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WYKAZ STOSOWANYCH SKROTOW
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hDAT — ludzki transporter dopaminy

hERGinn — inhibitor ludzkiego genu Ether-a-go-go- related Gene
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hGAT1 —izoforma 1 ludzkiego transportera GABA

hGAT2 —izoforma 2 ludzkiego transportera GABA

hGAT3 —izoforma 3 ludzkiego transportera GABA

hNET — ludzki transporter norepinefryny
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PRX — paroksetyna
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RMS — wskaznik dopasowania modelu
RNG — liczba pierscieni w czgsteczce

SARI — antagonista receptorow serotoninowych oraz inhibitor wychwytu zwrotnego

serotoniny
SER —serotonina
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VGICs — kanaty jonowe bramkowane napieciem
VGPCs — potasowe kanaty jonowe

VGSCs — sodowe kanaty jonowe

WHO — Swiatowa Organizacja Zdrowia



1. WPROWADZENIE

Wspdtczesna definicja stanu zdrowia zaproponowana przez Swiatowg Organizacje
Zdrowia (World Health Organisation, WHOQO) podkresla, iz zdrowie jest dobrostanem
obejmujgcym nie tylko brak choroby lub niedomagan fizycznych, ale réwniez petnie zdrowia
psychicznego i spotecznego [1].

W celu utrzymania nalezytej kondycji psychicznej niezwykle istotne jest zadbanie
o prawidtowe funkcjonowanie osrodkowego uktadu nerwowego (Central Nervous System,
CNS). Zaburzona aktywno$é sieci neuronalnej, niezaleznie od jej charakteru, prowadzi do
wystepowania zaburzen czuciowych, ruchowych oraz poznawczych, bedacych objawami
wielu choréb, m.in. choroby Alzheimera [2], Parkinsona [3] czy epilepsji [4]. Sposdb dziatania
substancji w CSN nadal nie zostat jednoznacznie okreslony [5]. Zatem wyzwaniem
wspotczesnej farmakologii jest szukanie lekdéw ingerujgcych w struktury nerwowe, bedgcych
jednoczesnie bezpiecznymi dla pozostatych struktur organizmu. Z tego wzgledu badania
toksycznosci substancji bedgcych kandydatami na nowe leki stajg sie coraz bardziej doktadne
i rygorystyczne. Wprowadzono nowe sposoby badan nad lekiem, ktadgc nacisk na mniej
inwazyjne metody badawcze, m.in. testy in silico, ktére w szybki sposdb dostarczajg
wstepnych informacji dotyczgcych dziatania substancji na ludzki organizm [6].

Zwazajgc na powyzsze fakty, w badaniach przeprowadzonych w ramach niniejszej
rozprawy doktorskiej podjeto probe wyjasnienia mechanizmoéw dziatania oraz ocene ryzyka
toksycznosci stosowania wybranych lekow oddziatujgcych na modzg i struktury nerwowe.
Badaniem objeto dwa zwigzki: paroksetyne (PRX) oraz tiagabine (TGB). Oba leki s3
powszechnie uzywane w terapii zaburzen neuronalnych, niemniej sposéb modulacji ukfadu
nerwowego przez te substancje nie zostat jeszcze do konca zdefiniowany. Przeprowadzone
badania obejmowany metody in silico, w tym modelowanie molekularne oraz testy
bezpieczenstwa, ktorych wyniki zostaty zwalidowane testami in silico, in vitro oraz in vivo na

szczurach.
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2. CEL PRACY

Przedmiotem badan prowadzonych w niniejszej rozprawie byly analizy wybranych
zwigzkéw o potencjalnym dziataniu farmakologicznym w zaburzeniach funkcjonowania

uktadu nerwowego. Szczegétowym celem naukowym byty dwa aspekty:

1. Ocena kardiotoksycznosci tiagabiny bedacej rezultatem interakcji leku z istotnymi
dla tego typu aktywnosci kanatami jonowymi serca. Przeprowadzono serie testow in silico,
majacych na celu zbadanie inhibicji R-TGB na ludzkie kanaty jonowe: Ky11.1, Nay1.5 i Cav1.2.
Cel realizowano przez wykonanie modelowania molekularnego, w tym dokowania ligandéw
oraz badan farmakologicznych. Badania in silico oddziatywania chemicznego TGB z modelami
ludzkich kanatéw jonowych bramowanych napieciem (voltage-gated ion channels, VGICs)
przeprowadzono w Katedrze Chemii Organicznej CM UMK w Bydgoszczy. Wyniki uzyskane
w doswiadczeniach in silico zostaty zwalidowane testami in silico oraz testami
farmakologicznymi przeprowadzonymi na izolowanych narzadach oraz in vivo na szczurach.
Badania farmakologiczne wykonano we wspodtpracy z naukowcami pod przewodnictwem
prof. Kingi Satat w Katedrze Farmakologii Collegium Medicum Uniwersytetu Jagiellonskiego
w Krakowie.

Badania wfasne dotyczyly oceny dziatania leku aktywnego w CNS na prace serca
(ryc. 1). Oceniano mozliwos¢ wywotywania tachykardii poprzez interakcje TGB oraz zwigzkow
referencyjnych z modelami ludzkich kanatow jonowych serca, poprzez oszacowanie energii
wigzania badanej czasteczki w modelu ludzkich kanatéw: hK,11.1, hNa,1.5, hCa,1.5.
Badaniem objeto nastepujace zwigzki:

e zwigzki referencyjne o udowodnionej inhibicji wybranych kanatéw: terfenadyne

(TEF), batrachotoksyne (BTX), nifedypine (NFD);

e badang substancje - TGB.

Finalnie, z sukcesem zadokowano i poddano analizie badane struktury chemiczne.
Testy przeprowadzone dla zwigzkéw referencyjnych potwierdzity, iz TEF jest silnym
inhibitorem kanatu hK,11.1, BTX tworzy stabilny kompleks z kanatem hNay1.5, natomiast
NFD wchodzi w silne interakcje z kanatem hCa,1.5. Badania farmakologiczne obejmowaty
testy in vivo aktywnosci pracy serca przy uzyciu elektrokardiogramu. Oceniano takze wptyw
substancji na blokowanie kanatéw jonowych zaleznych od wapnia w tescie na izolowanej

aorcie szczura. Pordwnanie wynikéw otrzymanych dla TGB z wynikami dla zwigzkdéw
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referencyjnych pozwolito wykluczy¢ role badanych kanatéw jonowych w patomechanizmie

tachykardii wywotanej TGB.

Ryc. 1. Wptyw dziatania lekéw na uktad nerwowy i prace serca.

2. Ocena interakcji PRX z wybranymi celami terapeutycznymi (ryc. 2). Chcac
precyzyjnie okresli¢ mechanizm neurogennego dziatania badanego leku w CSN, ktéry do tej
pory nie zostat jeszcze jasno zdefiniowany, przedmiotem rozwazan objeto wptyw PRX na
poziom neuroprzekaznikéw kluczowych w wystepowaniu depresji: serotoniny (SER),
noradrenaliny (NE), a takze dopaminy (DA) oraz kwasu y-aminomastowego (GABA). W tym
celu przeprowadzono badania modelowania molekularnego pomiedzy PRX a ludzkimi
modelami transporteréw ww. neuroprzekaznikbw (monoamine transporters, MATS):
transporter norepinefryny (hNET), serotoniny (hSERT), dopaminy (hDAT), transportery kwasu
y—aminomastowego (hGATs). Badania in silico przeprowadzono w Katedrze Chemii
Organicznej CM UMK w Bydgoszczy. Walidacje farmakologiczng, wynikéw uzyskanych w toku
badan metodami obliczeniowymi, przeprowadzono we wspétpracy z Katedrg Projektowania
Lekéw i Farmakologii, na Woydziale Zdrowia i Nauk Medycznych Uniwersytetu

Kopenhaskiego.

Badania wtasne przeprowadzono dwuetapowo. Analizy rozpoczeto sprawdzeniem
homologii struktur chemicznych badanych neuroprzekaznikéw oraz ich transporteréw
(superimpositioning). Dostarczyly one wstepnych informacji na temat podobienstwa
konformacji neurotransmiteréw podczas interakcji z receptorem oraz wartosci dopasowania

liganda do receptora, wyrazonej jako wartos¢ wskaznika dopasowania modelu (Root Mean
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Square, RMS). W kolejnej fazie badan przeprowadzono testy dokowania molekularnego,
poréwnujgc site wigzania PRX z badanymi MATs do stabilnosci utworzonych kompleksow

transporterow ze zwigzkami referencyjnymi. Badaniem objeto nastepujace zwigzki:

e zwigzki referencyjne o udowodnionej inhibicji wybranych transmiteréw: SER, NA, DA,
GABA

e badang substancje PRX.

Docelowo udato sie zidentyfikowaé stopien  homologii celédw oraz
prawdopodobienstwo wigzania PRX do badanych neurotransmiteréw. Otrzymane wyniki
wskazujg, iz istnieje wysokie prawdopodobienistwo tworzenia silnych potgczen z hDAT, hNET
i hSERT, natomiast mozliwos¢ interakcja pomiedzy PRX a hGATs jest na nizszym poziomie.
Badania dokowania molekularnego dowiodty, iz PRX tworzy kompleksy ze wszystkimi
badanymi celami terapeutycznymi, niemniej najsilniej wchodzi w interakcje z hSERT. Badania
farmakologiczne przeprowadzone na liniach komérkowych chomika chinskiego dotyczyty
testu wychwytu zwrotnego [*H]GABA. Udowodniono, iz PRX wchodzi w interakcje ze
wszystkimi izoformami hGAT (hGAT1, hGAT2, hGAT3, hBGT1), najsilniej wigzac sie z hBGT1.
Jednakze otrzymane wyniki jednoznacznie potwierdzajg, iz warto$¢ energii utworzonego

kompleksu PRX-hSERT czyli jego stabilnos¢ jest kluczowa w procesie neurogenezy.

opuszki wechowe

prenatalne i postprenatalne
tworzenie nowych neuronéw
w mozgu ssaka

hipokamp

Ryc. 2. Prawdopodobna lokalizacja obszaru mézgu, w ktérym zachodzi neurogeneza.
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3. FARMAKOLOGIA BEZPIECZENSTWA

3.1. Rozwdj farmakologii bezpieczeristwa

Farmakologia bezpieczenistwa (Safety pharmacology) jest jedng z najdynamiczniej
rozwijajgcych sie dyscyplin farmacji. Zadaniem tego typu badan jest dostarczenie
szczegdtowych danych na temat potencjalnych dziatan niepozadanych lekéw, ktére wg
prawa farmaceutycznego stanowig wszystkie niezamierzone dziatania farmakodynamiczne
substancji wywierajgce zaburzenia funkcji fizjologicznych organizmu, ktérych efekty
obserwowane sg w trakcie farmakoterapii lub po jej zakoriczeniu [7]. Dane dotyczace
bezpieczenstwa sg niezbedne w planowaniu oraz przeprowadzaniu badan in vitro oraz in
vivo. Ta cze$¢ farmakologii odpowiedzialna jest réwniez za okreslenie mozliwych
mechanizméw dziatan niepozgdanych, ktére mogg postuzy¢ opracowywaniu nowych
strategii badawczych [8].

W Europie nadzorem oraz monitorowaniem bezpieczenstwa farmakoterapii zajmuje
sie Europejska Agencja Lekdéw (EMA), natomiast w Polsce Urzad Rejestracji Produktow
Leczniczych (URPL) [9]. Obie instytuje wydajg pozwolenia dopuszczajgce do obrotu Srodki
lecznicze, ale takze weryfikuje spetnianie zasad bezpieczenstwa lekéw juz zatwierdzonych.
Zasady bezpieczenstwa stosowania lekéw sg okreslone oraz weryfikowane rowniez przez
Agencje ds. Zywnosci i Lekéw w Stanach Zjednoczonych (Food and Drugs Administration,
FDA), ktéra czerpie wiedze na temat dziatan niepozgdanych z literatury medycznej czy
raportow medycznych a takze informacji dostarczanych przez instytucje: Agencje ds.
Zwalczania Narkotykéw (Drug Enforcement Agency, DEA) [10], Narodowy Instytut Zdrowia
(National Institute of Health, NIH) [11], Narodowy Instytut ds. Narkomanii (National Institute
on Drug Abuse, NIDA) [12].

Za poczatek poszerzonych badan z zakresu farmakologii bezpieczeistwa uwaza sie
lata dziewieddziesigte XX wieku, ktory byt wynikiem serii wycofan lekéw z rynku z powodu
powikfan uktadu sercowo - naczyniowego [13]. Cofniecie pozwolenia na stosowanie objeto
m.in. TEF (lek zarejestrowany w leczeniu kataru siennego), ktéry wycofano w 1998r., po
opisaniu 350 zgondw spowodowanych wysokim stezeniem tego leku w organizmie.
Mechanizm toksycznego dziatania TEF polega na wydtuzeniem odcinka QT potencjatu
czynnosciowego serca [14]. Wczesniej uwazano, iz tylko leki kardiologiczne mogg wptywac
na prace serca. Niemniej z czasem zauwazono, iz dziatanie zadnego leku nie ogranicza sie do
jednego celu terapeutycznego, dlatego niezbednym jest monitorowanie kazdego obszaru

dziatania leku, nie tylko toksycznosci mogacej wynika¢ z wiodgcego mechanizmu dziatania
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i rejestracji substancji. Badania przedkliniczne TEF dostarczyty jedynie danych na temat
toksycznego dziatania leku po podaniu duzej badz toksycznej dawki.

Przed 1990 r. badania bezpieczenstwa stosowania leku prowadzone byty tylko w fazie
przedklinicznej odkrywania nowego leku. Mnogo$é skutkéw ubocznych, pojawiajacych sie
w pézniejszych etapach badan, doprowadzita do wprowadzenia wymagan testowania

substancji na kazdym etapie badan klinicznych oraz w fazie post-marketingowej (ryc. 3).

IND NDA

Odkrywanie

Testy in silico: Testy in silico, in vitro:
- toksykologia ogolna ostra i krotkoterminowa - toksycznosjcf przewlekla !
- toksykologia genetyczna - toksycznos¢ reprodukcyjna

- farmakologia bezpieczenstwa - kancerogennos¢

Ryc. 3. Etapy badan nad lekiem oraz rodzaje testéw toksycznosci wykonywane na kazdym
z nich. Oznaczenia skrétow: zgtoszenie nowego badanego leku (/nvestigational New Drug,

IND), wniosek o rejestracje nowego leku (New Drug Application, NDA).

Biorgc pod uwage fakt, iz skutki uboczne stosowania lekdw wynikajg z interakcji leku
z okreslonym celem, przed przystgpieniem do wykonywania testéw niezbedny jest wybor
odpowiednich metod. Istotnym jest rowniez fakt wykonywania badan w ustalonej hierarchii.
W tym celu EMA w zaleceniach S7A zebrata ogdlne zasady dotyczgce bezpieczerstwa
przeprowadzania badan farmakologicznych. Wg ww. wytycznych testy nalezy zacza¢ od
okreslenia wptywu substancji na najwazniejsze uktady organizmu: uktad sercowo-
naczyniowy, oddechowy oraz nerwowy [15].

Pomimo ciggtego rozwoju nowych technologii stuzgcych poprawie bezpieczenstwa
stosowania lekéw, okreslenie profilu toksycznosci nadal stanowi ogromne wyzwanie.
Problematycznym jest okreslenie stosunku korzysci do strat wynikajgcych ze stosowania
leku. Dodatkowo niezwykle istotne sg rdwniez odlegte dziatania niepozgdane lekdw, ktore sa
bardzo trudne do wykrycia na poziomie badan klinicznych. Obecnie w celu odzwierciedlenia
ryzyka stosowania leku okres$la sie poziom jego selektywnosci do poszczegdlnych celéow

molekularnych, okreslajgc wartosci liczbowe réznych parametréw. Pozgdane i niepozadane
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efekty eksperymentalne (in vitro lub in vivo) leku sg na ogét zwigzane z jego stezeniem
w miejscach dziatania. Powszechnie K; charakteryzuje sie statg dysocjacji kompleksu, ktéra
jest okreslana przez wigzanie ligandu w okreslonym miejscu dziatania. Przyktadem
analizowanego efektu biologicznego moze by¢ np. przejscie jondw przez kanat jonowy.
Parametrem charakteryzujgcym ten efekt jest stezeniem ICso, zapewniajgce 50% redukcje
wybranego pradu jonowego, ktory jest okreslany metodami elektrofizjologicznymi
w komorkach wyrazajacych okreslony kanat. W podejsciu obliczeniowym K; wyznaczane jest
w procesie obliczeniowym. Nalezy w tym miejscu podkresli¢, ze wartosci liczbowe tych
parametréw sg na ogdét dobrze skorelowane (ICso = Kj). Niemniej, dla wiekszosci badanych
zwigzkéw dostepne sg tylko dane uzyskane jedng z metod eksperymentalnych. W badaniach
porownawczych (walidacyjnych) zazwyczaj opieramy sie na zatozeniu, ze obliczona wartos$é
Ki (lub pKi) odzwierciedla zdolnos$¢ wigzania leku dla konkretnego celu terapeutycznego,
a ICsp (lub plCso) bardziej odzwierciedla funkcjonalng site inhibitora. Ogdlnie przyjmuje sie, ze
obliczona wartos$¢ Ki (lub pKi) jest pomocna w oszacowaniu prawdopodobienstwa, ze dany
lek bedzie hamowat okreslony cel biatkowy i powodowat klinicznie istotne efekty
farmakoterapeutyczne. Z tego powodu zwykle zaktadamy, ze wartos¢ liczbowa ICso
odpowiada wartosci liczbowe] Ki (lub plCso = pKi). Umownie, plCso (lub pKi) < 4 jest
powszechnie stosowane jako warto$¢ progowa odzwierciedlajgca matg site inhibicji lub mato
istotne efekty farmakologiczne [16]. Niemniej nie jest to doskonaty system klasyfikacji
aktywnosci (badz jej braku) okreslonego zwigzku dla konkretnego biatka. Godnym
podkreslenia jest, Zze ciagle trwajg badania nad ulepszaniem metod identyfikacji
niezamierzonych dziatan lekéw. W tym celu powstajg coraz nowsze programy
wykorzystujgce metody chemii obliczeniowej. Natomiast celem ograniczenia badan na
zwierzetach wykorzystywane sg m.in. komoérki macierzyste, tréjwymiarowe modele

tkankowe oraz humanizowane modele myszy.

3.2. Klasyfikacja celi molekularnych

W poszukiwaniu nowych lekéw niezbednym jest okreslenie sposobu dziatania
substancji w organizmie. Zatem aby prawidtowo okresli¢é mechanizm dziatania leku
w pierwszej kolejnosci nalezy zlokalizowac jego cel terapeutyczny. Celem (target) nazwano
czgsteczke, ktdra przyczynia sie do zapoczgtkowania badz progresji choroby. Modulacja celu
terapeutycznego przez lek moze zmienié jego aktywnos$é, co w konsekwencji prowadzi do

przywrécenia prawidtowego funkcjonowania komoérek oraz tkanek. PrzeciwieAstwem celu
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terapeutycznego jest antycel (anti-target), odgrywajacy zasadniczg role w prawidtowym
funkcjonowaniu organizmu. Zaburzenie funkcji antycelu prowadzi do pogorszenia stanu
zdrowia a nawet skréceniem czasu przezycia, zapoczatkowania bgdz wystepowania skutkdw
ubocznych. Wyrézni¢ nalezy réwniez biatka tzw. kontracele (counter-target), ktére wykazujg
homologie wzgledem celéw, ale nie majg znaczgcego udziatu przebiegu. Jednak w przypadku
modulowania przez lek kontracele mogg potencjalnie powodowaé wystepowanie
niepozadane zmiany ich funkcji lub skutki uboczne. Dobrym przyktadem dziatania kontracelu
sg modulacje przeciwciata przez lek potencjalnie powodujace niepozadane zmiany ich funkcji
lub skutki uboczne [17].

Prawidtowa identyfikacja celu ma fundamentalne znaczenie w ocenie toksycznosci
lekéw. Nalezy podkresli¢, iz leki nigdy nie dziatajg na jeden cel, dlatego konieczne sg
whnikliwe analizy mechanizméw dziatania substancji. Na ryc. 4 przedstawiono podziatu celéw
terapeutycznych wg klas biochemicznych. Najwiekszg grupe stanowig enzymy oraz receptory
sprzezone z biatkiem G. Niemniej, kanaty jonowe sg trzecig co do wielkosci grupa stanowigca
miejsce wigzania leku. Jest to niezwykle istotne ze wzgledu na fakt, iz jedng z najczestszych
przyczyn wstrzymania badz wycofania substancji leczniczej z obrotu jest ryzyko
kardiotoksycznosci. Przyczyng tego zjawiska jest czesto nieprawidtowo funkcjonujgce

przewodnictwo sercowe, bedgce wynikiem zaburzenia pracy kanatéw jonowych [18].

M Enzymy

M Receptory sprzezone z biatkiem G
M Kanatly jonowe

4 Receptory jadrowe

M Transportery

M Inne receptory

M Integryny

HDNA

Ryc. 4. Podziat celéw terapeutycznych [19].
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3.3. Kanaty jonowe

Transmisja informacji w zywych komodrkach jest mozliwa dzieki przeptywowi
strumienia jondéw, co skutkuje zmiennym ich rozktadem po obu stronach btony komérkowej.
Daje to mozliwos¢ utrzymania odpowiedniej wartosci potencjatu dwuwarstwy lipidowej.
Potencjat btony oraz strumien jondw tworzg zatem sieé informacyjna, ktéra reguluje funkcje
komérkowe. W tej sieci transbtonowej potencjat elektrochemiczny jest gtéwnym zrédiem
energii, natomiast jony sg nosnikami informacji [20].

Kanaty jonowe osadzone sg w bfonie komdrkowej, w wybranych btonach organelli
wewnatrzkomérkowych i innych uktadach posredniczacych we wspdtpracy miedzy
organellami. Sg jedynymi w swoim rodzaju transporterami - transdukcja sygnatu przebiega ze
znacznie wiekszg szybkoscig niz u np. transporteréw metabolitow [20]. Co wiecej,
w przeciwienstwie do innych przenos$nikow, kanat jonowy otwiera sie jednoczesnie po obu
stronach btony. Przeptyw jondw jest mozliwy dzieki utrzymaniu potencjatu btony
komérkowej, co sprawia, ze kanaty jonowe sg niezbedne do prawidtowej sygnalizacji
komérkowej [21].

