation of the endiol
system reduces the activity of vitamin C analogs. On the other
hand, 2 and 3 dibenzylated derivatives showed more potent
inhibitory properties than AA. The increase in potency is due to
additional hydrophobic interactions between the rings and the
active centre. An increase in the length of the 6-O-acyl residue
(13 b-j) results in increased inhibitory activity. The ICs, for octade-
canoate was 0.9 and 39 uM for BTH and Sag Hyal 4755, respect-
ively. Shortening of the aliphatic chain and adding phenyl,
p-phenylene, or p-biphenyl groups leads to compounds with
comparable inhibitory properties. Additionally, ether bonds in the
synthesis of new inhibitors positively influence their activity. This
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Table 4. Continued.

Structure

References
Acshima et al.™

I s pM]

Name

Cosmaosiin

= 1000
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is associated with the formation of additional hydrogen bonds in
the active centre (Figure 8; Table 9)%,

4.3.3. Glycosides

Glycosides are a group of the organic compounds consisting of
sugar and an aglycone part. The bond between the sugar and the
aglycone is called a glycosidic bond. The chemical nature of agly-
cones is very different, they can be alcohols, lactones, phenolic
acids, thiols, etc. The sugar portion may consist of 1-12 monosac-
charide, disaccharide, or oligosaccharide molecules. The glycosides
widely occur in the plant world, especially in higher plants.
Because of the chemical diversity of glycoside, the plant-based
sources of glycosides are important in phytotherapy®.

4.3.3.1. Cyanogenic glycosides. Cyanogenic glycosides are one of
the glycosides groups that have an inhibitory effect on Hyal. In a
study by Tanyildizi et al, it was checked how different doses of
linamarine and amygdalin affect Hyal activity, motility, and morph-
ology of bull sperm obtained from the Holstein bulls aged
2-3years (Table 10). The samples were divided into 5 equal parts
and mixed with linamarine at doses of 0.5, 0.75, 1, and 2 uM and
with amygdalin at doses of 0.4, 0.8, 1, and 2uM. Incubation of
compounds with sperm resulted in a significant reduction (dose-
dependent] of sperm motility and Hyal activity compared to the
control group (isotonic saline solution). Both linamarine and
amygdalin did not change sperm morphology. The authors con-
cluded that the fertilisation ability of bull sperm could be inhib-
ited by the ower-consumption of plants rich in cyanogenic
glycosides®’.

4.3.4. Terpene/terpenoids

Terpenes are composed of a varying number of isoprene units
(Figure 9). They are commonly found in the plant world in hydro-
carbons or oxidised forms (with hydroxyl, carbonyl, or carbosxyl
groups). Depending on the number of isoprene residues, we dis-
tinguish monoterpenes (C10), diterpenes (C-20), sesquiterpenes (C-
15}, triterpenes (C-20), and tetraterpenes (C-40). Due to their
highly diverse chemical structure, terpenes exhibit a variety of bio-
logical activities, such as antibacterial, antiviral, anticancer, anti-
inflammatory, and sedative effects™.

4.3.4.1. Monoterpene/monoterpenocids. Morikawa et al. investi-
gated the effect of methanolic extract of rhizome of Picrorhiza kur-
roa Royle ex Benth. on Hyal activity (Type -5 frem bovine
testes). Seven new acylated iridoid glycosides (picrorhizaosides
A-G) and six known iridoid glycosides were isolated from the
extract. Among the isolates, picrorhizaosides D (ICs= 43.4uM),
picrorhizacsides E (ICsq= 35.8uM), picrosides | (ICsp= 60.7 uM),
picrosides Nl (ICsg= 223 pM), picrosides IV (ICsy= 59.2uM), and
minecoside (ICso= 57.2uM), showed similar or stronger Hyal
inhibitory effects than the anti-allergic drugs disodium cromogly-
cate (IC;;= 64.8uM), ketotifen fumarate (ICs;= 76.5 uM), and trani-
last (ICgy= 227 uM), but weaker than the alkaloids isolated from
Nelumbo nucifera Gaertn., such as asimilobin (ICg= 11.7 uM) and
coclaurin (iCsp= 11.4 uM)®*.

4.3.4.2. Saponin. Saponins belong to the glycosides group com-
posed of aglycone - sapogenin (sapogenol) amd glycone-sugar.
Depending on the type of sapogenin we distinguish triterpene
saponins, steroidal saponins, and sterocidal alkaloids (Figure 9).
These compounds reduce the surface tension of water solutions.

73



1142 @ 1. GEBALSKI ET AL

[panis o)
#L0 H H 90 #s0mni-g-ffouaydiploipiyesay-g'- o es-o1a-£'L
690 H 90 H W umpydo ey
850 9 H 20 I wpuesbewya)
o 12 couwnbng &0 9 HO H | upUEIBEwE]
pe 1B 18 SN0 151 Ui BEnUnNRay
£y
2]
€11 HO  H HO eomanhopAYP-5'E 11250 m_._o/(\\/(\\.fx\\/f\o
06 H HO HO eonIQROIPAYIP-HE 18150 o
0001< H HO H aeozueqloupiyy (810
0001< H H HO ajeozweqlopieg 1f20 o]
0001< oMo ae||ef |Krapag
085 Bt aneeb [ag HO
91 o't e yeb jhuay
901 St (o e 130 OH
i o't aneed |Aday
£5T Bt (fio e ed oy
0001< B (FIo aejeb fing L
0001 (Kol awed |idaig o
0001< HIHIO aped i3 OH
0001< M0 nejed [fpaw
(1P 19 ERg 00DI< H PR HjED o]
S| N Y puncduioy EETS

“FsEpMoIN|EAY 15suEBE SUIBUS) UIBLD [OUEYIE-U WM S12153 L) PUE SUILUE]L Jo AIADE PUE SMNDMS 'S jgeL

74



JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY @ 1143

[pants o)
HO
HO. OH
OJ...
(&) dneib o jen
HO HEG oH
Hi H
Hi
=] HI,
HO, 2
e OH
HOY 1] a oM
T un ugau pby "
00's poe jjen
Bl poe 2be3
HO
HO
Y
O =
0 9 9 9 9 asoon|B-g-|- o e -g-euag-g e 7L HO 0 0
80 9 9 H 9 aso0n|B-g-]-fojef-grena)-o've'L s} Ormm
S0 9 H 9 ) asoan|B--{-460||e6-0-enaL- 9 T'L o o
51 H 9 H 9 @s0an|B- g Aoy eb-0-L +T'L Fy
ST UMY [} D5 y iy oy Yy punadwoy FMHUIG

PROUILGY S AqeL

75



J. GEBALSKI ET AL

144 (&)

[paitd juias)
HO
OH
OH
o
HO
HO
0 QO
HO o
HO. o] HO
HO ¥ |00 00N
sauena [euRng oo
HO. M LOH
HO Peun b cu iy
P TG vy iy Ty y punadwoy NS

PAUOUO) 'S el

76



Table 5. Continued.

Struc ture

References
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Removal of the 3.0H groups b no
sigmificant effect on the inhibisory activity

A

The absence of an OH group al the C-3" o C-4°
position redsces imhdbilory activity

The imroduction of a3 sugar residioe reduces
inbibitary sctivity dramatically

Melhybstion of the OH group ot C-3' or C-4'
increases inhibitory sctivity

Figure 5. Potential groups engaged in an interaction fukiic acid derivative-hyaluronidase.

HYDROLIZABLE TANNINS

Galloyl group

Gallotannins

Ellagoitannins

Figure 6. Chemical classification of tannins.

aporphine benzylisoquinoline
alkaloids alkaloids

Figure 7. Structure of benzylisoquinoline alkaloids and apemorphine alkaloids.

They show anti-inflammatory, antibacterial, protozoal, antifungal,
and antiviral activity, stimulate secretion of gastric juice, bile, and
intestinal juice. They can affect cholesterol level™.

In a study by Zhou et al, they determined the effects of escu-
leoside A and its aglycone esculeogenin A on Hyal activity in witro
and in mice dermatitis model. Esculeoside A, a spirosolate-type
glycoside, is identified as a significant component of ripe tomato
fruit. The ICse for esculeogenin A and esculeoside A was about
2and 9uM, respectively. Administration of esculecside A at a dose
of 10mg/kg for four weeks to mice with dermatitis significantly
reduced diseases syrnptoms". Esculeoside A is a competitive
inhibitor of hyalurnidase (K, = 11.0puM)™. Also, the other steroid

HO
- f
e ? o OH
-
HO ]
O
OH
HO» i
HO H  ho e

CONDENSED TANNINS

Flavan-3-ols

H

alkaloids present in tomato juice showed beneficial inhibitory
effects against Hyal. Administration of 10mg/kg esculeoside B to
mice with dermatitis for four weeks significantly reduced skin
inflammation. In addition, it was found that esculeoside B adminis-
tration significantly inhibited T-lymphocyte proliferation and
decreased IL-4 production’”.

More information about the effect of saponin structure on Hyal
activity was provided by QSAR studies of ursolic and oleanolic
acids, the results of which exhibited the higher activity of ursolic
acid than oleanolic acid. In that experiment, the effect of the pos-
ition of methyl groups at 29 and 30 carbon atoms was checked.
Both geminal and vicinal positions had no significant impact on
an inhibitor activity. For oleanolic acid, the activity increased
when the methyl group was introduced at C-17 or C-16 and
decreased when the methoxyl group was introduced at C-23. The
3-0OH acetylation reduced the activity of the compounds.
Carboxylation of C-30 increased the activity of the compounds,
while esterification of the same carbon (C-30). In addition, the
introduction of a sugar moiety into the 3-OH decreased their
activity. In the case of ursolic acid, the activity decreased when
the hydroxyl group was modified at C-3 (3-oxo, 3-hydroxyimino,
and 3-acetylate derivatives) and at C-28. Replacement of the
methyl group at C-23 with a carboxyl or hydroxy methylene group
decreased the activity of the compounds. As in the case of olea-
nolic acid, the introduction of a sugar group caused a decrease in
the inhibitory activity (Figure 10; Table 11)™.
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Table 6. Structures of the active alkaloids towards hyal il
Structure Compound
HOQ Aristolochic acid
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CHy
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[continued )
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Table 6. Continued.
Structure Compound

HO. Asimilobine
HqC O NH
h .
CHy Pronuciferine
HyC. O N
a
EH3 Armepavine
HyC O M,
~o “SCH,
HO O
{|:H3 Morarmepavine
Q.
Mo, O NH
HO
?H.\ N-methylcoclaurine
M
[3ls} I
Hy Codlaurine

Norjuziphine
H3C“‘O O MNH
HO |
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Table 7. Activity of benzylisoquinoline alkaloids and apomaorphine alkaloids against hyaluronidase.

The half-maximal inhibitory Unit of enzyme
Compound concentration sy (pM) Type of enzyme activity (unit/mL) References
Nuciferine =100 pM Type IV-5 from bovine testes 340 Morikawa et al
Nomuciferine 25
N-methylasimilobine -
Asimilobine 1.7
Pronuciferine -
Armepavine =100 pM
Norarmepavine 264
N-methylcoclaurine =100 pM
Coclaurine 114
Norjuziphine 243
The introduction of methyl groups
reduces the activity of inhibitors
(8]
OH
O Increasing the length of the alkyl chain
-~ @ increases the activity of the inhibitors
o]
o

Figure 8. Chemical groups of L-ascorbic acid involved in the inhibition of hyaluronidase.

Similar results were obtained in another experiment aimed at
an investigation of the impact of the oleanic acid structure modifi-
cation on anti-Hyal activity. Oxidation of the 3-OH group in ole-
anic acid led to a decrease of the activity about 4-fold
(59.3-15.9%). A similar effect was obtained by esterification of the
COOH group (12.7% inhibition). The activity of the compounds
was evaluated at a concentration of 40 pg/mL™.

In another study™, oleanane-type saponins, isoflavonoids, oxa-
zoles, and glycosides (36 compounds) were isolated from the aer-
ial part of Oxytropis lanata (Pall) DC. The effect of saponins
against Hyal (ICso= 0.15-0.22mM) was more potent than sodium
cromoglycate, which was used as a positive control (ICs=
037mM). On the basis of the structure analysis, it was appeared
that all isolated saponins contain a 3-0-f-D-glucuronopyranoside
grouping in the sugar moiety, which shows a potent inhibition of
Hyal, as well as the compounds with a ketone group at C-22 more
strongly blocked the enzyme (Figure 11). Similar results were
obtained when testing triterpene saponosides from the 3-O-5-D-
glucuronopyranoside group, which blocked Hyal more strongly (2;
ICss= 1.25mM, 3: ICg= 0.68 mM, and 9: 1Cgy= 0.82mM) than ros-
marinic acid used as a control (ICso= 1.36mM)"". The significance
of the 3-0-fi-D-glucuronopyranoside grouping was also noted by
examining the triterpene saponosides camelliagenin A (IPS-1 and
IPS-2) isolated from the methanolic root extract of Impatiens par-
viflora DC. A very interesting result has been obtained, because
IPS-2 (ICso= 2867 pg/mL) inhibited BTH Hyal activity more
strongly than escin (ICsy= 303.93 ug/mL). What is interesting, escin
is recommended to be used as an anti-Hyal reference compound.
The higher ICs, value was obtained for IPS-1; 368.1 pg/mL.
Considering the structure of these compounds, a clear difference
may be noticed significantly since the tested saponosides differed
in their acetylation at C-16. The 16-0-acetylcameliagenin A deriva-
tive showed less activity. Therefore, the free OH group at position
16 may have a beneficial effect on Hyal inhibition, e.g. via partici-
pation in ions chelating in the reaction’s medium’™.

Myose et al. demonstrated the effect of triterpene saponins iso-
lated from methanalic extract of Camellia sinensis (L) Kuntze seeds
on Hyal activity. The isolated new saponin (Teaseedsaponin A-L)
blocked Hyal more potently (ICsp= 19.3-55.6 uM) than rosmarinic
acid (ICso= 240.1 pM)”™>.

Another study examined how sugar meiety in saponins affects
the activity of Hyals isolated from different bacterial species
(Streptococcus agalactioe - Hyal B, Streptomyces hyalurolyticus -
Hyal 5, Streptococcus equisimilis - Hyal C) and bovine testes (BTH).
Glycyrrhizin (1) and its aglycone glycyrrhetinic acid (2) were used
as inhibitors. The tested compounds most potently blocked the
activity of Hyal B [(1); ICs;= 0.440mM, (2); 1Csp= 0.060 mM). For
other Hyals, the action was weak [Hyal 5 - (1); 1.020mM, (2}
0260mM; Hyal C = (1); NA, (2); NA; BTH = (1); 1.300mM, (2);
0.090 mM). Considering the results obtained, glycymhetinic acid
inhibited the activity of tested enzymes weaker, which may prove
the significance of the sugar moiety in the inhibition of
Hyal activity™.

Facino et al. investigated the inhibitory influence of saponins
and sapogenins isolated from seeds of Aesculus hippocastanum L.
{escin and escinol), leaves of Hedera helix L. (x-hederin, hederaco-
side C, oleanolic acid, and hederagenin), and rhizome of Ruscus
aculeatus L. (ruscogenin). Of the Hedera helix L. components, only
sapogenins  inhibited Hyal in a dose-dependent manner.
Hederagenin (ICso= 2804 puM) inhibited the enzyme at 100puM
(125%); 20.3% at 150pM, 31% at 200 pM, 56.5% at 300puM, and
74.2% at 500 pM (plateau). Oleanclic acid {ICsy= 300.2 uM), 29.1%
at 200pM; 485% at 300pM, and 67% (plateau) at 400pM.
Glycyrrhizic acid (positive control) blocked BTH Hyal significantly
less (ICsp= 550.2 uM). Hederacoside C and x-hederin showed no
activity against Hyal. For Aesculus hippocastanum L., escin had
the highest activity (ICso= 149.9uM), inhibiting Hyal starting at
50puM (4.2%); at higher concentrations of 100 (27.4%), 150
(52.0%), 200 (79.2%), and 300 pM (93.6%). Escinol was much less
active (ICsp= 1.65mM), and ruscogenin was utterly ineffective
(Table 12)*.
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Table 8. Structures of L-ascorbic acid and its derivatives with an anti-hyalurani-
dase activity.

Structure

L-Ascorbic acid

Saccharic acid

D-ispascorbic acid

Dehydreascorbic acid

L-gulonic-y-lactone

D-ribonic-y-lactone

D-gulonic-y-lactone

D-Saccharici-1,4-lactone

a-D-glucoheptonic-y-lactone

L-Ascorbyl palmitate

The olean-type saponins, spinasaponin A (lack of activity), spi-
nasaponin A 28-O-glucoside (ICs; = 620 uM), udosaponin B (ICss
= 750 M), and sandrosaponin IX (ICsy = 370 uM), isolated from
the roots of Oenanthe javanica, showed moderate ability to inhibit
Hyal. Esterification of the 28-COOH group with f-D-glucopranosyl
increased the activity of the compounds®'.

5. Inhibitors of tyrosinase
5.1. Tyrosine and tyrosinase

Tyrosinase is a key enzyme involved in melanogenesis. This
enzyme belongs to the class of osidoreductases (EC 1.14.18.1). It is
responsible for the catalysis of tyrosine hydroxylation to L-DOPA
and the oxidative conversion of L-DOPA to dopaquinone (Figure
12). The active centre of tyrosinase consists of two copper atoms
linked by a coordination bond with three histidine residues. Three
different types of tyrosinase are involved in melanin production:
oxy-tyrosinase, met-tyrosinase, and deoxy-tyrosinase. Ouxy-tyrosin-
ase and met-tyrosinase have Cu (ll) copper atoms in their active
centre, and deoxy-tyrosinase has two Cu (I} atoms. Deoxy-tyrosin-
ase does not perform a catalytic function, but it is easily con-
verted into the oxy form, which is the only form of the enzyme
capable of transforming both monophenol and diphenol sub-
strates. On the other hand, met-tyresinase is formed during the
reaction catalysed by the oxy form and is respensible only for
reactions with diphenclic substrates {Figure 13)%'-%4,

Tyrosinase is an enzyme widely distributed in nature, including
in fungi and to a lesser extent in bacteria and algae. This enzyme
is also found in plants and animals. In higher vertebrates, mela-
tonin is produced in melanocytes present in the epidermis, hair
follicles, the uwveal membrane of the eye (choroid, ciliary body,
and iris), the inner ear (cochlea), and the central nervous system
(the arachnoid and internal filum terminale). Melanins are macro-
molecular polymeric pigments resulting from the oxidation and
polymerisation of phenolic compounds (Figure 14). Melanin syn-
thesis takes place in vesicles called melanosomes and it is consid-
ered to be one of the most common pigments in nature. In
mammals, melanosomal tyrosinase is involved in the formation of
black-brown  eumelanin  and  yellow-reddish phaeomelanin.
Eumelanin has photoprotective properties, resulting from the abil-
ity to absorb ultraviolet radiation (UV) and neutralise free radicals
and reactive oxygen species (ROS). On the other hand, pheomela-
nin has photosensitising properties and, under the influence of UV
radiation, can participate in the generation of ROS. In mammals,
melanin pigmentation performs many critical physiological tasks,
such as adaptive colouration, protection of essential tissues
against UV radiation, thermal contrel of the organism, regulation
of vitamin O 3 biosynthesis. Abnormal tyrosinase activity is
responsible for skin abnormalities such as vitiligo or freckles. Also,
tyrosinase may play a role in carcinogenesis and neurodegenera-
tive diseases such as Parkinson’s disease. Tyrosinase also contrib-
utes to the formation of brown colour in fruits and vegetables
due to the reaction of dopaguinone with amino acids and pro-
teins present in these foods. In most studies on the inhibition of
tyrosinase activity, fungal tyrosinase was used due to its wide-
spread availability. The enzyme isolated from the mushroom A
bisporus is wvery similar in structure to tyrosinase occurring in
mammals, making it a suitable model for studying the process of
melanogenesis. Since tyrosinase is a reasonably significant target
in agriculture, food, medicine, and cosmetology, much attention
has been paid to the development and screening of tyrosinase
inhibitors®* ",
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Table 9. Structures and activity of the vitamin C derivatives against hyaluronidase ™

Substituent 15, (M) or % inhibitiona, pH 5.0
Compound Ry Rz Rz SagHyal4755 BTH
Rs 1 H H H 6100 Inactive
Ry s 6 Me Me H Inactive Inactive
| o 7 Bn Bn H 355 Inactive
(s} 8 CHy CH; H 24% (2000) Inactive
- CH 9 Me Me CO{CHz ), ,CH: 5% (160) Inactive
10 Bn Bn CO(CH, ,,CH: Inactive Inactive
1 CHiCH CO{CHz),4CH: 32% (190) Inactive
o =3 13a H H COC(CHy ), 43% (1100) Inactive
O 3 13b H H C0{CHz ), CH: 475 Inactive
13c H H CO(CH |, CH, m Inactive
13d H H CO{CH; )5 CH: 102 1380
13e H H CO(CH; )y CH: n 580
13f H H CO{CHz ), CH: 47 208
13g H H CO(CH ), CH: 143 o5
13h H H CO{CH:),,CHs a4 n
13i H H CO{CHz),,CH: 42 57
13j H H CO{CHz),5CH: 09 39
13k H H €o—Fh 132 33% (1430)
131 H H COCH; — pCgHy — Ph 358 2006
13m H H CO(CHz);0 — Ph n Inactive
13n H H CO{CHz ), OCH:Ph 437 Inactive
130 H H CO{CH,),0 — p — CgHy — Ph 61 188
13p H H CO{CH;);0CH; — pCeHs — Ph 102 543
13g H H CO{CH;),0 — pCaHs — CaHs 280 Inactive
13r H H CO{CHz);0 — pCsHe — OCHz — Ph 76 210
13s H H CO{CH; )0 — Ph 31 105
13t H H CO{CHz),,pCeHs — Ph 75 37
Bn: benzyl group.

5.2. Polyphenols as inhibitors of tyrosinase: a structure-activity
relationship

The positive effect of polyphenols on human health is mainly
related to their antioxidant properties. The antioxidant activity of
individual polyphenols depends on the number of hydroxyl
groups and their location. It has been shown that the more
hydroxyl groups in a molecule, the more potent antioxidant activ-
ity. Compounds with redox properties effectively prevent melanin
biosynthesis due to their multidirectional mechanism of action.
Tyrosinase inhibition by polyphenols is based on free radical scav-
enging properties and the ability to chelate copper in the tyrosin-
ase active site.

5.2.1. Phenolic acids

Phenolic acids are one of the most common groups of organic
compounds present in plants. They are made of a phenolic ring
and a carboxylic acid residue. There are two subclasses of phen-
olic acids: derivatives of benzeic acid and cinnamic acid. Several
studies have shown their inhibitory effect on tyrosinase activity
and that activity was related to the number and position of
hydroxyl groups™. Considering the structure of phenolic acids,
three mechanisms of tyrosinase inhibition can be distinguished.
The first is related to the chelation of copper ions in the active
centre. The second mechanism is associated with the disturbance
of the enzyme's tertiary structure through hydrogen bond forma-
tion. The third mechanism involves constructing hydrogen bonds
between the hydroxyl groups of phenolic acids and the carbonyl
oxygen of the Tyr98 ORF378 protein, preventing the interaction
between tyrosinase and ORF378. Consequently, ORF378 cannot
serve as a Cu (Il) ion transporter to the enzyme's active site®™ ",

5.2.1.1. Hydroxybenzoic acids. Kubo et al. investigated the effect
of anisic acid and its derivatives on L-DOPA oxidation by tyrosin-
ase. As the concentration of anisic acid increased, the enzymatic
activity decreased sharply but was not completely inhibited (ICso
= 0.60mM). The inhibition of fungal tyrosinase by anisic acid is a
reversible reaction in which the tested acid is a non-competitive
inhibitor (K; =0.603 mM). The medification of the alkyl chain in
anisic acid influenced the activity and type of inhibition of the
tested compounds. P-ethoxybenzoic acid showed a kind of incom-
petent inhibition, p-propoxybenzoic acid was of mixed, and p-
butoxybenzoic acid was of competitive. With the increase in the
alkyl chain's length, the inhibitory activity of the tested com-
pounds decreased®'92,

Chen et al. obtained similar results when testing p-alkoxyben-
zoic acid derivatives. The tested compounds behave as reversible
tyrosinase inhibitors in the presence of L-DOPA substrate
(4 475 nm; spectrophotometric method, 6680 U/mg). Among them,
p-hydroxybenzoic acid (ICs= 1.3mM; K; = 0.73mM) is a competi-
tive inhibitor, p-methoxybenzoic acid (ICs=042mM; K; = 043/
0.43mM) is non-competitive, p-ethoxybenzoic acid (ICs;=1.1mM;
K; = 1.46/0.84 mM) is of the mixed type, and the others show a
type of non-competitive inhibition (p-propoxybenzoic acid, p-
butoxybenzoic acid, p-pentoxybenzoic acid, and p-hexyloxyben-
zoic acid). Additionally, it was appeared that increasing the chain
length above two carbon atoms changed the type of braking
from competitive to non-competitive” . (22)

Another study®™ determined the effect of methoxylation of
hydroxyl groups on the tested acids’ activity and their esters.
Protocatechuic acid methyl ester, protocatechuic acid, vanillic acid
methyl ester, vanillic acid, isovanillic acid methyl ester, isovanillic
acid, veratric acid methyl ester, and veratric acid were used in the
study. Only protocatechuic acid and its methyl ester inhibited the
enzyme (60.1 and 75.4% inhibition; 1Dg, =042 pmol/mL and
0.28 pmol/mL). The hydroxyl group at the para and meta position
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Figure 9. Chemical structures of saponins. A — triterpene saponins, B — steroid saponins, C — steroid alkaloids, and D - isoprene.

Table 10. Structures of the active cyanogenic glycosides tawards hyaluronidase.

Structure Compound
OH Linamarine
H.
A
He Ry
HOY OH
H
OH Amygdalin
HO

O 0]
HO Q
H
HO OHINI
H

is an important part of the structure of inhibitors. Protocatechuic
acid methyl ester inhibited the enzyme activity more strongly
than protocatechuic acid, which may result from the esterification
of the carboxyl group.

Kubo et al. provided maore information about the impact of an
esterification on the activity of gallic acid. It was appeared that,
apart from gallic acid (4.5 mM), the ICs, of all esters was almost
comparable (<0.5 mM). Based on the above observation, it can be
concluded that gallic acid esters with an increase in the number
of carbon atoms of the alkyl chain (>C10) may be more challeng-
ing to incorporate into the protein pocket to reduce the rate of
oxidation by the enzyme. Hence, gallates with a longer alkyl chain
(=C-10) become inhibitors but not substrates, which indicates that
gallates with a longer alkyl group (>C-10) can be expected as
more suitable inhibitors. However, tetradecanoyl gallate (C-14)
and hexadecanyl gallate (C-16) are sparingly soluble in water
(Figure 12; Tables 15 and Table 13)%.
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Removal or modification of the hydroxyl group
will reduce the activity of the inhibitors

The presence of hydroxyl or methyl
groups does not affect or reduce the
activity of the inhibitors

hydroxyl group reduces the activity af

Removal or modification of the
the inhibitors

Estenification of the hydroxyl group
reduces the activity of the inhibitors;
carboxylation increases the activity of
the compounds

Removal or modification of the
hydroxyl group will reduce the activity
of the inhibitors

carbanyl group reduces the activity of

['Ihc addition of a hydroxyl, methyl or]

the inhibitors

Figure 10. Chemical groups of triterpenic acids invalved in the inhibition of hyaluronidase.