Aktywnos$¢ kanatéw jest Scisle regulowana zaréwno pod wzgledem selektywnosci
substratowej, jak i przepuszczalnosci, a zatem pozostajg w stanie otwartym tylko
przejsciowo. Odkryto wiele sposobdw regulujgcych prace kanatow, w tym mechanizmy
bramkowania napieciem, wigzanie ligandow czy fosforylacja [20]. Kanaty jonowe s3g
zaangazowane Ww wiele proceséw zachodzgcych w organizmie, m.in. w regulacje
pobudliwosci komdrek nerwowych, miocytéw oraz mieséni szkieletowych [22]. Kluczowa role
w sygnalizacji elektrycznej odgrywajg kanaty jonowe bramkowane napieciem (voltage-gated
ion channels VGICs). Nadrodzina VGICs obejmuje: potasowe kanaty jonowe (voltage-gated
potassium channels, VGKCs), sodowe kanaty jonowe (voltage-gated sodium channels,
VGNaCs), wapniowe kanaty jonowe (voltage-gated calcium channels, VGCaCs) oraz
chlorkowe i protonowe kanaty jonowe. Niemniej trzy pierwsze stanowig najwiekszg grupe
kanatéw, ktérych zaburzenie funkcjonowania prowadzi do wystepowania wielu schorzen
[20].

Budowe badanych w niniejszej rozprawie VGICs przedstawiono na ryc. 5.
Podjednostki a tworzg pory, dzieki ktéorym jony moga przemieszczac sie w obrebie btony
komérkowej. Prawidtowe funkcjonowanie kanatu jest mozliwe dzieki obecnosci
podjednostek pomocniczych B, 6 oraz y. Budowa poszczegdlnych kanatéw jonowych oraz

miejsce ich wystepowania determinujg funkcje jakie petnig one w organizmie.
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Ryc. 5. Schemat budowy wybranych do badan VGICs.

3.3.1. Kanaty potasowe bramkowane napieciem

VGKCs stanowig najwiekszg i najbardziej zréznicowang grupg kationowych kanatow
jonowych. Dzielg sie na 12 podrodzin (Kvl — Ky12) kodowanych przez okoto 40 gendw [23].
Rodzaj i sposdb potaczenia podjednostek a oraz pomocniczych podjednostek B determinuje
wiasciwosci biofizyczne oraz farmakologiczne kanatéw. Ryc. 6 przedstawia schemat
lokalizacji kanatéw potasowych w organizmie cztowieka.

Podstawowg rolg VGKCs jest udziat w inicjowaniu i przewodzeniu potencjatu
czynno$ciowego oraz utrzymywanie na prawidtowym poziomie jego wartosci [24].
Przyktadowo aktywacja kanatéw dla jonéw potasu (K*) zmniejsza, natomiast hamowanie
aktywnosci zwieksza pobudliwos¢ neuronéw [23].

Jony metali, mate czasteczki organiczne (MW 200 — 500 Da) oraz toksyczne peptydy
(MW 3-6 kDa) moga zaburzaé¢ aktywnos¢ VGKCs [23]. Substancje te blokujg pory
przewodzgce jony badz modyfikujg bramkowanie kanatu wigzac sie z podjednostkami
pomocniczymi lub domeng czujnika napiecia.

W komérkach CNS oraz miocytach serca kanaty potasowe wraz z sodowymi
i wapniowymi sg odpowiedzialne za repolaryzacje btony komdrkowej. Biorg réwniez udziat

w proliferacji komérek oraz posiadajg wtasciwosci neuroprotekcyjne [25].
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K4.3, K,7.2, K421,
K.3.4, K,11.1 K,2.1

K,1.3, K, 1.4, K,1.5
K,3.4, K,10.1
K,1.3, K15

Ryc. 6. Schematyczna lokalizacja kanatéw potasowych w poszczegdlnych czesciach ludzkiego

organizmu [26].

Rodzina kanatéw jonowych Kyl najobficiej zlokalizowana jest w uktadzie nerwowym,
kontroluje pobudliwo$¢ neuronalng [27]. Udowodniono, iz inhibicja aksonalnych kanatéw
Kvl.1 iKvl.2 poprawia przewodzenie impulsdw w uszkodzonych wtdknach nerwowych.
Wiele innych rodzin omawianych kanatéw zaangazowanych jest w prace uktadu nerwowego.
Kv2.1 bierze udziat w repolaryzacji neuronéw. Zmniejszenie stezenia potasu poprzez
nadaktywnos¢ kanatéw Ky3.4 przyczynia sie do apoptotycznej Smierci neurondw, natomiast
hamowanie aktywnosci tego kanatu ma dziatanie neuroprotekcyjne. Zwiekszong aktywnosé
kanatu Ky3.4 zaobserwowano ponadto w chorobie Alzheimera — udowodniono, iz inhibicja
ww. biatka moze zmniejszy¢ utrate neurondw i czesciowo przywréci¢ funkcje poznawcze.
Aktywacja kanatu Kv4.2 moze by¢ celem terapeutycznym w leczeniu bélu zapalnego [27].

Niemniej, wiele kanatéw potasowych wptywa na uktad sercowo—naczyniowy. Wéréd
nich znajduje sie najlepiej dotychczas poznany, kodowany przez gen KCNH2 kanat Ky11.1
(inaczej human Ether-a-go-go-Related Gene, hERG). Odgrywa on kluczowag role
w depolaryzacji btony komodrkowej potencjatu czynnosciowego [28]. Hamowanie jego
aktywnosci zostato wykorzystane do oceny kardiotoksycznego dziatania danego leku. Wsréd

innych kanatéw posiadajgcych potencjat sercowo—naczyniowy nalezy wyrdzni¢: Kyl.5,

20



biorgcy udziat we wczesnych fazach repolaryzacji potencjatu czynnos$ciowego; Kv4.3, ktérego
inhibicja moze by¢ potencjalnie wykorzystywana w leczeniu arytmii; Kv7.1 — mutacja genu
kodujgcego ten kanat moze doprowadzi¢é do wydtuzenia odcinka QT potencjatu
czynnosciowego [29, 30].

Kanaty potasowe moga réwniez bra¢ udziat w kontrolowaniu innych funkcji
organizmu. Farmakologiczne wzmocnienie aktywnosci tego kanatu Kyl.1 moze stanowic
szanse terapeutyczng w leczeniu hipomagnezemii, poniewaz jedng z jej przyczyn mogg byé
mutacje ww. kanaftu. Natomiast Ky1.3 jest celem w leczeniu choréb immunologicznych,
a takze cukrzycy typu Il oraz otytosci. W komadrkach B hamowanie Ky2.1 zwieksza wydzielanie

insuliny, co sugeruje potencjalng role terapeutyczng tego kanatu dla cukrzycy typu Il [31].

3.3.2. Kanaty wapniowe bramkowane napieciem

VGCaCs biorg udziat w skurczu miesnia sercowego, regulacji hormonalnej a takze
w uwalnianiu neuroprzekaznikéw, pobudzeniu neurondéw oraz proliferacji komoarek
i ekspresji gendéw. Podziatu VGCaCs dokonano w zaleznosci od wartosci napiecia
aktywujgcego kanat. Wyrdzniono: kanaty wapniowe aktywowane wysokim napieciem (HVA),
do ktérych nalezg: Cayl.1 — 1.4 i Cay2.1 — 2.3 oraz aktywowane niskim napieciem (LVA):
Cay3.1 — 3.3, nazwane inaczej kanatami przejsSciowymi T [32]. Jedng z najistotniejszych grup
VGCaCs jest rodzina Cavl. Lokalizacja poszczegdlnych kanatéw to przede wszystkim: miesnie
szkieletowe (Cavl.1), siatkowka oka (Cav1.4) oraz komorki: CSN, serca oraz ukfadu
endokrynnego (Cav1.2, Cav1.3) (ryc. 7) [31].

Cavl.1l odpowiada za wyzwalanie skurczu miesni szkieletowych. Prawidtowy skurcz
miesnia sercowego jest uzalezniony od aktywnosci kanatu Cayl.2. Jego aktywacja prowadzi
do naptywu jondéw wapnia (Ca?*) do komérki, co generuje skurcz miesnia. Aktywno$é kanatu
Cavl.2 jest niezwykle istotna w prawidtowej pracy serca. Badania przeprowadzone na
myszach wskazujg, iz zaréwno utrata jak i zwiekszona aktywno$é Cayl.2 moze doprowadzi¢
do powaznych anomalii zwigzanych z wyzwalaniem potencjatu czynnosciowego serca
i przewodzeniem impulsu. Farmakologiczna inhibicja kanatu Cay1.3, obecnego w komdrkach
miesnia sercowego, zmniejsza czestos$é akcji serca. Natomiast w siatkdwce oka, napieciowo
czynne kanaty Cayvl.4 (typu L) zlokalizowane s3g w zakonczeniach synaptycznych
fotoreceptoréw precikowych i czopkowych. Zaburzenie ich funkcjonowania prowadzi m.in.

do $lepoty nocnej czy choroba oczu Wysp Alandzkich [33].
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Ryc. 7. Schematyczna lokalizacja kanatéw wapniowych w poszczegdlnych czesciach ludzkiego

organizmu [31, 34]

Omawiane kanaty odgrywajg niezwykle istotng role w prawidtowej pracy uktadu
nerwowego. Badania wskazujg, iz Cavl.3 i Cayl.2 aktywujg zalezne od Ca?* szlaki
zaangazowane w kontrole ekspresji gendw. Prawidtowa aktywnos$¢é tych kanatéw wspiera
plastycznos¢ i rozwdj neurondw, co stymuluje proces uczenia sie i zapamietywania.
Interesujgcym  jest fakt, iz niedobdér badZ zahamowanie aktywnosci Cayl.2
w przodomdzgowiu myszy nasila zachowania lekowe i depresyjne [35], natomiast

pobudzenie Cay1.3 prowadzi do wystepowania podobnych objawdéw [31].

3.3.3. Sodowe kanaty jonowe bramkowane napieciem

Zrozumienie funkcji VGNaCs opiera sie na badaniach biofizycznych, dzieki ktérym
zréznicowano trzy stany funkcjonalne kanatow: otwarty, spoczynkowy i inaktywowany. Przy
normalnym potencjale btonowym kanaty znajdujg sie w stanie spoczynkowym.
Depolaryzacja btony aktywuje kanaty do stanu otwartego, umozliwiajgc szybki naptyw jondw
sodu (Na*) do komorki. Podczas dtugotrwatej depolaryzacji kanaty ulegajg inaktywacji

i zmniejsza sie naptyw Na*. W tym stanie kanaty pozostajg zamkniete, chyba ze btona
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ulegnie repolaryzacji, ktéra pozwoli im powrécic¢ do stanu spoczynku. Balansowanie kanatow
pomiedzy stanami ma istotne znacznie dla dziatania lekow. Selektywnos¢ terapeutyczna
niektoérych z substancji blokujgcych kanaty sodowe, np. lignokainy, fenytoiny czy
lamotryginy, jest konsekwencjg dziatania kanatu  w okreslonej konformaciji.
W przeciwienstwie do blokeréw kanatéw otwartych (np. tetrodotoksyny) leki te wigzg sie
i stabilizujg kanaty w stanie nieaktywnym. Wyjasnia to selektywne hamowanie podczas
trwatej depolaryzacji, umozliwiajgc kontrole pobudliwosci bez upos$ledzania normalnej
funkcji oraz ttumaczy profil bezpieczenstwa lekéw VGNaC [36].

Dotychczas zidentyfikowano dziewieé réznych podjednostek a, na podstawie ktérych

wyodrebniono poszczegdlne jonowe kanaty sodowe (Nayl.1 — Nayl.9). W zaleznosci od

[~ *—&— Na,1.8, Na, 1.9

Na,1.5, Na,1.8
TTX-s, Na,s

lokalizacji (ryc. 8) petnig one rézne funkcje.

Na,1.1, Na, 1.2, Na,1.3, Na,1.6

Na,1.7

Na, 1.7, Na,1.8, Na, 1.9

Na,1.7

A Na, .6, Na, 1.7, Na,1.8, Na, 1.9
NJ T

Wiokno A-delta  Wigzka nerwow

[ doprowadzajacych
\ v ’

Na,1.7, Na,1.8

Ryc. 8. Schematyczna lokalizacja kanatéw sodowych w poszczegdlnych czesciach ludzkiego

organizmu [37].

Kanaty: Nay1l.1 — Nayv1.3 najobficiej wystepujg w CSN. Sg celem terapeutycznym wielu
lekéw w terapii bdlu, udaru, ale takie migreny (Nayl.1). W leczeniu stwardnienia
wykorzystywane jest interakcja lekéw z Nay1.6. Prawidtowa aktywnos¢ uktadu miesniowo—
szkieletowego jest kontrolowana przez kanat Nay1.4. Natomiast kanaty Nay1.7 — 1.9 dziataja
gtdwnie w obwodowym uktadzie nerwowym, wykorzystywane sg w leczeniu bdlu oraz
zaburzen nocyceptycznych [38]. Najdoktadniej poznano i opisano kanat Nayl.5 kodowany

przez gen SCN5A, najobficiej wystepujacy w komdrkach miesnia sercowego. Mutacje
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w SCN5A mogg prowadzi¢ do zagrazajgcych zyciu arytmii. W licznych badaniach ustalono
takze, ze najwieksza liczba mutacji wystepuje w SCN5A w poréwnaniu do jakikolwiek innego
genu kanatu jonowego serca. Mutacje prowadzg do wydtuzenia odstepu QTc w badaniu
EKG, co wskazuje na jego duzg i powszechng ekspresje w komorach serca. Dodatkowo
potwierdzono, ze mutacje powodujgce wystepowanie niefunkcjonalnych kanatéw s3

wigzane z niewydolnoscig serca [39].

3.4. Metody badan

Istniejg trzy gtéwne kategorie eksperymentdw wykorzystywanych do testowania
substancji chemicznych: badania in silico, badania in vitro oraz badania in vivo. Integracja
wszystkich obszaréw badan jest najbardziej pozadana podczas okreslania wifasciwosci,
mechanizmdw dziatania oraz bezpieczenstwa stosowania lekow.

e Testy z wykorzystaniem technik obliczeniowych — in silico

Badania in silico (w krzemie) to szereg testow wykonywanych przy pomocy oprogramowania
komputerowego. Analizy wfasciwosci czgsteczek ustalane sg na podstawie struktury
chemicznej zwigzkdéw. Pomimo, iz metody te sg stosunkowo nowg forma badawczg (terminu
in silico pierwszy raz uzyto w 1989 roku w pracy Pedra Miramontesa) bardzo szybko zyskaty
na znaczeniu i obecnie sg szeroko wykorzystywane w badaniach nad lekiem [40]. Badania in
silico przeprowadzane sg na kazdym etapie wprowadzania nowego leku na rynek.
Wykorzystujgc omawiane metody tworzone sg bazy danych struktur ligandéw oraz
receptorow w procesie projektowania nowej czgsteczki. W dalszym etapie metody
obliczeniowe stuzg wyznaczeniu liczcbowych parametréw fizykochemicznych substancji,
dostarczajgc wiedzy na temat ich wiasciwosci. Zalezno$¢ pomiedzy strukturg a aktywnosciag
biologiczng badanego zwigzku szacowana jest przy pomocy ilosciowych metod
obliczeniowych QSAR (Quantitative Structure-Activity Relationship). Zaawansowane metody
dokowania molekularnego sg zrédtem informacji na temat tgczenia sie leku z receptorem.
Testy in silico sa wykorzystywane rowniez w ocenie wfasciwosci biologicznych oraz
toksycznosci badanego leku [41].

Metody obliczeniowe s3 obecnie niezastgpionym Zrdédiem wstepnej oceny
wiasciwosci oraz dziatania czgsteczek. Wprowadzenie technik komputerowych pozwolito na
zwiekszenie wydajnosci badan przesiewowych czgsteczek, a takze testowanie substancji
modelowych. Testy in silico oraz in vitro zostaly wprowadzone w mysl zasady 3R

(Replacement, Reduction, Refinement — odpowiednio: zastqgpienie, redukcja, udoskonalenie)
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[42], ktorej gtdwnym zatozeniem jest ograniczenie liczby testow prowadzonych na zywych
organizmach. Udato sie réwniez skrdcic czas oraz ograniczy¢ koszty zwigzane z odkrywaniem
nowych lekéw. Pomimo wielu korzysci metody te maja jednak pewne ograniczenia.
Gtéwnym problemem jest fakt, iz leki ulegaja ztozonym, niescharakteryzowanym
przemianom metabolicznym i farmakokinetycznym w organizmie, dlatego niezbednym jest
potwierdzenie uzyskanych metodami obliczeniowymi danych testami in vitro oraz in vivo

[43].
e Testy z wykorzystaniem technik badan pozaustrojowych — In vitro oraz ex vivo

Pod pojeciem badan in vitro (w szkle) oraz ex vivo ( z istoty Zywej) kryjg sie wszelkie
testy prowadzone poza organizmem zywym. Pozaustrojowymi systemami
wykorzystywanymi w tego typu badaniach sg m.in.: izolowane organy i tkanki, hodowle
komérkowe, fragmenty komodrek, organelle subkomodrkowe, receptory, kanaty jonowe,
transportery oraz enzymy [44]. Badania omawianymi technikami wykonywane sg na
poczatku badan nad lekiem, najczesciej sg kolejnym etapem po przeprowadzeniu testéw
metodami obliczeniowymi. Przyktadowo w poczatkowych etapach badan nad lekiem wptyw
kanatéw jonowych na elektrofizjologie komdrek sercowych okresla sie przy pomocy metod
pozaustrojowych, co jest powszechnie stosowang metodg walidacji wynikow in silico.

Gtéwnym celem prowadzenia badan pozaustrojowo jest uzyskanie informacji na
temat mechanizmu dziatania oraz profilu bezpieczenstwa stosowania badanej substancji. Po
wyselekcjonowaniu najbardziej obiecujgcych zwigzkow badania in vitro dostarczajg
wstepnych informacji na temat aktywnosci biologicznej substancji. Zastosowanie technik
pozaustrojowych dato mozliwos¢ m.in. obserwowania aktywnosci zwigzku w kierunku
indukowania apoptozy komérek badz ich proliferacji, zmiany ekspresji genéw czy mozliwosci
wptywu na potencjat opornosci wielolekowej. Niemniej nalezy pamietac, iz badania in vitro
prowadzone z uzyciem pojedynczych komodrek badZz enzymdéw nie zawsze dostarczajg
rzetelnych danych, dlatego zalecane jest wykonanie testow ex vivo, prowadzonych na
bardziej ztozonych modelach. Badania te wymagajg pobrania materiatu biologicznego od
zwierzat, natomiast ilos¢ wykorzystywanych organizmoéw zywych w tego rodzaju badaniach
jest niewielka [45].

Badania in vitro oraz ex vivo sg skutecznym narzedziem, wykorzystywanym w celu jak
najbardziej doktadnego odtworzenia warunkdéw panujgcych w organizmie zywym. Aktualnie
obiecujgcy technikg badan in vitro jest biodrukowanie tréjwymiarowe (Three—dimensional

(3D) bioprinting), wykorzystujgca biomateriaty oraz komérki do tworzenia tkanek.
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Zastosowanie technologii druku 3D pozwolito na odtworzenie warunkéw panujgcych
W Zywym organizmie, co umozliwito wykonywanie zaawansowanych badan takich jak: czas

i szybkos¢ uwalniania leku w organizmie [46].

e Testy na zywych organizmach — In vivo

Termin in vivo (na Zywym) odnosi sie do badan wykonywanych na organizmach zywych.
Na podstawie wstepnych wynikbw otrzymanych metodami  pozaustrojowymi
przeprowadzane sg testy okreslajgce skuteczno$é substancji w wybranym modelu
biologicznym. Wybdr doswiadczen przeprowadzanych in vivo zawsze dobierany jest
indywidualnie, nalezy wybra¢ najbardziej uzyteczne w badanym typie aktywnosci. Modele
zwierzece dostarczajg informacji na temat skutecznosci leku, jednakze na ich podstawie nie
zawsze mozna okresli¢ symptomy oraz objawy niepozgdane generowane aplikacjg substancji
[45].

Badania prowadzone in vivo majg swoje ograniczenia, przede wszystkim ze wzgledéw
humanitarnych. W przeprowadzaniu tego typu testow preferuje sie zwierzeta zywe,
nieznieczulone. Kolejnym waznym aspektem jest trudnos¢ w przeniesieniu danych
otrzymanych na zwierzetach na organizm cztowieka. Wynika to z faktu, iz patofizjologia
niektérych choréb jest czesto odmienna urdinych gatunkow. Co wiecej, metabolizmy
zwierzat i ludzi rdznig sie od siebie, co moze powodowac zmiany w aktywnosci badanej
substancji, wptywajgc na farmakologie oraz toksykologie leku, w wyniku czego otrzymane
wartosci moga by¢ niejednoznaczne [41].

Rozwdj nauk biomedycznych pozwolit na poszerzenie zakresu badad nad nowymi
lekami. Metody in silico oraz in vitro pozwalajg odrzuci¢ substancje o niskim potencjale
terapeutycznym. Wykorzystanie metod obliczeniowych wykonywanych in silico oraz badan in
vitro i ex vivo pozwolito zwiekszy¢ doktadnosé oraz skutecznos¢ badan. Prowadzenie testéw
na organizmach zywych ograniczono do minimum, jednak racjonalne przeprowadzenie
badan in vivo jest niezbedne przed rozpoczeciem testow na ludziach, w celu okreslenia
wiasciwosci badanej substancji. Pomimo postepéw poczynionych przez toksykologéw
i farmakologdéw w opracowywaniu modeli in silico, in vitro i in vivo do przewidywania lub
badania toksycznosci kandydatow na leki, oszacowanie toksycznosci leku u ludzi pozostaje
trudnym wyzwaniem i nalezy do najczestszych przyczyn niepowodzen wprowadzania

nowego leku na rynek [47].

26



4. MODELOWANIE MOLEKULARNE

Modelowanie molekularne jest dziatem nauki polegajagcym na odtworzeniu uktadow
chemicznych oraz biologicznych przy zastosowaniu metod in silico w celu wyjasnienia
badanego procesu. Zrozumienie wybranego procesu prowadzi w praktyce do jego
przyspieszenia badz spowolnienia, w zaleznosci od potrzeb. Celem badan molekularnych jest
znalezienie empirycznego rozwigzania badanego zagadnienia w formie matematycznego
réwnania lub w postaci graficznej, ktore wigze struktury zwigzkéw z ich biologicznymi
wiasciwosciami, co pozwala okreslic np. wartos¢ sity interakcji substancji z celem
terapeutycznym [48].

Modele komputerowe sg budowane przy uzyciu réwnan matematycznych, ktérych
generowanie opiera sie na informacjach pochodzgcych z badan eksperymentalnych.
Gtéwnym zatozeniem matematycznego modelowania interakcji molekularnych jest fakt, iz
wiasciwosci biologiczne wszystkich czgsteczek sg determinowane przez ich budowe
chemiczng. Proces ten daje mozliwo$¢ automatycznego generowania struktur, tworzenia
i analizy baz danych oraz przewidywania tréjwymiarowych modeli biatkowych na podstawie
znajomosci ich sekwencji [49].

Metody komputerowe znalazty rdwniez zastosowanie w procesie odkrywania
nowych lekéw. Redukcja czasu kolejnych etapow badan jest priorytetem dla osrodkow
naukowych. Osiggniecie tego celu stato sie mozliwe po wprowadzeniu biologii i chemii
obliczeniowej. Zastosowanie technik komputerowego wspomagania projektowania lekow
(Computer Assisted Drug Design, CADD) pozwolito na efektywng identyfikacje i optymalizacje
nowych molekut o pozgdanej aktywnosci biologicznej [48, 50].

Oczekiwania jakie stawia sie kandydatom na leki to przede wszystkim: efektywnos¢
oraz bezpieczenstwo stosowania, odpowiednie wtasciwosci fizykochemiczne, stabilno$¢ oraz
innowacyjnos¢. Z tego wzgledu badania in silico wspierajg proces odkrywania nowych lekéw

na kazdym etapie badan przedklinicznych i klinicznych.

4.1. Metody modelowania molekularnego w procesie odkrywania nowych lekéw

Metody komputerowe wykorzystywane sg juz w pierwszych etapach badan
przedklinicznych. Tworzenie baz danych, zawierajgcych struktury chemiczne ligandéw oraz
receptoréw pozwolito na szybkie pordwnanie budowy czasteczek oraz dato mozliwos¢
tworzenia farmakoforu. Wg Miedzynarodowej Chemii Czystej i Stosowanej (International

Union of Pure and Applied Chemistry , IUPAC) farmakofor to zbiér modelowych elementéw
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strukturalnych oraz elektronowych istotnych w utworzeniu optymalnego kompleksu
z receptorem, niezbednego do wyzwolenia badz inhibicji odpowiedzi biologicznej [50].

W nastepnym etapie badan metody in silico sg niezbedne w wyznaczaniu pozadanych
wiasciwosci fizykochemicznych substancji. Na podstawie przeprowadzonych badain na 50
000 strukturach pochodzacych z bazy WDI (World Drug Index, WDI) [51] zoptymalizowano
zakresy liczbowe cech jakie powinna posiadaé¢ substancja o witasciwosciach leczniczych.
Wyznaczono zbiér parametrow fizykochemicznych majgcych decydujagcy wptyw na
rozpuszczalnos¢ i przenikalnosé substancji chemicznej przez btone biologiczng. Stworzono
tzw. tarcze trafnosci (ryc. 9) zawierajgcg wartosci liczcbowe parametrow oraz zakresy ich

zmian dla 95% lekéw dopuszczonych do stosowania.

MW=>1000

MV>1400A Substancje o optymalnych

wiasciwosciach

RNG<3 ' Liczba atomow wegla >3

Liczba atomowa >70 LogP>5,0

Perm(Caco-2)<80nm/s PSA>140A"

LogSw>-6 nd>130

LogD>4,0

Ryc. 9. Tarcza Trafnosci. Uzyte skréty: masa molekularna (Molecular Weight, MW), liczba
akceptoréw wigzan wodorowych (Hydrogen Bond Acceptors, HBA), moment dipolowy
(Dipole Moment, D), logarytm wspodtczynnika podziatu oktanol / woda (Logarithm of the
Octanol Water Partition Coefficient, LogP), polarna powierzchnia (Polar Surface Area, PSA),
refrakcja molowa (Molar Refractivity, nd), Logarytm wspodtczynnika podziatu oktanol/woda
przy pH 7,4 (Logarithm of the Octanol Water Partition Coefficient at pH 7.4, LogD), logarytm
rozpuszczlnosci w wodzie (Logarithm of the Solubility In Water, LogSw), przepuszczalnosé¢
komodrek Caco-2 (Caco-2 Permeability, Perm Caco-2), liczba pierscieni w czgsteczce (Ring,
RNG), objetos¢ czasteczkowa (Molecular Volume, MV), liczba akceptoréow wigzan
wodorowych (Hydrogen Bond Donors, HBD).

Tarcza trafnosci stata sie podstawg do stworzenia wielu programéw komputerowych
(np. OSIRIS Data Warrior [52], ACDlabs [53]) stuzacych do wyznaczenia liczbowych

parametréw, co dato mozliwos¢ szybkiej, wstepnej oceny wiasciwosci badanej struktury.
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Tarcza trafnosci wraz z regutami zdefiniowanym przez Lipiriskiego (1997 r.) [54] oraz Vebera
(2002 r.) [55], wykorzystywana jest do wyznaczenia optymalnych cech dla lekéw oraz
podobienstwa badanych struktur do lekéw. Pierwsza z nich opiera sie na czterech
parametrach: HBD, HBA, LogP, MW. Natomiast Veber klasyfikuje zwigzek jako podobny do
leku analizujagc wybrane deskryptory: MW, suma miejsc wigzania isuma donoréw
i akceptoréw wigzan wodorowych (HAD), liczbe wigzan ulegajgcych rotacji (Rotatable bond,
RTB) oraz PSA. Wyznaczanie indeksu podobienstwa zwigzkdw do lekéw (Drugability, DA) jest
metodg poréwnania wtasciwosci czgsteczek oraz ich cech strukturalnych. Polega na badaniu
struktur réznych grup zwigzkéw i ocenie na ile s3 one podobne do zarejestrowanych juz
lekéw. Daje to mozliwos¢ porédwnania powinowactwa badanych struktur do okreslonych
celéw biologicznych. Udowodnienie podobieristwa zwigzkdw do znanych farmaceutykow jest
jednym z badan rutynowo wykorzystywanych do zawezenia grupy kandydatéw na leki.

Kolejne etapy modelowania komputerowego sg uzaleznione od danych, ktore
dostepne sg przed przystgpieniem do projektowania lekdow. Znajgc jedynie strukture
ligandéw oprocz wyznaczenia modelu farmakoforowego stosowane sg zaawansowane
metody obliczeniowe QSAR lub sieci neuronowe opisujgce korelacje iloSciowej zaleznosci
pomiedzy strukturg substancji a jej dziataniem. Badania te opierajg sie na zatozeniu, iz
matematyczng funkcjg parametréw fizykochemicznych (tzw. deskryptoréw) leku mozna
opisa¢ jego cechy biologiczne. Wtasciwosci biofizyko-chemiczne sg mozliwe do okreslenia
przy pomocy metody QSPR (Quantitative Structure Property Relationships). Tréjwymiarowe
metody QSAR: analiza wskaznikéw czgstkowego podobienstwa (Comparative Molecular
Similarity Index Analysis, COMSIA) oraz pordwnawcza analiza pola molekularnego CoMFA
(ang. Comparative Molecular Field Analysis) wykorzystywane sg do poréwnania struktur
molekularnych o podobnych witasciwosciach, co umozliwia identyfikacje cech istotnych
W procesie wigzania ligandu z receptorem [50].

Znajac budowe przestrzenng istotnego farmakologicznie biatka mozna wykorzystac
metody dokowania molekularnego, umozliwiajgce identyfikacje miejsca wigzgcego w biatku
oraz doktadne dane na temat rodzaju wigzan i sity utworzonego kompleksu z ligandem.

Podczas opracowywania nowych lekéw niezbedna jest ocena jego wilasciwosci
biologicznych oraz farmakokinetycznych. Dostepne techniki obliczeniowe, oparte na
mechanice kwantowej daty mozliwos¢ modelowania réznych uktadéw czgsteczkowych oraz
obliczen niezbednych do okreslenia budowy, struktury oraz ich biologicznych wfasciwosci.

Wsréd programoéw dostarczajgcych tego typu informacji mozna wyrdznié: Gaussian [56] czy

29



BallView (Biochemical ALgorithms Library) [57]. Krytycznym etapem w procesie odkrywania
lekéw jest profilowanie wchtaniania, dystrybucji, metabolizmu, wydalania oraz toksycznosci
(ADMET) kandydatéw na leki. Badania kinetyczne wraz z badaniami toksycznosci substancji,
pomagajg zbudowac jej profil farmakologiczny. Pomimo, iz metody przesiewowe in vitro
o $redniej i duzej przepustowosci sg szeroko stosowane, nadal trudnym zadaniem jest
okreslenie dokfadnych parametréw ADMET kazdego zwigzku. W odpowiedzi na te sytuacje,
testy in silico zyskaty na znaczeniu, bedac uzupetnieniem testéw wykonywanych na
organizmach zywych. Metody te polegajg na okresleniu wartosci liczbowej
prawdopodobienstwa badanych parametrow ADME, na podstawie analizy struktur
chemicznych zwigzkéw. Techniki matematyczne stuzg réwniez obliczaniu wartosci
prawdopodobienstwa toksycznosci badz braku toksycznosci w badanym obszarze
aktywnosci. Wsréd oprogramowania komputerowego, stuzgcego ocenie wiasciwosci
substancji na uwage zastuguje: admetSAR [58], ProTOX Il [59] czy SwissADME [60].

Techniki przedstawiania zaleznosci pomiedzy parametrami fizykochemicznymi sg
prezentowane za pomocg m.in. algorytmow matematycznych oraz metod graficznych. Na
ryc. 10 zaprezentowano wybrane wstepne badania wtasne przedstawione na konferencjach
naukowych. Badania wstepne obejmowaty m.in. zaleznosci fizykochemiczne oraz
toksycznos¢ paroksetyny i wybranych antydepresantéw z grupy o kodzie ATC: NOG6AB.
Wykres w postaci jaja (Egg plots) obrazuje fizykochemiczne przestrzenie czgsteczek
o najwiekszym prawdopodobienstwie absorpcji zotgdkowo-jelitowej Ilub odpowiednio
przenikniecie do mdzgu. Wielowymiarowe wykresy radiacyjne umozliwiajg szybkie badania
poréwnawcze i wizualizacje w wybranych zbiorach analizowanych czgstek zbierajg wartosci
otrzymane dla badanych struktury [61].

Uzyskane metodami chemii obliczeniowej wyniki, przedstawione na ryc. 10 w petni
znajdujg potwierdzenie w danych farmakologicznych. Dane piSmiennicze wskazujg, iz badane
leki przeciwdepresyjne doskonale przenikajg przez bariere krew—mdzg i z tatwoscia ulegajg
wchtanianiu w jelitach. Wyniki wartosci prawdopodobienstwa toksycznosci, otrzymane
testami in silico dla badanych lekdw, znajdujg takie potwierdzenie w badaniach
przeprowadzonych na zywych organizmach [62]. Niemniej, dzieki przedstawionym danym

potwierdzono, iz metody in silico sg wiarygodnym Zrddtem informacji o lekach.
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Ryc. 10. Graficzne przedstawienie wynikdw otrzymanych metodami modelowania
molekularnego w zbiorze lekéw z grupy ATC: NO6AB: paroksetyna, sertralina, fluoksamina,
fluoksetyna, citalopram. Po prawej analiza fizykochemicznych przestrzeni parametréw
czgsteczek o najwiekszym prawdopodobienstwie absorpcji Zotgdkowo—jelitowej lub
odpowiednio przenikniecie do mdzgu oraz ocena prawdopodobienstwa penetracji moézgu
przez czgsteczki: >95% prawdopodobienstwo — czgsteczki dobrze penetrujgce i odpowiednio
<95% — czgsteczki stabo penetrujgce. Po lewej stronie analiza porownawcza profilu
toksycznosci: hERGinh — inhibitor ludzkiego genu Ether-a-go-go- related gene; hERGinh —
inhibitor ludzkiego genu Ether-a-go-go- related Gene; ATAD5 — rodzina ATPaz — biatko 5

zawierajgce AAA5; MMP — permebilizacja btony mitochondrialnej, HSE — element
odpowiedzi na szok cieplny; nrf2/ARE — element reagujgcy na czynnik jgdrowy (pochodzacy z
erytroidu 2) 2/element reagujacy na przeciwutleniacze; PPAR—Gamma - receptor

aktywowany przez proliferator peroksysomoéow Gamma; ER-LBD — domena wigzgca ligand
receptora estrogenu; ER — receptor estrogenowy; AR-LBD — Domena wigzgca ligand
receptora androgenu; AR — receptor androgenowy; AhR — receptor weglowodorow
arylowych [63].

4.2. Dokowanie ligandéw

Metodologia dokowania molekularnego bada zachowanie matych czgsteczek
W miejscu wigzania z docelowym biatkiem. Technika ta jest szeroko wykorzystywana
w badaniach nad nowymi lekami, opiera sie na symulacji optymalnej konformacji potaczenia
ligand—receptor, co pozwala przewidzie¢ ich sposéb wigzania. Proces ten przebiega dzieki
uzyciu odpowiedniego algorytmu chemii obliczeniowej oraz funkcji matematycznych
stuzgcych przewidywaniu powinowactwa wigzania pomiedzy dwoma czgsteczkami po ich

zadokowaniu (ryc. 11) [64].
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Ryc. 11. Etapy procesu dokowania molekularnego. Pierwszym etapem dokowania jest
identyfikacja punktéw uchwytu biatka, czyli tzw. miejsca wigzania, dzieki ktérym ligand
bedzie mdgt wchodzi¢ z nim w interakcje. Kluczowym zagadnieniem w tym zakresie jest
zdefiniowanie w programie tzw. pudta obliczeniowego w formie prostopadtoscianu
przestrzennie zawierajgcego charakterystyczne wgfebienia, szczeliny obejmujace miejsce
wigzania. Nastepnie prowadzi sie analize struktur liganda, aby okresli¢ forme aktywna
zwigzku np. z dwéch enancjomeréw. Proces dokowania polega na umieszczeniu liganda
w obszarze pudta obliczeniowego biatka oraz uruchomieniu odpowiednich algorytméw
optymalizujacych strukture kompleksu ligand — biatko. W toku przeprowadzonych badan
uzyskuje sie szereg tréjwymiarowych modeli kompleksu ligand — biatko, ktéry przy pomocy
dostepnego oprogramowania mozna opisac liczbowo charakterystycznymi parametrami (np.
Es, pKi...). Utworzone kompleksy nalezy uszeregowac zgodnie z rosngcy energig kompleksu,
co daje mozliwo$¢ wytypowania najbardziej stabilnych potgczen. Dane uzyskane metodami
chemii obliczeniowej nalezy w kolejnym etapie badan potwierdzi¢ testami
farmakologicznymi.

Dokowanie molekularne ma trzy gtdwne, powigzane ze sobg cele. Pierwszy z nich
polega na poprawnym przewidywaniu pozycji liganda w miejscu wigzania z receptorem.
Kolejny jest uszeregowanie ligandéw zgodnie z najbardziej korzystnymi parametrami

istotnymi w procesie oddziatywania zreceptorem. Ostatni polega na oszacowaniu
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i interpretacji zwigzanych z tym procesem fizykochemicznych oddziatywan molekularnych
[65].

W zaleznosci od zastosowanej metodologii badan algorytmy poszukiwania
odpowiedniej konformacji liganda dzielg sie na trzy gtdwne grupy: systematyczne,
stochastyczne oraz deterministyczne [65]. W niniejszej pracy badania wtasne
przeprowadzono przy uzyciu metod stochastycznych, a doktadnie algorytmu genetycznego.
Korzystajgc z oprogramowania AutoDock oraz AutoDockTools (ADT) przeprowadzono proces
dokowania ligand—biatko (ryc. 9). Metoda ta pozwolita na uzyskanie potaczern o najnizszej

wartosci energii. Nastepnie przeprowadzono walidacje in silico oraz in vitro.
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5. NOWE WYTYCZNE OCENY KARDIOTOKSYCZNOSCI

Pomimo ciggtego rozwoju technik badania lekéw nadal ogromny problem
wspotczesnej medycyny stanowi koniecznos¢ wycofania z obrotu lekow ze wzgledu na ryzyko
wywotywania toksycznosci. Wg danych zgromadzonych przez Program Miedzynarodowego
Monitorowania Lekow WHO (Program for International Drug Monitoring of the WHO)
w latach 1999 — 2010 wycofano tgcznie 133 leki na $wiecie, natomiast w Europie 104.
Jednym z gtéwnych powoddw tego zjawiska byto ryzyko kardiotoksycznosci. Wykazano, ze
25 ze 133 lekdw (m.in. astemizol, cisaprid czy pergolid) zostato wycofanych witasnie z tego
powodu, co stanowito 18,8% wszystkich decyzji [66].

Ryzyko wydtuzenia odcinka QT potencjatu czynnosciowego serca stanowi jedng
z najczestszych przyczyn toksycznego dziatania lekdw na serce. Z tego wzgledu w 2005 roku
wprowadzono obowigzek testowania lekow w fazie badan przedklinicznych w kierunku
ryzyka wywotywania arytmii typu torsade de points (TpP). Zaobserwowano, iz dziatanie
proarytmiczne lekdéw jest najczesciej wywotane blokowaniem kanatu Kv11.1, ktdry
kodowany jest przez gen hERG. Pomiar stezenia leku, ktéry prowadzi do zmniejszenia
o potowe pradu potasowego, byt przez wiele lat podstawowg determinantg podczas
wydawania decyzji o zaprzestaniu badz kontynuacji badan klinicznych [67]. Niemniej, po
pewnym czasie okazato sie, ze zaréwno wydtuzenie odcinka QT jak i blokowanie hERG nie
mogg by¢ traktowane jako jedyny powdd wystepowania zjawiska TdP [68]. Na ryc. 12
przedstawiono wptyw lekdéw na kanaty jonowe serca [69], ktore sg potwierdzeniem, iz silne
inhibitory genu hERG (np. werapamil) mogg by¢ pozbawione komponenty proarytmicznej
i odwrotnie — stabe inhibitory hERG (np. sotalol) mogg powodowa¢ powazne zaburzenia
elektrycznej pracy serca.

Udowodniono takze, ze inhibicja hERG moze ulec nasileniu badZ ostabieniu przez
dziatanie innych kanatéw jonowych znajdujacych sie w sercu. Przyczyng wydtuzenia
repolaryzacji, ktéry wynika ze zmniejszenia prgdu odkomdrkowego, jest zatem blokowanie
jednoczesnie innych kanatéw. W zwigzku z powyzszym, w celu rzeczywistej oceny ryzyka
proarytmicznego czasteczek, w 2013 roku po raz pierwszy zastosowano nowa strategie
zaproponowang przez Comprehensive In Vitro Proarrhythmia Assay (CiPA), ktéra skupia sie
na interakcji czgsteczek z modelami kanatdw jonowych. Inicjatywa CiPA stuzy ocenie
kardiologicznego bezpieczernstwa stosowania lekdw w pierwszych etapach badan in vitro
oraz in silico. Nowe wytyczne proponujg grupe szesciu kanatéw jonowych bramkowanych

napieciem, majacych kluczowe znaczenie w procesie wywotywania arytmii. Nalezg do nich:
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Kv11.1, Navl1.5-late, Cav1.2, Kv4.3, KyLQT1/mink oraz K;:2.1. W badaniach udowodniono, ze
sposrdd nich trzy pierwsze ww. kanaty sg najistotniejsze w ocenie ryzyka proarytmicznego.
W poczatkowych etapach badan nad lekiem wptyw kanatéw jonowych na elektrofizjologie

komoérek sercowych okresla sie przy pomocy metod pozaustrojowych [13].
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Ryc. 12. Wykres procentowego profilu blokowania kanatéw jonowych w kategorii wysokiego
(gorny rzad), posredniego (Srodkowy rzad) i niskiego (dolny rzad) kategorii ryzyka
proarytmicznego CiPA. a) % inhibicji reprezentuje inhibicje przy 1 X Cmax lub b) 3 X Cmax
wolnego osocza [70].

35



Ze wzgledu na rozwdj farmakologii bezpieczenstwa w kierunku nasercowych dziatan
niepozadanych w niniejszej pracy zebrano najwazniejsze informacje dotyczgce kanatow
jonowych, niezbedne w ocenie kardiotoksycznego dziatania lekéw. W pierwszym etapie
rozwazan dokonano przegladu aktualnych wytycznych dotyczacych kardiotoksycznosci oraz
ich rozwoju i zaostrzaniu na przestrzeni lat. Przeanalizowano oraz dokfadnie omdwiono
budowe molekularng VGICs zlokalizowanych w sercu. Nastepie scharakteryzowano rodziny
kanatéw potasowych, wapniowych oraz sodowych skupiajgc uwage na ich podziale,
budowie, lokalizacji oraz funkcji jakie petnig w organizmie. Na ryc. 13 zaprezentowano
w sposOb graficzny omdwione w pracy mozliwe sposoby hamowania kanatéw jonowych

przez leki.

a) b)

Ryc 13. Mechanizmy inhibicji kanatéw jonowych: a) zatykanie poréw, b) wigzanie
allosteryczne.

Szczegblng uwage zwrdécono na fakt, iz kanaty jonowe nie tylko stanowig cel
terapeutyczny wielu lekéw (np. lekdw antyarytmicznych Ill generacji), ale moggy stac sie
jednoczesnie antycelem dla innych [25]. Wiele z nich zaburza fizjologiczne dziatanie VGICs,
blokujgc przeptyw jondéw oraz przekazywanie informacji w obrebie komorki. Wnioski, ktére
wyniknety z przeprowadzonych analiz jednoznacznie wskazujg, iz rozwdj badan dotyczacych
bezpieczenstwa nasercowego stosowania lekdw powinien odbywac sie wielokierunkowo,
majgc na wzgledzie ocene zaréwno pozgdanego miejsca dziatania leku jak réowniez wptyw

badanej substancji na mozliwe antycele.
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Abstract: Safety assessment of pharmaceuticals is a rapidly developing area of pharmacy and
medicine. The new advanced guidelines for testing the toxicity of compounds require specialized
tools that provide information on the tested drug in a quick and reliable way. Ion channels represent
the third-largest target. As mentioned in the literature, ion channels are an indispensable part
of the heart’s work. In this paper the most important information concerning the guidelines for
cardiotoxicity testing and the way the tests are conducted has been collected. Attention has been
focused on the role of selected ion channels in this process.