5.2.1.2. Hydroxycinnaminic acids. Shi et al. investigated the effect
of cinnamic acid and its derivatives on the activity of fungal tyro-
sinase. Cinnamic acid (ICs,=2.10mM), 4-methoxycinnamic acid
(ICse=042mM), and 4-hydroxycinnamic acid (ICsy =0.52mM)
strongly inhibited the conversion of diphenol to dichinone.
Cinnamic acid and 4-methoxycinnamic acid showed a non-com-
petitive type of inhibition (Ki=1.994 and 0.458mM), interacting
with a different site of the enzyme than the active site. In con-
trast, 4-hydroxycinnamic acid competitively inhibited the enzyme
(Ki = 0.244), which may result from the similar structure of the
tested compound to the tyrosinase substrate. One of the tested
compounds, ie. 2-hydroxycinnamic acid did not inhibit the
enzyme activity, probably because of the presence of the 2-OH
group causing spherical hindrances™.

Another study”’ assessed the influence of methoxylation of cin-
namic acid and its derivatives (cinnamic acid, 2-hydroxycinnamic
acid, 3-hydroxycinnamic acid, 4-hydroxycinnamic acid, 34-dihy-
droxycinnamic acid, 2-methoxycinnamic acid, 3-methoxycinnamic
acid, and 4-methoxycinnamic acid; concentrations from 0.1 to
3mmol/L) on the action of tyrosinase (3130 U/mg) in the presence
of Ltyrosine or L-DOPA as a substrate. Cinnamic acid
(ICs=2.1 mM), 2-hydroxycinnamic acid (IC5,=0.5 mM), and the O-
methyl (ICso=042mM) forms exhibited inhibitory properties com-
pared to 3-hydroxycinnamic acid, 4-hydroxycinnamic acid, and
34-dihydroxycinnamic acid, which turned out to be substrates of
tyrosinase. All inhibitors showed competitive inhibition. The inhib-
ition constants are about the same for the oxidation of L-tyrosine
and L-DOPA, indicating that the inhibitors bind to the same form
of the enzyme. In the next study™, the inhibitory effect of caffeic
acid and ferulic acid on tyrosinase activity isolated from murine
B16 melanoma cells (90U) was analysed. Both ferulic acid (27.4%
non-toxic conc) and caffeic acid (24.4% non-toxic conc) effect-
ively inhibited melanin production in B16 melanoma cells. Ferulic
acid was reducing tyrosinase activity by binding directly to the
enzyme, whereas no binding was observed between caffeic acid
and tyrosinase.

One of the impomant structural elements regulating the
enzyme's activity is a type of bonds present in the inhibitor's
structure.  Some compounds, such as p-coumaric  acid
(ICsp=115.6 uM; % inhibition 744) and isoferulic acid
(ICsp=114.9uM; % inhibition 77.8) lose their tyrosinase inhibitory
properties after saturation of the double bond (dihydro-p-

coumaric acid 1Cgp=1000 pM; 74.4% inhibition and dihydroiso-
ferulic acid 1Cs;=195.7 iM; 60.6% inhibition). None of the com-
pounds tested were more effective than kojic acid (ICs;=51.6 pM)
or arbutin (ICsa=210.5 pM). All compounds tested show a non-
competitive type of inhibition. The results indicate that the reduc-
tion of double bonds weakens the inhibitory activity of the test
compounds. The C=C binding is necessary for the proper inter-
action of the inhibitor with the active site™.

In another study, the type of inhibition and the effect of caffeic
acid, p-coumaric acid, and rosmarinic acid on monophenolase and
diphenalase activities were determined. The most active com-
pound was p-coumaric acid (L-tyr, ICsp =03 pM:; L-DOPA,
ICsp =0:62 uM), which inhibited the enzyme noncompetitively (L-
tyr, K=0.033uM; L-DOPA, K=22uM) followed by caffeic acid
(L-tyr, 1Csg =1.50 uM; L-DOPA, ICs; =2.30uM) and rosmarinic acid
(L-tyr, ICsq =4.14 uM; L-DOPA, IC;; =8.59 uM). These compounds
blocked the enzyme more potently than kojic acid (L-tyr,
ICsy =33.45iM; L-DOPA, IC; =389BuM) (Figure 15; Tables 25
and Table 13)',

5.2.2. Flavonoids

Flavonoids belong to a group of compounds commonly found in
the plant world. These compounds differ from each other by the
presence of a double bond between the second and third carbon
atom, a ketone group at position 4, and the position of the B
ring. Additionally, individual flavonoids differ from hydrooyl,
methyl, isoprenoid, and methoxy groups arranged in different
rings. Many flavonoids have tyrosinase inhibitory activity'".

5.2.2.1. Hydroxyl groups. The distribution and number of hydroxyl
groups in flavonoid melecules significantly affect their activity.
Chrysin (flavone), having no hydroxyl groups in the B-ring, does
not bleck the activity of tyrosinase. The presence of the hydroxyl
group in the C-4" position of apigenin (ICsy=c. 40 uM) significantly
increased its activity compared to chrysin. The additional hydraxyl
group in the C-3' position of luteolin (ICs;=c. 186 M) decreased
its activity compared to apigenin. Galagin (ICse=c. 10 pM) without
hydroxyl groups on the B-ring blocks tyrosinase activity more
strongly than chrysin. Addition of the hydroxyl group at the C-4'
or (-3, C-4' position reduces the activity of kaempferol (ICsy=c.
73 puM) and gquercetin (ICsp=c. 30 uM) compared to galagin.
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Table 11. Structures and an anti-hyaluronidase activity of ol type saponins’.
Substituent
‘Compound R1 Rz R Ry Rs Rs Ry Rs Rs Rig Rn Rz Iso (pM)
1 OH CH; COOM CHy H H H H H H H H 10318
2 oH CHOH COOM CH: H H H H OH H H H 28695
3 OAc CH; COOH H CH: H H H H H H H 14665
4 -0 CHy COOH €H; H H H H H H H H 1628
5 NOH CH, COOH €4, H H H H H H H H 195084
6 OAc CHy COOH 4 H H H H H H H H 136:
7 -0 CH; COOCHs CHs H H H H H H H H 118415
8 NOH CH; COOCH; CH: H H H H H H H H 27568
9 OH CH; COOCHs CHf H H H H H H H H 1825
OH s 10 OAc CH, COOCH; CH, H H H H H H H H 81233
5
HO n oH CH C: H H H H =0 H H H H 17509
0
5 / 12 oH CHOH ©H: i H H H H H H H H 22797
H
"o 13 OH CH; CHOH H CHs H H H H H H H 20621
HO,
4 oH CHy  ©: H H H H H H H H 2144
HOY o
15 OH CH; COOH H CHy OH H H H H H H 1409
CHs g
! 16 oH CH; (COOCH: H ©H: H H H H H H H  Bas2
17 5, CH,0H COOM H 4 H H H H H H H Bpazss
HO. o H
o o 18 oH CHy  H : H H H H H H H 21566
o
Ho by © d oH 19 oH CHOH (COOM CH: H H OH H H H H H 1158
0H
HO Hyll H 20 OH CH; COOH H CH: H H H H H H H 22797
-~ 8, 7n oH CH; CH: H COOH H H =0 H H H H 14618
H
g o 2 5 CH, CH, H COOH H H =0 H H H H 5633
a. OH
n oH COOH ©H; H Gy H H H H H H H 14825

o 24 OH CH:OH  COOH H tH: H H H H H H H 230.00
HO,
" 15 O-glucoside  CHy COOH H Hy OH H H H H H H NA
o
26 aH COCOH CHa CH: H H H H H H H H NA
H OH 8,
H 27 OH 5 CHOM (H;, H H OH H H H H H NA

" 28 OH CH:OH CHOH H ©H: OH H H H H OH OH NA

29 OH CH;OH 005, (H; H H OH H H OH H H NA
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Figure 11. 3-0-f-D-glucuronopyranoside group.

Flavonols, due to the additional hydroxyl group at the C-3 pos-
ition, block tyrosinase much more strongly than flavones'™.

Kim et al. provided more information regarding the influence
of the position and number of hydroxyl groups on their inhibitory
activity. Natural and synthetic flavones and flavonols were used in
the study. L-tyrosine was used as a substrate for fungal tyrosinase.
It appears that the hydroxyl groups at the C-7 (ring A) and C-4'
(ring B) positions may increase the inhibitory activity of flavonoids.
In this study, 3’47 8-tetrahydroxy flavone showed the strongest
inhibitory properties (ICs,=0.07 uM). Two catechol groups in ring
A and B are probably responsible for the inhibition. Lack of the
fourth hydroxyl group in 4”7 B-trihydroxy flavene (IC5;=12.95 pM)
and 3",4" 7-trihydroxy flavone (ICsy=24.1 uM) weakens their activ-
ity. The 5-OH group also has a significant influence on the activity
of the inhibitors, e.q. 2',5,7-trihydroxyflavone (ICsp=12.95 puM) and
3457 tetrahydroxy flavone (ICs=12.95 pM) block tyrosinase
maore strongly than 2°.7-dihydroxy flavone, and 3°4',7-trihydroxy
flavone. Also, the hydroxyl group in the C-3 position, which
divides flavonoids into flavones and flavonols, influences on the
activity with a weaker inhibition for flavones. Additionally, an
increase in the number of hydroxyl groups in flavonoids reduces
their inhibitory activity against tyrosinase (3'4',5,6,7-pentahydroxy
flavonol ICsp=314.23 pM). The location of the hydroxyl groups
plays a more important role than their number. Summarising the
increase in the number of hydroxyl groups on the other side of
the flavonecids (C-7, C-8, C-2', C-3', and C-4) increases compounds'
activity'™. In contrast, an increase in the number of hydroxyl
groups on the ketone side (C-5, C-6, C-5', C-6) reduces the activity
of inhibitors, which is related to the disturbance of the interaction
with tyrosinase. lsoflavonoids are characterised by a linked ring B
at the third carbon atom. The location and number of hydroxyl
groups in the A-ring of soflavonoids can strongly affect both the
inhibitory power and inhibition type. &7 4"-trihydroxyisoflavone,
daidzein, glycitin, daidzin and genistin showed strong monophe-
nolase inhibitory activity but weak diphenolase inhibitory activity.
4',6,7-trihydroxyisoflavone {ICs;=9 uM) shows the strongest prop-
erties. Presence of a single hydroxyl group in the C-7 position
(4',7-trihydroxyisoflavone ICs,=203 uM; 6-methoxy-7,4'-dihydroxyi-
soflavone 1C53=218 pM) or no hydroxyl groups (4"-hydroxyisofla-
vone-7-0-glucoside 1Csa=267 uM) in ring A significantly reduces
the activity of the compounds. The presence of the hydrosyl
groups in the C-7 and C-8 position can influence the type of
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inhibition, shifting from reversible to ireversible type'™. Similar

results were obtained in case of anthocyanins and an assessment
of the impact of the number and distribution of hydroxyl groups
in the B ring on tyrosinase activity. The following compounds
were investigated: pelargonidin  (ICsu=66 pM), cyanidin
(IC50=27.1 uM), and delphinidin (ICs,=57.4 pM) in the presence of
kojic acid (ICsp=348pM) as a positive control. The substrate for
the reaction was L-DOPA. These results indicate that the structure
with two hydroxyl groups in ring B has the greatest inhibi-
tory effect’™.

Another study examined the effect of isoflavonoids isolated
from the roots of Pueraria lobata, such as daidzein and formono-
netin. These compounds have appeared to be of weak inhibitors
with the I1Cs, values for daidzein L-tyr. 350 uM; L-DOPA 350 uM
and for formononetin L-tyr. 1Cgp =350 uM; L-DOPA ICsp =350 pM.
A significant increase in an activity was obtained by introducing
OH groups into the B ring at the C-3' position and methylation of
the 4-OH group - calycosin (L-tyr. ICo, =7.02uM; L-DOPA
ICsp =1.45 pM). This compound is more active than kojic acid (L-
tyr. WCsq =12.10 pM; L-DOPA IC5, =9.14uM). It is seen that the
presence of a hydroxyl group at the C-3' position and a methoxyl
group at the C-4' position of the isoflavone backbone plays a
major role in the anti-tyrosine activity' . The inhibitory activity of
calycosin against tyrosinase (monophenolase) was also confirmed
by Kim et al. with the ICs; equal of 38.4 uM. In turn, the 1Cs, value
for kojic acid and arbutin was 51.5 and 120.9 uM, respectively'®.
However, calycosin was more toxic than standards (LDsg =120 pM
vs. LDgy =200 uM for kejic acid and arbutin). The results of
another study conducted by Kim et al. have alse shown an inhibi-
tory activity of calycosin with the 1Cs, =308 uM and for kojic acid
ICep =501 ph™™,

The isoflavonoids isolated from the stem of Maackia fouriei
have also exhibited their anti-tyrosinase activity. Methylation of
the 4'-OH group in formononetin, texasin, and odoratin, resulted
in impaired anti-tyrosinase properties. The presence of 5-OH
group in genistein (IC;p=33puM) and tectorigenin (ICsp=20 pM)
favourably affects the activity of isoflavonoids in comparison to
daidzein (ICso=41uM) without 5-0H group. An interesting com-
pound isolated from M. fouriei is the bishomoflavonoid derivative,
mircoin (ICsp=>5 pM). This compound inhibited the enzyme compe-
tently. Due to its strong inhibition, further structure-activity stud-
ies are needed for this compound. In this study, kojic acid
(ICsq=45 M) was used as a positive control'™.

In another study, the effect of OH groups at the C-6, C-7 and
C-4' positions on isoflavonoid activity was investigated. 6,74
-Trihydroxyisoflavone inhibited tyrosinase competently (ICs,=9 pM;
K, value of 5.72-6.24 uM). Methylation of the 6-OH group in glyci-
tein (ICs,=264 uM), the absence of the 6-OH group in daidzein
(ICs=237 puM), or the presence of an OH group at the 5-OH pos-
ition in genistein (IC5,—=822 pM), decreased the anti-tyrosinase
activity (Table 14)"".

Similar effects of isoflavonoids on tyrosinase were noted by
studying extracts of Otholobium pubescens (Pior) IW. Grimes. In
this study, L-tyrosine as substrate and f-arbutin (IC50 = 1830 M)
as a control were used. Daidzein and its aglycone, genistein
showed no effect (daidzein, ICs, =1580pM; genistein,
ICsn =T660 M),

The discrepancies in the study are due to the variation in
experimental conditions such as temperature, pH, and concentra-
tions of enzyme and substrates used. Flavonols are the most
potent tyrosinase inhibiters among flavonoids. This is due to the
similarity of flavonols to the structure of kojic acid — 3-hydroxy-4-
keto moiety (Figures 16 and 17).
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Table 12. Structures and an anti-hyaluronidase activity of the chosen sapaonins.

Compounds Name Wy mM References
OH Esculeoside A 2 Zhou et al.™?
HO, i, H
HE C“ Fam
L, £ o8
Hi
OH
Ho,,
Hi 0
Compound 1 015 Buyankhishig
etal”™
GCHs
OH
Compound 2 021 Buyankhishig
etal”™
Compound 3 022 Buyankhishig
" etal”
e
-
H Ed
HO b CHy
(continued |
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‘Compounds Name I mM References
Glyeyrrhizin 0.44 Hertel
etal ¥
OH
+]
"o
0 OHO 5
H
fo
OH
Glyeyrrhetinic acid 0.06 Hertel
etal ¥
HO Escin 0is Facino
aH M et al™
CHy
o o]
jal
MO CH
HO, OH o OH CHfH? :
HO o OH O OH
0
HO- OH
oH
HO Escinal 1.65 Facino
L)
OH OH et al;
O
(o]
CHy
HO O 1
CH; CHy
Hy
Oleandlic acid 0.300 Facina
et al™
(continued)
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Table 12. Continued.

Compounds Name ICs0 mM References
HJG, CHy Hederagenin 0.280 Facino .
et al’
OH
HiC
CH4
HO¥
HiC
HO

Hederacoside C Mon effect Facino
et al™

a-Hederin MNon effect Facino
et al™

Ruscogenin Mon effect Facino
et al™

Glycoside camelliagenin & 30393 pg/mL  Grabowska
etal’?

H a
HO.
OH

(continued)
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Compounds MName ICsp mM References
Glycoside 16-0- 286.7 pg/mL Grabowska
acetylcamelliagenin A etal”
OH
HO HO
Hi 0O
OH
HOr Q,
HO
OH
R R seems that compounds containing a methoxy group at position
C6 are more active than those that are unsubstituted at this pos-
ition (Table 15)""*.
A + L0, —_—
HO 5.2.2.3. Double bond. The double bond between the second and
OH OH third carbon atoms is preferred for flavonoids to maintain a flat
) molecular structure. Maringenin (KCso=c. 555 uM) showed less
monophenolo o-diphenol inhibitory activity than apigenin (ICsp=c. 40 uM). Dihydromyricetin
R R (ICsp=c. 37 pM) showed greater inhibitory activity than myricitin
{ICsy =c. B5 uM), while taxifolin (ICsy=c. 800 pM) showed less
inhibitory activity than quercetin {ICsy=c. 30 uM). These results
B + 1,0, — + H,0 suggested that C2 = C3 binding affects the inhibitory properties of
the flavonoids™?.
HO (o]
OH o 5.2.2.4. Glycosides. Flavonoids occur mainly in the form of 3- and
o-diphenol o-dichinone 7-glycosides. Some studies have revealed that a sugar moiety can

Figure 12. A - reaction hydrosylation of monophenals to o-diphenols; reaction B
— oxidation of o-diphencls to o-quinones.

5.2.2.2. Methoxylation. Methoxylation of the hydroxyl groups in
the flavonoid molecules reduces their activity. Methoxylated fla-
vones such as 5,6,7,4"-tetramethylscutellarein (5.21% inhibition),
5,7 4"-trimethylscutellarein (3.23% inhibition), and ladanein (4.24%
inhibition) showed a ten-fold decrease in the inhibitory activity
than kojic acid (% inhibition 80.02). It was proved that methoxyla-
tion of isoflavonoid also decreases the inhibition e.g. 2'-hydroxy-
genistein (37.3% inhibition) inhibited tyrosinase stronger than its
methylated forms, such as 5-O-methyl-2'-hydroxygenistein (25.8%
inhibition) and 7-0-methyl-2"-hydroxygenistein {31.2% inhibition).
The weaker activity of 5-O-methyl-2'-hydroxygenistein may be
related to the disturbance of a hydrogen bond formation between
50H and carbonyl oxygen (C-4). Kojic add (ICe=11.3 uM) was
used as a control and L-DOPA as a substrate’"?.

More information about the effect of hydroxyl groups and
methylation on flavonoid activity was provided by studying deriv-
atives having a methoxy group at position 3, a hydroxy group at
position 5, and oxidised aromatic carbons at C4" and C7 (Table
15). The most potent inhibitors 1 (ICss =671uM), 2
(ICsg =1320uM), and 3 (ICsy =17.66uM) have three hydroxy
groups at the C-3', C4' and C-5 positions in the B ring.
Compound 1, which contains an additional methoxy group at C6
and a hydroxy group at C7, was the most active. Comparing the
ICso of 1 vs. 2 and 5 (ICsy =73.03 pM) vs. 6 (ICs, =103.56 uM), it

modify flavonoids' activity, e.g. 3-O-glycosides, hyperin (ICsy not
detected) and rutin (ICsy=c. 4571 uM) show weaker tyrosinase
inhibition than aglycone - quercetin (ICsg=c. 30 pM). Similarly, 7-
O-glycosides, baicalin (ICsa=c. 215 uM) and naringin (ICso=c.
1900 uM) also inhibited tyrosinase weaker. A clear evidence was
provided when monoglycosides, diglycosides and acylated mono-
glycosides  towards  tyrosinase  inhibition were  tested.
Monoglycosides such as luteolin-7-O-glucoside (27.35% inhibition,
ICso=74 pM), kaempferol-3-O-glucoside (242%  inhibition,
ICso=74 uM), and isorhamnetin-3-O-glucoside (24.22% inhibition,
IC5=70 pM) showed stronger inhibition tyrosinases in a compari-
son to diglycosides such as kaempferol-3-O-rutinoside (16.05%
inhibition, 1Csy=56 pM), isorhamnetin-3-O-rutinoside (13.13%
inhibition, 1Cgy=53 uM), and rutin (12.65% inhibition, 1Cgy=55 uM).
It is suggested that a presence of acyl groups on sugar residues
of monoglycosides kaempferol-3-0-(6"-pCm)-glucoside (14.69%
inhibition, ICs=11 uM), quercetin-3-0-(6"-pCm) -glucoside
(21.86% inhibition, ICs=55 uM), isorhamnetin-3-0-(6"-0Ac)-gluco-
side (23.31% inhibition, 1Cs;=64uM), isorhamnetin-7-0-(6"-pCm)-
glucoside (21.10% inhibition, 1Csy=53 M), apigenin-7-0-(6"-pCm)-
glucoside (17.66% inhibition, ICso=58 uM), apigenin-7-0-(3",6"-di-
pCm)-glucoside (20.69% inhibition, 1Csp=46pM), chrysoeriol-7-0-
(3",6"-di-pCm)-glucoside (15.59% inhibition, ICso=44 pM) pro-
motes an inhibitory effect compared to mono and diglycosides.
The increase in the size of the flavonoids may prevent the flavo-
noids from entering the active site of tyrosinase (Tables 35 and
Table 16)"™,
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Figure 13. Mechanism of the tyrosinase action as monophenaolase and diphenolase.

Comparing baicalein (ICs; =290 puM) with chrysin (no activity),
the other hydroxyl group at the C-6 position of baicalein results in
more potent tyrosinase inhibitien. Comparing the inhibitory
potency of baicalein (aglycone) with its glycosides, oroxin B (no
activity) and oroxin A (ICsg =500 M), a decrease in an inhibitory
activity was noted. Glycosylation of the hydroxyl group at C7 was
negatively correlated with the inhibitory activity of flavonoids. In
addition, the activity of glycosides was influenced by the type of
sugar moiety. The presence of the [i-D-gentiobiosyl group reduced
the inhibitory activity stronger than f-D-glucopyranosyl. This
effect is due to spherical collapses''®.

5.2.3. Lignans

Lignans are phenylpropanoid dimers belonging to the group
of plant phytoestrogens (Figure 18). These compounds are
widespread in seeds (lentils), vegetables (garlic and asparagus),
and fruits (pears and plums), however, the richest source is lin-
seed and whole cereal grains. They are part of the cell wall

and can be released by intestinal bacteria. Due to the similar
structure to oestrogens, lignans compete for oestrogen recep-
tors. In oestrogen deficiency, lignans gently complement their
action, and when there is an excess of them, they reduce their
activity because they have a much weaker oestrogenic effect.
As a result, they help maintain the hormonal balance in the
body and reduce the risk of various hormone-dependent dis-
eases. Besides, these compounds protect against osteoporosis,
lower LDL cholesterol, inhibit bacteria and fungi' growth, and
lower blood glucose levels. The most important compounds in
this group are sesamine, sesaminol, sesamoline, pinoresinal,
secoisolaricresinol, matairesinol, schizandrin, and
schizandrol' #7122,

Eight lignans were isolated from the methanolic extract of
Vitex negundo L, ie. negundin A, negundin B, 6-hydroxy-4-(4-
hydraxy-3-methoxy)-3-hydroxymethyl-7-methoxy-3,4-dihydro-2-
naphthalodehydrate, vitrofolal E, (+)-lyoniresinol, (+)-lyoniresinol-
32-0-fi-D-glucoside, (+)-(-)-pinoresinol, and (+)-diasyringaresinol.
The lactam ring present in negundin A caused moderately strong
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Figure 14. The pathway of melanin synthesis.

(ICsu=10.06 pM) inhibition of tyrosinase as compared to kojic acid
(IC5p=16.67 uM). Negundin B, with the -CH20H group in the C-2
pasition and the C=C bond between C-1 and C-2, showed stron-
ger (ICsp=6.72 uM) inhibition of tyrosinase compared to kojic acid
(ICs3=16.67 pM). Compound 3, in which the CH2O0H group in the

C-2 position was replaced with an aldehyde group, blocked tyro-
sinase to a lesser extent (ICsa=7.81 pM) tham negundin B.
Removal of the CH20H group in the C-3 position and introduction
of the C=C bond between C3 and C-4 reduced vitrofolal E's
strength  (IC5=976 pM). The strongest inhibitor was

93



1162 @ ). GEBALSKI ET AL

a
Esterification mereases the activity of
infubitors
o]
The hyddroxy] groug i pestem C-3 amd C4
R s the most important factor infabiling enzyme
3 activity

b The double bond stabsloes the mteraction of
ke imhabator with the active st of the enzyme

Methylation at the para and meta positions
reduces inhibilor activily

Figure 15. a) Potential groups engaged in an interaction hydroxybenzoic acid-tyrosinase and b) Potential groups engaged in an interaction hydraxycinnamic

acid-tyrosinase.

(-+)-lyoniresinol, in which both positions C-2 and C-3 contain the
CH20H group (ICsp=3.21 uM). Glycosylation of (+)-lyoniresinol at
pasition C-3 rendered inactive. The presence of a sugar residue
hinders the interaction between the enzyme’s active site and the
inhibitor.  (+)-(-}-Pinoresinol  showed moderate  inhibition
(ICso=15.13 uM). The introduction of -OCH3 groups in the 5' and
3' positions in (+)--}-pinoresinol, lead to the formation (+)-diasyr-
ingaresinol which strongly inhibits tyrosinase (ICsp=5.61 pM). The
compound (+)-lyoniresinol could be used as a potential lead mol-
ecule in bioprospecting’®'. Also, other lignans exhibited an anti-
tyrosinase activity, e.g. 5,5-dimethoxylaryresinol-4-0-fi-d-glucopyra-
naside and eleutheroside E; showed significant inhibition with the
ICsy walue of 42.1 and 28 uM, respectively'**.

Lignan glycosides showed a moderate inhibitory effect on tyro-
sinase (4-5 times less than kojic acid) in the presence of L-DOPA
as a substrate (4-O-lariciresinol-glucoside — 17.74% inhibition and
4'-O-lariciresinol-glucoside 12.27% inhibition). When compared
to lignan diglucoside (11.06% inhibition), they showed a lower
activity, probably due to the complete absence of free hydroxyl
groups (Table 17)"'%

5.2.4. Flavonolignans

Phytochemicals composed of part flavonoid and part phenylpro-
panoid, which are commonly found in nature. The richest source
of these compounds is Silybum marianum from the Asteraceae
family. They show hepatoprotective, anticancer, and anti-inflam-
matory effects'*.

For example, isosilybin A (ICsq =2.1uM) was more effective
than its three mother compounds 3'-O-methyltaxifolin
(ICso =512 pM), dihydrokaempferol (ICs; =73.6uM), and taxifolin
(ICse =23.0uM). Analysing the structure of the mother com-
pounds, deletion or methylation of the 3-OH group 25-3 times
reduces the activity of the compounds. Silychristin A
(ICsn =3.2uM; ICs; =288uM) and silychristin B (ICsq =4.5 pM;
ICsp =44.9uM) having a double bond between C-2 and C-3 more
potently inhibited tyrosinase activity than 2.3-dihydrosilychristin
(ICsn =7.6 uM; ICsq =35.9 pM) having no double bond. The isclated
compounds showed a mixed type of inhibition (Ki: L-tyr,
0.7-4.7 uM; L-DOPA, 8.5-36.7 uM). The mother compounds inhib-
ited the enzyme in a competent manner (Table 18)"2%

5.2.5. Stilbenes
These compounds belong to phytoalexins, low molecular weight
cell components with antibacterial and antifungal properties.