Keywords: antitarget; drug cardiotoxicity; ion transporter proteins

1. Introduction

Safety Pharmacology is one of the most dynamically developing disciplines, whose objective is
to assess the potential risks of improperly conducted pharmacotherapy. Evaluation of the safety in
the use of a substance is a key part of placing a new medicine on the market. The Organization for
Economic Co-operation and Development (OECD) has proposed a number of guidelines for drug
safety testing [1,2]. However, the continuous development of medicine allows the extension and
refinement of the test panel that a new molecule must undergo before it can be released for use by
patients. Toxic effects of compounds on the most important organs is one of the frequent reasons for
eliminating substances from further tests. Additionally, safety tests are also performed for medicines
already approved for use. Such trials are required, e.g., to register new indications for “old” drugs.

All abovementioned activities require a suitable definition of the antitargets. They are defined
as undesirable molecular targets that play an essential role in the proper functioning of cells.
Down modulation of an antitarget results in clinically unacceptable side effects, initiation of disease,
or deleterious alterations in disease progression. This results in shorter onset time of the disease,
increased disease burden, poorer patient outcome, or decreased survival time.

The amphiphilic nature of lipid molecules, which contain both polar and hydrophobic parts,
determines the weak permeability of lipid bilayers for broad range of substances and thus allows the
membranes to perform barrier functions effectively in the cells. Since the lipid bilayer of cell membranes
is almost impermeable to ions, their transport is possible through specialized transmembrane transport
proteins called ion channels. These are defined as macromolecular pores made of many protein
subunits through which ions can passively move through the cell membrane [3]. More than 650 types
of human ion channels have been identified so far [4-6]. Additionally, scientists have proven that
different types of ion channels make up about 1.5% of the human genome [7]. Ion channels are the
third-largest target for existing drugs (after G-protein coupled and nuclear receptors). When the
channel is open, there is little interaction between the channel protein and the types of ions that
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pass through it, since the channel itself does not undergo conformational change to allow the ions to
pass through [3]. It is the fastest type of transport protein, allowing movement at up to 10% ions per
second, which is equal to electric current of a few picoamperes (10712A) generated by the ionic flow
through a single open channel [8]. Commonly the magnitude of potential difference across the cell
membrane of living cells is 10~ V. This enables cells to communicate quickly and play a fundamental
role, allowing vital functions, such as the brain receiving and processing information, the heart beating,
and muscles working [7]. Therefore, ion channels play a crucial role in several important physiological
and pathological processes.

Since many heart diseases result from disruption of the normal ion channel function, this work is
devoted to reviewing selected antitargets for cardiotoxicity. This article reviews the transport proteins
Ky11.1, Nay1.5, and Cay1.2 as potential undesirable drug targets. Recent topics related to in silico
cardiotoxicity studies are presented in a concise form. The review includes a historical overview of the
cardiotoxicity of drugs, the functions, and the structure of Ky11.1, Nay1.5, and Cay1.2. Considering
the wide application of the molecular docking technique, the key properties of the structural subunits
of the studied heart ion channels and a set of selected drugs inhibitory potencies values are gathered.

2. Historical Overview of Drug Cardiotoxicity

The statistics show that the risk of cardiotoxicity is one of the most common reasons for withholding
or withdrawing drugs from the market [9,10]. This unwanted effect is shared by a large number
of non-cardiovascular drugs. The statistics show that up to 70% of potential medicines are either
not approved for further testing or their use is limited [11]. Additionally, it has been estimated that
approximately 2-3% of all drug prescriptions involve medications that may unintentionally cause
long QT syndrome [12]. The first drugs that were removed from clinical use due to cardiotoxicity
were encainide (proarrhthmic effect) and terodiline (QT interval prolongation) (Figure 1) [13,14].
Terdynafine, cisaprid, astemizole, sertindol, thoridazine, grepafloxacin have been removed due to
heart toxicity [15] (Figure 1). In 2020, there was information about QT prolongation for other drugs:
osilodrostat, carbetocid, selpercatinib, and rucaparib [16]. In 2005, the Council on Harmonization
of Technical Requirements for Registration of Pharmaceuticals for Human Use suggested principles
for checking new molecules for the risk of inducing potentially fatal arrhythmias (e.g., torsade the
points (TdP)) caused by blocking the human Ether-a-go-go-Related Gene (hERG, Ky11.1) [17,18].
The first antitarget in compound cardiotoxicity studies was thus defined [11]. This was based on the
observed correlation between electrocardiogram QT prolongation and patients’ risk of TdP arrhythmia.
The preclinical and clinical studies proposed in S7B and E14 were implemented and are now widely
used in the pharmaceutical industry and regulatory agencies [17,18]. These assumptions were accepted
as the crucial elements of the compound cardiotoxicity assessment. However, subsequent years of
research have demonstrated that proarrhythmic effect, QT prolongation, and hERG blocking cannot be
treated as the only determinants of the occurrence of TdP [19]. Verapamil and ralonazine are examples
of drugs that are strong inhibitors of the hERG channel and at the same time devoid of the risk of
inducing arrhythmias and vice versa, serious disorders of cardiomyocyte electrophysiology caused by
drugs that are weak hERG inhibitors (e.g., sotalol, alluzosin) [20,21]. Thus, it proves the insufficient
specificity of the tests based only on the assessment of the hERG channel blocking potential [22].
The risk of drug-induced TdP is rather balanced by multiple internal cardiac ionic currents that define
ventricular repolarization [23]. Thus, for the first time in 2013, a new strategy was applied for a real
proarrhythmic risk assessment of molecules: Comprehensive In Vitro Proarrhythmia Assay (CiPA).
CiPA is utilized in the first stages of drug research and focuses on the three most important areas.
The first one is the assessment of the interaction of molecules with three ion channel models. In addition
to studying the interaction of molecules with hERG, CiPA proposes two additional ion channels gated
by voltage, which are essential for the development of arrhythmia: Nay1.5., Cay1.2. The second area
of CiPA concerns in silico simulations of action potential (AP) responsible for arrhythmia. The third
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area of CiPA’s research is advanced cellular testing using cardiomyocytes derived from pluripotent
stem cells (iPSC-CM) [24].

1990 1995 2000 2005 2010 2015
1991 1998 2000 2005
ENCAINIDE MIBEFRADII CISAPRIDE VALDECOXIB
TERODILINE SERTINDOLE
PRENYLAMINE
1997 2007 2010 2019
TERFENADINE 2001 TEGASEROD PROPOXYPHENE FENSPIRID
DROPERIMOL.
LEVOMETHADYL
1993 1959 LEVACETHYLMETHADYL
FLOSEQUINAN  ASTEMIZOLE SPARFLOXACIN
JREPAFLOXIN
L \ 0 2004
ROFECOXIB

Figure 1. Drugs withdrawn from market due to proarrhythmic effect (purple), myocardial infarction
(green), torsadogenic potential, i.e., QT interval prolongation and torsade the points (TdP) effect (red).

3. VGICs—Voltage-Gated Ion Channels

The mechanism of opening and closing of ion channels is referred to as gating. It is the progression
of the channel through various conformational states. Channel activation is the transition from the rest
(closed) state to the open state under the influence of a trigger stimulus (membrane depolarization or
ligand binding). Permeation is the passage of ions through the open channel. Therefore, gating process
control ion permeation [8] participating in cellular signaling is dependent on cation flow driven by
electrochemical gradient. Voltage-gated Na®, Ca?*, and K* channels share a common molecular
architecture. They also possess the same set of three voltage-dependent functionally distinct states,
i.e., closed (or resting), activated (or open), and inactive [12]. They are divided into two types:
selective towards one type of ion (such as potassium, sodium, or calcium channel) and non-selective,
which are capable of transporting any type of ion through the membrane (e.g., N-methyl-D-aspartate
receptor) [25]. The important determinants of selectivity are size, valency, and hydration energy [5].
Under physiological conditions, the Na* and Ca?* channels are inward cell currents and those flowing
through the K* channels are outward currents. Besides the channels that open or close depending
on the value of the cell transmembrane potential (so-called voltage-gated ion channels (VGICs)),
there are also channels gating independently on transmembrane potential, controlled by other external
or intracellular factors.

According to the research of International Union of Primary and Clinical Pharmacology and
the British Pharmacological Society, ion channels are the third-largest target group for drugs [26,27].
They participate in controlling physiological and pathological processes in the body. VGICs take part
in generating and transmitting information within the cells of the central and peripheral nervous
and cardiovascular systems [25]. For example, it has been estimated that about 350 types of ion
channels exist in the mammalian brain, including 145 VGICs [28]. At the root of certain diseases (e.g.,
neuropathic pain or epilepsy) is abnormal functioning of the channels [29,30]. In the recently proposed
changes to the cardiovascular safety assessment paradigm (CiPA initiative), inter alia, by indicating
the need to assess drug interactions with cardiac VGIC (such as: Ky11.1, Nay1.5, and Cay1.2) and
their impact on the electrophysiology of human ventricular cells using in silico and/or in vitro tests.
It should be emphasized that these three classes of ion channels not only represent useful targets with
potential therapeutic applications, but also indicate undesirable targets (also known as antitargets) to
be avoided because of the side effects they cause when their function is altered [31].
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4. VGICs—Structure

The molecular architecture of the voltage-gated ion channel families consists of four subunits
arranged to form a common pore structural theme. lon channels consist of pore-forming «-subunits
(also called «l-subunits) and accessory «2—, B—, 8—, y-subunits. The x-subunit is inserted into the
lipid bilayer of the cellular membrane and constitutes the channel pore through which ions pass
(Figure 2). Commonly, a-subunits and accessory subunits are members of large protein families that
evolutionarily possess similar structural elements, i.e., comparable amino acid sequences. This is
reflected in the names of the subunits and their genes. For example, the gene encoding the a-subunit
of the cardiac Ca?* channel is called CACNCIC: calcium channel, isoform 1, a-subunit. The a-subunit
is termed Cay1.2: Ca®" channel family, subfamily 1, member 2; the subscript “V” means that channel
gating is regulated by transmembrane voltage changes (voltage dependent) [32].
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Figure 2. Schematic view of the structure’s subunits of cardiac ion channels. «l-subunits of K*
channels consist of one single subunit (domain or core motif), while Na* channels and Ca?* channels
consist of four serially-linked homologous domains (I-1V). Each subunit contains six transmembrane
segments (51-56). The S5 and S6 segments and the membrane-associated pore loop (often called the P
loop or P segment or P region) between them form the central pore through which ions flow down
their electrochemical gradient. The S4 transmembrane domain is the voltage-sensor (gating modifier).
K* channel is a tetramer assembly of « subunits. While Na* and Ca?* channels consist of four subunits
co-assembled to form a single functional channel. The 3, a28, and y subunits enhance cell surface
expression and modulate the voltage dependence and gating kinetics of the a1 subunits and channel
sensitivity to endogenous ligands and pharmacological agents. These accessory subunits determine
ion channel tissue specificity.

4.1. Potassium lon Channels

The largest and most diverse group of cationic ion channels is those transporting potassium ions.
It has been established that K* channels occur in the plasma membrane of almost all animal cells. Due to
this, they represent a large family of therapeutic targets/antitargets for drug development. According
to the literature, the human genome encodes 40 voltage-gated potassium channels [7], which are
involved in diverse physiological processes ranging from repolarization of neuronal or cardiac APs,
over-regulating calcium signaling and cell volume, to driving cellular proliferation and migration.
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This group includes 12 subfamilies, located in the brain, heart, and muscles (Ky1-Ky12) [28,33].
The main building blocks of these proteins are & subunits, which contain pores selective in potassium
ions. Both the amino terminus (N-terminus) and the C-terminus of & subunits are located on the
intracellular side of the membrane (Figure 2 and Table 1). Interaction of Ky 11.1 with its 3-subunit, i.e.,
Mink-related peptide 1 (MiRP1, encoded by KCNE2) [34] induces earlier activation and accelerates
deactivation. In this way the ancillary protein (UniProtKB references code: Q9Y6]6) [35] modulates the
gating kinetics and enhances stability of the channel complex. It has a single transmembrane segment,
a long extracellular N-terminus, and a short intracellular C-terminus [36] (Figure 2).

Table 1. Overview of the key properties of the structural subunits of cardiac ion channels [37].

Name hKy11.[/KCNH2 hNay1.5/SCN5A hCay1.2/CACNCIC
UniProtKB Q12809 Q14524 Q13936
) 612-632: 884-904: 694-715;
pare-forming VTALYFTFSSLTSVGFGNVSP  FFHAFLIFRILCGEWIETMW  QSLLTVFQILTGEDWNSVMYDG
ion selectivity sequence motif GYG DEKA EEEE

Atrial Fibrillation, Familial,
Brugada Syndrome;
Cardiomyopathy, Dilated;
Long Ot Syndrome;
Progressive Familial Heart
Long Qt Syndrome; Short Qt Block (Type Ia); Sick Sinus Long QT, Brugda Syndrome,
Syndrome Syndrome, Autosomal Timothy Syndrome
Recessive; Sudden Infant
Death Syndrome; Ventricular
Fibrillation During Myocardial
Infarction, Susceptibility to
acquired arrhythmia

cariac disease

sequence identity : BB.66% 66.70% 70.3%

! Sequence identity between the template and the modeled sequence.

The Ky 11.1 channel (encoded by the hERG gene) is the best-known potassium ion channel. Brief
characteristic membrane topology and structural organization of the Ky 11.1 subunit are presented
in Figure 2 and Table 1. In the last decade of the twentieth century it was found that Ky11.1 plays
a crucial role in cardiac repolarization, especially in the later phases of the AP based on its unique
kinetics. KCNH2 gene codes for the Ky 11.1 channel, known as the human Ether-a-go-go-Related Gene
(hERG), carries the delayed rectifier potassium current (IKr). IKr is a key component in repolarization
of the myocardium [38]. Opening of the channel and rapid transport of potassium ions driven by
the electrochemical potential gradient occur just after depolarization of the cell membrane, in the
first stages of functional potential. Repolarization results in a reopening of the channel, resulting
in the termination of the potential/excitation [39]. For this reason, the hERG current is the most
common target for QT interval-prolonging drugs [40]. Drugs blocking the hERG potassium channels
(referred to as “hERG inhibitors”) reduce the IKr and prolong cardiac repolarization, which appears as
prolongation of the heart rate-corrected QT (QTc) interval on the electrocardiogram (ECG), and this
predisposes arrhythmias [41]. Therefore, it is commonly well accepted as an antitarget in cardiac
risk assessment. Moreover, these channels have also been identified in neurons, thus explaining the
fact that a disruption of Kv activity may also lead to epilepsy [30,39]. The function of the hERG
gene-coded channel can be impaired by a number of drugs. One of them is terfenadine (TNF),
a second-generation antihistamine [42]. According to numerous studies, the combination of TNF with
the protein encoded by the hERG gene is a direct cause of prolonged QT and thus strong ventricular
arrhythmia [43]. Consequently, the use of TNF was abandoned in the USA in favor of its active
metabolite, fexofenadine [44]. However, the strong interaction between TNF and Ky 11.1 is a benchmark
in testing the inhibitory power of the Ky 11.1 channel relative to other drugs.
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4.2. Caleium Ion Channels

The role of calcium in normal heart activity was first mentioned in 1883 [45]. In the 1990s,
there was evidence of the effect of Ca®* ions on muscle cells [46]. Nowadays, it is widely acknowledged
that calcium is involved in many cellular processes. The Ca** channel family contains at least
ten members that are distinguished by their structure, subunit composition, location, biophysical
properties, and pharmacology. By controlling the entry of Ca®! into cells, these proteins have a
critical role in a broad range of cellular processes, such as neurotransmitter release, second messenger
cascades, cardiac excitation and contraction, and gene regulation supporting learning and memory [47].
The studies indicate that calcium ion channels are involved in myocardial contraction, hormonal
regulation, and nervous system function. Voltage-gated Calcium Channels (VGCaCs) are complex
proteins consisting of four or five subunits. The channel is built of one central pore-forming ol
subunit, five § subunits, four a26 subunits, and five y subunits [31]. The most important a1 subunit
is responsible for the major biophysical and functional properties of the channel, while the auxiliary
subunits «29, 3, and y control channel expression, membrane incorporation. Those auxiliary subunits
are also involved in the drug binding and gating characteristics of the central unit (Figure 2). Drugs that
block Ca?* channels are used in the treatment of epilepsy, chronic pain, and cardiovascular disorders
(including hypertension, angina pectoris, and cardiac arrhythmias) [48]. The a2 subunit is completely
extracellular, whereas the 5 subunit has a single membrane-spanning segment with a very short
intracellular part that anchors the «25 subunit (encoded by CACNA2D1-4) complex to the «1C subunit.
Both o2 & subunits are disulfide-linked proteins. The  subunit (Cavf1l- Cavp4, encoded by the
CACNB1-4 gene) is entirely intracellular and is tightly bound to a highly conserved motif in the
cytoplasmic linker between domains I and I of the «1C subunit [5]. The y subunit is composed of four
transmembrane segments and intracellular N- and C-termini (Figure 2.).

The location of VGCaCs in many different cells has resulted in the classification of the currents
according to the rate of ion conduction within the channel. Long opening currents are observed after
strong depolarization, mainly within muscle and hormone cells. They are inhibited by drugs such as
dihydropyridine or benzodiazepines. They take part in the initiation of the neurotransmission. T-type
currents are initiated when a slight depolarization occurs. These currents are short-term and resistant
to the abovementioned blocking substitutions, while they are blocked by mibefradil (withdrawn from
treatment for side effects, Figure 1) [49]. According to current differences three groups of ionic channels
have been distinguished: Cav1 mediating the transfer of L-type currents, Cay2 mediating the transfer
of N-, P/QQ-, and R-type currents, Cay3 mediating the transfer of T-type currents. In cardiac muscle,
two types of voltage-dependent Ca®* channels, the L-type and the T-type, transport Ca?* into the cells.

VGCaCs can exist in a resting, open, or inactive form. The opening of the ion channel occurs
during the depolarization of the cell membrane, which leads to an inflow of calcium ions into the cell
and its excitation. Thus, depolarization leads to the transition from inactive to open state; however,
it can be modified by the action of neurotransmitters or hormones [50,51].

The Cay1.2 channels dominate the functional activity in the working myocardium [51,52].
Additionally, Cay1.2 belong to the L-type Ca>* channels and are critical to maintain the action potential
plateau, to accelerate pacemaker activity in the sinoatrial node, and to support conduction through the
atrioventricular node. Because of their importance in the normal cardiovascular function, screening of
new drug candidates for their activity on Cay1.2 channels is considered an important safety measure
in developing new pharmaceuticals which are devoid of undesirable cardiovascular side effects [53].
Malfunction or mutation of the gene encoding Cay1.2 can lead to the occurrence of diseases (e.g.,
Timothy syndrome), which are manifested by the QT- prolongation [54]. Moreover, a sustained increase
in the inflow of ions to the cell due to channel hyperactivity leads to hypertrophy of the myocardium,
which results in failure and hypertension. The Cay1.2 channels play a dominant role in peripheral
vasoconstriction and are the target of Ca2+ channel blockers used to treat hypertension [40]. The studies
conducted in 1960 resulted in the discovery of the VGCaC blockade mechanism, allowing for the
development of drugs inhibiting the flow of Ca®* ions [55]. Three groups of drugs are commonly used
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in the treatment: nifedipine, verapamil, and diltiazem. The mechanism of action of these drugs is
based on the blocking of L-channels that lead to vasodilation [47].

4.3. Sedium Channels

Voltage-gated sodium channels (VGNaCs) were first described in the electric eel Electrophorits
electricus in 1976 [56]. They became the model on which the whole group of ion channels was
characterized. They initiate APs in nerves, muscles, and other electrically excitable cells [57]. Blocking
VGNaCs makes these cells less excitable [58]. Eukaryotic VGNaCs are composed of x and 3 subunits.
Subunit & contains pore-forming and voltage-sensing domains to control the penetration of Na+ ions
through the membrane. Subunits & are encoded by the SCNXA gene (where X = 1 - 9, depending on
the ion channel type). Auxiliary subunits p modulate gating and regulate the channel expression [59].
So far, four subunits § (B1-p4) have been identified [57,59]. B-Subunits have a single transmembrane
segment, a long extracellular N-terminus, and a short intracellular C-terminus. Presently, there are
nine different types of a subunits, from which individual ion channels (Nay1.1-Nay1.9) have been
isolated. So far, Nay 1.5 is the best studied channel, which is the most common in myocardial cells.

VGNaCs are important targets for the development of drugs, because mutations in different human
sodium channel isoforms have causal relationships with a range of neurological and cardiovascular
diseases [60,61].

Depending on the location, the channels have different functions. Nay1.1-Nay1.3 are most
abundant in the Central Nervous System. They are the therapeutic target of several drugs in pain,
stroke, or migraine (Nav1.1). This location also contains Nav1.6 channels, which are used to treat
multiple sclerosis. The proper activity of the musculoskeletal system is regulated by the Nav1.4 channel.
Nav1.7-1.9 function mainly in the peripheral nervous system, used to treat pain and nociceptive
disorders [62].

Dysfunction of VGNaCs can lead to a number of problems. Until now, more than 1000 disturbances
caused by mutations in the Nay channels have been identified. It should be noted that about 400
diseases are caused by a mutation of the Nay1.5 gene [63]. Moreover, the channel Nay1.5 (next to
Nay1.2) has the highest number of reported mutations among all nine Nay channels. Mutations in
Nay 1.5 result in many cardiac channelopathies [64]. Mutations leading to a reduction of the sodium
current can result in disorders such as Brugada syndrome, sick sinus syndrome, and cardiac conduction
defect and others. Strengthening the function of the aforementioned channel is a leading cause of
the occurrence of sudden infant death syndrome and stillbirth, whereas the reason for arrhythmias
and prolonged QT can be both stimulating and inhibiting Nay1.5 activity [63,65]. Recent evidence
suggests that a failure of the channels Nay1.1-Nay 1.3 and Nay 1.6 can lead to epilepsy or maintenance
of the epileptic state [60]. Current scientific papers emphasize that Nay1.7 overactivity can determine
the pain sensation even when sympathetic neuronal excitability is reduced [66]. In turn, Nay1.8 and
Nay 1.9 take part in setting up inflammatory pain [67]. Nonetheless, there are a multitude of substances
used to control VGNaCs activity by blocking the sodium channels. According to the above, abnormal
inflow and load of Na™ is associated with neuronal damage. Tetradotoxin and batrachotoxin, which are
naturally occurring toxins, strongly block the activity of sodium channels [60,68]. Therefore, drugs have
been elaborated to treat diseases caused by overactivation of VGNaCs. The most commonly used drugs
are first-generation antiarrhythmic medications and those used to treat epilepsy (e.g., lamotrigine,
phenytoin, or carbamazepine) [69]. The drugs used in arrhythmia are listed in Figure 3 [70]. On the
other hand, it is important to avoid interactions of potential non-cardiovascular drugs on Nay1.5,
as well as hERG due to potential off-target activity [63].