Besides, they show other biological properties such as antioxidant,
anti-inflammatory, and antiproliferative effects. A characteristic fea-
ture of their structure is the presence of a 1,2-diphenylethylene
core. More than 400 natural stilbenes have been discovered, but
due to the low abundance of the critical enzyme stilbene syn-
thase, they are not widely distributed in nature. The primary
source of stilbenes in the human diet are grapes, red wine, and
peanuts. The most famous representative of this group is
resveratrol'**.

5.2.5.1. Hydroxyl groups. Many naturally occurring stilbenes
exhibit tyrosinase inhibitory activity, that is related to the charac-
teristic elements of their structure. The inhibitory properties are
due to the number and distribution of oxygen atoms attached to
the aromatic rings. Dioxyl stilbene, pinosylvin, showed weak
inhibitory properties (ICsa =46 pM), while resveratrol, a stilbene
representative with three hydroxyl groups, inhibited tyrosinase
even more strongly than kojic acid. However, when compared to
owyresveratrol, representative of tetroxyl stilbenes, that compound
showed a nine-fold increase in the inhibition than resveratrol
(ICsp=1.5 vs. 14.4uM)"™. To better understand, the structure-ac-
tivity relationship in a model hydroxystilbene-tyrosinase new
derivatives of trans-stilbene were synthesised'”’. Monohydroxy
trans stilbenes showed no inhibitory effect on tyrosinase, only
after attachment of another hydroxyl group to the aromatic ring
resulted in an increase of inhibition. The braking force depended
on the position of the hydroxyl groups to each other, eg. 33"
dihydroxy-transstilbene (26.3% inhibition 1Cs; =200 pM) has a
mare substantial inhibitory effect than 2,3-dihydrosxy-trans-stilbene
(4.4% inhibition |Cso>200 pM) and 34-dihydroxy-trans-stilbene
(9.5% inhibition ICso=>200 pM) or 3,5-dihydroxy-trans-stilbene
(186% inhibition 1Csy =200 pM). The 3,3"4-trihydroxy-trans-stil-
bene (87.7% inhibition ICs; =74.3 pM) and 3,3'4,4'-tetrahydroxy-
trans-stilbene (98.3% inhibition Cgy =29.1 pM) showed more
potent activity against the enzyme than 3,3'-dihydroxy-trans-stil-
bene. 3,344 -tetrahydroxy-trans-stilbene (ICsy =29.1 uM) inhibited
the tyrosinase activity almost completely. It is seen that am
increase of the inhibitory power of the hydroxystilbenes is corre-
lated with an increase of the number of hydroxyl groups.
O-methylation decreased the action of the stilbenes.

5.2.5.2, Stilbene glycosides. Other studies have examined the dif-
ference in an action between stilbene glycosides and their agly-
cones. Several hydroxystilbenes were isolated from the methanolic
extract of Veratrum patulum L. (\Cs=100 pM), including piceid,
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Table 13. An anti-tyrosinase activity of hydroxybenzoic and hydroxycinnaminic acids and their derivatives (NR-not reported; a-L-DOPA; b-L-tyrosin).

The half-maximal
Positive inhibitary
control Type of Inhibition Source of concentration
Substances Substrate (inhibitor) inhibition constant K imM)  tyrosinase ICsp(mM) References
Hydraxybenzoic acids
Anisic acid (p-methoxybenzoic acid)  L- DOPA NR Mon-competitive 0.603 Mushroom 0.6 Kubo et al™
p-Hydroxybenzoic acid L- DOPA NR Competitive 073 Mushroom 13 Kubo et al™
p-Methoxybenzoic acid L- DOPA NR Non-competitive 043/043 Mushroom 0.42 Chen et al™
p-Ethaxybenzoic acid L- DOPA NR Mon-competitive NR Mushroom NR Kubo et al*

L- DOPA NR Mixed 1.46/0.84 Mushroom 11 Chen et al™
p-Propoxybenzoic acid L- DOPA NR Mixed NR Mushroom NR Kubo et al™

L- DOPA NR Mon-competitive 084 Mushroom 185 Kubo et al™
p-Butoxybenzoic acid L- DOPA NR Competitive NR Mushroom NR Kubo et al*

L- DOPA NR Non-competitive 071 Mushroom 165 Chen et al™
p-Pentyloxybenzoate acid L- DOPA NR Mon-competitive 0.6 Mushroom 14 Kubo et al™
p-Hexylaxybenzoic acid L- DOPA MR Mon-competitive 049 Mushroom 115 Chen et al™
Gallic acid L- DOPA NR NR NR Mushroom 45 Kubo et al. ™
Methyl gallate L- DOPA NR NR NR Mushroom 035 Kubo et al. *
Propyl gallate L- DOPA NR NR NR Mushroom o031 Kubo et al. ™
Hexyl gallate L- DOPA NR NR NR Mushroom 021 Kubo et al. ™
Octyl gallate L- DOPA NR NR NR Mushroom 033 Kubo et al.
Decyl gallate L- DOPA MR MR MR Mushroom 028 Kubo et al. ™
Dodecyl gallate L- DOPA NR Mixed MR Mushroom 049 Kubo et al. ™

Hydroxycinnaminic acids
Cinnamic acid L- DOPA NR Non-competitive 199 Mushroom 21 Shi et al*
2-Hydraxycinnamic acid L- DOPA NR Mot effective Mot effective  Mushroom Mot effective  Shi et al™
4Hydroxycinnamic acid L- DOPA MR Competitive 0244 Mushroom 05 shi et al™
4-Methoxycinnamic acid L- DOPA NR Non-competitive 0.458 Mushroom 0.42 Shi et al™
3 4-Dihydroxycinnamic acid L- DOPA NR Mon-competitive NR Mushroom 033 Earcia-li;nemz
et al.
4-Hydroxy-3-methoxycinnamic acid - DOPA NR Mon-competitive NR Mushroom 033 Earcia-li,r‘rlemz
et al
2-Methoxycinnamic acid L- DOPA NR Competitive 0.519/0.5° Mushroom NR Garcia-Jimenez
L-Tyrosine et al™
3-Methoxycinnamic acid L- DOPA NR Competitive 0.68°/0.69" Mushroom NR Earcia-ligr‘rlemz
L-Tyrasine et al.
4-Methoxycinnamic acid L= DEM’W.#::l NR Competitive 1.47%/1.54° Mushroom NR Garcia-Jimenez
L-Tyrosine et al®
Protocatechuic acid methyl ester L-Tyrosine NR NR NR Mushroom NR Miyazawa et al ™
Pratocatechuic acid L-Tyrasine NR MR MR Mushroom HR Miyazawa et al™
Vanillic acid L-Tyrosine NR NR NR Mushroom NR Miyazawa et al*
Vanillic acid methyl ester L-Tyrosine NR NR NR Mushroom NR Miyazawa et al ™
ksovanillic acid L-Tyrasine NR MR MR Mushroom NR Miyazawa et al ™
tsovanillic acid methyl ester L-Tyrasine MR MR MR Mushroom MR Miyazawa et al™
Veratric acid L-Tyrosine NR NR NR Mushroom NR Miyazawa et al*
Veratric acid methyl ester L-Tyrosine NR NR NR Mushroom NR Miyazawa et al ™
Ferulic acid L-Tyrasine Hydroquinone  NR NR Mushroom NR Maruyama et al™
Caffeic acid L-Tyrosine Hydroquinene  NR NR Mushroom NR Maruyama et al.
p-Coumnaric acid L-Tyrasine Kajic acid NR NR Mushroom 01s Maruyama et al*”
Arbutin

the aglycone of which is resveratrol. The inhibitory activity of
piceid was 6.9 and 82 (L-DOPA and L-tyrosine) times lower than
that of resveratrol (phenyithiourea was used as a positive control).
The tested compounds showed a more significant effect on the
monophenolase activity than on the diphenolase activity'*®. Kim
et al. who studied the impact of mulberroside A (isolated from
the ethanolic Morus alba L. root extract) enzymatic biotransform-
ation to oxyresveratrol and their anti-tyrosinase activity. The
inhibitory activity of oxyresveratrol was approximately 110-fold
higher than that of mulberroside A (IG5, = 049 and 53.6 pM,
respectively). Kojic acid and arbutin were selected as controls in
the study. Inhibition of tyrosinase activity by oxyresveratrol (L-
tyrosine) was 43-fold and 1503-fold higher than that of kojic acid
and arbutin (ICsy =21.1 and 7365 pM, respectively). Tyrosinase
was almost completely inhibited by oxyresveratrol, mulberroside
A, and kojic at concentrations of 2.5, 500, and 250 pM, respect-
ively. Arbutin weakly inhibited tyrosinase (about 85%, 3000 pM).
On the basis of the kinetic parameters, it has been shown that

mulberroside A is a competitive inhibitor of fungal tyrosinase with
L-tyrosine and L-DOPA as a substrate, oxyresveratrol showed
mixed inhibition and non-competitive inhibition to L-tyrosine and
L-DOPA as the substrate, respectively. Tyrosinase catalyses two dif-
ferent reactions: the hydroxylation of menophenols to o-diphenols
{monophenolase activity) and the oxidation of o-diphenols to o-
quincnes (diphenclase activity). Considering the [Cqy(L-tyrosine
0.49; L-DOPA 11.9) and Ki (L-Tyrosine 1.093, 0521; L-DOPA 1.272)
values, oxyresveratrol had a more significant impact on the activ-
ity of monophenolase than on the diphenolase activity'*”.

Isolated from the water-methanol extract of the rhizome of
Rheum officinale Baill galloyl glucosides of resveratrol, eg. 3.4, 5-
trihydroxystilbene-4'-0-§-D- (2"-0-galloyl) glucopyranoside (A) and
34!, 5-trihydroxystilbene-4"-0-f-D- (6" -0-Galloyl) glucopyranoside
(B) inhibit the activity of tyrosinase. These compounds showed a
competitive type of inhibition and blocked the enzyme stronger
than kojic acid. The compounds inhibited the conversion of L-tyro-
sine to L-DOPA more strongly than L-DOPA to DOPA quinone.
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Table 14. Structure and activity of flavoneoids with an anti-tyrosinase activity.

Structure Mame 15y (M) References
Baicalein 290 ¥in
et al''?
HO O
HO
o ©
Chirysi - il
rysin Inetal_”3
HO o
oH ©
OH Oroxin A 500 ¥in
etal''®
HOr 9
HO
OH
OH Oroxin B - Yin
et al'"?
HO 0
HON )
OH i
HO 0
HO A o
OH H
HO
OH
Daidzein =350°5; 415 Wagle et al'®;
Kim et al.'™”
(continued)
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Table 14. Continued.

Structure Name ICs; (pM) References
HO (o] Formananetin =350°% -°  Wagle et al'™;
Kim et al.’
o] CH,
D/
Daidzin 310674 =350% Wagle
etal'™
HO
HO o]
(o}
OH
Pusrarin 43813% 350" Wagle
et al "
HO
8]
OH
HO o] Calycosin 7.00, 1453847 Wagle et al'™;
Kim et al'™®
OH
o CH,
O/
HO. o} Texasin =
O et al '
HO
o /CHB
)
HO o} Odoratin - m
et al '™
H;C OH
™o
o} CH,
O/
(continued)
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Table 14. Continued.

Structure Name ICs; (pM) References
HO o] Tectorigenin 0° Kim
ot al™”
C
H“‘-\..‘ O
OH o}
OH
Genistein 362544, Wagle et al'®;

HO 9]
OH

>350% 33° Kim et al.'"™

OH
OH
HO O
o]

Mirknin 5¢ Wagle et al'®;
Kim et al.'™

@

HO,
HO™ \Q/\I"J

(25)-pinocembrin-7-0-  115.35%, 122.34" Yang

[r-o-glycoside et al '™

OH

Q

HO
Ho™ \QX‘J

(25)-naringenin-7-0- 27 49%, 39.26° Yang

Qg

HO, o
q‘J B

I
Q
k—-(i%-o
I

[i-D-glycoside et al's?
(25573 .5- 16.49%, 20.38° Yang
tetrahydraxy-flavanone et al"™?

7-0-f-D-glucopyranoside

-tyrosine BL-DOPA_“L-tyrosine for Kim et al"™ SL-tyrosine for Kim et al."".
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Figure 16. Potential groups engaged
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in an interaction flavoncid-tyrosinase.
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Figure 17. Structure relationship between flavanol (a) and kojic acid (b) and
mode of copper chelation by 3-hydroxy-4-keto group in flavancl (c), and kojic
acid (d).

Inhibitory effect for compounds A (ICgp =671 pM) and B
(ICsp =14.7 uM) was higher than for kojic acid (ICs; =28.9 pM),
when L-tyrosine was used as a substrate. Inhibitory effect of com-
pound B (ICsp =823 pM) was significantly less than that of kojic
acid (ICs5 =23 uM)when L-DOPA was used as a substrate. In the
case of compound A the ICg, value was comparable to that of
kojic acid (ICso =24.6 pM)"™".

The obtained results indicate that the deglycosylation of stil-
benes has a positive influence on their activity and indicates that
the aglycones are more active. This is probably related to particle
size because as larger compounds, glycosides have restricted an
access to the active site of the enzyme.

5.2.5.3. Isoprenyl chain. The inhibition of tyrosinase may also be
stimulated by the compounds with isoprenyl chain in their struc-
ture, e.g. 4-[(2"E)-7"-hydroxy-3",7"'-dimethyloct-2"-enyl] - 2.3 4'.5-
tetrahydroxy-trans-stilbene (compound A) and chlorophorin, both
isolated from Chlorophora excels (Welw.) Benth. core, showed a
different inhibitory activity dependent on the presence of the iso-
prenyl chain. The sy values for compound A and chlorophorin
were equal 96 and 1.3 pM, respectively (kojic acid, 1Csq =20 uM).
Attaching a water molecule to the geranyl chain in compound A
reduced its tyrosinase activity. This is probably due to reducing

JOURMAL OF ENZYME INHIBITION AMD MEDICINAL CHEMISTRY @ 17

Hydroxyl groups increase the activity of
vonmds

[T'.IWUH group ncreases the activity J

Depending on the compounds, double binding
increases or decreases the activ ny

the chain’'s interaction and the hydrophobic protein pocket dose
to the active site’*’. The other investigations have shown that the
presence of a prenyl chain in a compound having a 4-substituted
resorcinol backbone increased the inhibitory activity compared to
that of oxyresveratrol (ICs,=0.66 and 0.98 pM, respectively).

In another study, the impact of chain length, functional groups
{polarity), and cyclisation of isoprenyl chains on the anti-tyrosinase
activity was investigated. An increase in chain length from one
isoprene unit to two resulted in a 4-fold increase in activity
(IC50 = 1587 uM, IC50=60.14pM). In turn, the introduction of
hydroxyl groups or cyclisation of the isoprenyl chain caused a
drastic decrease in anti-tyrosinase activity. Similar results of iso-
prenyl chain influence were observed in stilbene derivatives iso-
lated from Angelica keiskei roots.

5.2.5.4. Double bond. Another compound inhibiting tyrosinase is
gnetol, a tetrahydroxystilbene isolated from Gnetum gnemon L. It
was appeared that gnetol is approximately 30 times more potent
than kojic acid. Additionally, gnetol inhibited tyrosinase much
maore than dihydrognetol (100% and 20%, respectively). The dou-
ble bond is crucial for the activity. The double bend'’s role in the
stilbene backbone in inhibiting tyrosinase examined the cis-olefin
structure. The cis isomer of 3,3"-dihydroxystilbene (% inhibition c.
1) compared to the trans isomer (26% inhibition) shows no inhibi-
tory effect. The saturation of the double bond in the oxyresvera-
trol  (ICso =098 pM) significantly reduces the activity
(ICsp =58 pM). However, dihydrooxyresveratrol showed eight
times more inhibitory effect on the activity of fungal tyrosinase
than oxyresveratrol (ICsy =1.6 and 127 pM, respectively). The
higher activity of dihydrooxyresveratrol, compared to oxyresvera-
trol, was probably due to its dibenzyl structure, which provided
greater flexibility, and thus allowed for a more effective inter-
action of phenolic groups with the enzyme (Figure 19)"*

Similar results of the effect of double bond saturation were
obtained by studying dihydrostilbene derivatives isclated from the
80% ethanolic extract of the Dendrobium loddigesii Rolfe stem. It
was appeared that 34,5-trihydroxy-3'4'-dihyroxyhydrostilbene;
3,5-dihydroxy-3',4'-dihyroxyhydrostilbene and their methoxy deriv-
atives did not inhibit tyrosinase activity. The exception to this rule
is  3,5-dihydroxy-3'-dihyroxyhydrostilbene  (ICs, = 37.90uM).
Attachment of dioxolane (aphyllals C) to the B ring of 3,5-dihyrox-
yhydrostilbene results in a marked increase in an activity
(ICsa =152.56 uM). Methylation of the 3-OH group in aphyllals C
abolishes the compound's activity. The above examples indicate
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Table 15. Effect of the position and number of hydroxyl groups on the activity of flavonoids towards tyrosinase.

Name Rs Ry R3 Ry R’ 1Csp (M)
1 OCH; OH OCH: OCH: OH 671
2 H OH OCH: OCH; OH 13.20
3 H OCHs OCH: OCH; OH 17 66
4 OCH, OH OCH, OCH; OCH; 6268
5 OCH; OH H OH H 7303
1] H OH H OH H 103.56
Arylnaphthalenes Aryltetralins Dibenzylbutanes

CH3

i CH,

J. d

CHy 2
E——
Q CH; .
5
Dibenzocyclonctadienes

G‘ - G
CH,

CHy
CHy
‘ Dibenzylbutyrolactones
o
(o]
(J

]

Furofurans

HiC O

[o]
H,C C
Tetrahydrofurans

Figure 18. Chemical classification of lignans.

that methylation of the 3-OH group inactivates the compound.
Kojic acid was used as a positive control (ICs; =8.02 uM). A note-
worthy compound for (QJSAR studies is 1,3-benzodioxol derivative

(benzene ring linked to dioxolane). Due to the ambiguity of the
results, further studies on the effect of a double bond in stilbenes
are needed.
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Table 16. An anti-tyrosinase activity of flavencids (UE-unable to establish; c-with respect to L-tyrosine; d-with respect to both L-tyrosine and L-DOPA; NR-not

reported; NT-not tested).

The half-maximal

Positive inhibitory
control Type of Inhibition  Source of  concentration
Substances Substrate (inhibitor) inhibition constant K, tyrosinase ICsp (uM) References
FLavonols
Galangin, L-DOPA Koije acid Competitive NR Mushroom 10 Fan et al."""
Kaempferal L-DOFA Koijc acid Competitive NR Mushroom 73 Fan et al.'”
ksorhamnetin L-DOPA Koije acid Mixed NR Mushroom 303 Fan et al.'™
Rutin L-DOPA Koijc acid Competitive NR Mushroom 4571 Fan et al.'"'
Myricetin L-DOPA Koijc acid Mixed NR Mushroom 85 Fan et al.'”
Quercetin L-DOPA Koijc acid Competitive MR Mushroom 30 Fan et al.'"'
Morin L-DOPA Knijc acid Competitive NR Mushroom 85 Fan et al'®"
Diosmetin L-DOPA Koijc acid Competitive NR Mushroom 417 Fan et al.'"
Hyperin L-DOPA Koijc acid NT MR Mushroom NT Fan et al.'™
DIHYDROFLAVONES
Maringenin L-DOPA Kpijc acid  Mon-competitive MR Mushroom 555 Fan et al.'®"
Naringin L-DOFA Koijc acid Competitive NR Mushroom 1900 Fan et al.'”
FLAVONES
Chrysin L-DOPA Koijc acid NR NR Mushroom Man effect Fan et al'"'
Chrysoeriol L-DOFA Kodjc acid NR NR Mushroom 83 Fan et al.'®"
Ladanein L-DOPA Koijc acid NR MR Mushroom 53 Fan et al.'"'
5,6,7.84"-Pentahydroxyflavone L-DOPA Koijc acid NR MR Mushroom 55 Fan et al.'"'
5,6,7.4'-Tetramethylscutellarein L-DOPA Koijc acid NR NR Mushroom 49 Fan et al.'"
5,7 4 -Trimethylscutellarein L-DOPA Koijc acid MR NR Mushroom 50 Fan et al.'™
Luteolin L-DOPA Koijc acid Mon-competitive Mushroom 186 Fan et al'"'
Lutealin-7-0-glukozyd L-DOPA Koijc acid  NR MR Mushroom 74 Karioti et al'""
Kaempferal-3-0-glucoside L-DOFA Koijc acid NR NR Mushroom 74 Karioti et al.'"’
sorhamnetin-3-0-glucoside L-DOPA Koijc acid NR NR Mushroom 70 Karioti et al.'"!
Kaempferal-3-0-nitinaside L-DOPA Koijc acid NR NR Mushroom 56 Karioti et al'"
Isorhamnetin-3-0-rutinoside L-DOPA Koijc acid NR NR Mushroom 53 Karioti et al.'"’
6-0H-kaempferol-3-O-rutinoside L-DOPA Koijc acid NR MR Mushroom 55 Karioti et al'"
Kaempferol-3-0-16'*-pCm)-glucoside L-DOPA Koijc acid NR NR Mushroom 11 Karioti et al'"!
Quercetin-3-0-{8"-pCm)-glucoside L-DOPA Koije acid NR NR Mushroom 55 Karioti et al.'""
Isorhamnetin-3-0-(6"-0Ac)-glucoside L-DOPA Koijc acid NR NR Mushroom 64 Karioti et al.'"'
korhamnetin-7-0-(6"-pCm)-glucoside  L-DOPA Koijc acid NR NR Mushroom 53 Karioti et al'"
Apigenin-7-0-& -pCm)-glucoside L-DOFA Koijc acid NR NR Mushroom 58 Karioti et al.'"!
Apigenin-7-0-(3" 6"-di-pCm)-glucoside  L-DOPA Koijc acid NR NR Mushroom 46 Karioti et al.'"'
Chrysoeriol-7-0-(3" 6" -di-pCm)-glucoside  L-DOPA Koijc acid NR NR Mushroom 44 Karioti et al'"
Apigenin L-DOPA Koijc acid  Mixed NR Mushroom 40 Fan et al'"'
L-DOPA Koijc acid NR NR Mushroom 93 Karioti et al.""!
Baicalein L-DOPA Koijc acid Non-competitive MR Mushroom 138 Fan et al.'"'
Baicalin L-DOPA Koije acid Mixed NR Mushroom 215 Fan et al'"'
DIHYDROFLAVOLS
Dihydromyricetin L-DOPA Kodjc acid  Mixed NR Mushroom 37 Fan et al.'®"
Tanifolin L-DOPA Koijc acid Competitive NR Mushroom 800 Fan et al'"'
ISOFLAVONOIDS
Daidzein L-tyrosin L-DOPA  Koijc acid  Reversibly competitive® 19.4 Mushroom  203/UE Chang et al"™
Genistein L-DOPA Koije acid Competitive NR Mushroom 25 Chang et al'™®
67,4 -Trihydroxyisoflavone L-tyrasin L-DOPA. Koije acid Reversibly competitive® 193 Mushroom S/UE Chang et al'™
7,84 -Trihydroxyisoflavone L-tyrosin L-DOPA. Koijc acid  Imeversible” UE Mushroom 191/184 Chang et al"™
57,84 -Tetrahydroxyisoflavone L-tyrosin L-DOPA  Koijc acid  Imeversible? UE Mushroom 181/212 Chang et al"™
&-Methoxy-7,4'-dihydroxyisoflavene L-tyrosin L-DOPA  Koijc acid Reversibly competitive® 5006 Mushroom  218/UE Chang et al'™®
(glycitein)
4'-Hydroxyisoflavone-7-O-glucoside L-tyrosin L-DOPA.  Koijc acid Reversibly competitive® 15.1 Mushroom 267/UE Chang et al"™
(daidzin)
54"-Dihydroxyisoflavone-7-O-glucoside  L-tyrosin L-DOPA  Koijc acid  Reversibly competitive® 176 Mushroom 343/UE Chang et al."™®
(genistin)
ANTHOCYANIDINS
Pelargonidin L-DOPA Koijc acid NR NR Mushroom 66 Tsuda and Osawa'™
Pelargonidin 3-0-f-D-glucoside L-DOPA Koijc acid MR MR Mushroom 61.2 Tsuda and Osawa'™
Cyanidin L-DOPA Koijc acid MR MR Mushroom  27.1 Tsuda and Osawa'™
Cyanidin 3-0-p-D-glucoside L-DOPA Koijc acid NR NR Mushroom 403 Tsuda and Osawa'™
Delphinidin L-DOPA Koijc acid  NR MR Mushroom 574 Tsuda and Osawa'™
Delphinldin 3-0-p-D-glucoside L-DOPA Kodjc acid NR NR Mushroom 462 Tsuda and Osawa'™
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222 s2zssgceee 5.2.5.5. Stilbene oligomers. The next group with an anti-tyrosinase
Ble%% Sew== EEEE activity is oligomers of stilbenes. The following resveratrol oligom-
§ TET TESTEZ TEE ers: c-viniferin as a dimer; vaticanol A, vaticanol G, and x-viniferin
2 % % % % % % % % B § ii as trimers; vaticanol B, vaticanol C and (-}-hopeaphenol as tet-

=== ========= ramers were tested towards tyrosinase from murine B16 melan-

oma cells and L-DOPA as the substrate and kojic acid as a control
= g (ICsp =119.7 pM; c. 49.3% inhibition). Resveratrol (ICs; =108 pM)
£ E” at a concentration of 100 uM inhibited the activity of tyrosinase at
2 Ei B8R 2573 the level of 98%. However, the oligomers have appeared to be
£ U Flge~ emMEdvegge weak inhibitors, e.g. dimer-e-viniferin at a concentration of 100 uM
2 g¥ showed approx. 24.6% inhibition, the trimmers, and tetrameters
gg showed an inhibition level of less than 8%. It may be suggested

=

that the inhibitery potency of the resveratrol oligomers decreases
with increasing molecular weight (Figure 20; Tables 45 and
Table 19)"*%,

Source of
tyrosinase
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom
Mushroom

5.2.6. Chalcones

Chalcones belong to the group of unsaturated aromatic ketones
and are thought to be the precursors for the synthesis of flave-
noids. The core of chalcones consists of two aromatic rings linked
by a three-carbon =z, flrunsaturated carbonyl system (1,3-diphenyl-
2-propen-1-one) (Figure 17). Chalcones can exist in trans (E) and
cis (Z) forms, but cis isomers are unstable due to spherical effects.
Chalcones are characterised by a broad spectrum of biological

Inhibition
cornstant K; (mM
NR
NR
NR
NR
NR
NR
NR
NR
NR
NR
NR
NR

5§ properties, including anticancer, antioxidant, antidiabetic, anti-
stz EEEEEEEEX N 4 : = I T+ ]
RE|EZE 222222222 inflammatory, antibacterial, and antiviral activities' ™.
T Chalcones have shown an anti-tyrosinase activity dependent
on their structure and concentration. Khatib et al. studied the
g_ effect of catechol and resorcinol groupings in the A and B rings of
sE|_2 chalcones. Two substrates for tyrosinase, L-tyrosine (first step - L-
gg gg §§§ § tyrosine to L-DOPA) and L-DOPA (second step - L-DOPA to o-
gc:z g. £ %ég_% quinone), were used. All of the compounds tested showed greater
- activity in blocking the first step than the second step. 3.4,2'4-
Hydroxychalcone, with a resorcinol moiety (at the 2’ and 4° posi-
E S mSoCosaoa tions) in the A ring and catechol in the B ring inhibited the first
g 8. 8 3 8. 3 8. 8. 8 3 8. 8 3 step more potently (IC=293 pM) than the second step
e A (ICsp =100 puM). 2,4,3"4'- Hydroxychalcone, with the opposite struc-
ture to 342'4- hydroxychalcone, inhibited tyrosinase about
- z 1465-fold more potently (ICe,=02 pM - stage 1, and
? EE ICsy =7.5 pM stage 2). The compound 35,2’ 4"~ hydroxychalcone,
§ F % - in which the OH groups of the B ring are located at positions 3
g §*§% and 5 while maintaining the identical position of the catechol
:‘-“: g E EE group as in 34.2'4- hydroxychalcone, blocked the enzyme
gl 5%3 weaker (IC55=31.7 pM for step 1, IC55 >1000 pM for step 2).
& g &33 Compound 2,42 4'- hydroxychalcone, made up of two resorcinol

groups in rings A and B, blocked tyrosinase activity most strongly
(IC50=0.02 puM for stage 1 and up to 90 uM for Stage 2).

-

g Additionally, 2,4,3"4'- hydroxychalcone is 7.5 times more active
¢ £ than trans-stilbene, with the same catechol and resorcinol
E- 8 ¥ arrangement. Moreover, the position of OH groups in the A and B
;E %g ring affects the mechanism of chalcone inhibition. Compounds
= by & with a catechol group showed the ability to chelate copper ions,
g E'.E g M while 2.4,2' 4"~ hydroxychalcone (resorcinol structure) did not che-
; R 2 § € late copper ions. The catechol group in ring A acted as a chelator
g Eq § é&% E of copper ions, while the catechol in ring B is oxidised to o-quin-

- c . . S

g EE : g3 = one. However, catechol groups in the A or B ring had no signifi-
x '53 E-E ggg = cant impact on tyrosinase inhibition. The compound with two
g E.; ] "E S g‘i‘g; g _§ resorcinol moieties has the most potent effect on tyrosinase
=z (mingEQSuﬁ activity' .

= E -‘%% E g ] E‘Ei 5 E‘E § 5 % A promising group of tyrosinase inhibitors may be 2' 4’6" -trihy-
2 F gggh § FE1E % 332|= droxychalcone derivatives'*. It was confirmed, that the absence
»ﬂ ﬁ T SEXEZETLEIE of OH groups at the 4 or 6' position in 2°4',6'-trihydroxychalcones
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Table 18. An anti-tyrosinase activity of flavonolignans.
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Structure Name 1Czy (M) Ref.
OH [o] Isosilybin A 21% 167" Kim et al'
OH
CH;,
o]
HO (0]
o
OH
0
H,C™
OH 8] Isasilybin B 49% 198" Kim et al'?
OH
CHy
0
HO o] ’
(8]
OH
o}
HyC™
OH o] 3.0-Methyltaxifolin 51.2% 1500° Kim et al.'?
OH
0
HO 0 “CH,
OH
OH 0 Dihydrokaempferal 73.6% =200% Kim et al'?
OH
HO 0
OH
OH 8] Tasifolin 2305 27.0° Kim et al.'?
OH
OH
HO 0 O
OH
[continued)
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Table 18. Continued.

Structure Name 1Coq (uM) Ref.

OH o] Silychristin A 32% 8" Kim et al.'?
HO (8}

OH o] Silychristin B 45% 449" Kim et al.'?

OH O—CH,
HO (8}
o QOH
OH o] Dihydrasilychristin 76" 359" Kim et al'?

*Ltyrasine; "L-DOPA.

trans-isomer

cis-isomer
Figure 19. Chemical structure of cis- and trans-isomer of stilbenes.

results in loss of an inhibitory activity (less than 20% inhibition at
400 uM concentration). Comparing the 2'4',6-trihydroxychalcone
activity to kojic acid, chalcone has exhibited a 10-fold weaker
inhibition (ICsp=120 and 12 pM, respectively). Methoxylation of
hydroxyl groups at the 4° and 6 position of compounds:
2,2' 34 6trihydroxychalcones, 234456 -trihydroxychalcones,
and 2'3,4.4',6'-trihydroxychalcones also cause loss of their activity.
2,244 &' -Trihydroxychalcones (ICsp=1pM) were found to exhibit

the highest activity, even better than 2,2'44'-tetrahydroxychal-
cone (ICsy =5uM] and ijic acid (ICs5=12puM). In contrast,
methoxylation of the &6-OH group in 2,244 6"-trihydroxychal-
cones impairs activity (ICsp=3.1 uM).

Nguyen et al. provided more information about the influence
of the position and number of OH groups on the activity of chal-
cones. It was appeared that a presence one or two hydroxyl
groups in the A ring do not strength the inhibition, e.g. inhibition
for 4-hydroxychalcone, 2-hydroxychalcone, and 2,4-dihydroxychal-
cone was about 14% at 50 uM, respectively. However, the changes
had been observed after the introduction of the 4'-OH group in
the B ring, which resulted in the activity’s increase. The inhibition
at 50 uM for 4"-hydroxychalcone, 24.4-trihydroxychalcone was
71% and 67%, respectively. Additionally, the presence of the 2-OH
group in the A ring drastically reduces the activity of 2,4'-dihy-
droxychalcone (10% inhibition at 50 uM concentration). The weak-
ening effect of the 4'-OH group on tyrosinase activity is due to
conformational changes. These changes are due to the formation
of hydrogen bonds between 2-OH and the carbonyl group. The
importance of the arrangement of hydroxyl groups is related to
the structure of chalcones. Ring A is associated with a carbonyl
carbon atom, while ring B is related to a vinyl carbon atom. This
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The presence of residual
sugar reduces the activity of
stilbenes

Presence of double bond in trans position
increases activity of silbenes

The increase in the mumber of hydroxyl

The presence of isoprenyl chain
increases the inkibilory activity of
sdilbenes

Figure 20. Potential groups engaged in an interaction stilbene-tyrosinase.

is in contrast to stilbenes, in which the rings are bound to identi-
cal carbon atoms (Figure 21)'*.

The anti-tyrosinase properties have also been confimed in the
group of the chalcone glycesides, e.g. licuraside, isoliquiritin, and
the aglycone licochalcone A isolated from two species of
Glycyrrhiza (Glycyrrhiza uralensis Fisch and Glycyrrhiza inflate Bat,
respectively). The I1Cs, for licuraside, isoliguiritin, and licochalcone
A, in the presence of L-tyrosine, were of 72, 38, and 258 pM,
respectively. The compounds inhibited enzyme competitive (L-
tyrosine). The inhibitory effect of chalcones on diphenolase activ-
ity (L-DOPA as substrate) was much lower. The difference in inhib-
ition between monophenolase and diphenolase activity is related
to the structure of the chalcones, those ones which inhibit mono-
phenolase more strongly show a similarity to L-tyrosine
(Figure 22)"4.

The 4-OH group in the B ring of chalcones affects the potency
of the inhibitor (similarity to the tyrosine backbone). Licochalcone
A is a more potent inhibitor than licurad and isoliquiritin because
it has a free 4-OH group in the B ring and has less steric hin-
drance. The sugar residue at the 4-0OH position hinders access to
the enzyme's active centre, resulting in reduced inhibitory activity.
In addition, the 3,3- dimethylpropylene group at position 5 (ring
B) of licochalcone A disrupts the quatemary structure of tyrosin-
ase, inhibiting the enzyme'**.

In the case of diphenolase activity, for which the substrate is L-
DOPA, the presence of both 3-OH and 4'-OH groups in the B ring
is necessary in the inhibitor's structure in order to resemble L-
DOPA. The absence of the 3'-OH group in the B ring of chalcones
resulted in the lack of diphenolase inhibitory activity of tyrosin-
ase'¥. The tyrosinase activity may be also regulated via the intro-
duction of alkyl chains into chalcone molecules. It has been
proved that prenylated chalcone, curaridine, blocked the enzyme
activity very strongly (ICe=06 pM) compared to kojic acid
(ICs5=20.5 uM). The important elements of the studied compound
are the 2'-0H and 4'-OH groups in the B ring, and 4-OH, and the
prenyl chain at C-5 (lavandulyl) in the A ring". On the other
hand, the addition of two isoprenyl groups at the C-5 and C-3'
positions to 4,4 6-trihydroxychalcone abolishes tyrosinase inhib-
ition. This is probably due to steric hindrance (Figure 23; Tables
55 and Table 20)"*.

groups enhances the activity of stilbenes

The leading struciure of stilbenes ]

5.2.7. Phenylpropanoid sucrose esters (PSEs)

Phenylpropanoid sucrose esters (PSEs) are composed of a sucrose
core linked to one or more phenylpropancid residues (Ph-
CH=CH-CO-) vig an ester bond. PSEs include substituted/unsub-
stituted caffeic, coumaric, ferulic, cinnamic, and sinapic acids. PSEs
have been isolated from wvarious species of medicinal plants in the
families Arecaceae, Boraginaceae, Brassicaceae, Caryophyllaceae,
Liliaceae, Melanthiaceae, Polygonaceae, Poaceoe, Polygalaceae,
Rutaceae, and Rosaceae. These compounds exhibit anti-inflamma-
tory, antioxidant, hypoglycaemic, and anticancer activities
(Figure 24)™%141,

The PSEs isolated from Persicaria orientalis (L) Spach showed
low to medium tyrosinase inhibitory abilities [hydropiperoside
(L-tyr, ICsp =27.1pM; L-DOPA, ICs; =166.15uM), vanicoside A
(L-tyr, 1Csp =37.29uM; L-DOPA, IC; =135.91pM), vanicoside B
(Ltyr, ICsp =62. OpM; L-DOPA, IC;; =113.13 M), vanicoside C
(L-tyr, ICsg =390 uM; L-DOPA, IC.; =91.38puM), and vanicoside E
(Ltyr, ICsp =45.23 uM; L-DOPA, ICs =189.96 uM]]. In this study,
kojic acid (L-tyr, ICsy =14.15uM; L-DOPA, IC5, —181.40uM) was
used as a positive control™. Cho et al. investigated the inhibitory
effect of PSEs isolated from the Oryza sativa roots on tyrosinase
activity. The most active compounds were 3,6-diferuloyl-3',6'-diac-
etylsucrose (ICs, =47.33 uM) and smilaside A (ICs =45.13 pM). The
ICs, for 3-feruloyl-4' 6'-diacetyl sucrose, 3-feruloyl-6™acetylsucrose
36-diferuloylsucrose was >400pM. None of the isolated com-
pounds inhibited the enzyme more strongly than the positive con-
trol, kojic acid (ICs; =28.60 uM)"**.

Summiarising results of the above studies, they indicate the sig-
nificance of the presence of a feruloyl group at C-6, an acetyl
group at C-&, and another acetyl group at C-3//C-4" in inhibiting
of the enzyme. Additionally, it seems that the introduction of add-
itional feruloyl groups in the fructose moiety increases the activity
of the compounds (Table 21).

5.3. Coumarirn

Coumarins are derivatives of x-pyrone, condensed with benzene.
Benzo-z-pyrone is usually substituted at C-7, less often at C-5, C-6,
and C-8 positions with a hydroxyl group to which methyl groups
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Figure 21. a) A basic structure of chalcones (1 3-diphenyl-2-propen-1-onel; b) The difference in structure between stilbenes and chalcones.

: OH| OH
: |
HO
I h NH;
0
4-hydroxychalcone L-tyrosine
OH
OH
HOJ
MNH;
o]
Flavanol L-DOPA

Figure 22. a) Similarity in the structure of L-tyrosine and 4-hydroxychalcones; b)
Similarity in structure of L-DOPA and flavonol.

or sugar moieties may be attached. A furan or pyran ring may be
condensed with the benzo-s-pyrone structure (Figure 25).

Coumarins isolated from Euphorbia lathyris seeds showed weak
inhibitory properties against tyrosinase. The exception was escule-
tin, whose 1Cs, was 43 uM (kojic acid; ICs, =10uM) I'**. Different
results were obtained for the constituents present in the leaf
extract from M. alba L. Scopoletin showed the strongest anti-tyro-
sinase properties (ICsg =0.2uM), while esculetin and scopoline
appeared to be less potent with the IC., equal 69 and 15.9 pM,
respectively. All inhibitors blocked the enzyme competently' **.

Coumarin glycosides present in the Morus nigra roots showed
weak inhibitory properties against tyrosinase, probably the pres-
ence of a sugar residue reduced the inhibitory activity'*®.

Some coumarins present in Rhododendron collettianum inhib-
ited tyrosinase more strongly than kojic acid (ICs, =16.67 pM). 8™
Epi-cleomiscosin A (ICsq =1.33puM) blocked the enzyme activity
maost strongly. Cleomiscosin A (ICsq =18.69 uM) differs from 8'-epi-
cleomiscosin A by the position of the proton at position 8. Due to
the change in stereochemistry of the single proton, the inhibitory
activity of the compounds changes drastically. This may be due to
stereochemically favourable binding conditions at the enzyme
active site. Aquillochin (ICsq =1569uM) and 5,6,7-trimethoxycou-
marin (ICsy =8.65uM) also inhibited the enzyme more strongly
than caffeic acid. This study also showed a negative impact of the
sugar residue on an anti-tyrosinase activity (8-O-f-D-glucopyrano-
syl-6-hydroxy-2-methyl-4H-1-benzopyrane-4-one;

ICsp =256.97 pM)'7.

More information on the structure-activity relationship was
provided by examining semi-synthetic/synthetic coumarin deriva-
tives. In a study conducted by Matos et al, the effect of 3-phenyl-
coumarin and 3-thiophenylcoumarin derivatives on tyrosinase
activity was investigated. L-DOPA was used as a substrate for the
enzyme. The results showed that some synthesised derivatives
exhibited an inhibitory activity against mashroom tyrosinase. The
two most active compounds (5,7-dihydroxy-3-(3-thiophenyllcou-
marin and 3-(4"-bromophenyl)-5,7-dihydroxycoumarin) - showed
tyrosinase inhibitory activity (ICs,=0.19 and 1.05 pM, respectively),
higher than kojic acid (IC5,=17.90puM). The presence of two
hydroxyl groups at the C-5 and C-7 positions of the coumarin
scaffold improved the inhibitory activity. The presence of the
resorcinol grouping enhanced the ability to chelate cop-
per jons' %,

In subsequent studies, the effect of the position of hydroxyl,
methoxyl, ethoxyl, and bromine groups in 3-phenylcoumarin
derivatives on the activity against tyrosinase was examined. 3-
Phenyl-6-hydroxy-B-bromocoumarin (ICs, =215 uM) inhibited tyro-
sinase more strongly than kojic acid (ICsy =420pM). In addition,
the introduction of more hydroxyl groups in the coumarin group-
ing increased the inhibitory activity. Compared to &-hydroxy-8-
bromocoumarin (ICs, =302 uM), one more hydroxyl group was
introduced in the 3-phenyl-6-hydroxy-8-bromocoumarin, which
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Table 20. An anti-tyrosinase activity of chalcones.

Positive The half-maximal
cantrol Type aof Inhibition Source of  inhibitory concentration
Substances Substrate  (inhibitor) inhibition constant K tyrosinase ICs0 (M) References
34,2 4'-Hydroxychalcone L-tyrosine  Kaojic acid NR NR Mushroom 29.3* /100" Khatib et al."**
A L-DOPA Kojic acid NR NR Mushroom 0.2 /=7.5" Khatib et al.'**
Kajic acid MR MR Mushroom 31 68% /1000 Khatib et al '
24,7 &' Hydraxychalcone Kajic acid MR MR Mushroom 0.02* /90" Khatib et al."**
2 A &'-Trihydroxychalcone L-tyrosine  Kojic acid NR NR Mushroom 120 Jun et al.
2 4-Dihydroxychalcone Kojic acid NR MR Mushroom NA Jun et al'*
7 &"-Dihydraxychalcone Kajic acid MR MR Mushroom NA Jun et al'*
2' 3,44 5 Pentahydroxychalcone Kaojic acid NR MR Mushroom 193 Jun et al™*
73,44 56 -Hexahydroxychalcone Kajic acid MR NR Mushroom 200 Jun et al'*
23,44 5 -Pentahydroxychalcone Kojic acid MR MR Mushroom HA Jun et al'*
33 4.4 Tetrahydroxychalcone Kaojic acid NR MR Mushroom NA Jun et al™*
2 3, 4-Trihydroxychalcone Kojic acid NR NR Mushroom HA Jun et al'*
7 4 6 -Tribydroxy-3 4-dimethaxychalcone Kajic acid MR MR Mushroom 150 Jun et al'*
2.2'3-Trihydroxy-4' & -dimethoxychalcone Kajic acid NR MR Mushroom HA Jun et al'*
7' 34,5, Tetrahydroxy-4' &'-dimethoxychalcone Kojic acid NR MR Mushroom NA Jun et al"*
7 3 4-Tritydroxy-4' 6 -dimethoxychalcone Kajic acid MR MR Mushroom NA Jun et al'*
2.7 44 Tetrahydroxychalcone Kajic acid MR MR Mushroom 5 Jun et al'*

Tetrahydroxy-6"-methoxychalcone Kajic acid NR NR Mushroom 31 Jun et al'*

A -Pentahydroxychalcone Kojic acid ~ Competitive 31 Mushroom 1 Jun et al'*#
Licachalcone A L-DOPA Kojic acid  Competitive MR Mushroom 58 Fu et al.'®
Licuraside Kojic acid ~ Competitive NR Mushraom 72 Fu et al.'*
Isaliquiritin Kojic acid  Competitive NR Mushroom 38 Fu et al'*

*L-tyrosine; "L-DOPA; NR: non reported; MA: non active

The 240H group fomms a bydrogen bond with
carbaxylic oxygen. weakening the effect of
the inhibizors

Hiydroxyl groups on the A ring weakly affect
imhibisory activity

Figure 23. Potential groups engaged in an interaction chalcone-tyrosinase.

Hydmxyl groups on the B rimg strongly affect
inhibitcry activity

4-substisuted rescorcinal - increases the activity
of inhikiors

—=0

Figure 24. Structure of Phenlpropanoid Sucrose Esters — PSEs (R: phenylpropanoid residues).

improved the inhibitory activity about 1.5 times. A bromine sub-
stituent and a C-4' hydroxyl group at the C-6 positions increase
the inhibitory activity. In turn, methoxy and ethoxy derivatives
weakly inhibited the enzyme. It seems that brominated hydroxy-
coumarin derivatives may be promising inhibitors of tyrosinase'”.

In the study of Asthan et al, the effect of the position of the
hydroxyl group in benzo-xz-pyrone on tyrosinase activity was
checked. The position of the hydroxyl group at C-6 and C-7 causes
the molecule to behave as a weak substrate for the enzyme.

This is related to the interaction of the hydroxyl group with the
copper ion in the enzyme's active centre, which means that the
compounds with the OH group in the pyrone ring cannot be
substrates for tyrosinase. Among investigated compounds, only
3-hydroxycoumarin inhibited the enzyme activity. The studies indi-
cate the possibility of application of 3-hydroxycoumarin structure
as a new class of tyrosinase inhibitors'*".

In another study, thiosemicarbothicamide derivatives, such as
2-(1-{coumarin-3-yl)ethylidene)hydrazinecarbothicamide  inhibited

108



JOURMAL OF ENZYME INHIBITION AMD MEDICINAL CHEMISTRY @ nz

[panuiuod)

HO

L 1B 18 WRSER OF L BL/ET S EUE T [ 3 apisonues,
o 1BV WASER GRETLG/ GE H ¥ H 3 APISOSUER
1B B WS EELL 0?9 H H o Mopnuey 9 Apsonues,
(e 1B 1 WRSE LGS EL/ BT AT H oW fonusy W BPISOAUER,
Lo 1B 1 RSB 61 S5 1'ET H H & aprsosadidoiply HO
EL (W) 25y oW ‘u ey amsnng

558 w500 ploued codluayd jo Qe aseusoid-Ue R pUE 3INLUIS LT WORL

109



1178 @ ). GEBALSKI ET AL

V-1, sl

18 18 04D 00b< Kopuap H o H M 50005 Ko BjI0-0'E
o 1B 18 04D 0= HH H W 500205 K1300- G- IK 0N I £
R LECR-Th] GTLE Koy H W W asoungfiace- g-Konen-9's
e B 18 04D EUSE Wonuap W oW W W ApISE| g
cpc 1P 12 04D €6y Komuey oy W oy asonnspliecep- 9 - Komepg-9'e
00k < H H oy 3y #500ns Kasep-g rfomy -

yy () 25y By Ty Ly ey Anpngg

‘panURUY CIT Hqe)

110



Figure 25. Structure of w-piron (a); benzo-x-piron (b).
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b)

Methylation or ethylaton of hydroxyl g:wps]

decreases the activity of inhibitors

Compounds with an OH group a1 C-6 or C-7 do ot

inhibil [yrosinase

Figure 26. Potential groups engaged in an interaction coumarin-tyrosinase.

Table 22. Structure and activity of coumarin against tyrosinase.

imbibitory activily dramatically

-\ The imroduction of a sugar residue luhu.\::\]

The presence of bromine a1 the C-# position and an OH group a the C-6
position increases the inhibilory activity

Structure MName ICsg (M) Ref.
RS Coumarin 8100 Masamoto et al."”
(8] 0
HO. Esculetin 43/69  Masamoto et al'*%;
\‘\ Li et al,"*
HO 0 o]
R Umbelliferone 420 Masamoto et al."®
HO o (o}
MeQ Scopoletin 600/02 Masamoto et al'®;
= Li et al. ™
HO @) O
GleO Esculin 14000 Masamoto et al'®
3
HO e} O
MeQ Scopoline 159 Li et al™*
s
GlcO 0 (o}
(continued)
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Table 22. Continued.

Name ICsy (pM) Ref.
5,7-dihydroxycoumarin-7-(6-0-f-D- =400 Zheng et al'*
apicfuranosyl-p-Dglucopyranoside)

HD\ weroboside =400 Zheng et al's

0
HO, MeO
e, o "-\
HO v 0 o o]
OH
CHa 7-{i6-0-(6-deoxy-R-L-mannopyranosyl}- =400 Zheng et al'*=
HO T f-Dglucopyranosyl]oxy]-2H-1-

benzopyran-2-one

HO™

mulberroside B =500 Zheng et al'*

(continued)
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Table 22. Continued.

Structure Name ICsg (pM) Ref.
5,7-dihydroxycoumarin-7-0-fi-D- =400 Zheng et al'*
glucopyranoside
B'-epi-cleomiscosin A 133 Ahmad et al '
Cleomiscosin A 18.69 Ahmad et al"*
OMe
aquillochin 15.69 Ahmad et al. "%
MeO
HO
5.6,7-trimethoxycoumarin BE5 Ahmad et al'*
MeQ xn
MeO 0 (o]
(continued)
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Table 22. Continued.

Structure

Name

ICsg (pM) Ref.

OH OH

HO,

8-0-b-Dglucopyranosyl-&-hydraxy-2-
methyl-4H-1-benzopyrane-4- one

25697  Ahmad et al.'*

3-Phenylcoumarin

1000  Matos et al.""

3-Thiophenylcoumarin

1000  Matos et al.'""

=%
O 0
OH S 5,7-Dihydroxy-3-(3- 019 Matos et al.""
J thiophenylicoumarin
S
HO o} o}
3-(4'-Bromophenyl)-5,7- 1.05 Matos et al.""
OH dihydroxycoumarin
O = Br
HO (8] 0
HyN S 2-(1-{Coumarin-3-yljethylidene) 344 Liu et al.'s0
\( hydrazinecarbothicamide
[continued)
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Structure Name ICsy (pM) Ref.
OH 4 11848 Ashraf et al'™'
HO.
o} =
O\)J\
0 (o] (6]
0
HO. OH de 896 Ashraf et al."™'
o =
D\JL
0 (e} o]
0
HO. 6a 12377 Ashraf et al'™!
0 ‘\ r et al
o M
= o o o
o]
Cl Gb 8020 Ashraf et al's!
0 =
o
= o o™ o

tyrosinase stronger than kojic acid with the 1Cs, values 3.44 and
23.0puM, respectively. The compound blocked the enzyme
irreversibly'*".

Ashraf et al. synthesised several umbelliferone derivatives and
studied their effects on tyrosinase. Compounds 4e and 4c, having
24-dihydroxy and 3,4-dihydroxyphenyl group, inhibited fungal
tyrosinase most potently with the 1Cs, values 8.96 and 11848 pM,
respectively. The other umbelliferone derivatives showed weak
activity against mashroom tyrosinase compared to kojic acid
(ICsn= 1669 uM). On the other hand, umbelliferone derivatives
obtained in this study inhibited tyrosinase more potently tham
umbelliferone (ICs,= 420 pM) (Figure 26; Table 22)'*2

5.4, Tannins

Another group of natural compounds with tyrosinase inhibitory
potential is tannins. The flavan-3-ol derivatives isolated from
Potrntilla anserina L. rhizome showed interesting inhibitory proper-
ties against tyrosinase. In both cases, the compounds inhibited
diphenolases more strongly than monophenolases. Flavan-3-ol
dimers (potenserin C - Liyr IC,=1653uM, L-DOPA
ICsp=2.63 uM; gallocatechin-{4'—0 — 7)-epigallocatechin-L-tyr
ICsn=18. 55 uM, L-DOPA ICsy = 6.62 uM; bis-6,8'-catechinylmethane
~ Ltyr ICo=30.56 uM, L-DOPA ICqq=12.26 uM; bis-8,8"-catechinyl-
methane - L-tyr 1Cso = 33. B9 uM, L-DOPA ICso= 15.11 uM; catechin
(4z — 8) catechin - L-tyr 1Csp=39.09 uM, L-DOPA 1Cso= 25.49 uM;
catechin {4z — 8) epicatechin - L-tyr ICgo=3722pM, L-DOPA
ICsp=21.76 uM) showed similar or stronger inhibitory properties

than kojic acid (L-tyr ICso = 48.55 uM, L-DOPA IC<o=21.00uM). The
presence of an additional OH group at the C-3' position of cate-
chins (L-tyr 1Csp= 65.26 uM, L-DOPA ICs,=42.71 uM) enhanced the
anti-tyrosinase properties (gallocatechin - L-tyr 1Csp= 41.96 uM, L-
DOPA ICso=30.11 pM). In turn, methylation of the 3-OH and 5™
OH groups in (2R, 35)- 3, 5'-dimethoxy gallocatechin decreases
the inhibitor activity'™*. A similar result was obtained by testing
proanthocyanidin oligomers (OPC) from red wine (Vitis vinifera) for
tyrosinase activity at a concentration of 1 mM. Procyanidin dimers
as procyanidin B-3 (69.6% inhibition) and B-4 (69.4% inhibition),
which possess (+)-catechin, more strongly blocked the enzyme
than procyanidin B-1 (16.7% inhibition) and B-2 (26.0% inhibition).
The ICs; values for PE3 and PB4 were 545 and 726 uM, respect-
ively. The trimeric OPCs showed an inhibition rate of 25.3-31.1%
at 1 mM, meaning no significant differences between the trimeric
proanthocyanidins'*®.