43



Int. [. Mol. Sci. 2020, 21, 8099 Sof16

] 12}

Class | 'h T Clasy ¥
Inhibition of Na+ channels Predimi " o Tnhibition of Ca =
e bt e Noowtion o

atlon
»

e (1
ehaxs e Nedacalne, jibempioin, miylereiine
ehuny bex flecabndile, prapafenone, ayamatine,

prwfmading, encainide 2 (3)
Class 11
- Imhibitien of K+
meivatarane, urolol, shurilide
>
E
(h )
Oiher mechanisns Class 1T
L pawslacine, vabraifing, /| 1 Beva-blockers
o) pprpranidol, rimolol, atemial,
by 1 moapradal, sataiol, carvedilol
80 ""-r.—— ....................................................
(4)| Staner

Figure 3. Classification of cardiac antiarrhythmic drugs.

5. Mechanism of lIon Channel Inhibition

Although the general mechanism of ion channel inhibition is well known, the detailed description
is still unclear and controversial. Voltage-dependent gating can be triggered in a variety of ways,
and the mechanisms of VGIC operation are important tools to understand the signaling behavior
of the channel [71]. The mechanisms of ion channel inhibition can be categorized in two classes,
i.e., pore plugging, and allosteric binding. The former includes inhibitors capable of binding in the
pore region once they enter the channel; in consequence they physically block the pore disabling the
ion transport. The latter group is inhibitors that require a specific binding site, the site is usually
an extracellular side of the pore, but there are known exceptions. The allosteric inhibitor binds
to the channel at the binding site causing conformational changes of the protein that prevents the
normal function of the channel [12]. Table 1 summarizes the pore forming region in Ky11.1, Nay1.5,
and Cay1.2 channels.

6. In Silico Methods for Testing the Risk of Cardiotoxicity

One of the most popular and accurate in-silico methods is the molecular docking technique [72].
This method determines the affinity (the binding of compounds to the channel) and how a given
drug binds to the active site of a protein (also known as binding modes/pose). It is a source of
information about the physiological and pathological mechanism of action of many substances [73].
It should be mentioned here that channels Ky11.1, Nay1.5, Cay1.2 can be treated in two ways. First,
they are therapeutic targets for cardiac arrhythmia and hypertension. Secondly, they should be
treated as antitargets in cardiac risk assessment. This entails the necessity of opposite approaches
in interpretation of the channel’s blocking effects. In the first case, research is conducted to search
for molecules that bind to a specific therapeutic target (e.g., Class III antiarrhythmic drugs). In the
second, research is focused on looking for molecules that avoid strong binding to the unwanted
targets (i.e., many noncardiac drugs) [11,74]. Commonly, K is characterized by the dissociation
constant of the complex, which is determined by competitive radioligand binding, and the blocking
of the passage of ions through the channel. In the computational approach, K; is determined in the
computational process. In vivo desirable and undesirable effects of a drug are generally related to its
concentration at the sites of action [75]. The passage of some ions through the channel is characterized
by the ICsy concentration, ensuring a 50% reduction in selected ion current, which is determined
by electrophysiological methods in the channel-expressing cells. For the majority of compounds,
only data obtained by one of experimental methods are available. It should be emphasized here that
the values of these parameters are generally well correlated (IC5y = K;). Based on the assumption
that the calculated K; reflects the drug binding affinity for a specific therapeutic target and the ICs
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(or pICsp) more reflects the functional potency of the inhibitor for the drug, it is widely accepted that
the use of calculated K; (or pK;) is helpful in determining the likelihood that a particular drug will
inhibit a particular protein target and result in a clinically relevant drug interaction. For this we usually
assume that the ICsy corresponds to the numerical value of K; (or pICsy = pK;). By convention, a pICs
< 4 (or pK;) is commonly used as threshold and can be considered to be an inactive compound for
the studied protein [76,77]. In Table 2, pICs; of selected drugs and corresponding ion channels were
collected. By matching the calculated K; values with the corresponding data from Table 2, we are able
to assess, for example, the cardiotoxicity of drugs by analyzing their interaction with ion channels [78].
From a safety pharmacological point of view, lower pICs; (pK;) value for channels Ky11.1, Nay1.5,
Cay1.2 are desirable.

Table 2. Comparison of pICs; values (i.e., the negative logarithm of the I1Cs; value) of selected drugs.

Drug hNay1.5 hCavy1.2 hKy11.1
ajmaline 5.09 [79] 4.15 [80] 5.08 [81]
amiodarone 5.32 [82] 5.57 [83] 7.52 [21]
amitryptyline 4.70 [84] 4.94 [85] 5.48 [86]
bepridil 5.43 [21] 6.68 [21] 7.48 [87]
chlorpromazine 5.37 [88] n/a [58] 5.83 [89]
cibenzoline 5.11 [90] 452 [91] 4.65 [92]
cisapride 4.83 [21] n/a [21] 8.19 [93]
desipramine 5.82 [21] 5.77 [21] 5.86 [94]
diltiazem 5.05 [95] 6.35 [96] 4.76 [97]
diphenhydramine 4.39 [21] 3.64 [21] 5.28 [92]
dofetilide 3.52 [98] 4.22 [99] 8.30 [100]
fluvoxamine 4.40 [21] 5.31 [21] 5.51 [101]
haloperidol 5.15[102] 5.77 [102] 7.57 [103]
imipramine 5.44 [88] 5.08 [89] 5.47 [101]
mexiletine 4.37 [104] 4.00 [105] 4.30 [106]
mibefradil 6.01 [107] 6.81 [108] 5.74 [92]
nifedipine 4.43 [88] 7.22 [109] 3.56 [110]
nitredypine 4.44 [88] 9.46 [111] 5.00 [101]
phenytoin 431 [21] 3.99 [21] 4,00 [101]
pimozide 7.27 [112] 6.79 [1123] 7.70 [101]
prenylamine 5.60 [21] 5.91 [21] 7.19 [21]
propafenone 5.92 [21] 5.74 [21] 6.36 [114]
propranolol 5.68 [21] 474 [21] 5.55 [115]
quetiapine 4.77 [21] 498 [21] 5.24 [116]
quinidine 4.78 [21] 4.81[21] 6.52 [117]
risperidone 3.99 [21] 4.14 [21] 6.82 [101]
sertindole 5.64 [118] 5.05[118] 7.85 [101]
sotalol n/a [119] n/a [119] 7.07 [119]
tedisamil 4.70 [120] n/a [121] 5.60 [101]
terfenadine 6.01 [21] 6.43 [21] 8.05[115]
thioridazine 5.74 [21] 5.89 [21] 7.48 [101]
verapamile 4.38 [21] 7.00[21] 6.84 [97]

7. Conclusions and Perspective

Despite the fact that the electrical excitability of nervous and muscle tissue has attracted the
attention of scientists for three centuries, many issues remain unclear and controversial to this day.
Of course, the substantial development in this area cannot be overlooked! It is worth emphasizing
that since the mid-1990s, researchers have been addressing issues related to the cardiological safety of
drugs that are being developed and already used. In the past 25 years, pro-arrhythmic risk testing
has dominated the assessment of cardiovascular safety and the discipline of safety pharmacology.
The regulatory guidelines (clinical and non-clinical) developed so far have focused mainly on inhibition
of the human Ether-a-go-go-Related (hERG) gene and pulse-corrected QT prolongation (QTc). However,
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in our opinion, the science of cardiac safety must evolve, and this evolution should be multidirectional.
Undoubtedly, modern technology creates a multitude of different possibilities, the use of which should
create conditions for a better understanding of the pharmacology of cardiac safety. Unquestionably,
in silico tests based on the molecular docking technique are one such possibility. The key seems to be
proper understanding and differentiation of concepts such as desirable and undesirable therapeutic
goals. On the other hand, however, we should be aware that, under certain therapeutic conditions,
our therapeutic targets become primary antitargets (i.e., undesirable targets) in drug development.
Antitargets are molecular systems that play an essential role in the normal functioning of cells and
tissues and their blockage causes potentially serious side effects. This results in poorer treatment
outcomes or a shorter patient survival time. Since many drugs can bind to ion channels, block ion
flow, and interfere with the regulation of the action potential, leading to drug-induced arrhythmias or
“proarrhythmias”, these structures appear to be appropriate antitargets in assessing cardiac risk.
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Abbreviations

VGICs Voltage-Gated lon Channels

VGKCs Voltage-Gated Potassium Channels
VGNaCs Voltage-Gated Sodium Channels
VGCaCs Voltage-Gated Calcium Channels
hERG Human Ether-a-go-go-Related Gene
TdP Torsade the points

CiPA Comprehensive In Vitro Proarrhythmia Assay
ICxp Inhibition potency

K Binding affinity
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6. BADANIA W OPARCIU O METODY DOKOWANIA POTENCJALNEJ KARDIOTOKSYCZNOSCI
TIAGABINY

Ryc. 14. Graficzny schemat metodyki przeprowadzonych badan.

Najnowsze badania wskazujg, iz pacjenci cierpigcy na epilepsje majg zwiekszone
prawdopodobienstwo zapadania na choroby serca [71]. Zaobserwowano, iz terapia jednym
ze stosowanych lekow przeciwpadaczkowych, TGB, jest obcigzona ryzykiem wystgpienia
tachykardii (ryc. 1). Niemniej mechanizm wystepowania tego zjawiska nie zostat jeszcze
jasno zdefiniowany [72].

Majac na uwadze fakt, iz anomalie pracy serca sg najczesciej wynikiem zaburzonego
funkcjonowania kanatdw jonowych, przeprowadzono badania dokowania molekularnego
czasteczki TGB z wybranymi modelami ludzkich kanatéw zaproponowanych przez CiPA:

hKv11.1, hNay1.5, hCay1.2. [73].

Procedura dokowania

Dokowanie molekularne przeprowadzono przy uzyciu oprogramowania AutoDock 4.2
oraz AutoDockTools (ryc. 11). W badanych modelach biatkowych wyznaczono pudto
obliczeniowe o wymiarze 60 x 60 x 60 Ai rozmiarze kroku réwnym 0,375 A. Wielkoé¢ pudta
umozliwita swobodng rotacje liganda. Zostato ono umiejscowione w srodku kieszeni
wigzgcych badane VGICs. Modele 3D protein: hNayl.5, hCayl.2. uzyskano z bazy Swiss
Model Repository (SMR), natomiast strukture krystaliczng hKy11.1 z Kolaboratorium
badawczego w zakresie bioinformatyki strukturalnej (Research Collaboratory for Structural
Bioinformatics (RCSB)) Banku danych nt. biatek (Protein Data Bank (PDB)). Struktury

zwigzkoéw referencyjnych: TEF, BTX, NFD oraz TGB zostaty pobrane zbazy ZINC.
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Przeprowadzone analizy potwierdzity, iz oba enancjomery TEF tworzg najbardziej stabilne
pofaczenia z hKy11l.1, NFD z Cavl.2, natomiast BTX z Nav1l.5. Potwierdzeniem stabilnosci
badanych komplekséw s wartosci liczcbowe uzyskanych energii wigzania odpowiednich
komplekséw: EB(r/s-ter-hkvita) = —8,4, EB(nrp-hcavi2) = —10.71 kcal/mol, EBgxr-hnavis) = —9,01.
Dokowanie TGB do ww. antyceldw potwierdzity dane piSmiennicze wskazujgce, ze
enancjomer R—TGB wykazuje wyzszg aktywno$¢ w poréwnaniu do S-TGB. Niemniej, wartos¢
logarytmu statej inhibicji (pKi) potgczen R/S—TGB ze wszystkimi testowanymi kanatami ma
wartosé ponizej przyjetego farmakologicznie istotnego progu inhibicji (pKi < 4), dlatego
ligand ten mozna uznac¢ za nieaktywny wobec badanych biatek. Najbardziej optymalng
wartosé inhibicji posiada kompleks R-TGB — hKy11.1, co w niewielkim stopniu moze

ttumaczyé zaburzenia sercowe po podaniu TGB.
Testy farmakologiczne

Uzyskane w procesie in silico dane zweryfikowano badaniami farmakologicznymi.
Test wptywu TGB na prawidtowos¢ zapisu elektrokardiogramu (EKG) u szczuréow dostarczyt
informacji na temat zaburzenia odcinkdw potencjatu czynnosciowego po podaniu TGB. Na
ryc. 15 przedstawiono schemat obrazujacy zmiany potencjatu czynnosciowego oraz
wyodrebniono jony biorgce udziat w kontrolowaniu prawidtiowego przebiegu kazdej z faz

pobudzenia.

my

g

Ryc. 15. Schemat obrazujgcy zmiany potencjatu czynnosciowego serca. Numerami 0 — 5
oznaczono fazy potencjatu czynno$ciowego serca, rézowym kolorem oznaczono schemat
komorki; naptyw jonédw do komérki oznaczono strzatkg skierowang w dot, wyptyw jondéw
z komoérki oznaczong strzatkg skierowang w gére.
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Przeprowadzone badania potwierdzity, iz nawet wysokie dawki substancji nie maja
wplywu na potasowy i sodowy kanat jonowy, a tym samym nie zmienia znaczaco zapisu EKG.
Drugi test skupit sie na ocenie blokowania wptywu wapnia do komorki po podaniu TGB.
Modelem wykorzystanym w badaniu byta wyizolowana aorta szczura obkurczona roztworem
chlorku potasu (KCI). Skurcz aorty wywofany naptywem K* powodowat depolaryzacje btony
komérkowej i naptyw Ca?*. Podanie zwigzkéw referencyjnych (NFD oraz werapamilu) znosito
efekt wywotfany KCI, natomiast TGB nie byta w stanie spowodowaé rozkurczu naczynia.
W ten sposdb udowodniono, iz badany lek nie posiada wifasciwosci inhibicji VGCaCs
w badanym zakresie stezen.

Przeprowadzone w ramach niniejszej pracy badania wykazaty, iz efekt tachykardii
obserwowany u 1% pacjentéw leczonych TGB prawdopodobnie nie jest wynikiem
blokowania kanatéw jonowych zaproponowanych przez CiPA. Otrzymane wyniki s3
potwierdzeniem, iz blokowanie genu hERG nie moze by¢ jedyng przyczyng wydtuzania
odcinka QT potencjatu czynnosciowego. Konieczne wydaje sie zatem kontynuowanie badan
w tym kierunku oraz rozwdj technik in silico w zakresie bezpieczeristwa kardiologicznego.
Whioski wyciggniete po analizie wynikdow wskazujg réwniez na konieczno$¢ ulepszenia
modelu farmakologicznego na ktérym prowadzone sg badania, gdyz aktywnos¢ miocytow

serca gryzoni i cztowieka rdzni sie w znaczacy sposdb.
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Abstract: Tiagabine is an antiepileptic drug used for the treatment of partial seizures in humans.
Recently, this drug has been found useful in several non-epileptic conditions, including anxiety,
chronic pain and sleep disorders. Since tachycardia—an impairment of cardiac rhythm due to cardiac
ion channel dysfunction—is one of the most commonly reported non-neurological adverse effects
of this drug, in the present paper we have undertaken pharmacological and numerical studies to
assess a potential cardiovascular risk associated with the use of tiagabine. A chemical interaction
of tiagabine with a model of human voltage-gated ion channels (VGICs) is described using the
molecular docking method. The obtained in silico results imply that the adverse effects reported
so0 far in the clinical cardiological of tiagabine could not be directly attributed to its interactions
with VGICs. This is also confirmed by the results from the isolated organ studies (i.e., calcium entry
blocking properties test) and in vivo (electrocardiogram study) assays of the present research. It was
found that tachycardia and other tiagabine-induced cardiac complications are not due to a direct
effect of this drug on ventricular depolarization and repolarization.

Keywords: tiagabine; cardiac voltage-gated ion channels; molecular modeling; ECG study

1. Introduction

Epidemiological studies have consistently shown that people with epilepsy have a
higher prevalence of structural cardiac disease than those without it [1]. The functioning
of neurons, muscles and cardiac myocytes is based on action potentials (APs) generated
by transmutational ion currents mediated mainly by sodium, calcium and potassium [2,3].
According to the guidelines of the Comprehensive in vitro Proarrhythmia Assay (CiPA),
a set of six ion channels has been selected for which currents are important for both the
repolarization and depolarization of the cardiac action potential (AP) [4]. There is some
evidence, based on the effect of clinical drugs on cardiac APs, indicating the classification
of cardiac ion channels into two classes [5-7]. The first class contains the most important
cardiac ion channels, such as Ky11.1, Nay1.5 and Cay1.2. The second class comprises
Ky4.3, Ky LQT1/mink and Kir2.1 and is less critical for the assessment of all drugs under
CiPA [7-9].

A common feature of both neurological disorders (e.g., epilepsy and chronic pain)
and cardiac dysrhythmias is cell (neuronal cell and cardiac myocyte, respectively) hyperex-
citability [2]. Therefore, drugs affecting cell excitability threshold within the nervous tissue
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can also interact with cardiac cell APs and vice versa [10-12]. It has to be emphasized that
this drug-induced effect might sometimes be harmful as it may lead to the occurrence of
additional alterations in neuronal or cardiac cell reactivity, thus being a cause for additional
drug-induced (iatrogenic) complications. From the safety pharmacology point of view,
it is of key importance to recognize these potential risk factors as early as possible. The
cardiac VGICs assay is an indispensable step and a high-quality assay must accompany
any investigational new drug application. The in silico studies of drug binding to Ky 11.1,
Nay1.5 and Cay1.2 may be valuable assays for drugs and drug candidates at present [13].

Currently, several antiepileptic drugs were reported to have cardiotoxic and metabolic
adverse effects [1,14]. Tiagabine (TGB) is an anticonvulsant drug used to treat partial
seizures in humans. Recent results of clinical trials and animal studies indicate that it
might be also effective in patients suffering from pain, insomnia or mood disorders and
these activities are attributed to its inhibitory effect on GABA uptake [15,16]. TGB is
a 96% protein-bound molecule [17]. The drug is a potent inhibitor of [3HJGABA up-
take into synaptosomal membranes (ICs5; = 67 nM) or neurons (ICs = 446 nM) and glial
cells (IC5) = 182 nM) in primary cell cultures. The in vivo tests have shown that TGB
neuronal inhibiting is 2.5-fold more potent than glial GABA uptake [18-20]. The enhance-
ment of GABA neurotransmission due to GABA transporter subtype 1 (GAT-1) inhibition
might also explain most of adverse effects of TGB, including drowsiness, confusion and
dizziness [18,21]. However, some other TGB-induced complications do not to be directly
related to its influence on GABA concentration in the brain and other tissues.

Several recent reports have demonstrated that tachycardia is observed in about 1.0%
of patients treated with TGB [185,22] but the mechanisms underlying this cardiotoxic effect
are not known. In the literature there is a limited amount of data regarding the influence of
TGB on cardiovascular functions and metabolism [23].

Since tachycardia is most frequently caused by impaired ion channel functions [24-27],
in the in silico part of the present study a detailed analysis of the interactions between
the human Ky11.1, Nay1.5, Cay1.2 and TGB was performed. In order to compare the
strength of TGB’s binding to individual ion channels terfenadine (TEF) [28], batrachotoxin
(BTX) [29,30] and nifedipine (NFD) [31] were selected as compounds strongly affecting
these molecular targets.

In the course of present study, in vivo tests in rats were performed. The in vivo
assay comprised the assessment of TGB's proarrhythmic potential and its effects on ECG
components were studied; i.e., we conducted in vivo evaluation of TGB to assess its
influence on PQ, QRS, QT and QTc intervals. Its effect on heart rate was also investigated.
The relevant changes in PQ, QRS, QT and QTc intervals were interpreted as the effect of
the test drug predominantly on Nay, Ky and Cay channels. In contrast, the changes in
heart rate were treated as a measure of the effect of the test compound, particularly, on the
Nav1.5 channel or autonomic system function. Calcium blocking properties of TGB were
tested in the isolated rat aorta contracted with depolarizing KClI solution.

2. Results
2.1. Pharmacological Part
2.1.1. The Effect on Normal Electrocardiogram

In vivo ECG study showed that TGB marked no significant effect on PQ, QRS, QT and
QTc intervals. TGB also did not influence the heart rate significantly. It decreased the heart
rthythm maximally at 30 min (by 6.9%) but this result did not reach statistical significance
(Table 1). What is most important to note is that TGB at a dose as high as 100 mg/kg i.p
did not prolong QT interval, which suggests that it did not prolong cardiac repolarization
and probably did not block Igg currents. Similar observations have also been made in
the published studies [32,33]. We also did not observe the prolongation of PQ interval
and QRS widening, which reflects the slowed conduction and disturbances in ventricular
depolarization, usually due to the Iy, block. This is in line with the results obtained and
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presented here from molecular docking studies, where we found that TGB did not bind to
cardiac voltage-gated ion channels K, 11.1 (hERG) and Na, 1.5.

Table 1. Effects of TGB (100 mg,/kg i.p.) on the heart rate and ECG intervals in anesthetized rat (thiopental 75 mg/kg i.p.).

Time of Observation (min)

Earamevar 0 5 10 20 30 20 50 60
Beats/min 288054  2756+7.6 2742+77 2695+ 66  2681+30 2767+47  237+70 2895+ 113
PQ (ms) 526+20  562+20  568+21 566+18  572+13 552422  52+12 568+13
QRS (ms) 192405 184411 198409 194406 194409 198405 19604 190409
QT (ms) 61.0 = 1.0 6o+ 04 2619 2818 6.8 £+ 0.8 63.6+ 1.8 6l2+08 hl.e+ 09

QTe (ms) 1138 +3.0 1156+ 1.5 119.9 +5.6 121.1 438 1174 +20 121.0+38 1150+ 2.0 1148+ 3.0

The data are the means of five experiments = 5.E.M, Statistical analysis: one-way analysis of variance (ANOVA) with repeated measurements
and followed by Dunnett’s post hoc test.