The procyanidin epicatechin-(4fi—8, 2f—0 — 7)-epicatechin-
(4fi—8)-epicatechin isolated from Guioa willosa and procyanidin B1
have shown a minimal effect on tyrosinase activity'**'**.

Another study examined the effect of tannins isolated from the
methanolic extract of Ecklonia stolonifera. The extract contained
five phlorotannins: phloroglucinel, eckstolonol, eckol, phlorofuco-
furceckol A, and dieckol. Particularly noteworthy was dieckol
(ICsp=2.16 pg/mL), which blocked the enzyme maore strongly than
kojic acid (ICso=632pg/mL) and arbutin (ICsp=112.0 pg/mL).
Phloroglucinol and eckstolonol showed the competent type of
inhibition. Eckol, phlorofucofuroeckel A, and dieckel inhibited the
enzyme incompetently. The isolated phlorotannin derivatives owe
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Table 23. Structure and activity of tannin against tyrosinase.

Structure Mame 1Czg (M) Ref.
H3C.,\ (2R, 35)- 3', 5'-Dimethoxy 4737, 35.79° Yang et al"™
O gallocatechin
OH
HO. o} o
" i
CH
OH ’
OH
OH Epicatechin TIBE, 48.98" Yang et al'™
HO 8}
OH
OH
OH
OH Catechin 6526%, 421" Yang et al.'®
- : :OH
OH
OH
OH Gallocatechin 4196, 30.11" Yang et al.'®
OH
HO o] o
u OH
OH
OH
OH Potenserin C 1657, 263" Yang et al"™
OH
HO,
OH
HO.
8] (9] 8}
OH
HO'
OH
OH
(continued)
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Table 23. Continued.

Structure Name 1C5q (uM) Fef.
Gallocatechin-(440 — 7)- 1855°, 6.62° Yang et al'™
epigallocatechin
OH
OH
0 0
OH
HO. o}
OH OH
OH
OH
OH
OH Bis-6.5 -catechinylmethane 056, 12.26° Yang et al'™

OH

OH Bis-B.& -catechinylmethane 3388, 151" Yang et al."®

OH

OH

Epicatechin-{4fi—8)-catechin - 345" Momtaz et al ">
Procyanidin B-1

(continued)
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Table 23. Continued.

Structure Name 1C5q (uM) Fef.
OH (—)-Epicatechin-(43—8)- - Fujimaki et al."**
(—}-epicatechin
Procyanidin B-2
OH
OH
OH Catechin {42 — 8) catechin - 39.09°, 25.49" Yang et al'™
procyanidin B-3
OH
OH
OH :
HO E o
OH
Catechin (42 — 5) epicatechin - 727, 76" Yang et al'¥
procyanidin B-4
OH
OH :
HO z O
a OH
"“OH
OH
[continued)
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Table 23. Continued.

Structure MName ICsq (M) Ref.
OH epicatechin-(4f—8, 2B—0—7)- nd Fujimaki et al.'>
epicatechin-(4f}—8)-epicatechin

OH
OH
LanOH
OH Phloroglucinol 928 pg/ml Kang et al"*®
HO OH
HO OH Eckstolonol 126.0 pg/mL Kang et al.'™
o}
HO. O: i :O
\Q[O OH
OH
OH Eckol 33.2 pg/mlL Kang et al.'*
OH o} OH
i :O OH
HO 0
OH

(continued)
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Table 23. Continued.

Structure Name ICsq (M) Ref.
OH Phlorofucofuroeckol A 177.0 pg/mL Kang et al.'*
OH 0 f OH
I 0 OH
0 0
OH
OH
o}
HO
HO
OH
Didigkd 216 pg/mL Kang et al."*
OH o] f OH
i iO OH
0 8]
HO. i OH OH
OH 8]
o OH
HO (o}
OH

A -tyrosine. "L-DOPA.
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Table 24. Structure and an anti-tyrosinase activity of terpenes.

Structure Name IC5 (pM) Ref.
3-f-11-dihydraxyisoiphion-4-one 1417 Lin et al"=®
5-f-11-dihydraxy-iphionan-4-one 10.08 Lin et al."™®
{-}-globulol 9.79 Lin et al' =
Agarozizanol A - Yang et al.”**
Agarozizanol B - Yang et al.™*

OH Agarozizanol C - Yang et al s
[continued }

121



1190 @ ). GEBALSKI ET AL

Table 24. Continued.

Structure Mame IC5q (UMY Fef.
Agarozizanol D - Yang et al."*
Agarozizanol E - Yang et al."**
Agarozizanol F - Yang et al.**

their properties to the presence of a resorcinol group, which can
chelate copper in the active tyrosinase center'*’.

Shaoji et al. examined the effect of procyanidin polymerisation
on tyrosinase activity. All oligomer fractions (1mer to 7mer)
strongly inhibited tyrosinase activity, as did kojic acid. The ICs, val-
ues were similar for all groups: monomer, 74 pM; dimer, 235 pM;
trimmer, 140 uM; tetramer, 149 uM; pentamer, 184 uM; hexamer,
127 uM; and heptamer 103 uM. Mo comrelation was observed
between the degree of procyanidin polymerisation and tyrosinase
inhibition. Nevertheless, these observations suggest that procyani-
dins are effective inhibitors of tyrosinase (Table 23)"*%.

5.5. Terpenes

A very promising group of tyrosinase inhibitors are terpenes, for
which that activity was proved by Lin et al. who examined the
effect of terpenes isolated from the Euvcalyptus globulus Labill
leaves. Among few tested terpenes, the sesquiterpene, (-)-globulol
(ICs0=9.79 pM) showed the strongest inhibition, followed by the
isoiphionane sesquiterpene derivatives, 5-fi-11-dihydroxy-iphionan-
4-one  (ICse=1008pM) and 3-fi-11-dihydroxyisoiphion-4-one
(ICso=14.17 uM). They have appeared to be more effective inhibi-
tors than kojic acid (ICs,=17.32 uM)"*°. Isolated from the Aquilaria
genus prezizane-type sesquiterpenes, agarosanol A-F weakly
inhibited tyrosinase at a concentration of 100uM (less than 30%)
(Table 24)"°.

6. Conclusion and future perspectives

Despite the fact that the plant-derived substances have always
been a mainstay in medical treatment, the use of plants as a
source of new drugs is still poorly studied. Of the
250,000-500,000 plant species, only a small number have been
adequately studied. Besides the possibility of a direct use of plant
materials in medicine, isolated substances can be used as a source
of the structures for the synthesis of new drugs.

Commercially available Hyal and tyrosinase inhibitors are character-
ised by a range of adverse properties. Tyrosinase overactivity can be
reduced by inhibitors such as hydroquinone, arbutin, vitamin C, azelaic
acid, kojic acid, and ellagic acid. However, those inhibitors have many
side effects, eq. hydroquinone, the most commonly used inhibitor,
shows mutagenic and irritating effects (dermatitis and imitation), while
arbutin, a prodrug of hydroguinone, is a chemically unstable com-
pound. Kojic adid is carcinogenic, L-AA is quickly degraded, ellagic
acid, due to its poor solubility, shows a low bicavailability. Therefore,
it is necessary to search for new safe inhibitors™""*.

One of the Hyal inhibitors available for treatment is escin (aes-
cin). Unfortunately, due to its physicochemical properties, the
compound is absorbed orally only to a small extent'®®.

From this review, it is clear that currently used tyrosinase and
Hyal inhibitors are not without their drawbacks, therefore, there is
a great need to search for the new inhibitors with more valuable
pharmacological properties. In the further bioprospecting, the fol-
lowing criteria should be considered:
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Examine the effect of extracts and newly isolated compounds
on cell cultures to determine cytotoxicity. Some compounds,
e.q. alkaloids or terpenes, may exhibit toxic effects. Therefore,
early determination of their toxicity is necessary. In addition,
the study of new inhibitors using cell cultures will allow us to
initially determine the metabolic pathways and mode of
absorption  (active or passive transport) of the
tested compounds.

To better understand the utility of new substances in inhibit-
ing Hyal or tyrosinase, more studies using animal models
should be planned to determine the safety and efficacy of
the tested inhibitors.

Maost of the work was done with tyrosinase isolated from the
fungus Agaricus bisporus. Human tyresinase is membrane-
bound, while fungal tyrosinase is a cytosolic enzyme.
Furthermore, the human enzyme is a monomer that under-
goes an intensive glycation process, unlike the fungal tyrosin-
ase, which is a tetramer. Knowledge about the effects of
tyrosinase inhibitors on the human enzyme is limited, thus, it
is necessary to determine the suitability of fungal tyrosinase
inhibitors relative to the human enzyme.

The search for selective Hyal inhibitors is also essential. The
availability of selective inhibitors that target one type of Hyal
without affecting another Hyal is important because different
isoforms of Hyal regulate physiological processes.
Additionally, the search for selective Hyal inhibitors will allow
for a better understanding of the role of Hyals in both
physiclogical and pathological processes.

A significant problem when comparing the results of studies
is the deficiencies in analysing enzymatic reaction kinetic.
Information on Km, ¥max, and Cmax of the enzymatic reac-
tion is often missing in studies.

Many studies, especially on Hyal, focus only on determining
the properties of anti-Hyal extracts. A more careful analysis of
the active ingredients is needed.
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Abstract: Fruits are very important dietary components and a source of biologically active compounds
used in nutritional pharmacology. Particularly due to the presence of polyphenolic compounds,
fruits play an important role in the prevention of diseases of civilization. Therefore, it is important
to study the phytochemicals and biological activity of fruits, especially those with a long-standing
use in ethnomedicine. In this study, we determined the chemical profile and biological activity of a
methanolic extract of the Eleutherococcus divaricatus fruits. Amongst nine polyphenols studied, only
chlorogenic acid, protocatechuic acid, and eleutheroside E have been detected. The extract showed a
weak anti-hyaluronidase activity from bovine testicular in a range of 9.06-37 70% and quite high for
human serum hyalurenidase from children diagnosed with acute leukemia in a range of 76-86%. A
weak anti-tyrosinase activity was obtained in a range of 2.94-12.46%. Moreover, the extract showed
antioxidant properties against DPPH radical, ABTS radical, and 05" . In addition, the antioxidant
activity of the extract was evaluated by FRAP assay and Fe?* ion chelation assay. These preliminary
studies partially justify the traditional use of the plant in inflammatory- and immune-related diseases,
in which hyaluronidase and free radicals can participate. A difference in human serum hyaluronidase
inhibition may result from the inter-patient variability. Regardless of that, the results mean that
polyphenolic compounds may stimulate activity of hyaluronidase, as well as to protect cells from the
oxidative damages. However, further studies in ex vivo and in vivo models are needed, including
blood isolated from a larger number of patients.

Keywords: antioxidants; anti-tyrosinase; anti-hyaluronidase; adaptogenic plants; phytochemicals;
Eleutherococcus; leukemia

1. Introduction

Plants are a crucial source of medicines for treating human diseases. For centuries,
humans have used them for various disease entities without knowledge of the compounds
that determine their biological activity [1-3]. The beginning of the “conscious” use of plants
was the isolation of morphine by German apothecary Friedrich Sertiirner in 1804 [4]. This
research marked the beginning of a new era of work on the medicinal properties of plants,
making it possible to treat diseases such as hypertension (reserpine), gout (colchicine), or
cancer (paclitaxel, vincristine, and vinblastine) [5]. After a temporary decline in interest
in plants due to the development of combinatorial chemistry in the search for drugs, the
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21st century has seen a “renaissance” of drugs of natural origin [6]. This is related to
two aspects: (1) plants are rich in secondary metabolites with a wide variety of chemical
structures, which generate many pharmacophores with unique spatial structures, and
(2) compounds of natural origin, unlike synthetic molecules, due to their biochemical
functions in the plant, offer a good chance of potential interaction with proteins and the
ability of intercellular permeation.

Leukemia is a blood-related malignancy characterized by transformed hematopoietic
progenitors and diffuse infiltration of bone marrow. Globally, in 2020, leukemia accounted
for approx. 2.5% and 3.1% of all new cancer incidence and mortality. As mentioned above,
plants have had significant therapeutic potential for preventing or treating human diseases
for thousands of years. Current advances in leukemia therapy promote the use of natural
products to prevent the onset of cancer; as well, they are a source of new anticancer drugs.
It is estimated that almost half of the drugs used currently in treating cancer are plant-based
compounds and their derivatives. Vincristine and vinblastine are the first plant-derived
anticancer drugs used to treat leukemia or other types of cancers. On the other hand, plant
compounds are also utilized as chemo-preventive and supporting a standard treatment.
However, in many cases, their use has not been scientifically proven and patients take
a risk when they connect administration of such compounds with standard treatments.
Additionally, some of them are ingredients of so-called nutriproducts, which are very
popular products with multidirectional functions [7-9].

When looking for new plant-based drugs, we should follow the ethnopharmacological
knowledge of our ancestors, who could treat people with great success. The Araliacene
family is an interesting group of plants which have been used in traditional healing systems
to treat immune-related diseases [10,11]. This family includes, among others, the most
important in traditional Chinese medicine (TCM), used for 4000 years, a “panacea” for
many diseases, Panax ginseng C.A. Meyer. A well-known representative of this family, used
as a substitute for P. ginseng, is Eleutherococcus senticosus (Rupr. and Maxim.) Maxim [12]. In
both scenarios, the root serves as a valuable medicinal ingredient. However, the substantial
expense involved in obtaining this raw material necessitates the exploration of alternative
sources [13-15]. In our laboratory, research is under way on the fruits of E. senticosus,
which, unlike the root, do not require a long maturation period (about five years). A little-
known representative of the Eleutherococcus is E. divaricatus (Siebold and Zuce.) S. Y. Hu
E. divaricatus, also known as five fingers, a plant species that belongs to the Araliaceae family.
It is native to Northeast Asia, including China, Korea, and Japan. This plant is known
for its medicinal properties; it is believed to improve one’s immune system and overall
health [16]. The roots of E. divaricatus are commonly used in traditional Chinese medicine
as a tonic for the spleen and kidneys. It is also used to treat rheumatism, hypertension,
and diabetes [17]. In addition, the plant’s leaves and berries can be used to make a tea
which is said to have a calming effect on the body and mind [18]. The plant is also
used extensively in the cosmetic industry due to its antioxidant and anti-inflammatory
properties. It is believed to promote healthy skin and reduce the signs of aging [19-22].
However, the details on the mechanism of action are still uncompleted. Moreover, there
is not much information about that species cultivated in Poland. For these reasons, we
have hypothesized that the fruits contain phytochemicals that may be responsible for
their anti-enzymatic and antioxidant activities. We chose hyaluronidase and tyrosinase as
enzymes participating in many diseases, including leukemia and skin cancers. To obtain
more reliable results, we studied both enzymes commercially available (hyaluronidase and
tyrosinase) as well as serum hyaluronidase from children diagnosed with acute leukemia.
In order to prove our hypothesis, the phytochemical techniques of in vitro and ex vivo
biological tests were applied.

2. Results and Discussion

Fruits play a crucial role in the diet of both humans and animals. They are a vital
source of vitamins, mineral salts, and fiber. It is interesting to note that nearly 3/4 of the
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food consumed by humans is estimated to be the nutrients of fruits and seeds on a dry
weight basis. In addition to primary metabolites, fruits also contain an important group
of compounds known as secondary metabolites, which are responsible for a wide range
of health-promoting effects [23]. Among these, polyphenolic compounds present in fruits
exhibit a broad spectrum of activity. These insights highlight the immense nutritional and
health benefits offered by fruits.

Table 1 presents the quantitative results for eleutherosides and phenolic acids. Figure 1
presents a chromatogram for eleutherosides and phenolic acids.

Table 1. Antioxidant activity of E. divaricatus fruits. The results are presented as ICg, (mg,/mL = 5D).

ABTS * DFFH ** CA ™ Oy ™
Extract 0.28 + 0.01 1.30 +0.01 145+ 011 151 +£0.11
BHA 0.0025 + 0.00 040 +0.01 - -
AN - - - 0.05 £ 0.00
EDTA - - 0.19 + 0.00 -

BHA—butylhydroxyanisole, AA—ascorbic acid, EDTA—ethylenediaminetetraacetic acid, and CA—ion chelation.
*p<0.05 and ** p < 0.01, in the table column, indicate statistically significant differences (Kruskal-Wallis test).
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Figure 1. An exemplary HPLC chromatogram of Eleutherococcus divaricatus fruits extract (green
line) and reference compounds (black line): 1-protocatechuic acid, 2-eleutheroside B, 3-chlorogenic
acid, 4-p-hydroxybenzoic acid, S-vanillic acid, 6-caffeic acid, 7-eleutheroside E, 8-ferulic acid, and 9-
eleutheroside E1. Conditions: RP18 reversed-phase column Kinetex at 25 “C, a mixture of acetonitrile
(solvent A) and water (solvent B), both acidified with 0.025% of trifluoroacetic acid, were used as the
mobile phase. The compounds were separated by gradient elution with program: 0.0-8.0 min A 10%,
B 90%; 8.1=18.0 min A 10=20%, B 90-80%; 15.1-28.0 min A 20, B 80%; 28.1-35.0 min A 20-25%, B
80-75%; and 35.1-40.0 min A 25%, B 75%. Flow rate was 1.0 mL/min.

The extraction of the fruits resulted in 22.5% dry extract yield and the total polyphenol
content was found to be at a level of 14.61 mg GAE/g. However, using the spectrophoto-
metric methods, flavonoids, phenolic acids, and tannins were not detected.
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The literature provides limited information on the chemical composition of E. divarica-
tus fruits. The low polyphenol content could be attributed to the solvent and extraction
method used. Zatuski et al. highlighted the impact of the solvent on the total polyphenol
content of extracts prepared from E. divaricatus fruits, reporting 52.03 £ 0.5 mg GAE/g
for 75% EtOH (accelerated solvent extraction) and 41.1 £+ 0.5 mg GAE/g for infusion
{95 °C distilled water). Additionally, the fruits were collected in 2016 and the differences
may result from a seasonal change [24]. In a previous study, the contents of polyphenols,
flavonoids, and phenolic acids in the intractum made from other Eleutherococcus species,
i.e., E. senticosus fruits, were found to be 1.02 + 0.04 mg GAE/g DW, 0.1 £ 0.05 mg QE/g
DW, and 0.30 + 0.07 mg CAE/g DW, respectively [25]. An investigation of 75% ethanol
extracts made from fresh and dried fruits of E. senticosus and E. henryi revealed no statisti-
cally significant differences between the polyphenol levels (for E. senticosus—fresh dried
4110 mg GAE /100 g, storage 3850 mg GAE/100 g; and for E. henryi—fresh dried 4350 mg
GAE/100 g, storage 4140 mg GAE /100 g) [26]. Conversely, the methanolic extract made
from E. senficosus fruits (1:10 dry weight material to MeOH) contained 229.83 + 9.34 mg
GAE/g of polyphenols [27]. Similar results were obtained in a study examining polyphenol
levels from fresh fruits of E. divaricatus. The total polyphenol content (TPC) for other
species (E. senticosus, E. gracilistylus, E. sessiliflorus, E. henryi, and E. sefchuensis) ranged
from 6.9 + 0.01 to 19.7 + 0.01 mg/g [28]. In those cases, it should be noted that the content
of phytochemicals in plants is dependent on a few factors, including, among others, the
seasonal and weather conditions. Therefore, a quality control is a needed process at every
step of plant raw material processing.

In the next step, the contents of phenolic acids (protocatechuic acid, chlorogenic
acid, p-hydroxybenzoic acid, vanillic acid, caffeic acid, and ferulic acid) and eleuthero-
sides (B, E, and E1) were examined. Qut of all tested compounds, only chlorogenic acid
(0.13 £ 0.01 mg/g extract & SD), protocatechuic acid (1.47 = 0.10 mg/g extract £ 5D), and
eleutheroside E (0.23 + 0.01 mg/ g extract + SD) have been detected. Eleutheroside B and E
have also been detected in the fruits of this species by Kim et al., in the amounts of 1.06 and
7.08 ug/mg, respectively [29]. Comparing these results with the results obtained for the
fruits of E. senficosus, used very often as a model spedies for that genus, Baczek discovered
eleutheroside B (0.356 mg/g) and E (0.298 mg/g) in an ethanol extract of E. senticosus
fruits [30]. Our previous investigation also confirmed their presence in E. senticosus (0.66
and 0.74 mg/gDW, respectively) [31]. Taking into consideration the phenolic acids, an
extract from E. senticosus fruits contained protocatechuic acid, 4-OH-benzoic acid, vanillic
acid, caffeic acid, ferulic acid, and rosmarinic acid [32]. The extract from E. senticosus
fruits contained 4.1 mg/g of chlorogenic acid and 0.84 mg/g of rosmarinic acid. These
compounds were present in four-year-old raw materials, while two-year-old and three-
year-old raw materials did not contain these substances [30]. The study by Zatuski et al.
identified protocatechuic acid (0.45 mg/gDW), 4-OH-benzoic acid (2.0 mg/gDW), vanillic
acid (4.2 mg/gDW), trans-caffeic acid (41.2 mg/gDW), and trans-ferulic acid (3.6 mg/gDW)
in the intractin from the E. senticosus fruits [33]. The varying content of polyphenolic
compounds can be attributed to different extraction methods, the solvents used in the study,
and the location where the raw material was harvested.

The antioxidant capacity of a methanolic extract from E. divaricatus fruits was evaluated
using several methods. The application of multiple methods enabled a more precise
estimation of the extracts” antioxidant properties. The extract’s activity was assessed
against DPPH*, ABTS*, and O,*~. This marks the first time, to our knowledge, that
the 0,*~ scavenging capacity of an extract made from fruits of this species has been
evaluated. The antioxidant activity was also assessed using the Fe® ion chlorination test
and the FRAP method. The results, presented in Table 1, showed that the extract exhibited
moderate antioxidant properties. In the DPPH and ABTS assays, the I1Cs; values were 1.36
and 0.28 mg/mL, respectively. The activity against superoxide radical was 1.51 mg/mL.
The ICs; for chelating Fe?* ions were 1.45 mg/mL. In the FRAP test at concentrations of
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1 mg/mL and 0.1 mg/mL, the values were 6.01 and 5.02 mg Trolox /g, respectively, in
comparison to BHA, 28.91 and 12.83 mg Trolox/g.

The antioxidant properties of the fresh E. divaricatus fruits, expressed as the ECsp value,
were evaluated in a study involving five Eleutherococcus species. The fruits of E. divaricatus
showed the highest activity (2.7 mg/mL) in the linolenic acid oxidation inhibition test.
The activity of other species (E. setchuensis, E. senticosus, E. gracilistylus, and E. henryi)
ranged from 3.4-4.9 mg/mL. In this study the chelating capacity of Fe** ion was also
evaluated, with the ECy, value obtained for all extracts equal 0.4 mg/mL. The EC5 of
E. divericatus fruit extract against the DPPH radical was 86.2 £ 2.0 mg/mL. The range of
activity for other species was from 4.5 &+ 0.2 to 63.4 & 0.5 [28]. Zaluski et al. reported
on an anti-DPPH activity of the E. senticosus and E. henryi ethanol fruits extracts with the
IC5; in a range of 0.1-0.29 mg/mL [26]. The acidified 80% MeOH extract of E. senticosus
fruits exhibited stronger antioxidant properties against DPPH, ABTS, and hydroxyl radicals
(ICsp values of 11.2, 4.3, 14.5 pg/mL, respectively) when compared to cyanidin-3-O-(2"-0-
xylosyl)-glucoside isolated from this extract (ICsp values of 85.2, 43.7, and 126.6 ug/mL,
respectively) [34]. Kim et al. determined the antioxidant activity of aqueous extracts made
from E. senticosus and E. koreanum fruits. E. koreanum showed strong antioxidant properties
in DPPH, ABTS, FRAP, and ORAC tests compared to extracts made from the roots, leaves,
and stem of this plant. In contrast, for E. senticosus, the antioxidant activity in these tests
was significantly weaker [29].

For centuries, plants have been used as medicines to treat human diseases. The use of
plants as therapeutic agents was made possible by the presence of a variety of chemical
compounds characterized by a diverse biological activity. In the above work, we tested
how an extract made from the fruits of E. divaricatus affects human serum hyaluronidase
from children diagnosed with acute leukemia (AL), bovine hyaluronidase, and fungal
tyrosinase. The results are shown in Tables 2 and 3. It is well known that the activity of
hyaluronidase increases in many diseases, e.g., in leukemia, skin conditions, or GI tract
diseases. Simultaneously, in this case, it should be noted that the overactivity plays both
positive and negative roles, with the overweighting of the negative one. The elevated
amount in serum has been detected in the case of hepatitis C and pancreaticocutaneous
fistula. In Crohn’s disease, the elevated hyaluronidase amount was detected in colonic
fibroblasts. The latest reports provide information about the subcutaneous injection of
rituximab and hyaluronidase for the treatment of adults with follicular lymphoma (FL),
diffuse large B-cell lymphoma (DLBCL), or chronic lymphocytic leukemia (CLL). In this
case, hyaluronidase serves as a spreading factor and is inactivated in skin shortly after
injection [35].

Table 2. Inhibition of E. divaricatus fruits towards serum human hyaluronidase from children
diagnosed with acute leukemia (AL) before starting treatment (%). The results are presented for an
extract concentration of 100 ug and expressed as %.

Patient's Serum Hyal E. divaricatus Escin
Age (U/mL) (%) (%)
6 130.29 8494 + 1028 56.17 £ 18.95
8 38.60 86.13 £ 9.29 95.62 = 2407
7 136.55 7646 = 018 6135 +11.74
Means 101.81 82.51 71.04

The Kruskal-Wallis test revealed statistically significant differences between the effects of the extract and escin
{p = 0.05), regardless of the patient. However, subsequent post hoc tests did not show statistically significant
differences between the extract and escin within individual patients.
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Table 3. Inhibition of E. divaricatus fruits towards bovine hyaluronidase and tyrosinase. The results
are presented as % of inhibition and ICsy (mg/mL + SD).

Hyal * Tyr *
Concentration
(%) (IC5q) (%) (IC5)
(ug/300 uL) b 0
100 37.70 = 3.00 1246 = 2.30
Extract 10 9.06 = 1.54 045 = 0.04 6.02 £ 3.02 267 £ 0.05
1 0.00 £ 0.00 294+ 241
100 5896 = 1.69
Escin 10 9.88 = 2056 0.28 = 0.01
1 415+ 162
100 9939 = (.33
Kojic acid 10 3404 + 160 0.027 = 0.00
1 14.32 = 1.90

Hyal—hyaluronidase, Tyr—tyrosinase. * p < 0.01, in the table column, indicates statistically significant differences.
(Kruskal-Wallis test).

To assess whether the fruits might regulate the hyaluronidase activity, we used serum
from patients diagnosed with acute leukemia (AL) before starting treatment. Firstly, the
activity of hyaluronidase was established; next, the extract in a dose 100 ug was added
to each serum sample. The dose 100 pg has been previously selected in research on the
immunostimulative activity of the fruits of Eleutherococcus senticosus and eleutherosides,
another species with the E. divaricatus-like activity and which is used as a model species in
our long-standing research. Table 3 presents the findings of the study on the effectiveness of
the extract against human serum hyaluronidase. The extract exhibited an activity range of
76.46% to 86.13% when it is compared to escin (56.17% to 95.62%, respectively). In the case
of bovine hyaluronidase, the methanolic extract showed moderate activity (9.06-37.70%);
similar results were obtained for escin 4.15-58.96%. Moreover, a weak anti-tyrosinase
activity was obtained in a range of 2.94-12.46% and strong for kojic acid 14.32-99.39%. To
our knowledge, this is the first report on the impact of Eleutherococcus fruits extract on
human serum hyaluronidase.

The IC5; for extracts made from the fruits of E. senticosus and E. divaricatus against
bovine hyaluronidase (hyal) ranged from 0.58 to 0.87 mg,/mL [30]. In a test of the activity
of E. senticosus fruit intractum against hyal, the ICsg was 217.44 + 10.72 ug/mL, against
tyrosinase was equal 586.83 =+ 2.36 ug/mL [29]. The activity of methanol extracts made
from the roots of E. gracilistylus, E. divaricatus, E. senticosus, E. henryi, and E. sessiliflorus was
19.6-32% against hyal [36]. In the other study, autumn leaves inhibited hyal stronger when
compared to spring leaves (74.3 and 33%, respectively) [37].

An inhibition of hyaluronidase and tyrosinase have been described by many re-
searchers who tested both the extracts and isolated compounds [38-40]. There are many
factors the inhibition is reliant on. It makes the comparison of results, sometimes, impossi-
ble. Additionally, there is a lack of standardized units of enzyme activity and in different
investigations different units are used. In many publications, no units’ activity are provided,
even for those enzymes commercially available. Another problem is a lack of an absorbance
assay for the extracts alone. The extracts and some isolated plant-based compounds contain
dyes or are dyes themselves; finally, they can strengthen the absorbance, giving a false
positive result. In the case of oxidoreductases, some compounds might act also as substrates
and inhibitors or just like substrates, especially when studied in an isolated form [41]. In
this case, a series of other tests are needed, like NMR titration, and also establishing what
are the most reliable tests from a pharmacological point of view, including cells or animal
model tests.
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3. Materials and Methods
3.1. Chemicals and Reagents

Nitrotetrazolium blue chloride (NBT), xanthine, xanthine oxidase, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2"-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), potas-
sium persulfate, 3-(2-Pyridyl)-5,6-diphenyl-1,2 4-triazine-p,p'-disulfonic acid monosodium
salt hydrate (ferrozine), iron (II) chloride tetrahydrate (FeCly x 4H,0, 1,3,5-Tri(2-pyridyl)-
2,4 6-triazine (TPTZ), iron (11I) chloride (FeCls), aluminum chloride {AlCl3), potassium
acetate, Folin—Ciocalteu reagent, sodium nitrite, sodium molybdate, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), ascorbic acid, 2(3)-t-Butylhydroquinone
monomethyl ether (BHA), 2(3)-t-Butyl-4-hydroxyanisole, hyaluronic acid (IV), escin,
hyaluronidase from bovine testes, hexadecyltrimethylammonium bromide (CTAB), L-
tyrosine, koji acid, and tyrosine from mushrooms were purchased from Sigma-Aldrich
Corp. (5t. Louis, MO, USA). The standards of eleutheroside B =98.0% (HPLC), eleuthero-
side E >98.0% (HPLC), eleutheroside E1 >98.0% (HPLC), protocatechuic acid >97%,
p-hydroxybenzoic acid 99%, vanillic acid =97%, caffeic acid >98%, and ferulic acid =99%
were also purchased from Sigma-Aldrich. Solvents used for extraction were purchased
from Avantor Performance Materials (Gliwice, Poland).

3.2. Preparation of Extract

The fruits were collected from the Arboretum SGGW in Rogow, Poland, in 2021 and
authenticated by Prof. D. Zatuski. The fresh fruits were air-dried at room temperature and
macerated with a 75% methanol solution (15 g/ 150 mL). The extract was then subjected
to ultrasound treatment for 15 min and repeated three times. The resulting extract was
evaporated and stored in a refrigerator at 2 °C. The extraction yield was calculated based
on the dry weight of the extract (%).

3.3. Phytochemical Panel

Spectrophotometric and chromatographic methods were used to determine the quan-
titative and qualitative composition of the extract. The methods used are described in more
detail in a previous paper.

3.3.1. Chemical Composition
Determination of Total Phenolic Content (TPC)

A modified version of the Folin—-Ciocalteu method was used to determine the total
phenolic content [42]. The extract (1 mg/mL in MeOH) was mixed with Folin—Ciocalteu
reagent (diluted in pure water, 1:3) at a ratio of 1:1 each. The mixture was then incubated
for 5 min after adding distilled water. Sodium carbonate (10%;) solution was added and
the mixture was incubated in the dark at room temperature for an hour. The absorbance
was measured at 750 nm. The TPC results were expressed in milligrams of gallic acid (GA)
equivalents (GAE) per gram of the sample (mg GAE/g sample).

Determination of Total Phenolic Acid Content (TTC)

To determine total tannin content, we used the Zhu method with slight modifica-
tion [43]. The polyvinylpolypyrrolidone (PVPP) was used to precipitate the tannins.
Quickly, to 1 mL of extract in methanol, we added 1 mL of PVPF (0.5%). The samples un-
derwent a thorough mixing process using a vortex. Following this, they were subjected to a
low-temperature incubation at 4 °C for a duration of 10 min. The final step in the procedure
involved centrifugation at a speed of 5000 rpm, lasting for 5 min. The supernatant was
used to determine the total phenolic content by the methods described above. The TTC
results were expressed in milligrams of tannic acid (TA) equivalents (TAE) per gram of the
sample (mg TAE /g sample).
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Determination of Total Flavonoids Content (TFC)

The total flavonoid content was determined using a method that involved the reaction
between AICl; and flavonoids [44]. In short, extract (1 mg/mL in MeOH) and EtOH
was mixed and, then, aluminum chloride (10%) and potassium acetate (1 M) were added.
The mixture was incubated for 30 min after adding distilled water. The absorbance was
measured at 510 nm and the results of TFC were expressed in milligrams of quercetin

equivalents (QE) per gram of the sample (mg QE/g sample).

Determination of Total Phenolic Acid Content (TPAC)

The method outlined in Polish Pharmacopeia VI was followed to determine the total
phenolic acid content [45]. The extract (1 mg/mL in MeOH) was mixed with distilled
water, HCI (0.5 M), and Arnov’s reagent (10.0 g of sodium molybdate and 10.0 g of sodium
nitrite in 100 mL distilled water). Solution of NaOH (1M) was added and the mixture was
immediately measured at 492 nm. The TPAC results were expressed as milligrams of caffeic
acid (CA) equivalents (CAE) per gram of the sample (mg CAE/g sample).

3.3.2. HPLC-PDA-Based Metabolomic Profiling of Phenolic Compounds in the Extract

The EliteLaChrom chromatograph with PD'A detector and EZChrom Elite software
3.2.0 (Merck, Darmstadt, Germany) was used to perform the analyses. The gradient chro-
matographic system used in the experiment consisted of an RP18 reversed-phase column
Kinetex (Phenomenex, Torrance, CA, USA) measuring 25 cm x 4.6 mm i.d., with a particle
size of 5 um, maintained at a temperature of 25 °C. A mobile phase comprising acetonitrile
(solvent A) and water (solvent B) was used, containing 0.025% trifluoroacetic acid. The
compounds were separated by gradient elution using a program that included various
percentages of solvents A and B over a period. The flow rate was 1.0 mL/min and data
were collected between 190 and 400 nm. The identity of compounds was established by
comparing their retention times and UV spectra with corresponding standards. Quanti-
tative analysis was performed at specific wavelengths for each compound (260 nm for
protocatechuic acid, 325 nm for chlorogenic acid, and 195 nm for eleutheroside E).

3.4. Enzymatic Panel
3.4.1. Bovine Hyaluronidase Inhibition Assay

Bovine hyaluronidase inhibitor assays were performed in 96-well plates using a modi-
fied method described by Di Ferrante [16] and Studziriska-Sroka [47]. The precipitation
of the undigested hyaluronic acid with cetyltrimethylammonium bromide (CTAB) was
determined as the activity of the compounds /extracts. Three concentrations of extracts
0.1, 1.0, and 10 mg/mL (final concentration in well: 1.0, 10, and 100 pg/300 uL), acetate
buffer (pH = 5.35), incubation buffer (pH = 5.35, 0.01% BSA, and 0.45% NaCl) and enzyme
{30 U/mL in incubation buffer) were mixed. The mixture was incubated at 37 °C for 10 min.
Then, hyaluronic acid solution (0.3 mg/mL in acetate buffer pH = 5.35) was added. The
plates were further incubated for 45 min at 37 °C. After incubation, undigested HA was pre-
cipitated by adding 2.5% of CTAB. The plates were kept at 25 °C for 10 min. The intensity
of complex formation was measured at 600 nm. The presence of inhibition was determined
by measuring the absorbance of the solution without inhibitor (Ac) and enzyme (At). All
samples were tested in triplicate. The hyaluronidase inhibition was calculated using the
following equation and escin was used as a standard:

S (H) % 100%

Ag—absorbance of the HA + sample + enzyme
Ac—absorbance of the HA + enzyme
Ag—absorbance of the HA + sample.
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3.4.2. Human Serum Hyaluronidase

Three children with a median age of 7 years (range, 6-8 years), diagnosed with acute
leukemia (AL) before starting treatment, were included in the study. The patients were
diagnosed at the Department of Pediatric Hematology and Oncology (Jurasz University
Hospital, Bydgoszcz, Poland) in 2019-2020. Venous blood was collected from each child
under fasting conditions and placed into serum tubes (Becton Dickinson, Franklin Lakes,
NJ, USA). Blood samples were allowed to clot for 30 min at room temperature and then
were centrifuged for 20 min at 2000 % g at room temperature. They were collected and stored
at —80 °C until analyses. The local bioethics committee approved the study (608/2019). It
was carried out in accordance with the Declaration of Helsinki.

Level of Human Serum Hyaluronidase

The commercially available kit (L5-F6310 Human Hyaluronidase (Sandwich ELISA)
ELISA Kit) was utilized to measure the concentration of human hyaluronidase in serum.
This kit operates on the sandwich assay principle and is capable of detecting hyaluronidase
levels down to 0.115 nanograms per milliliter.

Human Serum Hyaluronidase Inhibition Assay

The inhibition of human serum hyaluronidase was evaluated using modified meth-
ods [25]. The activity of the compounds/extracts was determined by precipitating the
undigested hyaluronic acid with cetyltrimethylammonium bromide (CTAB). Briefly, 10 uL.
of extract 10 mg/mL (final concentration in well 100 pg/300 pL) and 50 uL of serum
was incubated at 37 “C for 15 min. Subsequently, a 40 uL of solution of hyaluronic acid
(0.3 mg/mL in acetate buffer with pH = 5.35) was added. The plates were incubated for an
additional 45 min at 37 °C. After incubation, undigested HA was precipitated by adding
2.5% CTAB. The plates were shaken out at 25 °C for 10 min. The intensity of complex
formation was measured at a wavelength of 600 nm. All samples were tested in triplicate.
The inhibition of hyaluronidase was calculated using a specific equation, with escin used
as a standard.

As — Ac
At —Ac
As—absorbance of the HA + sample + enzyme
A—absorbance of the HA + enzyme
Ag—absorbance of the HA + sample.

YorNH = ( ) x 100%

3.4.3. Tyrosinase Inhibitor Assays

Tyrosinase inhibitor assays were performed in 96-well plates according to a modified
method [25,48]. Conversion of L-tyrosine to L-DOPA and L-DOPA to DOFA-quinone,
accompanied by the browning of the solution, is catalyzed by tyrosinase enzyme. Briefly,
10 pL of three concentrations of extracts 0.1, 1.0, and 10 mg,/mL sample (final concentrations
in well: 1.0, 10, and 100 pg /200 pL) and 150 pL of phosphoric buffer with mushroom ty-
rosinase (pH = 6.88, 100 U/mL) were mixed and incubated for 10 min at room temperature.
In addition, a control without inhibitor was prepared (A(). After incubation, L-tyrosine
(0.3 mg/mlL) was added to each well and the absorbance was measured at 492 nm (kinetic
model, every 5 min). Next, two time points (t; and t2) were selected in the linear range of
the graph. All samples were tested in triplicate. The tyrosinase inhibition was calculated
using the following equation and kojic acid was used as a standard:

s = (2522 10

Ag—the difference in absorbance between times t; and t; for sample,
Ap—the difference in absorbance between times t; and t; for positive control.
All analyses were performed in triplicate.
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3.5. Antioxidant Panel
3.5.1. ABTS Free Radical Scavenging Activity

The method described by Wu et al. was followed to test for ABTS free radical scaveng-
ing [49]. A working solution of ABTS+ was prepared by mixing 10 mL of ABTS (7 mM in
H,0) with 10 mL of potassium persulfate (2.45 mM in H,0), which was left to incubate in
the dark for 12 h. The ABTS* solution was diluted with water to achieve an absorbance
of 0.700 + 0.03 at 405 nm. Next, extracts at concentrations of 0.1 mg/mL, 1 mg/mL, and
10 mg/mL (final concentration in well: 1, 10, and 100 pg/200 pL) were mixed with 190 uL
of the ABTS* solution and incubated for 30 min. After incubation, the absorbance at 405 nm
was measured. BHA was used as control. The antioxidant activity was calculated using the

provided equation.
= (525 o

Ag—the absorbance for sample + ABTS
Ar—the absorbance without sample + ABTS.

3.5.2. DPPH Free Radical Scavenging Activity

The method for testing DPPH free radical scavenging was followed as outlined by
Naseer et al. [50]. A working DPPH* solution was created by dissolving 24 mg of DPPH in
100 mL of distilled water. The solution was then diluted with methanol until an absorbance
of 0.900 + 0.03 at 515 nm was reached. Next, extracts at concentrations of 0.1 mg,/mL,
1 mg/mL, and 10 mg/mL (final concentration in well: 1, 10, and 100 pg/200 uL) were
mixed with 190 uL of the DPPH* solution and incubated for 60 min. The absorbance at
515 nm was measured after incubation. BHA was used as control. The antioxidant activity
was then calculated using the given equation.

A —
- (STAC) * 100%

Ag—the absorbance for sample + DPPH
Ap—the absorbance without sample + DPPH.

3.5.3. Ferric-lon-Reducing Antioxidant Power (FRAF) Assay

The FRAP assay was conducted by mixing extracts of 0.1 and 1.0 mg/mL (at final
concentrations of 1 and 10 pg/300 pL) with 290 pL of a working solution consisting of
acetate buffer (15 mL), TPTZ solution (1.5 mL), and FeCl; x 4H,0 (1.5 mL). The mixture
was then incubated for 30 min before measuring the absorbance at 593 nm. Trolox and
BHA were used as control. The results of the FRAF assay were expressed in milligrams of
Trolox per gram of the sample (mg Trolox /g sample) [51].

3.5.4. Iron (II) Ion Chelation Assay

Li et al. method was employed to determine the ion chelation assay [52]. Firstly,
extracts of 0.1 and 1.0 mg/mL (with final concentrations of 10 and 100 pg/260 pL in the
well) were mixed with MeOH and FeCly (2 mM). Then, ferrozine (5 mM) was added. After
incubation, the absorbance at 510 nm was measured. The chelation was calculated using
the following equation, with EDTA being used as a positive control.

u.-"'nd-m'_ = (1— %) » 100%:

As—the absorbance for sample + ferrozine + FeClz
Ac—the absorbance without sample + ferrozine + FeCl.
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3.5.5. 0,* Scavenging Capacity Assay

Scavenging of the superoxide anion was examined by using a xanthine-xanthine
oxidase system with the nitro blue tetrazolium chloride (NBT) described by Choi et al. [53].
Briefly, 50 uL. of extract at concentration 10, 1, and 0.1 mg/mL (500, 50, and 5 ug,/200 uL),
100 pL of a solution of xanthine with NBT (1:1 (v/v); 0.4 mM and 0.24 mM, respectively)
and 50 pL of a mixture of xanthine oxidase (10 mU). After 20 min of incubation at 37 °C, the
absorbance was determined at 560 nm. All reagents were dissolved in PBS. As a positive
control, ascorbic acid was used.

3.6. Statistical Analysis

Statistically significant differences between the extracts and control substances were
calculated based on the obtained percentage values of anti-enzymatic or antioxidant activity.
None of the samples exhibited a normal distribution; therefore, non-parametric Kruskal-
Wallis tests were used.

4. Conclusions

It is clearly seen that there are compounds in the extract which have a significant
anti-hyaluronidase activity with the mean value of 82.51% by a patient’s group. We can
suggest that chlorogenic acid, because of its already confirmed anti-hyaluronidase activity,
may represent these compounds [54-56].

Owerexpression of hyaluronidases causes increased cell proliferation; therefore, their
inhibition is a new strategy for the treatment of several diseases, as well as neoplastic
inflammatory-related diseases [57-61). Considering our results, research on synergism and
antagonism with drugs used in the treatment of the above-mentioned diseases are needed,
including blood samples isolated from a larger number of patients.

Based on these findings, it can be concluded that E. divaricatus fruits could strengthen
a general vitality of the body. And the results meet criteria about plant-based compounds,
which should act rather gently and be used for a longer time to be effective.
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Abstract: Eleutherococcus divaricatus (Siebold and Zucc.) S. Y. Hu. has been used in Traditional
Chinese Medicine (TCM) due to its anticancer, immunostimulant, and anti-inflammatory activities.
However, its mechanism of action and chemical composition are still insufficiently understood
and require more advanced research, especially for cases in which anti-inflammatory properties
are beneficial. The aim of this study was to evaluate the impact of E. diaricatus root extracts
and fractions on proinflammatory serum hyaluronidase and tyrosinase in children diagnosed with
acute lymphoblastic leukemia. Antioxidant and anti-melanoma activities were also examined and
correlated with metabolomic data. For the first time, we discovered that the ethyl acetate fraction
significantly inhibits hyaluronidase activity, with mean group values of 55.82% and 63.8% for aescin
used as a control. However, interestingly, the fraction showed no activity against human tyrosinase,
and in A375 melanoma cells treated with a doxorubicin fraction, doxorubicin activity decreased. This
fraction exhibited the most potent antioxidant activity, which can be attributed to high contents of
polyphenols, especially caffeic acid (24 mg/g). The findings suggest an important role of the ethyl
acetate fraction in hyaluronidase inhibition, which may additionally indicate its anti-inflammatory
property. The results suggest that this fraction can be used in inflammatory-related diseases, although
with precautions in cases of patients undergoing chemotherapy.

Keywords: Eleutherococcus divaricatus; human hyaluronidase; human tyrosinase; metabolites

1. Introduction

Enzymes such as hyaluronidase and tyrosinase, which are naturally present in the
human body, play crucial roles in a variety of physiological processes [1-6]. This includes
the facilitation of fertilization and the production of melanin. However, these enzymes
are also implicated in several pathogenic processes, including the formation of cancerous
metastases and the development of age spots [7]. The discovery and subsequent charac-
terization of inhibitors of hyaluronidase could potentially pave the way for the creation
of novel anticancer treatments, effective contraceptives, and antidotes for various venoms
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and toxins [8-12]. Conversely, inhibitors of tyrosinase have potential applications in the
cosmetic and pharmaceutical industries as skin-lightening agents or in the treatment of
pigmentation-related skin conditions [13-17].

The Araliaceae family encompasses trees, shrubs, and climbers. This family boasts
numerous species that are widely utilized as omamental plants, including Schefflera arbori-
cola L. and Fatsia japonica (Thunb.) Decne. & Planch [18]. Notably, the Araliaceae family
also comprises plants of significant medicinal value such as ginseng (Panax spp.) and ivy
(Hedera spp.) [19-21]. The representative of this family is also Elentherococcus divaricatus
(Siebold and Zucc.) S.Y. Hu, a plant that has been used in Far Eastern traditions for
centuries [22].

E. divaricatus root contains many compounds, including eleutherosides, flavonoids,
triterpenoids, and phenolic acids. The main metabolites vary considerably and are called the
eleutherosides, with eleutherosides B (syringin 4-f-D-glucoside) and E ((—}-siringaresinol
-1,-‘1"—0—,6—D—dig]ucnside] accounting for the majority. E. divaricatus is a plant that has been
used for medicinal purposes in traditional medicine systems for many years. It has vari-
ous pharmacological properties, such as anti-inflammatory, anti-cancer, anti-depressant,
antidiabetic, anti-fatigue, neuroprotective, hepatoprotective and immunostimulative ac-
tivities [23-28]. Despite its long history of use in ethnopharmacology to treat the above-
mentioned diseases, the mechanism of its action remains largely unexplored. Zatuski's etal.
previous research indicated the presence of MMP-1 and MMP-9 inhibitors in chloroform
extracts [29].

We hypothesized that the roots of E. divaricatus contain compounds with anti-
hyaluronidase (an enzyme related to tissue degradation) and anti-tyrosinase (an enzyme
involved in melanin production) activity. To prove our hypothesis, HPLC-PDA, UHPLC-
DAD/ESI-TOF-MS, and biological techniques were used. To obtain more reliable results,
we studied both commercially available enzymes (hyaluronidase and tyrosinase), as well
as serum hyaluronidase from children diagnosed with acute lymphoblastic leukemia.
Additionally, antioxidant and anti-melanoma activities were tested.

2. Results and Discussion
2.1. Chemical Panel

Phytochemicals, which are very often characteristic of only a small group of plants,
are responsible for their pharmacological effects. The Eleutherococcus genus is rich in large
numbers of compounds, which makes it is a potential source of plant-based medicines.
However, the activity of traditional medicines is usually caused by the combination of
compounds, which means that no single active compound can be isolated. In some cases,
a fractionation process is the most reasonable approach, which leads to the attainment of
active fractions. The first step of this study was to determine the most effective solvent for
extraction, expressed as the lowest ICg, value for enzyme inhibition. On the basis of these
results, 75% methanol extract was chosen for phytochemical analysis as a promising source
of inhibitors of hyaluronidase and tyrosinase. Subsequently, using liquid-liquid extraction,
75% methanol extract was fractionated for four fractions. Fractionation resulted in 2.02, 1.02,
5.11, and 9.26 g of n-hexane, ethyl acetate, n-butanol, and water mass fraction, respectively.

The total contents of phenolic compounds (TPC), flavonoids (TFC), and phenolic acids
(TPAC) are shown in Table 1. Our study revealed that the ethyl acetate fraction had the high-
est concentrations of polyphenols (110.89 + 6.32 mg/g), flavonoids (27.95 + 4.11 mg/g),
and phenolic acids (2.81 + 0.48 mg/g). Literature data do not provide much informa-
tion about polyphenols in Eleutherococcus spp., especially with respect to fractions. Za-
tuski et al. studied ethanolic extract obtained from the roots of E. divaricatus, which
contained 6.9 + 0.4 mg GAE/g polyphenols per dry sample [30]. In turn, Adamczyk et al.
reported that the polyphenol and flavonoid contents in 75% MeOH extracts were equal
9.4 +0.9gGAE/g and 6.5 £ 1.1 gQE/g, respectively [31]. The contents of polyphenols,
flavonoids, and phenolic acids of hydrophobic-hydrophilic extract from the roots of E.
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senticosus enriched with naringenin were 159.27 + 2.73 mgGAE /g, 13747 + 523 mgQE/g,
and 79.99 + 3.57 mgCAE/g, respectively [32].

Table 1. Chemical composition of the 75% methanol extract of E. divaricatus after its fractionation
using liquid-liquid extraction [mg/g ext. £ 5SD] and mass of fraction [g]. Different superscript
lowercase letters indicate a statistically significant difference between the fractions within the same
column, with p < 0.05.

Fraction TPC TFC TPAC Mass of Fraction
[mgGAE/g] [mgQE/g] [mgCAE/g] lgl
n-Hexane 68.16 + 13243k 21.80 £ 1.53 % 1.03 £ 018 % 202
Ethyl acetate B b b
(E1OAQ) 110.89 + 6.32 2795 + 411 2.81 £ 048 1.02
n-Butanol ab b
0.65+ 077 2 al 511
(n-BuOH) 22,03 + 0.77 174 4 024
Water 402 +288° 336 + 2,173 0.55 + 0.033 * 9.26

In the next step, the phenolic composition of the fractions was characterized using
mass spectrometry. Chromatographic parameters and mass spectra were compared with
standards, or components were tentatively identified based on the literature. A representa-
tive chromatogram of the most abundant fraction, ethyl acetate, is shown in Figure 1. The
mass data used for identification are summarized in Table 2.

X104 |-BPC SeanRED D2 UL
150
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4 2518

3
145

[ 2
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]
h
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Figure 1. Base peak chromatogram (BPC) of the ethyl acetate fraction obtained in negative
ionization mode.

Table 2. Phenolic composition of E. divaricatus fractions obtained using UHPLC-DAD/ESI-TOF-MS.

A

N° Rt (min) Observed lon Mass [M — H] /{(Fragments) ppm Formula Identified

1 3.57 153.01973 258 CTHAO4 Protocatechuic acid *

2 B.73 137.02481 284 C7He03 Hydroxybenzoic acid

3 14.00 28907203 092 C15H1406 Catechin *

4 15.20 179.03505 (135, 191) 0.38 C9HE Caffeic acid *

5 16.42 353.08835 (191, 179) 154 CleH1809 Chlorogenic acid *

[ 26.16 389.12423 (227) 0.10 C20H2208 Piceid (Resveratrol der.)
7 36.84 515.12021 (353) 1.38 C25H24012 3,5-dicaffeoylquinic acid *
8 37.63 51512048 (353) 1.90 C25H24012 Dicaffeoylquinic acid

9 50.90 515.12035 (353) 1.65 C25H24012 4,5-dicaffeoylquinic acid *
10 53933 577.13521 (198, 385) 0.10 C30H26012 Diferulic acid derivative

*—identification was confirmed by comparison with standards.

The analysis revealed the presence of 10 compounds, predominantly derivatives of
cinnamic acid such as caffeic acid and its derivatives, including chlorogenic acid, 3,5-
dicaffeoylquinic acid, dicaffeoylquinic acid, and 4,5-dicaffeoylquinic acid (Figure 2, Table 3).
Furthermore, the fraction contains derivatives of benzoic acid, such as protocatechuic
acid, hydroxybenzoic acid, and a diferulic acid derivative, along with a low amount of
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catechin. None of the investigated eleutherosides (eleutherosides B and E) were found in

the fractions.
a HOeo0H
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I 0
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H H
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Figure 2. Formulae of the compounds present in the EtOAc fraction according to Table 2.

Table 3. The results of the quantification of the main identified components, expressed in mg per g of
dried fractions.

PA CA ChA 3,5-DCA DCA 15-DCA

n-Hexane

0,017 + 0.001 0077 + 0.006 0.593 + 0.020 0.283 + 0.001 0.334 + 0,001 0.150 + 0.009

Ethyl acetate 9293 £ 0.105 24018 £ 0.045 16.653 £ 0.055 12697 £ 3.08 150.63 = 3.65 26.615 £ 0.253

n-Butanol
Water

0492 + 0,001 0,595 £ 0.003 59198 +£0.153 2487 £ 0.109 2951 + 0.129 6.383 £ 0.061
0.169 = 0.008 0.251 £ 0.004 44.360 £0.102 1.294 + 0011 1.540 £ 0.013 0.129 £ 0.009

PA—protocatechuic acid; CA—caffeic acid; ChA—chlerogenic acid; DCA—dicaffeoylquinic acid.