2.1.2. Voltage-Dependent Calcium Channels

During the course of our study, we investigated the calcium entry blocking properties
of TGB in vasculature by employing the isolated rat aorta contracted with depolarizing
KCl solution. In this experiment, the KCl-induced contraction was caused by an increase
in extracellular potassium that leaded to membrane depolarization, which increases cal-
cium influx from extracellular sources involving voltage-dependent calcium channels [34]
(Cay1.2). The reference compounds we used were verapamil [35] and NFD [36]. TGB was
not able to relax KCl-precontracted aortic rings at the range of concentration 1-30 pM
(Figure 1). At a higher concentration, TGB was not tested as it precipitated in Krebs-
Henseleit solution. NFD, verapamil and voltage-dependent calcium channel blockers
relaxed KCl (60 mmol/L)-precontracted aortic rings in a dose-dependent manner (Figure 1)
by 95-97%, with the IC5j values of 4.7 & 0.2 nM and 32.9 + 7.4 nM, respectively [35,36].
On the basis of these results, we may state that TGB does not possess voltage-dependent
calcium channel blocking properties at the tested range of concentrations.

0 -
vy ® nifedipine
g 20+ e verapamil
p v tiagabine
2 40-
m
z
© 60-
a
S 80+
100 L] L] LI L] L]
9 -8 -7 6 -5 -4

log [C] (M)

Figure 1. Inhibitory potencies of TGB and reference drugs (NFD and verapamil) on sustained contraction of aortic rings
induced by KCI (60 mM).

2.2. Molecular Docking Studies
2.2.1. Terfenadine

TEF s (RS)-1-(4-tert-butylphenyl)-4-{4-[hydroxy(diphenyl)methyl]piperidin-1-yl|-butan
1-ol and, from a chemical point of view, belongs to piperidine derivatives (Figure 2).
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Tiagabine
reference set

4
O

OH
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Progabide

Cl

Nifedipine Batrachotoxin

Aspirin

Figure 2, Chemical structure of the investigated compounds. Carbons at a tetrahedral stereogenic center are distinguished

by *.

The obtained results from molecular docking confirmed the strongest blocking effects
of TEF on the hK, 11.1 channel. R-TEF-hK11.1 is the most stable complex in the studied
set. Comparison of the data (such as Eg and pKj, Table 2) obtained for R-TEF and S-TEF
complexes leads to the conclusion that there are significant stereoselective differences in
the potential interaction for all studied channels. Docking experimentation predicted more
effective potential interactions of all studied channels and S-TEF than its counterpart R-TEF
(Table 2). Nevertheless, all calculated h-bonds formed are weak interactions. Moreover,
obtained data suggests that R/S-TEF displays non inhibitory effects for hCa,1.2. According
to data in Table 2, pKi < 3.5, while by convention pK; < 4 indicates the lack of a biological
effect. Based on the CiPA studies, including the examination of the effect of 30 clinical
drugs on the 7-ion channel [7], it can be concluded that the risk level of torsade de pointes
(TdP) is correlated with the blocking effects of hK,11.1, hNa,1.5 and hCa,1.2. Crumb
et al. [7,37] in their research proposed a classification of drugs into three categories of
TdP entry risk (high, medium and low). According to their studies, drugs belonging
to the high and medium risk stand out with block hERG to a much greater extent than
any other tested currents. The drugs belonging to the low risk category is distinct with
the non-specific blocking of hK,11.1, hNa, 1.5 and hCa,1.2 channels (Figure S1). These
results clearly indicate the need for testing drug candidates on the ion channel panel. In
our study it was found, on the molecular level, that the high risk of TdP is a result of
TEF's strong blocking effects on hERG. R-TEF-hK,,11.1 complex has one normal h-bond in
which the hydroxyl group of the (4—tert-butylphen;‘l)meﬂlanol moieties of R-TEF donates
energetically weak (—3.62 kcal/mol), short (2.12 A) and almost linear interactions (158°)
to Tyr652 (Figure S2). Regarding the interaction of R-TEF and S-TEF with the hNay1.5
channel, it should be noted that both enantiomers of TEF practically strongly interact with
this protein (pK; > 5, Table 2), which also indicates their arrhythmogenic effects through
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the hNay 1.5. This observation is also confirmed by previously presented pharmacological

studies [38].

Table 2. The summary of hNa,1.5, hCa, 1.2 and hK,11.1 (hERG) channel docking experiment results.

Complex Ep Amino Acid Hg Angle Lyp Eug
Protein Ligand  keal/mol i Residues donor acc 0 A kcal/mol
R-TGB -5.01 374 ASN927 #CONH3 %COO 15333 217 -3.38
S-TGB -5.21 3.82 ASNO27 #CONH; %COO 171.54  2.23 —4.05
NFD —7.00 5.13 LEU409 %NOH #CONH 146945 1987  —0.07
hNay1.5  R-TEF ~6,83 5.01 none
LEU409 %0H #CONH  163.079 2014  -1.00
S-TEF s o6 GLU417 %0OH #COO0 129495 2178  -0.04
BTX -9.01 6.68 SER1458 %NH #CONH 156904 2179  -343
i} THR1056 %NH #OH 168494  1.868 -7.33
L SER1132 #OH %C00 176604 2116  -554
THR1056 %NH #OH 150.676 2155 —4.06
s A7 X SER1132 #OH %CO0  137.882 2092 001
THR1462 %NOH #CONH 12462  1.68 —-3.13
hCa,1.2 NED = 785 TYR1508 #PhOH %NOH 141.07 192 ~3.84
R-TEF —4.16 3.05 THR1133 %OH #CONH 137428 2.021 —0.35
S-TEF -475 3.48 ALAN174 %0OH #CONH  128.006  1.901 -0.35
GLN1060 %OH #CONH2 157582 1691 -0.37
BTX —717 505 SER1132 #OH %OH 141666 2221 —323
METI1178 %NH-pyrrole  #CONH 156.864  2.028 —451
R-TGB -5.4 3.32 none
i TYR652 %NH #CONH 136087 1.97 ~2.86
SRR o e SER660 #OH %C00 12889 2145  —0.04
NFD —442 324 ASN658 #CONH; %NO 174.448  1.849 —7.63
sl R-TEF -84 6.27 TYR652 %0H #PhOH 158.395 2121 -3.63
S-TEF —84 6,56 none
PHE551 %0OH #CONH 171728 1933  -0.28
BIX 67 9 THR623 140.298 1933 224

Abbreviations in Table, Components of the investigated complexes: protein-hNav1.5, hCav1.2 and hK, 11.1 (hERG); and ligands, R/S-
TGB (R/S-tiagabine), NFD (nifedipine), R/S-TEF (R/S-terfenadine), BTX (batrachotoxin), Other abbreviations: Hg—hydrogen bond.
acc—hydrogen bond acceptor. Hydrogen bond components: from the ligand % and from the protein #. Eg—complex energy binding.
f—hydrogen bond angle. Lyg—hydrogen bond length. Eyg—hydrogen bond energy. pK; was calculated from the AutoDock4 and
estimated inhibition constant K;, which is reported in the AutoDock4 output.

2.2.2. Nifedipine

NFD is a 3,5-dimethyl 2.6-dimethyl-4-(2-nitrophenyl)-1.4-dihydropyridine-3,5-
dicarboxylate (Figure 2). It is classified as a dihydropyridine subclass compound. It
is a highly apolar photosensitive compound. The NFD docking experiment revealed
that this molecule can interact with an active site of all the studied proteins (Table 2). It
can be set to the following descending order of binding energies Egnpp.hkv1i1) & —4.42,
EpovephNavi 5) & —7.00 and Egypponcaviz) & —10.71 keal /mol, respectively. The bind-
ing energies obtained in the docking experiment show that NFD forms a more stable
complex in the case of the hCa,1.2 channel. The in silico data obtained for blocking of
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hCay1.2 channel (pK; = 7.85) are in line with data in the literature (plCsy = 7.48) [35] and
(pK; = 7.66) [39]. Based on the predicted binding affinity, the highest affinity was observed
with the hCay 1.2 and NFD in all cases of studied channels. Additionally, the blocking
effect of NFD with hNa, 1.5 was also proven (Table 2). It has to be highlighted that in NFD-
hNa, 1.5 and NFD-hK,11.1 complexes, NFD interacts via one normal h-bond. In contrast,
the complex NFD-hCay1.2 shows two h-bonds, both of which are short (~1.68 A) and
strong (~2—3.8 kecal /mol) (Table 2.). The assessment of the data obtained for the hydrogen
bonds clearly leads to the conclusion that they all have incomparable energies and bond
lengths. Interestingly, NFD forms the strongest h-bond with hK, 11.1 and the weakest one
with hNay 1.5 channel (Table 2. Figure 52). The h-bond with hCay1.2 is characterized by
an indirect force of influence. However, taking into account the data from Table 2, there
is no correlation between the binding affinities of NFD and h-bond energy. The obtained
distribution of estimated pK; measure shows that in case of the hK11.1 channel, NFD
has no inhibitory effect for this channel (pK; < 4. Table 2). These data prove that NFD has
potency only in inhibiting the hCa, 1.2 and hNa, 1.5 channel, which is in agreement with
the pharmacological data previously presented in pharmacological literature [40].

2.2.3. Batrachotoxin

BTX as a steroidal alkaloid belongs to class A channel opening toxins [41]. Its molecule
contains an oxazepane ring with tertiary amine and an aromatic pyrrole ring connected to
the rigid polycyclic steroidal core via the ester group (Figure 2). Its 3D structure adopts
a horseshoe conformation [42,43]. The outer surface of the horseshoe is hydrophobic,
while the inner one is rather hydrophilic and forms the oxygen triad (at C3, C9 and
CI11) [44,45]. The outer surface of the horseshoe is hydrophobic, while the inner one is
rather hydrophilic and forms oxygen triad (at C3, C9 and C11) [44]. It was suggested in
the literature that this oxygen triad forms a hydrophilic arc, which can be regarded as a
chelating site attracting some cations [46]. In the preliminary analysis of the docking, it
was observed that BTX interacts with the active site of all studied proteins (Figure 52). The
achieved data demonstrated that Na, 1.5 forms one h-bond, while hCa,1.2 and hK,11.1
form two h-bonds. The energies obtained in the present in silico experiment show that
hCay 1.2 and hK,11.1 form more and form stronger hydrogen bonds than the remaining one
(hNay 1.5). The predicted binding affinity can be arranged in the following increasing order:
hK,11.1 < hCa,1.2 < hNa, 1.5 (Table 2). Obtained results revealed that BTX-hNa, 1.5 is an
energetically more stable complex with a binding energy of —9.01 keal /mol. The stability
of the complex with the hCay 1.2 and hK 11.1 is slightly lower than that with hNa, 1.5 (i.e.,
EH BTX-hCavl2 = ~7.17 and EB BTX-hKvill = —6.75 kcal;’mo], I'ESPECﬁVEIy). The calculated
BTX affinity value of pKi = 6.68 is consistent with the relevant inhibitory potential data
known from the specialized literature (pICsy = 6.71) [47]. The BTX-hNay 1.5 complex is
formed via a single key interaction with residues of hNay1.5. The hydroxyl group at
position C-11 of the steroid skeleton donates one h-bond to the sulfur atom of Ser1458.
This interaction is non-linear (157°) and with weak energy, i.e., —3.43 kcal /mol and a small
bond length equal to 2.18 A. This is in line with the literature data according to which
the atom included in oxygen triad is responsible for the toxic interaction of BTX with its
molecular target [44]. We can treat these data as a strong argument proving that BTX acts
on the cytoplasmic side of the channel just as other Class A neurotoxic compounds do, as it
is shown in Figure 52.

For hCay 1.2 and hK,11.1 channels, BTX has pK; = 5.2, which suggests comparable
blocking effects. The BTX-hCay1.2 complex is a more energetically stable form than the
BTX-hNa, 1.5 complex (Table 2). This complex has one normal h-bond. In the bifurcated h-
bond, the major component is Ser1132 and the minor component is GIn1060; the associated
energies are weak (Epp = —0.37 kcal/mol and —3.23 kcal /mol, respectively). The distances
of the hydrogen bonds lay in the range from 1.69 to 2.22 A and, due to this, the three-
centered hydrogen bond is highly not symmetric. In the case of BTX-hCay 1.2 complex, it is
formed via one normal h-bond interaction (Table 2).
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2.2.4. Tiagabine

As it can be seen from the data collected in Table 2, TGB complexes between hNa, 1.5,
hCay1.2and hK11.1 have a calculated pK; < 4, which is commonly used as a threshold and
this drug can thus be considered as an inactive ligand for those proteins. These data refer
to both R/S enantiomers of TGB (Figure 3). Docking TGB into the hNay 1.5 channel showed
the highest pK; value in Table 2, however, the value is still below the activity threshold
level of pK; > 4. The lowest pK; was observed for hK;11.1. We can treat these data as a
partial explanation of the reported adverse TGB interactions in the cardiovascular system.
It also seems that a small percentage of the observed cardiac disorders can be attributed to
the fact that TGB does not interact with hKv11.1, for which inhibition is responsible for QT
prolongation. In all analyzed cases, R-TGB shows slightly higher binding affinities than
S-TGB. This observation is in line with many previous pharmacological studies indicating
the greater biological activity of R enantiomers compared to the S ones [10-12]. It is also
worth emphasizing that all h-bonds formed between hCay1.2 channels and R/S-TGB
possess very favorable key interaction energy values (Eyjg ~ —7.32 for hCa, 1.2-R-TGB and
—5.54 keal/mol for hCay 1.2-S-TGB, Table 2) and geometrically nonlinear systems.

Cav1.2

R-TGB

i

Extracellular site Extracellular site

.
\
‘

6 #

Cytoplasmic site Cytoplasmic site

S-TGB

& ¢

’

Extracellular site

Cytoplasmic site Cytoplasmic site Cytoplasmic site

Figure 3. Pocket locations and binding modes of (R/S)-Tiagabine (R/S-TGB) and the investigated channels: hNav1.5,
hCav1.2 and hKv11.1. Ligands (ball and stick model) and calculated hydrogen bonds (dashed green lines).

To sum up, the docking experiment revealed that R/S-TGB has lower intermolecular
forces with all studied ion channels (Eg &~ —5.30 kcal/mol, Table 2). The combination
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of the above-mentioned docking data with pharmacological as well as literature data
regarding the risk for tachycardia due to TGB administration suggests that this adverse
effect observed in humans is not likely to result from TGB interaction with molecular
anti-targets (i.e., ion channels tested in this study) used for the cardiac risk assessment. The
data obtained in this study allowed the supplementation of information on the impact of
TGB on other than GAT-1 molecular targets. As is currently known, TGB has no significant
affinity to other uptake systems, such as those for dopamine, noradrenaline, acetylcholine,
adenosine, serotonin, histamine, opiate, glycine, glutamate or GABA [48,49]. It only has a
weak affinity towards benzodiazepine receptors and does not affect K" and Ca**, while it
slightly affects Na* and cardiovascular channel function [19].

2.3. Validation Experiment

The validation was carried out by the docking of molecules with no affinity to hNa, 1.5,
hCa,1.2 and hK,11.1 channels, such as progabide (PRG) [50,51] and acetylsalicylic acid
(ASA) [52]. This choice of PRG and ASA was made based on their chemical and biolog-
ical similarity to TGB (ATC code: NO3AGO6 [53]). PRG (ATC code: NO3AGO5 [53]) is a
first-generation antiepileptic drug without analgesic properties [12,54]. ASA (ATC code:
NO02BAO1 [52]) is a classical and peripherally-acting nonsteroidal anti-inflammatory drug
that is inactive at GAT and recommended for the prevention of several cardiovascular
diseases due to its antiplatelet activity [52].

The results of the validation experiments, such as the complex binding energies, the
specific hydrogen bond components and detailed data of the hydrogen bond features
(energies, lengths and angles) are gathered in Table 3. The binding modes between hNa, 1.5,
hCay1.2 and hKy11.1; and the control compound are illustrated in Figure 53 in the supple-
mentary file. As it can be observed from the data, all control complexes have a calculated
pK; < 4, which is commonly used as the threshold and therefore the test compounds can be
considered to be inactive ligands for those proteins. In addition, all control complexes have
higher binding energy values and lower hydrogen bond energy than the TGB-hVGICs
complex,

Table 3. The summary of validation experiment results.

Complex e pKi Amino Acid Hg Angle  Lyg Eng
Protein Ligand Residues donor acc 0 A keal/mol
ASP945 %CONHI1 #C00 157949 1998  —5.425
PRG ~3.90 2.86 ASN1474 CONH2 #CO 15521 2.00 -5.04
hNa, 1.5 ASN1474 #NH2 %CO 141795 1987 -2.731
LYS1477 #NH1 %CO 159455 1905  -2.071
ASA 3 241 LYS1477 #NH2 %CO0  157.938 1737  —0.015
THR1056 %0H #OH 16388 199  —48
s L a4 SER1132 #OH %CONH 15674 194  —3.02
hCayti2 THR1056 #OH %COO  159.14 184  -230
ASA -2 177 SER1132 #OH %CO 17621 1945  —6.00
TYR652 %CONH2 #PhOH  139.884 1902  -2.015
PRG —34 250 TYR652 %NH #PhOH 139121 2182  —1.69
L] SER660 %O0OH #OH 170052 2129  —0.893
ASA -3.26 239 ASN658 #CONH2 %CO0 16792 178  -7.29

Abbreviations in Table. Components of the investigated complexes: protein-hNav1.5, hCav1.2 and hKv11.1 (hERG); and ligands, ASA—
acetylsalicylic acid, PRG—Progabide, Other abbreviations: Hp—hydrogen bond. acc—hydrogen bond acceptor. Hydrogen bond
components: from the ligand % and from the protein #. Eg—complex energy binding, 8—hydrogen bond angle. Lijp—hydrogen bond
length. Epg—hydrogen bond energy. pKi was calculated from the AutoDock4 and estimated inhibition constant K;, which is reported in
the AutoDockd output [55].
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3. Discussion

Taking into consideration the new action profile of drugs already on the market,
pharmacological safety is a particularly important issue. The main reason for this is the
fact that for drugs with an extended therapeutic range (i.e., repurposed medications), the
number of patients for whom a given drug is recommended will increase significantly.
TGB discussed in this study belongs to this group of drugs. TGB is an anticonvulsant
medication. It is also used in the treatment of anxiety-related disorders, as are a few other
anticonvulsants [21]. In the case of this drug, the above mentioned point is particularly
important because TGB was originally prescribed to a relatively small group of patients
due to its narrow range of indicators (adjunctive treatment of partial seizures in adults
and children 12 years of age and older) [56]. However, when we consider its analgesic
and anxiolytic effects in our considerations, we include therapeutic indications for a
significantly larger group of patients. Reports presented in the scientific literature indicate
an approximate 70% increase in the number of patients on TGB therapy [57]. This is all the
more important as the safety and efficacy of TGB have not been systematically evaluated
for indications other than epilepsy.