The fractions were rich in dicaffeoylquinic acid and chlorogenic acid. It is very inter-
esting that EXOAc was rich in caffeic acid as a representative of simple phenolic acids. A
similar phytochemical composition was observed in methanolic extracts obtained from E.
henryi leaves, which contained caffeoylquinic acid derivatives such as 5-caffeoylquinic acid
(3-CQA—27.54 mg/ g), 4-caffeoylquinic acid ($-CQA—5.91 mg/g), 3,4-dicaffeoylquinic acid
(34-DCQA—0.66 mg/g), 3 5-dicaffeoylquinic acid (35-DCQA—5.91 mg/g), 1 5-dicaffeoylquinic
acid (1,5-DCQA—0.853 mg/g), and 4,5-dicaffeoylquinic acid (4,5-DCQA—3.81 mg/g) [33].
A 75% methanolic extract of E. divaricatus was found to contain benzoic acid (salic acid
and protocatechuic acid) and cinnamic acid (caffeic acid, ferulic acid, and p-coumaric acid)
derivatives [31]. Phenolic acids such as trans-4-hydroxycinnamic acid, trans-caffeic acid,
and methyl caffeate were found in the methanolic extract from the stem of E. divaricatus.
In addition, the extract was rich in phenolic alcohols (4-(3-methoxy-1-propen-1-y1)-1,2-
benzenediol, coniferyl alcohol, and 4-[(1E)-3-methoxy-1-propenyl]phenol) and stilbens
((p)-pinoresinol, (p)-medioresinol, (p)-syringaresinol, acanthoside B, obtusifoside A, acan-
thoside D, (p)-sesamin, (p}-lariciresinol-9-O--D-glucopyranoside, (p)-alangilignoside C,
and (p)-salvadoraside) [34].

2.2. Anti-Enzymatic Panel
2.2.1. Inhibition of Bovine Hyaluronidase (PHYAL) and Fungal Tyrosinase (mTYR) by
Crude Extracts and Fractions

The Eleutherococcus genus, known for its diverse phytochemical composition, exhibits a
wide range of biological activities. The Eleutherococcus species have been used in traditional
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medicine for centuries, offering benefits such as adaptogenic, immunostimulant, stress-
combating, anti-fatigue, antioxidant, anti-inflammatory, anti-tumor, neuroprotective, and
antidiabetic properties.

Owur study explored the impact of E. divaricatus root extract on the activity of bovine
hyaluronidase (bHYAL) and fungal tyrosinase (mTYR). The initial phase of the study was
dedicated to determining the most effective solvent for extraction, expressed as the lowest
ICsp value for enzyme inhibition (Table 4). The 1Csq values for bovine hyaluronidase ranged
between 100.8 and 181.27 ug/mL, and those for tyrosinase ranged between 103.6 and
27437 pg/mL. The most active appeared to be 75% methanol, with an 1C5; of 100.8 ug,/mL
for bHYAL and 103.6 ug/mL for mTYR.

Table 4. Activity of polar and nonpolar extracts against hyaluronidase from bovine testes and
mushroom tyrosinase. 1Csy values are shown in pg/mlL. Different superscript lowercase letters
indicate a statistically significant difference between the fractions within the same column, with
P < 0.05.

Type of Extract bHYAL mTYR
Chloroform (CHCls) 111.73 + 0.75°* 188.50 + 1.83 *b
Ethyl acetate 10413 £ 251 27437 + 369"
75% methanol 10080 £ 092 103.60 + 4232
CHCly:MeOH:H,0 18127 £ 092*° 22183 +221°%

CHCly:MeOH:H>0 volume ratios, 7:3:0.4; BHYAL—bovine hyaluronidase; mTYR—mushroom tyrosinase.

In the next step, the 75% methanol extract was subjected into liquid-liquid extraction
using nonpolar, medium-polar, and polar solvents (n-hexane, ethyl acetate, n-butanol, and
water, respectively). It was found that ethyl acetate fraction showed the highest activity,
with an IC5; value equal to 27.5 ug/mL for bHYAL and equal to 65.5 pg/mL for mTYR
(Table 5). It should be noted that the activity of E. divaricatus was stronger than that of the
positive control, aescin (ICsp = 388.8 £ 1.81 pg/mL). In the case of tyrosinase, none of the
fractions showed activity exceeding the value for kojic acid (ICsp = 4.44 + 0.06 ng/mlL).
The activities of phenolic acids and eleutherosides present in the highest amounts were
further determined (Table ©). For both bBHYAL and mTYR, the most active compound was
caffeic acid (BHYAL—ICsp = 111.34 £ 3.59 pg/mL; mTYR—ICsp = 60.77 £ 2.37 ug/mlL).
Eleutherosides B, E, and E1 showed no activity.

Table 5. Activity of fractions obtained from methanolic extract of E. divaricatus root against bHYAL
and mTYR. ICsp values are shown in ug/mL. Different superscript lowercase letters indicate a
statistically significant difference between the fractions themselves and between the fractions and
control within the same column, with p < 0.05.

Type of Fraction bHYAL mTYR
n-Hexane 94.44 + .80 20 207.50 + 3630
Ethyl acetate 27.50 £ 0652 65.50 + 13540
n-Butanol 56.10 + 6.86 20 85.40 £ 2,514
Water 71.60 + 3.87 2 8110 + 53238
Aescin 3888+ 1810
Kojic acid 444 £006°

bHYAL—bovine hyaluronidase; mTYR—mushroom tyrosinase.

There are many research papers investigating the effects of phenolic acids on tyrosinase
and hyaluronidase. In a previous study, the fruits of E. divaricatus demonstrated moderate
inhibitory activity against hyaluronidase and weak anti-tyrosinase activity (ICsp = 0.45 and
IC5p = 267 mg/mL, respectively) [35]. Isolated phenolic acids (derivatives of seric acid) from
Oenanthe javanica inhibited the activity of bovine hyaluronidase (ICsp = 0.19-1.33 mM) [36].
Cimicifugic acids K-N (ICsp = 102-255 pM) isolated from the aboveground parts of Cimicifuga
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simplex and C. japonica, exhibited more potent hyaluronidase-inhibitory activities than
rosmarinic acid (1Csp = 545 uM) [37].

Table 6. Activity of selective phenolic acid and eleutherosides against BHYAL and mTYR. IC5
values are shown in ug/mlL. Different superscript lowercase letters indicate a statistically significant
difference between the different acids within the same column, with p < 0.05.

Standard bHYAL mTYR
Eleutheroside B MA MNA
Eleutheroside E MNA MNA
Eleutheroside E; MNA NA

Caffeic acid 111.34 £ 3592 56.22 + 0.67
Chlorogenic acid 519.14 + 17.94 107.52 + 346
Protocatechuic acid 92020 + 8771 b 13457 + 346 b

bHYAL—bovine hyaluronidase; mTYR—mushroom tyrosinase.

2.2.2. Inhibition of Human Hyaluronidase (hHYAL) and Human Tyrosinase (hTYR) in
Blood Samples from Children Diagnosed with Acute Lymphoblastic Leukemia by Ethyl
Acetate Fraction

Hyaluronidase and tyrosinase contribute to the progression of many diseases, which
very often have a cancerous background, and their overactivity is observed. Taking this
into consideration, we decided to establish the level of these enzymes in blood samples
from acute leukemia patients and to examine the influence of the ethyl acetate fraction
on their activity. We chose leukemic patients because it is known that in their case, e.g.,
hyaluronidase levels are high [38]. Five boys with a median age of 4.5 years diagnosed with
acute lymphoblastic leukemia (ALL) before starting treatment were included in the study.
Serum levels of hHYAL ranged between 25.20 and 162.15 ng/mL, while hTYR levels ranged
between 4.68 and 78.94 ng/mL (Table 7). The obtained results show that the ethyl acetate
fraction contains inhibitors of hyaluronidase with aescin-like activity (Table 7). The EtOAc
fraction inhibited hHYAL in a range of 30.43-89.85%, with mean group values of 55.82%
and 63.8% with aescin used as a control. However, interestingly, the fraction showed no
activity against hTYR.

Table 7. Activity of ethyl acetate fraction (EtOAc) against hyaluronidase and tyrosinase from human
serum isolated from the blood children diagnosed with acute lymphoblastic leukemia (N”). Results
are presented in %. Different superscript lowercase letters indicate a statistically significant difference
between the samples within the same column, with p < 0.05.

N° Level of hRHYAL hHglglAi%] Level of hTYR h::gﬁ]
[ng/mL] Mean + SD [ng/mL] Mean + SD

1 9527 5347 +1237% 168 NA

2 116.90 R9.85 + 7.73b 931 NA

3 162.15 66.67 + 20,00 *° 15.26 NA

4 81.86 38.71 £ 5593k 78.94 NA

s 25.20 30.43 + 3.07* 5217 NA

Mean value 96.27 55.82 3207 -

NA—Not Active.

There is a lack of studies in the literature on the activity of natural and synthetic com-
pounds against human hyaluronidases and tyrosinases isolated directly from the blood. To
the best of our knowledge, information about the activity of E. divaricatus roots against these
enzymes was obtained for the first time in this study. In our previous studies, we proved
the activity of 75% methanolic E. divaricatus fruit extract against hHYAL (76.46-86.13%) [35].
In another study, we evaluated the activity of the intractum of E. senticosus fruits. The intrac-
tum significantly inhibited human hyaluronidase activity in ranges of 58.80-76.32% and
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20.00-47.37% with aescin used as a control. The results mean that the intractum inhibited
hyaluronidase activity with mean group values of 60% and 40% with aescin used as a
control [38].

2.3. Antioxidant Parnel

Free radicals are responsible for many of pathogenic processes in the human body,
resulting in the development of, e.g., inflammation-related diseases. Taking into considera-
tion the ability to inhibit hyaluronidase (proinflammatory agent), it is important to evaluate
the antioxidative activity of fractions. When evaluated for their reactivity towards the ABTS
cation radical, the ethyl acetate and n-butanol fractions exhibited the most significant activ-
ity, with values of 9.69 £+ 0.0035 pg,/mL and 10.10 £ 0.21 ug/mL, respectively. Similarly,
against the DPFPH radical, these fractions demonstrated the highest potency, with values
of 36.83 £ 2.43 pg/mL and 61.49 £+ 1.87 pg/mlL, respectively. The results are presented
in Table 8.

Table 8. Antioxidants activity of Eleutherococcus divaricatus fractions. 1Cs) values are shown in ug/ml.
The results for ferrozine are shown in %. Different superscript lowercase letters indicate a statistically
significant difference between the fractions themselves and between the fractions and control within
the same column, with p < 0.05.

Fraction ICs ABTS ICsy DPPH Ferrozine *
n-Hexane B0.20 + 5400 NA B0.15 + 0.73
Ethyl acetate 9.69 + 0.035 & 36.83 £ 243 3444 + 399
n-Butanol 10.10 + 0.21 ** 6149 + 187 % 2352 + 3.4
Water 24.99 + 0,095 106.10 + 451 % 409 + 248
BHA 23540112 6252 + 4130
AA 227 £007° 2493 + 0.28 %
TROLOX 285+ 018 13.68 = 3532
EDTA 98.9 = 0.01

NA—not active; * results for 1 mg/mL.

There are few studies on the antioxidant properties of E. divaricatus roots. The activity
of 75% methanolic extract of E. divaricatus roots (0.8 mg/mL) against the DPPH radical
after 90 min was 23.00 £ 0.79% [31]. In another study, ICs; values of the chloroform
and ethanol extracts of E. divaricatus roots against the DPPH radical were 50.1 + 0.5 and
1.2 + 0.2, respectively. For chelation, ICs; values for chloroform and ethanol extracts were
0.9 £+ 0.51 mg/mL and 0.8 = 0.01 mg/mL, respectively [30]. In our previous investigations
of E. divaricatus fruits, 75% methanolic extract showed moderate activity against the ABTS
radical, DPPH, and chelating properties, with ICsp values of 280, 1300, and 1450 pg/mL,
respectively [35]. In a study by Yu et al., the most active fractions against the DFPH
radical were EtOAc and BuOH methanolic extract of E. senticosus root. The antioxidant
activities in the EtOAc and BuOH fractions were higher than or similar to those of o-
tocopherol [39]. Furthermore, concentrated powder from E. senficosus produced by Sheng
Chang Pharmaceutical inhibited DPPH generation by 58.3 + 2.8% at 1000 pg/mL [40].
The ICs5; values for hydrophobic—hydrophilic naringenin-enriched extract (1 mg/mL)
against the DPPH radical and ABTS were 138.17 &+ 4.28 pg,/mL and 18.10 £+ 0.20 ug/mlL,
respectively. The chelating capacity at a concentration of 1 mg/mL was 26.34 + 1.14% [32].
In turn, the ICsp values obtained for essential oil from E. simonii leaves were 1125 pg/mlL,
945 pug/mlL, and 862 pg/mL using the DPPH radical, and the ABTS and FRAP methods,
respectively [41].
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2.4. Principal Component Analysis (PCA)

The PCA plot shows (Figure 3) a clear grouping of E. divaricatus extract fractions
according to the solvents used (n-hexane, ethyl acetate, n-butanol, and water), suggesting
that the solvents influence the chemical composition of the fractions, as well as their anti-
enzymatic and antioxidant properties. The first principal component explains 44.85% of
the variance, and the second principal component explains 41.40%. The H;0 and n-BuOH
fractions, located on the left side of the diagram, are associated with higher chlorogenic acid
contents and higher ICs; values against DPPH. The n-hexane fraction, located on the right
side of the plot, is mainly associated with higher ICs; values against ABTS and tyrosinase
compared to the other extracts. The EtOAc fraction shows correlations with the vectors for
protocatechuic and caffeic acids, as well as TPAC content.
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Figure 3. Principal component analysis of the studied fractions of E. divaricatus extract based on
phenolic compound content and anti-enzymatic and antioxidant activities.

2.5. Cytotoxicity Panel
Ethyl Acetate Fraction of E. divaricatus Does Not Affect the Viability of Normal and
Cancerous Skin Cells

Three different human melanoma cell lines, namely SK-MEL-30, UACC-647, and
A375, as well as normal B] fibroblasts, were chosen to investigate the cytotoxicity of the
ethyl acetate fraction. We observed no major changes in the viability of the tested cell
lines in doses of up to 200 ug/mL, which suggests that the fraction does not have any
toxic effects on melanoma cells. Additionally, the fraction did not cause any changes in
normal fibroblasts, which may indicate that at the doses used in this study, this fraction
is safe. Doxorubicin was used as a control, for which the 1Cy, ICsj, and 1Cq; values were
established (Figure 4). In SK-MEL-30 cells, 10% of maximal inhibition was generated by
DOX at a dose of 0.24 uM, 50% of maximal inhibition was generated at a dose of 1.52 uM,
and 90% of maximal inhibition was generated at a dose of 9.63 pM. In UACC-647 cells,
DOX yielded ICyg, ICs,, and IC; values of 0.36, 1.16, and 3.76 uM, respectively. In the
A375 cell line, the 1Cg for DOX was found to be 0.09 pM, the ICsp was found to be 0.33 pM,
and the 1Cqy was found to be 1.19 uM. The cell lines exhibited differences not only in ICsg
values but also in the level of inhibition. For instance, the maximal level of inhibition was
estimated to be 96.38% in A375 cells. Under the same conditions, the viability of SK-MEL-30
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was observed to drop by a maximum of §1.87%. In contrast, the viability of UACC-647 cells
was found to be suppressed by only 39.15%.
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Figure 4. Effect of doxorubicin (DOX) on the viability of UACC-647, A375, and SK-MEL-30 melanoma
cell lines. The 10, 50, and 90% levels of maximal viability inhibition are indicated by horizontal dotted
lines. The IC,, ICs;, and ICy, values are indicated by vertical dotted lines.

Natural compounds are frequently used concurrently with chemotherapeutic drugs in
the treatment of different diseases. Thus, it is crucial to investigate potential interactions
between these types of compounds. In the next step, a potential interaction between DOX
and the ethyl acetate fraction was examined (Figure 5). Three melanoma cell lines—UACC-
647, A375, and SK-MEL-30—were treated with DOX at three different doses (1C);, 1Cs;,
and ICqy, as determined independently for each cell line) simultaneously with the EtOAc
fraction (200 pg/mL). In all cell lines, a protective effect of the EtOAc fraction was observed,
which was concomitant with a decrease in DOX-dependent cytotoxicity. For instance, A375
cells subjected to the EtOAc fraction in combination with the ICg of DOX experienced only
a 37% drop in viability (Figure 5, middle panel), whereas DOX alone (at ICsp) inhibited the
viability of A375 cells by 96%.
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Figure 5. Effect of doxorubicin (DOX) and the EtOAc fraction on the viability of UACC-647, A375,
and SK-MEL-30 melanoma cell lines. The cells were exposed to either the 1Cyp, ICsq, or ICog of DOX in
combination with the EtOAc fraction at a dose of 200 pug/mL. The 10, 50, and 90% levels of maximal
viability inhibition elicited by DOX alone are indicated by horizontal dotted lines.

The literature does not provide sufficient information about the cytotoxicity of the root
of E. divaricatus. Among the five studied species, E. henryi extract showed the strongest
inhibition of HL-60 cell line growth, with an ICsy value of 270 pg/mL, while for E. divar-
icatus, the 1Csy value was 650 pg/mL [31]. Fruit extract and hydrophobic-hydrophilic
extract from the root of E. senticosus, which is enriched with naringenin, did not affect the
viability of two cancer cell lines, namely FaDu and HepG2 [32]. The 70% ethanol extract
of E. sessiliflorus leaves, which is rich in flavonoids, terpenoids, and xylogens, showed
weak cytotoxic activity against the A549 cell line [42]. In contrast, taiwanin E, a compound
isolated from a branch of E. trifolintus, demonstrated strong cytotoxicity. It exhibited potent
antiproliferative effects on the growth of the MCF-7 human breast adenocarcinoma cell
line, with an ICsp value of 1.47 uM [43]. Elesesterpenes A-K, extracted from the leaves of E.
sessiliflorus have shown significant antiproliferative activity against several human cancer
cell lines, including hepatocellular carcinoma (HepG2), lung adenocarcinoma (A549), and
glioblastoma multiforme (LN229), with ICsp values ranging from 1.05 to 8.60 uM [44].
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3. Materials and Methods
3.1. Chemicals and Reagents

The standards of eleutheroside B > 98.0% (HPLC) and eleutheroside E > 98.0%
(HPLC), protocatechuic acid = 97%, p-hydroxybenzoic acid 99%, vanillic acid = 97%,
caffeic acid > 98%, ferulic acid > 99%, rosmarinic acid > 98%, DMEM, RPMI 1649
Medium, phosphate buffered saline (PBS), gradient grade acetonitrile, and trifluoroacetic
acid = 99%, ascorbic acid, 2(3)-t-butylhydroquinone monomethyl ether (BHA), 2(3)-t-
butyl-4-hydroxyanisole, hyaluronic acid (IV), aescin > 95%, hyaluronidase from bovine
testes, hexadecyltrimethylammonium bromide (CTAB), L-tyrosine = 98%, kojic acid, and
muschroom’s tyrosinase were obtained from Sigma-Aldrich (St. Louis, MO, USA). Addition-
ally, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS), potassium persulfate, 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic
acid monosodium salt hydrate 97% (ferrozine), iron(Il) chloride tetrahydrate >98%
(FeCly x 4H,0), 1,3,5-Tri(2-pyridyl)-2,4,6-triazine (TPTZ), iron (I1I) chloride > 98% (FeCl3),
aluminum chloride (AICl3), potassium acetate, Folin—Ciocalteu reagent, sodium nitrite,
sodium molybdate, and 6-hydroxy-2,5,7 8-tetramethylchroman-2-carboxylic acid (Trolox)
were used. All these substances were purchased from Sigma-Aldrich Corp (Saint Louis,
MO, USA). The solvents used for extraction were sourced from Avantor Performance
Materials (Gliwice, Poland).

3.2. Extraction and Plant Material

The roots of E. divaricatus were harvested from the Arboretum of the Warsaw Uni-
versity of Life Sciences in Rogow, Poland, in October 2020. The identification of the raw
material was carried out by prof. Daniel Zatuski. The extraction process began by prepar-
ing an extract from 5 g of E. divaricatus root. The root was dried for 4 weeks at room
temperature in a dark place. Then, 50 mL of chloroform was poured over the ground root
and left for 24 h. Next, the mixture was placed in an ultrasonic bath for 15 min, and the
resulting solution was filtered. This process was repeated three times. The filtrate was then
concentrated using a vacuum evaporator at 40 °C. After the initial chloroform extraction,
the raw material underwent subsequent extractions with ethyl acetate and 75% methanol.
The extraction procedure for these solvents was identical to that used for chloroform.

Next, the extracts were tested against hyaluronidase and tyrosinase, and the most
active one was subjected to fractionation using liquid-liquid extraction. A 75% methanolic
extract of E. divaricatus was prepared in a larger amount. Then, 115.109 g of root powder
was extracted with 75% methanol solution for three days at room temperature. The flask
was then placed in an ultrasonic bath for 15 min. The mixture was filtered, and the crude
was poured over 530 mL of 75% MeOH and placed back in a water bath. The procedure was
repeated until the filtrate was decolorized.

The obtained extract was concentrated in a vacuum evaporator at 40 °C, yielding
190.08 g/kg of raw material. This residue was fractionated using liquid-liquid extraction
(Figure 1).

Liquid-Liquid Extraction of Polyphenols

The dried 75% methanol extract, obtained as described in Section 2.2, was suspended
in 250 mL of water and extracted with 100 mL of n-hexane. The organic layer was collected,
and the procedure was repeated twice using n-hexane. The aqueous solution was then
extracted with 100 mL of ethyl acetate and, finally, with 100 mL of saturated n-butanol, as
shown in Figure 6. The obtained fractions were concentrated in a vacuum evaporator at
40 °C. The obtained fractions were stored in a refrigerator.
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Figure 6. Scheme of liquid-liquid extraction of the 75% methanol extract.

3.3. Phytochemical Panel
3.3.1. Chemical Composition
Determination of Total Phenolic Content (TPC)

A modified Folin-Ciocalteu method was employed to quantify the total phenolic
content [45]. First, 25 uL. of extract (1 mg/mL in methanol) was combined with 25 uL the
Folin—Ciocalteu reagent (diluted 1:3 in pure water) in a 1:1 ratio. After adding 150 uL of
distilled water, the mixture was incubated for 5 min. A solution of sodium carbonate (10%)
was then added, and the mixture was left to incubate in the dark at room temperature for
an hour. The absorbance of the solution was measured at a wavelength of 750 nm. The
total phenolic content (TPC) results are expressed in terms of milligrams of gallic acid (GA)
equivalents (GAE) per gram of the sample (mg GAE /g sample).

Determination of Total Flavonoid Content (TFC)

The total flavonoid content was quantified using a method that relies on the reaction
between aluminum chloride (AlCl;) and flavonoids [46]. Briefly, 25 ul extract (1 mg/mL
in methanol) was mixed with 75 uL ethanol. Subsequently, 10% aluminum chloride
(10 pL) and 1M potassium acetate (10 puL) were added to the mixture. After adding
130 uL of distilled water, the mixture was incubated for 30 min. The absorbance of the
solution was then measured at a wavelength of 510 nm. The total flavonoid content (TFC)
results are expressed as milligrams of quercetin equivalents (QE) per gram of the sample
(mg QE/g sample).
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Determination of Total Phenolic Acid Content (TPAC)

The total phenolic acid content was determined following the method outlined in the
Polish Pharmacopeia VI [47]. First, 25 uL of extract (1 mg/mL in methanol) was combined
with 150 distilled water (150 uL), hydrochloric acid (25 puL, 0.5M), and Arnov’s reagent
(25 pL, a solution of 10.0 g of sodium molybdate and 10.0 g of sodium nitrite in 100 mL
of distilled water). Then, 25 pL of solution of sodium hydroxide (1M) was added to the
mixture, which was immediately measured at a wavelength of 492 nm. The total phenolic
content (TPC) results are expressed in terms of milligrams of caffeic acid (CA) equivalents
(CAE) per gram of the sample (mg CAE/g sample).

3.3.2. Chromatographic Analysis

All standards, formic acid, and MS-grade acetonitrile were from Sigma-Aldrich
(St. Louis, MO, USA). MS data were acquired using an Infnity Series II ultra-high-
performance liquid chromatograph (UHPLC) with an Agilent 6224 ESI/TOF mass de-
tector (Agilent Technologies, Santa Clara, CA, USA). The conditions were as follows:
an RP18 reversed-phase Titan column (Supelco, Sigma-Aldrich, Burlington, MA, USA)
(10 cm > 2.1 mm id., 1.9 um particle size), a thermostat temperature of 30 °C, and a flow
rate of 0.2 mL/min. Water with 0.05% formic acid (solvent A) and acetonitrile with 0.05%
formic acid (solvent B) were used as the mobile phase composition. The gradient elution
program was as follows: 0-8 min from 97% A to 95% A, 8-15 min at 95% A, 15-29 min from
95% A to 85% A, 2940 min at 85% A, 40-50 min from 85% A to 80% A, and 50-60 min
from 80% A to 65%. LC-MS conditions were as follows: drying gas temperature of
325 °C, drying gas flow of 8 L min~!, nebulizer pressure of 30 psi, capillary voltage of
3500 V, and a 65 V skimmer. The voltage of the fragmentator was 220 V. lons were acquired
in the range of 100 to 1200 m/z in negative ions.

Quantitative analyses were performed using an EliteLaChrom chromatograph equipped
with a PDA detector and EZChrom Elite software (Version 3.3.2 SP2 build 3.3.2.1037) from
Merck (Darmstadt, Germany) and an RF18 reversed-phase Kinetex column measuring
25 cm x 4.6 mm i.d. with a particle size of 5 um (Phenomenex, Torrance, CA, USA). The
elution conditions are described above. The flow rate was set at 1.0mL/min, and data
were collected within the wavelength range of 190 to 400 nm. The identities of the com-
pounds were confirmed by comparing their retention times and UV spectra with those
of corresponding standards. Quantitative analysis was carried out at the following spe-
cific wavelengths for each compound: 260 nm for protocatechuic acid and 325 nm for
chlorogenic acid and dicaffeoylquinic acid.

3.4. Enzymatic Panel
3.4.1. Bovine Hyaluronidase Inhibition Assay

Bovine hyaluronidase inhibitor assays were conducted in 96-well plates, following
a modified method originally described by Di Ferrante [48] and Studzifiska-Sroka [49].
The activity of the compounds or extracts was determined based on the precipitation
of non-hydrolyzed hyaluronic acid using cetyltrimethylammonium bromide (CTAB). A
10% water solution of DMSO was used to dissolve the extract. Then, 15 pL of extracts at
concentrations of 10.0, 1.0, and 0.1 mg/mL in the well were mixed with an acetate buffer
(15 uL, pH = 5.35), an incubation buffer (25 uL, pH = 5.35, 0.01% BSA, 0.45% NaCl), and an
enzyme solution (25 puL, 30 U/mL in the incubation buffer). This mixture was incubated at
37 °C for 10 min. Following this, a hyaluronic acid solution (25 uL, 0.3 mg/mL in an acetate
buffer with a pH of 5.35) was added. The plates were then incubated for an additional
45 min at 37 °C. After incubation, non-hydrolyzed hyaluronic acid was precipitated by
adding 2.5% CTAB (200 uL). The plates were then maintained at 25 °C for 10 min. The
intensity of the complex formation was measured at a wavelength of 600 nm. The presence
of inhibition was determined by measuring the absorbance of the solution without the
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inhibitor (Ac) and the enzyme (At). All samples were tested in triplicate. The inhibition of
hyaluronidase was calculated using a specific equation, with aescin used as a standard.

Ag— A
INHppyar = ﬁ = 100%

Ag—absorbance of the HA + sample + enzyme;
Ac—absorbance of the HA + enzyme;
Ar—absorbance of the HA + sample.

3.4.2. Human Serum Hyaluronidase from Children Diagnosed with Acute Lymphoblastic
Leukemia

Blood Samples

Five boys (3, 4, 4, 5, and 17 years old) diagnosed with acute lymphoblastic leukemia
(ALL) before starting treatment were included in the study. These patients were diagnosed
at the Department of Pediatric Hematology and Oncology at Jurasz University Hospital in
Bydgoszcz, Poland, between 2019 and 2020. Venous blood samples were collected from
each child while fasting and placed into serum tubes supplied by Becton Dickinson, located
in Franklin Lakes, NJ, USA. The blood samples were left to clot at room temperature for
30 min, then centrifuged for 20 min at 2000 g, also at room temperature. The samples
were then collected and stored at a temperature of —80 °C until the time of analysis. The
study was approved by the local Bioethics Committee (approval number 608/2019) and
was conducted in accordance with the Declaration of Helsinki.

Level of Human Serum Hyaluronidase

A commercially available kit, the LS-F6310 Human Hyaluronidase (Sandwich ELISA)
ELISA Kit (LSBio, Lynnwood, WA, USA), was used to measure the concentration of human
hyaluronidase in serum. This kit functions based on the Sandwich assay principle and can
detect hyaluronidase levels down to a certain limit (0.115 nanograms per milliliter).

Human Serum Hyaluronidase Inhibition by the Ethyl Acetate Fraction

The inhibition of human serum hyaluronidase was assessed using modified meth-
ods [50]. The activity of the compounds or extracts was determined by precipitating
non-hydrolyzed hyaluronic acid with cetyltrimethylammonium bromide (CTAB). In brief,
10 uL of ethyl acetate fraction (1 mg/mL) and 50 puL of serum were incubated at 37 °C
for 15 min. Following this, a solution of hyaluronic acid (0.3 mg/mL in an acetate buffer
with a pH of 5.35) was added in a volume of 40 uL. The plates were then incubated for
an additional 45 min at 37 °C. After incubation, non-hydrolyzed hyaluronic acid was
precipitated by adding 2.5% CTAB. The plates were then shaken at 25 °C for 10 min. The
intensity of the complex formation was measured at a wavelength of 600 nm. All samples
were tested in triplicate. The inhibition of hyaluronidase was calculated using a specific
equation, with aescin used as a standard.

As — Ac
= —_— o
INHpyvyarL A Ac 100%

As—absorbance of the HA + sample + enzyme;

Ac—absorbance of the HA + enzyme;

Ar—absorbance of the HA + sample.

3.4.3. Tyrosinase Inhibition Assay

Tyrosinase inhibitor assays were conducted in 96-well plates using a modified method
originally described by Wrobel-Biedrawa [51]. The process involves the conversion of
L-tyrosinase to L-DOPA, then to DOPA-quinone, facilitated by the tyrosinase enzyme. This
reaction results in the solution turning brown. In brief, 10 uL of the sample (concentrations

of 10.0, 1.0, and 0.1 mg/mL in 10% DMSO) was combined with 150 uL of a phosphoric
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buffer containing mushroom tyrosinase (pH = 6.88, 100 U/mL). This mixture was then
incubated for 10 min at room temperature. A control (Ac) was also prepared that did not
contain any inhibitor. Following incubation, L-tyrosine (0.3 mg/mL) was added to each
well, and the absorbance was measured at 492 nm (using a kinetic model every 5 min). Two
time points (t; and t,) were selected within the linear range of the graph. All samples were
tested in triplicate. The inhibition of tyrosinase was calculated using a specific equation,
with kojic acid used as a standard.

Ac — A
INHpyg = %* 100%

Ag—the difference in absorbance between times t; and t; for the sample;
Ap—the difference in absorbance between times t; and t; for the positive control.

3.5. Antioxidant Panel
3.5.1. ABTS Free Radical Scavenging Activity

The ABTS free radical scavenging test was conducted following the method outlined
by Wu et al. [52] A working solution of ABTS+ was prepared by combining 10 mL of ABTS
(7 mM in H,0) with 10 mL of potassium persulfate (2.45 mM in Hy0). This mixture was then
left to incubate in the dark for 12 h. The ABTS solution was subsequently diluted with water
until it reached an absorbance of 0.700 =+ 0.03 at 405 nm. Then, volumes of 10 uL of extracts
at concentrations of 1 mg/mL, 0.1 mg/mL, and 0.01 mg/mL (dissolved in MeQOH) were
combined with 190 pL of the ABTS+ solution and incubated for 30 min. The absorbance at
405 nm was measured after the incubation period. Butylated hydroxyanisole (BHA) was
used as a control. The antioxidant activity was then calculated using a specific equation.

Ac —As
Ac

Ag—the absorbance for sample + ABTS;
A the absorbance without sample + ABTS.

INHagrs = + 100%

3.5.2. DPPH Free Radical Scavenging Activity

The DPPH free radical scavenging test was conducted according to the procedure
established by Naseer et al. [53]. A working solution of DPPHe was prepared by dissolving
24 mg of DPPH in 100 mL of distilled water. This solution was further diluted with methanol
until it reached an absorbance of 0.900 + 0.03 at 515 nm. Subsequently, volumes of 10 uL of
extracts at concentrations of 1 mg/mL, 0.1 mg/mL, and 0.01 mg/mL (dissolved in MeOH)
were combined with 190 pL of the DPPHa solution and allowed to incubate for 60 min. The
absorbance at 515 nm was measured post incubation. Butylated hydroxyanisole (BHA) was
used as a control. The antioxidant activity was then calculated using a specified equation.

— A
INHpppy = A% + 100%

Ag—the absorbance for sample + DPPH;
Ac—the absorbance without sample + DPPH.

3.5.3. Iron (1) Ion Chelation Assay

The ion chelation assay was conducted using the method proposed by Li et al. [54].
Initially, 100 uL of extract at a concentration of 1.0 mg,/mL was combined with methanol
(150 pL, MeOH) and iron(II) chloride (5 uL, FeCl;) at a concentration of 2 mM. Subsequently,
5 pL of ferrozine was added at a concentration of 5 mM. Following a period of incubation,
the absorbance was measured at a wavelength of 510 nm. The degree of chelation was then
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calculated using a specific equation, with ethylenediaminetetraacetic acid (EDTA) serving
as a positive control.
Ac—Ag
INHFEz b= _Ac = 100%
Ag—the absorbance for sample + ferrozine + FeCly;
Ac—the absorbance without sample + ferrozine + FeCls.

3.6. Cytotoxicity Panel
Cell Culture and Cytotoxicity Assessment

The following human melanoma cell lines were used in this study: A375 (ATCC:CRL-
1619), UACC-647 (CVCL_4049), and SK-MEL-30 (DSMZ:ACC 151). A375 cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM). UACC-647 and SK-MEL-30 were
cultured in RPMI-1640. All basal media were supplemented with fetal bovine serum (FBS)
at a final concentration of 10%. The control used in the study was B] foreskin fibroblasts
(ATCC-CRL-2522). To facilitate the growth of B] cells, Eagle’s Minimum Essential Medium
(EMEM) with 10% FBS was utilized. Tissue culture-treated Petri dishes were used to sup-
port all cell lines. A temperature of 37 °C and 5% C0; were maintained routinely. The cells
were expanded for a few passages, then seeded onto 96-well plates, where they were left to
attach overnight. The following day, the cells were exposed to E. divaricatus fractionated
extracts at descending concentrations, starting from 200 ug/mL, or to a vehicle (DMSO,
0.1%). Alternatively, the cells were treated with doxorubicin (DOX) to independently
determine the inhibitory concentrations causing the 10, 50, and 90% levels of maximal
inhibition (IC,p, ICsy, and ICg, respectively) of cellular viability for each melanoma cell
line. Then, the melanoma cells were treated with the DOX at 1Cg, ICsq, or ICgg, followed
by the addition of the fractions of the extracts from E. divaricatus at a dose of 200 pg/mL.
Upon 24 h of incubation, the viability of the cells was assessed by MTT assay.

3.7. Statistics

Dose-response curves were obtained using GraphPad Prism 8.4.3 software running
on a personal computer. Experimental datapoints were fitted to the sigmoidal equation,
and the 1Csp value was calculated. ICyp and ICg values were computed using a web tool
available at https:/ /www.graphpad.com/ accessed on 20 May 2023.

Statistically significant differences were assessed using Friedman's ANOVA. The
Dunn-Bonferroni-Holm test was utilized as a post hoc test. Principal component analysis
(PCA) was employed to demonstrate differences between the studied fractions. Analyses
were conducted in PQStat software 1.8.6.

4. Conclusions

Advances in phytochemical analysis and phytopharmacology make it possible to
identify biologically active substances and to assess their mechanisms of molecular activity.
Most knowledge about plant-based compounds comes from ethnopharmacology, in combi-
nation with modern concepts in that field, allowing for the development of effective, safe,
and standardized plant extracts.

The obtained results confirm the effectiveness of using E. divaricatus in TCM to treat
inflammation- and immune-related diseases. Simultaneously, in light of what has al-
ready been published we should be careful when this plant is administered together with
chemotherapy, which is a popular approach to strengthen the body. From this study, it is
clear that the EtAOc fraction may decrease the activity of doxorubicin, while it does not
inhibit human tyrosinase isolated from the leukemic children. Therefore, it is question-
able whether adaptogenic or/and immunostimulant compounds should be use during
chemotherapy. Keeping these questions in mind, further research using in vivo models
is needed.
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11. Wnioski

Gatunki z rodzaju Eleutherococcus ze wzgledu na zroznicowany skiad chemiczny,

charakteryzuja sie szerokim spektrum aktywnosci farmakologicznej. Zasadnos$¢ ich

wielowiekowego stosowania w etnomedycynie Chin i Rosji jest obecnie potwierdzana za

pomoca wspoétczesnych narzedzi analitycznych. Jednym z mniej znanych gatunkéw tego

rodzaju, zwilaszcza w Europie, jest E. divaricatus. Na podstawie uzyskanych wynikow badan

mozna sformutowaé nastepujace wnioski:

1.

analizowane substancje ro$linne (korzenie i owoce) zawieraja zwigzki
polifenolowe (kwas kawowy i jego estry z kwasem chinowym), ktérych
ugrupowania maja zdolnos$¢ inhibicji hialuronidazy i w mniejszym stopniu
tyrozynazy. Bogatym Zrodtem tych pochodnych jest frakcja octanu etylu.

zwiazki fenolowe obecne w korzeniu oraz owocach E. divaricatus wykazujq
dzialanie anty-hialuronidazowe, szczeg6lnie w kontekscie hialuronidazy obecnej w
surowicy krwi dzieci ze zdiagnozowana bialaczka. Uzasadnia to potencjalng
skuteczno$¢ korzenia oraz owocow w leczeniu choréb zapalnych, w przebiegu
ktérych aktywnos¢ hialuronidaz wzrasta.

frakcja octanu etylu zmniejsza aktywno$¢ doksorubicyny w modelu in vitro.
Wyniki te moga wskazywa¢ na niekorzystne dzialanie adaptogendéw lub
preparatéw immunostymulujacych/immunomodulujacych stosowanych w trakcie
chemioterapii doksorubicyna. Jest to niezwykle wazne odkrycie, ktére czesciowo
potwierdza obserwacje pojawiajgce sie w literaturze naukowej juz w latach 70. i
80. na temat bezpieczenstwa laczenia chemioterapii z adaptogenami z grupy
Eleutherococcus. Niemniej jednak konieczne jest przeprowadzenie wiecej badan
na poziomie molekularno-biochemicznym w modelach in vivo.

wiasciwosci antyoksydacyjne korzenia, szczeg6lnie frakcji octanu etylu oraz n-
butanolu, uzasadniaja jego stosowanie w chorobach z udziatem reaktywnych form

tlenu (RFT).
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12.

Wklad wynikow w rozwéj nauki, mozliwosci

aplikacyjne i perspektywy dalszych badan

Inhibitory hialuronidaz

Wspomaganie leczenia nowotworéw — wysoki poziom hialuronidaz wystepuje w
wielu chorobach nowotworowych takich jak, rak ptaskonablonkowy glowy i szyi, rak
stercza, rak pecherza moczowego lub rak piersi. U pacjentéw z czerniakiem oraz
rakiem piersi hamowanie hialuronidaz = zmniejszylo ryzyko przerzutow
nowotworowych.

Wspomaganie leczenia infekcji bakteryjnych — czynnikiem wirulencji wielu
bakterii chorobotworczych jest hialuronidaza. Enzym ten umozliwia bakteriom oraz
ich toksynom przenikac przez btony biologiczne.

Doustna antykoncepcja u mezczyzn — jedna z najczeSciej stosowanych metod
antykoncepcji jest terapia hormonalna. Stosowanie hormonéw wigze sie z ryzykiem
wielu dziatan niepozadanych. Stosowanie selektywnych inhibitorow hialuronidaz
moze zosta¢ wykorzystane do uzyskania preparatow hamujacych wnikanie plemnika
do komorki jajowej. Wazna zaleta tej grupy lekéw jest brak wplywu lekéw na
spermatogeneze oraz poziomu hormonéw u mezczyzn.

Wspomaganie leczenia ukaszen — ukaszenia wezy sa istotng przyczyna sSmiertelnosci
w krajach tropikalnych. Podczas ukaszenia do organizmu czlowieka dostaje sie nie
tylko toksyna, ale takze hialuronidaza, ktéra ulatwia rozprzestrzenianie sie toksyny.
Opracowanie inhibitorow hialuronidazy mogloby spowolni¢ rozprzestrzenianie sie

toksyny, zwiekszajac tym samym szanse na przezycie.

Inhibitory tyrozynazy

Leczenie chorob skéry — nadaktywno$c tyrozynazy jest przyczyng wielu schorzen
skory takich jak plamy starcze, przebarwienia postoneczne czy piegi. Inhibitory
tyrozynazy moga zosta¢ wykorzystane w leczeniu przebarwien skory.

Poprawa wygladu przetworéw owocowych — istotnym problemem w przemysle
spozywczym podczas produkcji sokéw oraz przetworow z owocow jest ich szybkie
ciemnienie. = Opracowanie skutecznych i bezpiecznych inhibitorow tyrozynazy

pozwoli na rozwigzanie tego problemu.
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* Wspomaganie leczenia czerniaka — wysoki poziom melaniny w komorkach
czerniaka chroni je przed promieniowaniem oraz zmniejszajq skutecznosc radioterapii.
Zdolnos¢ chelatujagca melaniny dezaktywuje leki stosowane w chemioterapii.
Dodatkowo wysokie stezenie melaniny moze prowadzi¢ do generowania reaktywnych
form tlenu prowadzac do dalszych uszkodzen materialu genetycznego i progresji
choroby. Hamowanie produkcji melaniny w komdrkach czerniaka moze zwiekszyc

skutecznos¢ chemio- i radioterapii.

Perspektywy dalszych badan

Moje dalsze plany badawcze zwiazane sa z analizami nad biodostepnoscia zwigzkow
obecnych w E. divaricatus, zwlaszcza we frakcji octanu etylu. Pozwoli to na okre$lenie
stopnia przenikania tych zwigzkow przez skére w modelu post mortem i in vitro (test
PAMPA). Jest to niezwykle istotne pod katem praktycznego wykorzystania tej frakcji w
preparatach stosowanych na skore. Pozwoli to na dokladne zrozumienie mechanizmow

dzialania tych zwigzkéw oraz ich potencjalnych korzysci terapeutycznych.

Wyniki tych badan mogg przyczyni¢ sie do opracowania nowych, skuteczniejszych
preparatéw dermatologicznych, ktére beda mogly by¢ stosowane w leczeniu réznych

schorzen skornych.

Dodatkowo, planuje wspotprace z innymi oSrodkami badawczymi, aby zweryfikowac

wyniki moich badan oraz poszerzy¢ zakres analiz o dodatkowe testy in vitro i in vivo.
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14. Spis rycin i tabel
14.1. Ryciny

Ryc. 1. Pokr6j morfologiczny Eleutherococcus divaricatus, Arboretum w Korniku

[fot. Jakub Gebalski].

Ryc. 2. Budowa morfologiczna liSci Eleutherococcus divaricatus, Arboretum w

Rogowie [fot. Daniel Zatuski].

Ryc. 3. Budowa morfologiczna owocow Eleutherococcus divaricatus, Arboretum w

Rogowie [fot. Daniel Zatuski].

Ryc. 4. Budowa morfologiczna korzenia Eleutherococcus divaricatus, Arboretum w

Korniku [fot. Jakub Gebalski].
Ryc. 5. Udziat hialuronidaz w patogenezie choréb.

Ryc. 6. Udziat tyrozynaz w patogenezie choréb.
14.2. Tabele

Tab. 1. Budowa chemiczna metabolitow wtérnych wyizolowanych z czesci

nadziemnych i podziemnych Eleutheroccocus divaricatus.
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tyrosinase, and antioxidant activity but not eant-melanoma activity. Molecules. 2024;
20{(15): 3640,

Mdj udzial w przygotowaniu pracy polegal na wspidprzeprowadzeniu analizy chromatograficene) i
oceniam go na 5%,
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dr hab. n. med. Artur Slomka, prof. UMK

Katedra Patofizjologii

Zaklad Zaburzen Hemostazy

Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
Uniwersytetu Mikolaja Kopernika w Toruniu

OSWIADCZENIE WSPOLAUTORA

W zwiazku z ubieganiem si¢ mgr Jakuba Gebalskiego o stopien doktora nauk
farmaceutycznych, oéwiadczam, ze jestem wspolautorem ponizszych 2 publikacji wehodzacych w sklad
pracy doktorskiej:

1. Gebalski J., Malkowska M., Gawenda-Kempezyniska D., Slomka A., Strzemski M., Styczynski
)., Zaluski D. Eleutherococcus divaricatus fruits decrease hyaluronidase activity in blood serum
and protect from antioxidative damages in in vitro model. Int. J. Mol. Sci. 2024; 25(4):2033.

2. Gebalski J., Malkowska M., Wnorowska S., Gawenda-Kempczynska D., Strzemski M, Wdjciak
M., Slomka A.. Styczynski J., Zaluski D. Ethyl acetate fraction from Elewtherococcus
divaricatus root extract as a promising source of compounds with anti-hyaluronidase, anti-
tyrosinase, and antioxidant activity but not anti-melanoma activity. Molecules. 2024:
29(15):3640.

Oswiadczam, #e mo] wspoludzial w wy#e] wymienione] publikacji polegal na redagowaniu
manuskryptu 1 oceniam go na 5%.

17.09.2024 i

data i podpis autora
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dr n. biol. Dorota Gawenda-Kemperynska

Katedra Botaniki Farmaceutyeanej i Farmakognozji
Collegium Medicum im. Ludwika Rvdyvgiera w Bydgoszezy
Uniwersyieiu Mikolaja Kopernika w Toruniu

OSWIADCZENIE WSPOLAUTORA

W zwigzku z ubieganiem si¢ mgr Jakoba OGebalskiego o stopien dokiora nank
farmaceutycenych, odwiadczam, e jestem wspdlautorem ponizszyvch 2 publikacji wehodegeych w skiad
pracy dokiorskiej:

1. Gebalski J.. Malkowska M., Gawenda-Kempezyiiska D.. Slomka A., Suzemski M.,
Stvcryiski J.. Zahski D, Efcwferococcus divarfcains Truits decrease hyaluronidase activity in
biood serum and protect from antioxidative damages in in vitro model. Int. J. Mol. Sei. 2024;
25(4):2033.

!-J

Gebalski J, Malkowska M., Waorowika 5., Gawenda-RKemperviska D., Streemski M,
Wajciak M., Slomka A, Stverynski J.. Faluski D. Ethyl scetate fraction from Elentherococcns
divericalus rood extract as a promising source of compounds with anti-hyaluronidase, anti-
yrosinase, and antioxidam activity but not anti-melanoma  activity. Molecules. 2024
20{ 153640,

Oiwiadczam. #e maj wspdludsial w wydej wymienionej publikacji zwigzany byl 2 preeprowadzeniem
analizy statystveeng) | oceniam go na 5%.
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dr n. farm. Filip Graczyk

Katedra Botaniki Farmaceutycznej 1 Farmakognozji
Collegium Medicum im. Ludwika Rydvgiera w Bydgoszczy
Uniwersytetu Mikolaja Kopernika w Toruniu

OSWIADCZENIE WSPOLAUTORA

W zwiazku z ubieganiem sie mgr Jakuba Gebalskiego o stopient doktora nauk farmaceutyczaych,
oswiadczam, Ze jestem wspolautorem ponizsze) publikac)i wchodzace) w sklad pracy doktorskiej:

1. Gebalski I., Graczyk F., Zaluski D. Paving the way towards effective plant-based inhibitors of
hyaluronidase and tyrosinase: A critical review on a structure—activity relationship. J Enzyme
Inhib Med Chem, 2022; 37(1), 1120-1195.

Oswiadczam, Ze moj wspoludzial w wyzej wymienionej publikacji polegal na czesciowym przegladzie

1 korekcie manuskryptu 1 oceniam go na 5%.

data 1 podpis autora
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mgr Sylwia Wnorowska
Uniwersytet Medyczny w Lublinie
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mgr Milena Matkowska

Katedra Botaniki Farmaceutycznej i Farmakognozji
Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy
Uniwersytetu Mikotaja Kopernika w Toruniu

OSWIADCZENIE WSPOLAUTORA

W zwigzku z ubieganiem si¢ mgr Jakuba Gebalskiego o stopiefi doktora nauk
farmaceutycznych, o$wiadezam, ze jestem wspétautorem poni2szych 2 publikacji wehodzacych w skiad
pracy doktorskiej:

I. Gebalski J., Matkowska M., Gawenda-Kempczyfiska D., Stomka A., Strzemski M., Styczyfiski
1., Zaluski D. Eleutherococcus divaricatus fruits decrease hyaluronidase activity in blood serum
and protect from antioxidative damages in in vitro model. Int. J. Mol. Sci. 2024; 25(4):2033.

2. Gebalski J., Malkowska M., Wnorowska S, Gawenda-Kempczyfiska D., Strzemski M,
Wajciak M., Stomka A., Styczyfiski J., Zahuski D. Ethyl acetate fraction from Eleutherococcus
divaricatus root extract as a promising source of compounds with anti-hyaluronidase, anti-
tyrosinase, and antioxidant activity but mot anti-melanoma activity. Molecules. 2024;
29(15):3640.

Oswiadczam, ze méj wspitudzial w wyzej wymienionej publikacji polegat na wykonaniu czesci badafi
biologicznych i oceniam go na 5%.

11,0924 allorsteec

data i podpis autora

177



16. Zgoda Komisji Bioetycznej

Uniwersyiet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygiera w Bydgoszezy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63

KB 608/2019 Bydgoszcz, 28.02.2023 1,

Diziatajac na podstawie art 29 ustawy 2 dnia 3 grudnia 1996 roku o zawodzie lekarza (Dz_U). z 1997 r. Nr
28 por. 152 (wraz z pddniejszymi zmianami), rozporzpdzenia Ministra Zdrowia | Opieki Spofecznej z dnia 11
maja 1999 r. w sprawie szczegblowych zasad powolywania i finansowania oraz rybu dzialania komisji
bigetyeznyeh (DzU). Nr 4T poz.480) oraz Zarzadzenia Nr 21 Rekora UMK z dnka 4 marca 2009 r, z pdén. zm. w
sprawie powolania oraz zasad dzislania Komisji Bioetycznej Uniwersytetu Mikolaja Kopemika w Toruniu przy
Collegium Medicum im Ludwika Rydygiers w Bydgoszczy oraz rgodnie 2 zasadami zawartymi w ICH - GCP

Komisja Bioetyezna prey UMK w Toruniu, Collegiom Medicum w Bydgoszezy

{ktdrej sklad podano w zalaczeniu) na posiedzeniu w dniu 28.02.2023 r. przeanalizowala
proghe o
» poszerzenie panelu wykonywanych badafi laboratoryjnych w uzyskangj surowicy krwi o
OENacIenie sigZenie tyrozvnazy | hialuronidazy metoda immuncenzymatyezna;
¢ dolgczenie do zespolu badawezego: dr hab, Daniel Zatuski, prof. UMK, mgr Jakub Gebalski.

ktdra zhoiyd:

prof. dr hab. n. med. Jan Stverviski
Klinika Pediatrii, Hematologii i Onkeologii
Collegivm Medicum w Bydgoszery UMK w Toruniu

w sprawie badania:

wMetabolizm #elaza w swictle stanu jego przeladowania (hyperferrytynemii)
u  dzieci z ostrymi  bialaczkami  lub  poddawanyeh  transplantacji  Kombrek
krwiotwarczyeh™.

Po zapognamiu sig ze zlokonym dokumentem @ w wyniku preeprowadzone) dyvskusji oraz
ghosowania jawnego Komisja prevjela do windomoséci podane informacje i wyraza zgode na powy2sze
pod warunkami okreslonymi w vchwale Komisji podjgtej w dniv 25062019 r. oraz w ewentualnych
ancksach do tejie uchwaly jak rownict pod wanimkiem:

AW AICi koweg bezpi

przeprowadzajacego eksperyment medye

obhowigz ASILH [CTTL LA

g dzia i
any. w stosunky do noworekrutowanych wezestnikow,

Lgoda na kontynuowanie przedmiotowego badania obowigzuje do kofica 2023 r.

Prof. dr hab. med. Karol $liwka

1]
Przewodniczgey Krnnisjilﬁhm!}'rrncj
CHrzymuje: . |
prof. dr hab, n. med. Jan Styceyhski
Klimika Pediatrii, Hematologii i Onkologii
Collegium Medicum w Bydgoszery UMK w Torunio

i
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Lista ahecnodci

na posiedzeniu Komisji Bioetycznej

w dniu 28.02.2023 r.
Lp Imig i nazwisko Funkeja' Specjalizacia Podpis
1
L Prof. dr hab. med. Karol $liwka meddeyma sqdowa {fJ \\
+ )
f
2 Mgr prawa Joanna Poletek-2ygas prawniczka lf ! %}/\
3. | Prof.dehab. med. Miscayslawa Caerwionka-Saaflanka | P70 2ergobgial | h ‘Lr]
gastroenferologia defecigea | © W1
=
znferi
" Prof. dr hab. med. Marck Grabicc S
ginckologia onkologicona
| % Prof. dr hab, n med. Marla Kiopocks s
gasiroenteralogis
5. Prof. dr hab. med. Zbignicw Windarczyk ol i
transplamialogia Miniczna
ch gl
7. Dr hab. n. med. Maciey Shupski, prof. UME e
transplamiologia biniczoa
aesfezfolagia
% | Drhab o med. Kataroyna Sierokowska, prof. UMK
i intensywna lerapia
9. Ks. dr hab. Wojeiech Srukalski. prof. UAM diighamin’ &’ (J]tfﬂi ﬁ_f
10 D n. med. Radoslaws Staseak-Kowalska pediatria, choraby piue ! / f
L
MIJ-‘ —ir,-"
LY Patrycjs Breezicka wiczha i IX f
. gr prawa Patrycja Braez praw /1 4 (s
12. Mgr farm. Aleksandra Adamcevk ferrirgceiitka i
15 hlgr Lidia Iwifiska- Tarczykowska pielggnianka
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