Modern technology provides us with many different possibilities, the use of which
should create the conditions to learn about safety pharmacology. Undoubtedly, in silico
research is one of many possibilities for seeking answers in this regard. It seems to us that
the research presented above makes some important contributions to this issue. The study
tried to answer the question about the cardiovascular safety assessment of TGB. This is all
the more important in the light of the recent expert discussions focused on extending the
pharmacological profile of TBG. Many modern studies indicate that, in addition to the ther-
apeutic use of TGB in epilepsy, we should strongly consider its utilization for non-epileptic
indications. On the other hand, it is known that drugs that show this type of biological ac-
tivity might have a strong effect on a heart. This, in turn, undoubtedly forces us to increase
the effort focused on assessing cardiac safety. Considering the assessment of the effect of
the compound on so-called anti-targets adopted from CiPA in the cardiac risk assessment,
the TGB interaction was investigated with the following channels: hK,11.1, hNa,1.5 and
hCay1.2. Drugs strongly affecting individual channels (such as TEF, BTX and NFD) were
selected as reference compounds for this study. TEF is a prodrug metabolized by intestinal
CYP3A4 to fexofenadine, the active form being a selective histamine H1-receptor antagonist
with antihistaminic and non-sedative effects. As it is well known, antihistamines may
increase the rate of heart beat [55,59]. TEF causes prolonged repolarization, as is reflected
in the broadening of the electrocardiographic QT interval, with the potential for serious
ventricular arrhythmia and death [60-62]. Due to this, in the U.S. TEF was superseded by
its active metabolite fexofenadine in the 1990s [59]. Numerous studies have proven that the
ability of TEF to extend the QT interval depends on its binding to the Kv11.1 (Figure 51)
protein encoded by hERG [63,64]. Nevertheless, TEF does not readily cross the blood-brain
barrier and due to this its CNS, depression is minimal. NFD is a calcium channel blocker,
a specific antagonist of Cav1.2 channels [65]. It is used to treat hypertension and chronic
stable angina. NFD binds directly to inactive calcium channels and stabilizes their inactive
conformation. By inhibiting the influx of calcium in smooth muscle cells, NFD prevents
calcium-dependent myocyte contraction and vasoconstriction [31,40]. BTX was chosen
as a reference compound in our docking experiment study due to its extremely potent
cardiotoxic and neurotoxic characteristics [29,42,46,47,66]. In animals, BTX inactivates
sodium channels in nerve cells and muscle cells, thereby interfering with the electrical
signals sent throughout the body and causing fibrillation, arrhythmias, cardiac failure
and death [29]. It is worth emphasizing that the obtained data from molecular modeling
confirmed the high selectivity of the reference compounds for the appropriate ion channels
(Table 2). The response obtained from molecular studies also indicates that the mechanisms
underlying tachycardia in patients treated with TGB appear to be unrelated to its effect on
the hNa, 1.5, hCa,1.2 and hK,11.1 heart ion channels. Moreover, it is known that one of
the most common mechanisms of drug-induced ventricular tachycardia is the blocking of
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hERG channels [67,68]. For this reason, additional evidence supporting the conclusions of
the in silico study appears to provide epidemiological data (pharmacological reports) in
which tachycardia is noted in approximately 1.0% of patients treated with TGB. In light
of these facts, if TGB-induced tachycardia contacts the hK;11.1, hNa,1.5 and hCa,1.2.
blocking mechanism, one would expect a higher rate of these side effects. In addition to
the above-mentioned in vivo tests, as a part of safety pharmacology experiments, the TGB
effects on PQ, QRS and QT intervals and the effects of TGB on heart rate were assessed.
Many vyears of research have demonstrated that proarrhythmic effect, QT prolongation
and hERG blocking cannot be treated as the only determinants of the occurrence of TdP.
For instance, verapamil and ranolazines are examples of drugs that are strong inhibitors
of the hERG channel and are simultaneously devoid of the risk of inducing arrhythmias
and, vice versa, devoid of serious disorders of cardiomyocyte electrophysiology caused
by drugs that are weak hERG inhibitors (e.g., sotalol and alfuzosin) [24,69]. Thus, this
proves the insufficient specificity of the tests based only on the assessment of the hERG
channel blocking potential. The risk of drug-induced TdP is rather balanced by multiple
internal cardiac ionic currents that define ventricular repolarization, Therefore, studies that
utilize the whole tissue seem to be a good option for the reflection of pharmacodynamics
and potential adverse effects of a drug in a living organism. The in vivo results obtained
from studies in rats showed that TGB did not prolong the QT interval or alter the QRS
complex which suggests that it did not affect ventricular depolarization and repolarization.
Taking into account that as in many other animal models of human diseases and also in this
particular rat model, there might be basic translational problems. Some fundamental differ-
ences in the cardiac electrophysiology and myocyte calcium/potassium handling between
rodents and humans have been suggested [70], but, nonetheless, the ECG in rats is still a
widely applied experimental method in basic cardiovascular research. The technique of
ECG recordings is simple; however, the interpretation of electrocardiographic parameters
might be challenging. This is because the analysis may be biased by experimental settings,
such as the type of anesthesia and the strain or age of animals. Furthermore, differences
and similarities between rat and human ECG are frequently discussed in the context of
translational cardiovascular research. Despite this, rat electrocardiography is an important
investigational tool in experimental cardiology, even if the interpretation of electrocardio-
graphic parameters is problematic [71]. In addition to this, a number of studies have shown
that cardiotoxic drugs prolong QT interval in rodents and ECG recordings in rats have
been used as a screening tool to assess the cardiotoxicity of various drugs. However, it
needs to be stressed that the translation of the results of those studies to human application
also possesses limitations. This is because rats’ hearts do not express hERG, whereas the
cardiotoxicity of drugs is strongly associated with the blockade of hERG-related potassium
channels. However, rat hearts express a variant of Ether-a-go-go-Related Gene (rat ERG,
also known as Kenh2) [72,73], which may also play a key role in the assessment of drug-
induced cardiotoxicity. Taken together, we are aware that extrapolating the results from
our rat model to humans should be performed extremely cautiously and this, of course,
should be regarded as the main limitation of our study. Therefore, one can assume that its
direct interaction with heart sodium and potassium channels can be neglected. TGB also
marks no significant effect on the PQ interval, which suggests that it does not influence
the atrio-ventricular conduction time. Consequently, we can postulate that TGB has low
pro-arrhythmic potential, at least, after a single administration. Given that tachycardia
may result due to a number of different mechanisms and not all of them directly affect
ion channels, it is also necessary to evaluate the effects of TGB on several neurotransmit-
ters/neuromodulators and the activity of the autonomic nervous system. However, these
effects were not investigated in the present research. Further studies are necessary to assess
the effect of TGB on the cardiovascular system, especially after chronic administration. On
the basis of our research, we can state that TGB did not bind to voltage-gated ion channels
and did not affect them directly. Furthermore, the observed accidents of tachycardia are
probably not due to the direct effect of TGB on voltage-gated ion channels.
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4. Methods
4.1. Pharmacological Studies General Information

The experiments were carried out using male Wistar rats (Krf:(WI) (WU), 200-250 g).
The animals were housed in constant temperature facilities exposed to 12:12 h light /dark
cycles and were maintained on a standard pellet diet with tap water given ad libitum.
All procedures were conducted according to guidelines of ICLAS (International Council
on Laboratory Animal Science) and approved by the Second Local Ethics Committee in
Krakow, Poland (resolution No. 106/2016, 14 June 2016).

4.1.1. Voltage-Dependent Calcium Channels—Functional Assays

In order to investigate the calcium entry blocking properties of TGB, it was tested on
isolated rat aorta precontracted with KCI. Rats were anaesthetized with thiopental sodium
(75 mg/kg, i.p., Rotexmedica, Germany) and the thoracic aorta was dissected, cleaned,
denuded of endothelium, cut and mounted as described earlier [35]. Briefly, aorta rings
were incubated in 30 mL chambers filled with a Krebs—Henseleit solution (NaCl 118 mM,
KCl4.7 mM, CaCl, 2.25 mM, MgSO, 1.64 mM, KH;POy 1.18 mM, NaHCO; 24.88 mM,
glucose 10 mM, C3H305Na 2.2 mM and EDTA 0.05 mM) at 37 °C and pH 7.4 with constant
oxygenation (O;/CO;, 19:1) and connected to an isometric FDT10-A force displacement
transducer (BIOPAC Systems, Inc., COMMAT Ltd., Ankara, Turkey). The aortic rings were
stretched and maintained at an optimal tension of 2 g and permitted to equilibrate for 2 h.
The aortic rings were contracted to submaximal tension with KCI (60 mmol/L). Once the
plateau was attained, concentration-relaxation curves were obtained by the addition of
cumulative doses of tiagabine to the precontracted preparations.

Concentration-response curves were analyzed using GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA, USA). Relaxations are expressed as a percentage
of inhibition of the maximal tension obtained with the contractile agent (Emax = 100%).
Data are the means 4+ SEM of at least 4 separate experiments.

4.1.2. The Effect on Normal Electrocardiogram

In vivo electrocardiographic investigations were carried out using an ASPEL ASCARD
B5 apparatus (Aspel, Poland), standard lead Il and paper speed of 50 mm/s. The ECG
was recorded just prior to and also at 1, 5, 10, 20, 30, 40, 50 and 60 min following the i.p.
administration of TGB at a dose of 100 mg/kg. The QT was calculated according to the
formula of Bazzett: QT. = QT//RR [74]

4.2. In Silico Studies

The calculation procedures applied in the study are typical for the processing of
docking studies.

4.2.1. Ligand Preparation

For the 3D molecular structure calculations, the Gaussian 09 (version D.01. for
Unix/Linux) package was used [75]. The initial acceptable 3D structures of 6 stud-
ied compounds (Figure 2) were downloaded (as mol2 file) from ZINC [76]. Later, the
GaussView [75,77] was applied for preparation of Gaussian input files. All the molecules
were geometry-optimized in water as described by the PCM (polarizable continuum
model). DFT/B3LYP level of theory 6311 + G(d, p) basis set was used. After geometrical
optimization, (the root-mean-square gradient value smaller than 10~° a.u.) compounds
were saved as mol2 files using the GaussView. Subsequently, torsionals and the number
of active torsions for ligands were defined and the Gasteiger charges were assigned to
each compound via AutoDockTools (ADT) [78]. Finally, ligands prepared for docking were
saved as pdbqt files.

4.2.2. Voltage-Gated Ion Channels Preparation
e  hNa,15 preparation:

66



Molecules 2021, 26, 3522

12017

The lack of crystal structure of hNay 1.5 pore domain causes the need for preparing
homology 3D models for this protein. For our research, the sequence for the hNa, 1.5
protein was gained from the Swiss Model Repository (SMR). SMR is a database which
currently holds over 400,000 high quality 3D protein structure models generated by the au-
tomated SWISS-MODEL homology modeling pipeline [79]. The pdb file was downloaded
from SWISS-MODEL SERVER (accession number Q14524) [80]. For this alignment, X-ray
structure of human Na, 1.2-B2-KIIIA ternary complex (PDB entry 6]8E) was employed.
Sequence identity between template and the monomer of sodium channel protein type
5 subunit « is 66.70%. Subsequently, the pdb file was opened in ADT [78]. ADT read
coordinates, added charges, merged non-polar hydrogens and assigned appropriate atom
types. Before formatting a molecule for AutoDock, we removed 979 ((3p3,14p,178,25R)-3-
[4-methoxy-3-(methoxymethyl)-butoxyl]-spirost-5-en), which is irrelevant molecule in this
experiment. Finally, the prepared protein was saved as a pdbqt file. In the computational
part of the study, we pondered the interaction between the investigated ligands and the
intracellular pore gate formed from the proper residues of chain A.

¢ hCa,1.2 preparation

The dearth of a 3D structure of hCay1.2 proper region also causes need for prepar-
ing homology models of this protein. The sequence for the hCa,1.2 was gained from
the SMR as well (accession number Q13936). For this alignment, X-ray structures of
nifedipine complex with rabbit Ca, 1.1 (PDB entry 6]P5) were employed. The sequence
identity between template and isoform 4 of CACIC_HUMAN Voltage-dependent L-type
calcium channel subunit alpha-1C is 70.31% and, according to the best of our knowl-
edge, this is one of the highest identities currently available. Subsequently, similar to the
hNav1.5 protein, the pdb file was opened in ADT [58]. The next steps were also analogous.
Before the docking experiment, we removed C8U (methyl (4~[S))-2,6-dimethyl-5-nitro-4-[2-
(trifluoromethyl)phenyl]-1,4-dihydropyridine-3-carboxylate)), which is a pointless ligand
in this case. The pore forming and dihydropiridyne binding residues (from ARG1109 to
LYS1198) were considered as the ligand binding site [81].

o  hK,11.1 preparation:

The sequence for the potassium voltage-gated channel subfamily H member 2 protein
was downloaded from the Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Data Bank (PDB entry 5va2) as the crystal structure [82]. Asin previous proteins, the
pdb file was opened in ADT, read coordinates, added charges, merged non-polar hydrogens
and assigned the appropriate atom types. As usual, we also removed crystallographic
waters from 5va2. The binding pocket of the studied molecule were composed of the pore
forming segment H5 and transmembrane helical fragment-Segment 56 [§3].

4.2.3. Molecular Docking

Molecular docking was performed using the AutoDockTools 4.2 suite of the pro-
gram [53]. A grid box with a dimension of 60 x 60 x 60 A* and grid spacing of 0.375 A,
which is large enough for a free rotation of a ligands, was built in the middle of the binding
pockets of the studied Voltage Gated lon Channels (VGICs) channels, which are composed
using the appropriate residues (Table 4).

Torsionals in the residuals of the binding pocket were not rotatable. The rigid docking
was carried out using the Lamarckian genetic algorithm 4. The optimized docking parame-
ters were set as default values, with the exception of the number of genetic algorithms run
which was 100. Torsionals in the ligands were rotatable-6 active torsions in each ligand
(except for terfenadine, where it was 11). A cluster analysis was performed using RMS
tolerance of 2 A. In each case, the best docking result was considered as the complex with
the lowest binding energy. Interactions between ligands and the related channel models
were analyzed using the AutoDockTools program (ADT. Version 1.5.4) [78].
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Table 4. The composition of the binding pocket of the analyzed channel models: hNav1.5, hCav1.2 and hKv11.1.

Protein Intramembrane Pore-Forming Region Sequences

358-382 (Phe, Ala, Trp, Ala, Phe, Leu, Ala, Leu, Phe, Arg, Leu, Met, Thr, Gly, Leu, Ans, Asp, Cys, Trp, Glu, Arg, Leu, Tyr, Gly, Leu, Ans,
Gly, Leu, Ans, Thr, Leu)
884-904 (Phe, Phe, His, Ala, Phe, Leu, Tle, Tle, Phe, Arg, Ile, Leu, Cys, Gly, Glu, Trp, Tle, Glu, Thr, Met, Trp)
1406-1427 (Gly, Ala, Gly, Tyr, Leu, Ala, Leu, Leu, Gly, Leu, Ans, Val, Ala, Thr, Phe, Lys, Gly, Trp, Met, Asp, Ile, Met, Tyr, Ala)
1697-1719 (Phe, Ala, Ans, Ser, Met, Leu, Cys, Leu, Phe, Gly, Leu, Ans, lle, Thr, Thr, Ser, Ala, Gly, Trp, Asp, Gly, Leu, Leu, Ser, Pro) [84,55]

351-372 ('he, Ala, Met, Leu, Thr, Val, Phe, Gly, Leu, Ans, Cys, lle, Thr, Met, Glu, Glu, Trp, Thr, Asp, Val, Leu, Tyr, Trp, Val)
694-715 (Cly, Leu, Ans, Ser, Leu, Leu, Thr, Val, Phe, Gly, Leu, Ans, Ie, Leu, Thr, Gly, Glu, Asp, Trp, Ans, Ser, Val, Met, Tyr, Asp, Gly)
1122-1142 (Lew, Ala, Ala, Met, Met, Ala, Lew, Phe, Thr, Val, Ser, Thr, Phe, Glu, Gly, Trp, Pro, Glu, Leu, Leu, Tyr)
1453-1471 (Ala, Val, Leu, Leu, Leu, Phe, Arg, Cys, Ala, Thr, Gly, Glu, Ala, Trp, Gly, Leu, Ans, Asp, Tle, Met, Leu) [86,87]

612-632 (Val, Thr, Ala, Leu, Tyr, Phe, Tphe, Ser, Ser, Leu, Thr, Ser, Val, Gly, Phe, Gly, Ans, Vsp) [85,59]

hNavl.5

hCav1.2

hKv1l.1

Supplementary Materials: The following are available online, Figure S1: Model transport proteins
selected for the study: hNav1.5, hCav1.2, Kv11.1. Figure S2: Figure S3: Binding modes between
hNav1.5, hCav1.2 and Kv11.1 and the four tested compounds () and two validated compounds
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Abbreviations

AP Cardiac action potential

(R/S)-TGB (R/S)-Tiagabine

(R/S)-TEF ((R/S)-Terfenadine

NFD Nifedipine

BTX Batrachotoxin

# Hydrogen bond components: from the protein
Yo Hydrogen bond components: from the ligand
Acc Hydrogen bond acceptor

EB Complex energy binding

EHB Hydrogen bond energy

0 Hydrogen bond angle

VGICs Voltage-Gated lon Channels

VGKCs Voltage-Gated Potassium. Channels

VGNaCs Voltage-Gated Sodium Channels

VGCaCs Voltage-Gated Calcium Channels

KV11.1 (hERG) Cardiac Voltage-Gated Potassium Channels
NaV1.5 Cardiac Voltage-Gated Sodium Channels
Cavi.2 Cardiac Voltage-Gated Calcium Channels
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Figure 18S. Protein models used in docking experiments: Na,1.5 (green), Ca,1.2 (purple), K,11.1 (red)
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Figure 2S. Molecular docking experiment: Binding modes of (S)-Tiagabine ((R/S)-TGB). (R/S)-TEF ((R/S)-
Terfenadine). NFD (Nifedipine). BTX (Batrachotoxin) to hNavl.5, hCavl.2 and hKvl1.1 channels; Ligands (ball
and stick model), calculated hydrogen bonds (dashed green lines).

Figure 2S. Binding modes between BTX (Batrachotoxin) to hNavl.5. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

Figure 2S. Binding modes between (R)-Tiagabine ((R)-TGB) to hNavl1.5. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

75



Figure 2S. Binding modes between (S)-Tiagabine ((S)-TGB) to hNavl.5. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between BTX (Batrachotoxin) to hCavl.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between (R)-Tiagabine ((R)-TGB) to hCavl1.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

Figure 2S. Binding modes between (S)-Tiagabine ((S)-TGB) to hCavl.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between BTX (Batrachotoxin) to hKv11.1. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between (R)-Tiagabine ((R)-TGB) to hKv11.1. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between (S)-Tiagabine ((S)-TGB) to hKv11.1. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between NFD (Nifedipine) to hNavl.5. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between (R)-TEF ((R)-Terfenadine) to hNavl.5. Ligands (ball and stick model),
calculated hydrogen bonds (dashed green lines).

Figure 28. Binding modes between (S)-TEF ((S)-Terfenadine) to hNavl1.5. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between NFD (Nifedipine) to hCavl.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 28. Binding modes between (R)-TEF ((R)-Terfenadine) to hCavl1.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 28. Binding modes between (S)-TEF ((S)-Terfenadine) to hCavl1.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

Figure 2S. Binding modes between NFD (Nifedipine) to hKvl1.1. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).
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Figure 2S. Binding modes between (R)-TEF ((R)-Terfenadine) to hKvll.1. Ligands (ball and stick model),
calculated hydrogen bonds (dashed green lines).

Figure 28. Binding modes between (S)-TEF ((S)-Terfenadine) to hKv11.1. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

83



Figure 3S. Validation experiment: Binding modes of Progabide (PRG), Aspirin (ASA) to hNav1.5, hCav1.2
and hKv11.1 channels; Ligands (ball and stick model), calculated hydrogen bond

PHER775

SP945

I
Figure 38. Bmdmg modes between Progabide (PRG) to hNavl.5. ngands (ball and stick model), calculated

hydrogen bonds (dashed green lines).

LYS1477

X /’ e
Figure 3S. Binding modes between Aspirin (ASA) to hNavl.5. Ligands (ball and stick model), calculated hydrogen
bonds (dashed green lines).
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Figure 38. Binding modes between Progabide (PRG) to hCavl.2. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

Figure 3S. Binding modes between Aspirin (ASA) to hCavl.2. Ligands (ball and stick model), calculated hydrogen
bonds (dashed green lines).
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Figure 3S. Binding modes between Progabide (PRG) to hKvll.1. Ligands (ball and stick model), calculated
hydrogen bonds (dashed green lines).

Figure 3S. Binding modes between Aspirin (ASA) to hKv11.1. Ligands (ball and stick model), calculated hydrogen
bonds (dashed green lines).
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7. PAROSKETYNA W FARMAKOTERAPII DEPRESJI

7.1. Depresja — zesp6t depresyjny

Wg danych WHO z 2021 roku 3.8% populacji (co stanowi okoto 280 miIn ludzi na
Swiecie) zmaga sie z problemem depresji. Depresja (ICD-10-CM code: F32.0 — F33.3) jest
zaburzeniem psychicznym, stanowigcym jeden z rodzajéw zaburzen lekowych (Anxiety
disorders, ADs). Wieloletnie obserwacje wskazujg, iz przyczyng depresji mogg by¢: stresujgce
sytuacje, zaburzenie funkcjonowania osi podwzgdrze—przysadka—nadnercza,
nieprawidtowosci genetyczne. Istotng role w patogenezie depresji odgrywajg réwniez
czynniki biologiczne, tj. niewtasciwe wydzielanie neuroprzekaznikéw CSN [74]. Zaburzenia
depresyjne charakteryzujg czynniki spoteczne oraz psychologiczne takie jak: obnizenie
nastroju, zaburzenie taknienia oraz spadek masy ciata, problemy z koncentracja, spadek
poczucia wtasnej wartosci. Przyczyny depresji obejmujg ztozone interakcje pomiedzy
czynnikami spotecznymi, psychologicznymi i biologicznymi. Objawy depresji mogg by¢
dtugotrwate i nawracajgce.

Obecnie depresje tgczy sie z wieloma innymi schorzeniami. Udowodniono, iz choroba
ta przyspiesza biologiczne starzenie sie organizmu, powodujgc skrécenie telomerdéw, co
skutkuje m.in. starzenie sie moézgu [75]. Wyniki badan przeprowadzonych w 2011 roku
sugeruja, iz osoby z depresjg sg w 45% bardziej narazone na udar mdézgu w poroéwnaniu do
0s0b zdrowych [76]. Otytos¢, cukrzyca oraz choroby uktadu sercowo—naczyniowego réwniez
tgczone sg z wystepowaniem depresji [77].

Istniejg psychologiczne i farmakologiczne metody leczenia depresji. Zastosowanie
obu form terapii jest najskuteczniejszym sposobem walki z chorobg. Najciezsze postacie
depresji leczone sg terapig elektrowstrzagsowg czy pozaczaszkowg stymulacjag magnetyczng

[78].

7.2. Leki antydepresyjne

Podjeto wiele préb klasyfikacji lekéw przeciwdepresyjnych, biorgc pod uwage rézne
kryteria. Wsrdd nich wyrdzni¢ mozna m.in. klasyfikacje w zaleznosci od struktury chemicznej
lekéw. Niemniej, podziat na podstawie farmakologicznego mechanizmu dziatania jest
najbardziej dopracowany i uzyteczny. Sposéb dziatania lekdw przeciwdepresyjnych opiera sie
na hamowaniu transporterédw wychwytu zwrotnego neuroprzekaznikéw ze szczeliny
synaptycznej. Monoaminoergiczna teoria depresji zaktada, iz niedobdr limbicznych badz

korowych biogennych monoamin — SER, NE, DA odpowiedzialny jest za zapoczatkowanie
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i rozwdj choroby. Ostatnio takze zaobserwowano, ze podczas depresji w uktadzie nerwowym
pacjenta wystepuje réwniez obnizenie ilos¢ GABA [78]. Obecnie wyrézniono 13 grup lekéw
przeciwdepresyjnych. Wsréd nich 11 grup osigga swoje dziatania farmakologiczne poprzez
blokowanie jednej lub kilku pomp transportera wychwytu zwrotnego i/lub receptoréw dla
monoaminergicznych neuroprzekaznikdw. Prowadzi to do zwiekszenia dostepnosci
synaptycznej SER, NE i/lub DA. Dwie pozostate grupy wywierajg efekt terapeutyczny poprzez
hamowanie enzymu oksydazy monoaminowej oraz blokowaniu receptora NMDA-
glutamatergicznego. Grupy lekdw, mechanizmy dziatania oraz przykfady lekdw nalezgcych do

kazdej z nich przedstawiono w tabeli 1 [79].

Tabela 1. Grupy lekéw antydepresyjnych.

Grupy lekéw Mechanizm dziatania Przyktady lekow
antydepresyjnych
TCAs blokowanie pomp wychwytu | amitryptylina,

zwrotnego NA i 5-HT, przy niewielkim | clomipramina,
wptywie na pompy  wychwytu | doksepina

zwrotnego DA

MAOIs hamowanie aktywnosci jednego lub | moklobemid,

obu enzymdéw monoaminooksydazy: | pirlindal,

MAO-A i MAO-B. selegilina
SSRIs hamowanie SERT paroksetyna,
sertralina,
citalopram
SNRIs mate i S$rednie dawki: hamowanie | wenlafaksyna,

wychwytu zwrotnego NA i 5-HT; | duloksetyna
wysokie dawki: hamowanie wyhwytu

zwrotnego DA

NDRIs selektywne hamowanie transportera bupropion
NET i DAT

Selektywne NRIs selektywne hamowanie transportera | reboksetyna
NET
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SARI antagonizm receptora(éw) serotoniny | trazodon,

przy stabym hamowaniu SERT nefazodon

SPARI Hamowanie  wychwytu zwrotnego | wilazodon

serotoniny (SERT; ICs0 = 0,5 nM)

oraz czesciowe dziatanie agonistyczne
wobec hamujacego synteze i sekrecje

serotoniny autoreceptora 5-HT1a

NASSA hamowanie receptorow: | mianseryna,
oz-adrenergicznych, mirtazapina

serotoninergicznych, histaminowych

NRISA silna inhibicja NET, antagonizm Hi, | maprotylina
umiarkowany antagonizm: 5-HT,, 5-HT>

i o

SNRISA umiarkowana inhibicja SERT, silne | amoksapina
hamowanie NET, blokada receptoréw:
5-HT,, 5-HT;, D2-Da, al-adrenergiczny,
5-HT3, H1, 5-HTs

Atypowe leki silna blokada receptora 5-HT,, staby | olanzapina,
przeciwpsychotyczne antagonizm receptora D, najczesciej | kwetiapina,

wptyw réwniez na inne receptory | risperidon,

histaminowe aripiprazol
Antagonista/odwrotny nieselektywny antagonizm | ketamina
agonista/czesciowy podjednostek NR2 receptora
agonista NMDA-glutaminergicznego

NMDA-glutaminergicznego

jonoceptora

Oznaczenia skrotow: tréjcykliczne leki przeciwdepresyjne (Tricyclic Antidepressants, TCAs),
inhibitory monoaminooksydazy (Monoamine Oxidase Inhibitors, MAOlIs)
monoaminooksydaza A (MAOA), monoaminooksydaza B (MAOB), inhibitory wyhwytu
zwrotnego SER (Selective Serotonin Reuptake Inhibitors, SSRIs), inhibitory wychwytu
zwrotnego SER i NA (Serotonin-Norepinephrine Reuptake Inhibitors, SNRIs), inhibitory
wychwytu zwrotnego NA i DA (Norepinephrine - Dopamine Reuptake Inhibitors, NDRIs),
selektywne inhibitory zwrotnego wychwytu noradrenaliny (Selective Norepinephrine
Reuptake Inhibitors, NRIs), (Serotonin Receptors Antagonist With Serotonin Reuptake
Inhibition, SARI), (Serotonin 5-HTi, Autoreceptor Partial Agonist With Serotonin Reuptake
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Inhibition, SPARI), (Noradrenergic o receptor-2 Antagonist with Specific Serotonergic
receptors-2 and-3 Antagonism (NASSA), (Norepinephrine reuptake inhibitor With
Serotonin receptors antagonism, NRISA), Serotonin-Norepinephrine Reuptake Inhibitors
and Serotonin receptors antagonism antidepressant With potent antipsychotic d2 receptor
blockade/antagonism, SNRISA) [78].

7.3. Paroksetyna

Jednym z najczesciej stosowanych lekéw nalezgcych do grupy SSRI jest PRX (ATC
code: NO6AB). Z chemicznego punktu widzenia lek ten jest pochodng fenylopiperydyny. Po
raz pierwszy pojawita sie na rynku w US w 1992 pod nazwa handlowg Paxtil [80]. Ze wzgledu
na swoje wielokierunkowe dziatanie, PRX zajmuje szczegdlne miejsce we wspodiczesnej
farmakoterapii. PRX znalazta sie na liscie lekdw podstawowych (Model List of Essential
Medicines and Model List of Essential Medicines for Children), opublikowanych przez WHO
21.09.2021r. Leki podstawowe definiowane sg jako substancje priorytetowe dla utrzymania
zdrowia populacji. Lista aktualizowana jest co dwa lata, natomiast kryterium jej tworzenia
stanowi: bezpieczenstwo oraz skutecznos¢ dziatania [81].

PRX zostata zarejestrowana w terapii zaburzen: lekowych, obsesyjno-kompulsywnych,
depresyjnych, atakze w terapii stresu pourazowego oraz objawdw naczynioruchowych.
Nalezy wspomnie¢, iz PRX nie zostata dopuszczona do stosowania u dzieci i mtodziezy,
niemniej z duzym powodzeniem witgczana jest do leczenia poza wskazaniem terapeutycznym
(off-label) u najmtodszych pacjentéw [82].

PRX wykazuje wysokie powinowactwo do wigzania sie z SERT. Inhibicja SERT zwieksza
zewnatrzkomoérkowe stezenie SE, znoszac objawy depresji. W wysokich dawkach (> 40
mg/dzien lub wyzszych) PRX wchodzi w interakcje z innymi MATs, m.in. z transporterem
NET. Analiza pismiennictwa na temat mozliwych mechanizmoéw dziatania PRX w organizmie

zostatfa przedstawiona w publikacji przeglagdowej mojego wspétautorstwa [83].

7.4. Paroksetyna a repozycjonowanie lekéw

Proces odkrywania i rejestracji nowego leku jest czasochtonny i niezwykle kosztowny.
Szacuje sie, iz czas badan moze wynies¢ nawet 17 lat, co pochtania okoto 3 miliardéw
dolaréw [84]. Niemniej, tylko okoto 2% kandydatow na leki zostaje dopuszczonych do
stosowania, natomiast wiekszo$¢ badanych substancji nie jest w stanie sprosta¢ wysokim
wymaganiom stawianym lekom [85]. Naukowcy stojg przed trudnym wyzwaniem zwigzanym
z wydajnoscig i rozwojem badan, ktére skutecznie pozwolg opracowaé nowe schematy

leczenia. W$réd nich coraz wieksze znaczenie ma proces repozycjonowania leku (znany
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réwniez jako: zmiana przeznaczenia leku, zmiana profilu leku, przekierowanie leku, i zmiana
terapii lekowej) z definicji jest strategig identyfikowania nowych zastosowan zatwierdzonych
lub badanych lekdw, ktore sg poza zakresem ich pierwotnego wskazania medycznego.
Repozycjonowanie leku moze odnosi¢ sie do opracowania istniejgcego leku w nowych
populacjach pacjentéw lub na nowe choroby, nowe postacie dawkowania, drogi podawania
lub linie leczenia [85]. Poszukiwanie nowych wskazan dla zarejestrowanych lekéw jest
wysoce skuteczne i mniej ryzykowne w poréwnaniu z odkrywaniem leku de novo.

Jak pokazano na ryc. 16 proces badan nowego leku sktada sie z pieciu etapdéw.
Zastosowanie procesu repozycjonowania skrécito czas trwania tego procesu do maksymalnie
12 lat, poprzez wyeliminowanie fazy odkrywania lekdw i badan przedklinicznych. Istotnym
jest fakt, iz badany lek ma przeprowadzone wszelkie testy bezpieczenstwa stosowania, co
ogranicza mozliwos¢ wystgpienia groznych dla zycia dziatan niepozgdanych. Co wiecej,
najczesciej znane sg rowniez odlegte w czasie, niezamierzone skutki uboczne stosowania

leku, ktore nie zawsze da sie przewidzie¢ podczas tradycyjnego opracowywania nowego leku

[84].

Odkrywanie leku de novo

Identyfikaca " Identyfikata
celu » Testykliniczne
TErapeUtyznego substancji
2-3 lata 0,5-1rok 5-6lat

L

wskazan

0-2 lata

1-2 lata

Ryc. 16. Poréwnanie szacunkowego czasu procesu odkrywania nowego leku z szacunkowym
Czasem procesu repozycjonowania.

Wsrod lekéw, dla ktérych zostat przeprowadzony proces repozycjonowania znalazty
sie rowniez leki przeciwdepresyjne. Duloksetyna, bedaca inhibitorem SER i NE,
wykorzystywana jest w schorzeniach urologicznych, dzieki wtasciwosciom zmniejszajagcym
aktywnos¢ miesnia wypieracza pecherza moczowego. Kolejnym przyktadem jest bupropion,
ktory okazat sie skutecznym srodkiem pomagajgcym w zaprzestaniu palenia, dlatego w 1996

roku zostat zarejestrowany w tym wskazaniu pod nazwg handlowag Wellbutrin. W 2000 roku
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w USA do stosowania w przedmiesigczkowych zaburzeniach dysforycznych zarejestrowano
jeden z najczesciej stosowanych SSRI — fluoksetyne [86]. Ze wzgledu na swoje
wielokierunkowe dziatanie PRX réwniez poddawana jest badaniom, ktérych wyniki wydajg
sie by¢ obiecujgce w leczeniu wielu schorzen. Oprdcz przeciwdepresyjnych wtasciwosci PRX
przynosi wymierne korzysci w leczeniu niewydolnosci serca, gdyz jest inhibitorem kinazy
receptora sprzezonego z biatkiem G (GRK2), ktérej wysoki poziom odgrywa kluczowa role
w progresji choroby [87]. Proces potencjalnego repozycjonowania PRX wskazuje réwniez na
przeciwpasozytnicze dziatanie leku [88]. Ponadto przeprowadzone badania [89] dla PRX oraz
fluoksetyny dowiodty przeciwbakteryjnego dziatanie obu lekéw na wybrane szczepy.
Niemniej PRX nie zostata jeszcze zarejestrowana w innych schorzeniach niz zaburzenia
funkcji uktadu nerwowego. Godnym uwagi jest réwniez fakt, iz ze wzgledu na niska
toksycznosé, lekarze chetnie wiaczajg do terapii mtodych pacjentéw PRX poza wskazaniami
off-label. Wyniki przeprowadzonych badan [90] jednoznacznie wskazujg, iz wydaje sie

uzasadnionym rozwazenie repozycjonowania PRX w grupie mtodych pacjentow.

7.5. Budowa chemiczna, cele terapeutyczne oraz potencjalne mechanizmy dziatania

paroksetyny

Ze wzgledu na mnogos¢ korzysci wynikajacych ze stosowania PRX, badania wtasne
skupity sie na analizie czgsteczki leku pod wzgledem mozliwych jej mechanizmdw dziatania.
W pracy przeglagdowej mojego wspodtautorstwa przedstawiono najwazniejsze dane dotyczace
PRX: jej budowe chemiczng, zastosowanie w lecznictwie oraz farmakodynamiczng analize
bazujacg na molekularny mechanizmie interakcji PRX z réznymi celami terapeutycznymi [83].

Analiza struktur krystalograficznych komplekséw z PRX zostata przedstawiona m.in.
w kontekscie inhibicji cytochromu P450 (CYP450). Badania kliniczne interakcji lekowych
wykazujg, ze PRX moze hamowac¢ metabolizm lekéw rozktadanych przez CYP2D6, takich jak:
desipramina czy risperidon. Analiza krystalograficzna wykazata réwniez inhibicje innych
cytochromoéw: CYP2B6, CYP2B4.

Inhibicja SERT przez PRX zostata omoéwiona jak réwniez zaprezentowana w sposéb
graficzny. Wyszczegdlniono wigzania oraz odlegtosci miedzyatomowe otrzymanego
kompleksu SERT-PPX. Ponadto analiza interakcji innych MATs z PRX wykazata, iz lek moze
posiadaé dziatanie antycholinergiczne, poniewaz posiada niewielkie powinowactwo do
receptorow dopaminowych, alfal-, alfa2-, beta-adrenergicznych, muskarynowych

i histaminowych (H1) [91].
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Nadekspresja GRK2 jest silnie zwigzana zaréwno ze zdrowym, jak i niewydolnym
sercem co od dawna uwazane jest za cel terapeutyczny w leczeniu choréb uktadu krazenia
[87]. Chlorowodorek paroksetyny, zostat zidentyfikowany jako umiarkowany inhibitor GRK2
z ICs0 wynoszacym 1,4 uM [92]. Badania udowodnity, iz PRX mogtaby znalez¢ zastosowanie
w leczeniu niewydolnosci serca.

PRX moze wptywaé réwniez na komérki nowotworowe, w tym guza moézgu, raka jelita
grubego czy raka piersi [93]. Mechanizm inhibicji wynika z blokowania niektérych szlakéw

sygnalizacyjnych kinazy biatkowej zaangazowanych w nowotworzenie.

Omowienie interakcji PRX z celami molekularnymi dostarczyto wiedzy na temat celi
terapeutycznych leku, ale réwniez wyjasnito przyczyne dziatan niepozadanych jakie moze

wywotywac.
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Abstract: In the 21st century and especially during a pandemic, the diagnosis and treatment of
depression is an essential part of the daily practice of many family doctors. It mainly affects patients
in the age category 15 — 44 years regardless of gender. Anxiety disorders are often diagnosed in
children and adolescents. Social phobias can account for up to 13% of these diagnoses. Social anxiety
manifests itself in fear of negative social assessment and humiliation, which disrupts the quality of
social functioning. Treatment of the above-mentioned disorders is based on psychotherapy and
pharmacotherapy. Serious side effects or mortality from antidepressant drug overdose are currently
rare. Recent studies indicate that paroxetine (ATC code: N06AB), belonging to the selective serotonin
retake inhibitors, has promising therapeutic effects and is used off-label in children and adolescents.
The purpose of this review is to describe the interaction of paroxetine with several molecular targets
in various points of view including the basic chemical and pharmaceutical properties. The central point
of the review is focused on the pharmacodynamic analysis based on the molecular mechanism of
binding paroxetine to various therapeutic targets.

Keywords: Paroxetine, CYP, MAT, GRK2, EBOV.

1. Introduction

Anxiety is an emotional state characterized by feelings of unreasonable fears, feelings of danger,
and may have different severity and duration. Once anxiety exceeds personal adaptive abilities, its
intensity and duration may be disproportional in relation to the stimulus that has triggered it. This sense
of fear is modulated by some regions of the brain such as amygdala, hippocampus and prefrontal cortex.
Incorrect adjustments in the tuning of specific circuit components, including deficiencies in the
dampening of amygdala stress responses by prefrontal regions are involved in alterations in fear
response. Clinical anxiety often causes intense need to escape which may result in immediate relief from
symptoms. Such avoidance is so reinforcing that it can quickly become a habit that creates increasingly
impaired functioning, Fear is associated with the occurrence of somatization symptoms (rapid heart
rate, sweating, tremor, dyspnea, fast breathing) due to vegetative imbalance leading to significant
decline in daily functioning [1].

Anxiety disorders (ADs, ICD-10-CM code: F40-F48, [2]) are reported to be the most common mental
disorders worldwide. In the USA, they affect 18 percent of the general population, which is more than
twice as much as mood disorders (including recurrent depression and bipolar disorder) and twenty-
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fold more than schizophrenia [3]. The prevalence of ADs in children and adolescents is estimated to be
in range from 6 to 20%, placing these diseases among the most common mental disorder/illnesses in the
developed countries. According to the American Society of Anxiety and Depression (ADAA) estimates,
only a third of patients suffering from AD receive adequate help and treatment, despite the fact that
ADs are highly treatable. In children, before the age of 12, separation anxiety is the most common and
its occurrence decreases with age [3, 4]. On the contrary, the most common AD among adolescents is
social anxiety disorder (SAD, ICD-10-CM code: F40.1, F40.10, F40.11 [5]) (0.3 — 13.1%), the spread of
which increases with age. The peak incidence occurs at adolescence and early adulthood. Throughout
the lifespan female are more likely to suffer from AD (9.5%) than male (4.9%) [4].

The SAD, also called social phobia, is the second most common AD and is characterized by fear of
public assessment and humiliation. The disorder leads to significant disturbances in social functioning
of a patient [6]. Despite the availability of effective treatments fewer than 5% of people suffering from
SAD seek for professional help during the first year after initial onset [3, 7, 8].

Treatment of the above-mentioned disorders is based on psychotherapy and pharmacotherapy. In
case of child and adolescent patients only the former is approved as the first line. However, recently
often happens that pharmacotherapy is introduced using some substances unapproved. Prescription
outside the indications occurs when a child receives a drug that has not been approved by the
appropriate agency (e.g. FDA or EMA) for a given diagnosis or child patient age. This so-called off-label
prescribing frequently occurs despite the lack of information on medication safety, efficacy, and proper
use in children (eg, dosing, interactions). Furthermore, off-label prescribing has been associated with
adverse drug events [9].

Paroxetine (ATC code: NO6AB [10]; DrugBank ID: DB00715 [11]) belongs to the SSRI group
(Selective Serotonin Retake Inhibitors,) and according to the literature it one of the most common off-
label drug used in daily clinical practice [12]. The plethora of publications devoted to the drug deliver
a variety of information concerning different aspects of the drug use and moods of action. Nevertheless,
there is a lack of papers devoted to explanation of the paroxetine mechanism of action on specific targets
based on the X-ray supported structural studies. Unapproved prescription of medicines to children has
been rated to fall in the range between 11 and 79% worldwide. Serious side effects or mortality from
antidepressant drugs overdose are currently rare [13]. Paroxetine was estimated to be among the 5 most
commonly used drugs for depression in children [14]. Recent studies indicate that paroxetine has
promising therapeutic effects and is used off-label in children and adolescents [15]. In a natural way,
these facts clearly indicate the need to discuss the possibility of using paroxetine as indicated for young
patients. For this reason, the main issue of this work is the presentation of data related to the description
of paroxetine activities tested at the molecular level based on the collected crystallographic data.

The purpose of this review is focused on description of the interaction of paroxetine with several
molecular targets from various perspectives. In the paper the basic chemical and pharmaceutical
properties of paroxetine are discussed to provide a proper foundation for the further discussion. Later,
in the text detailed pharmacodynamic analyses are drawn based on the molecular mechanism of
paroxetine binding to all available therapeutic targets that have structure confirmed by X-ray studies.
Binding of a ligand to a specific target protein requires a specific arrangement of both the ligand and
binding site in the protein. The attractive interactions between ligand and target usually have the nature
of non-carbonated contacts (hydrogen bonding, Van der Waals interactions and so on). Detailed
characterization of the interaction patterns between paroxetine and analyzed proteins was carried out
in the course of this study. For each biological activity discussed here, a detailed 2D representation of
protein-ligand interactions is presented using LigPlot+ software [16]. A uniform method of visualization
was adopted to better represent the interaction for all the therapeutic targets analyzed.

2. Paroxetine - general information and history

Paroxetine is a drug indicated for the treatment of variety of anxiety disorders including:
generalized anxiety disorder (GAD, ICD-10-CM code: F41.1 [17] ), obsessive-compulsive disorder
(OCD, ICD-10-CM code: F42.3, F42.2, F42.9, F42.8 [18]), major depressive disorder (MDD, ICD-10-CM
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code: F32, F33 [19]), premenstrual dysphoric disorder (PDD, ICD-10-CM code: F32.81 [20]), post-
traumatic stress disorder (PTSD, ICD-10-CM code:F43.1 [21]), panic disorder (PD, ICD-10-CM code:
F41.0 [22]), social anxiety disorder (SAD, ICD-10-CM code: F40.1, F40.10, F40.11 [5]) and vasomotor
symptoms [23-26]. It is worth emphasizing that, in the treatment of PTSD there are only two approved
pharmacotherapies based on SSRIs including Paxil (paroxetine hydrochloride). In all of the above
disorders, pharmacotherapy is used in children and adolescents with off-label markings. First line
treatments for depression among children are non-pharmacological approaches [13, 27].

Preliminary evidence indicates better therapeutic efficacy of paroxetine in children and adolescents
with OCD, social phobia or depression compared to adults [28]. However, there have been reports in
the literature indicating influence of paroxetine therapy in children and adolescents suffering from
severe depressive disorders on the increase of suicidal tendencies, as compared to placebo [29-37]. For
this reason, none of the antidepressants, including paroxetine, is contraindicated in children [34, 38, 39].
Antidepressants are used to treat depression and prevent disease-induced suicide, the possibility that
drug-induced suicide can appear as side effect is a serious issue that need to be thoroughly investigated
[27, 38-41]. Existing studies on the link between suicide and antidepressants vary with different results
and continue to cause a lot of controversy [32-36]. In addition, it is estimated that the risk of negative
effects of untreated or undertreated depression is usually higher than the risk of drug-induced suicide
[27, 41].

Paroxetine is an active substance of drugs known by the trade names Aropax, Paxil, Pexeva,
Seroxat, Sereupin and Brisdelle. It was first marketed in the U.S. in 1992 as under the proprietary name
Paxil [42]. It is administered orally as a solid dose tablet, oral suspension, or controlled-release tablet
[43]. In the clinical efficacy paroxetine can be compared with the tricyclic antidepressants; however, it
is safer and has greater acceptance by the patients [44, 45]. According to the information provided by
the Paxil manufacturer GlaxoSmithKline and approved by the FDA, the effectiveness of this drug in
MMD has been proven by six placebo-controlled clinical trials. For a panic disorder, three 10-12-week
studies indicated paroxetine superiority to placebo. Similarly, three 12-week trials for adult outpatients
with social anxiety disorder demonstrated better response to paroxetine than to placebo [46-48]. It has
also been used in the treatment of diabetic neuropathy, vasovagal syncope and chronic headache [49].
Paroxetine also has proven effective in the treatment of vasomotor symptoms (e.g., hot flashes, night
sweats) in women undergoing menopausal transition and in patients receiving antiestrogenic cancer
therapy [50]. Paroxetine is also used as a veterinarian medicine. It has been proven useful in the
treatment of canine aggression and stereotyped or another OCD behavior. It has also been used in cats
from time to time [51].

In pharmacological studies, various tests were conducted to confirm the expected biological
activity e.g. for SERT inhibition or to test a specific mechanism of action as is the case in EBOV studies.
There has also been an accidental discovery of unexpected activity towards disorders in the circulatory
system. Table 1 summarizes results of the paroxetine crystallographic studies from different
perspectives.

Table 1. The list of the crystal structure of target bounded Paroxetine.

PDB ID Target Resolution Organism Reference
516X, 51627, SERT 3.14 A,453 A Homo sapiens, Mus musculus [52]
6AWN SERT 3.62 A Homo sapiens, Mus musculus [53]
6VRH SERT 3.30A Homo sapiens, Mus musculus [54]
4JLT P450 2B4 2.14 A Oryctolagus cuniculus [55]
4191 GRK1 232A Bos taurus [56]
3V5W GCRK2 2.07 A Bos taurus, Homo sapiens [57]
4MM4 LeuBAT 2.89 A Aquifex aeolicus VF5 [58]
6F6] EBOV GP 2.40 A Ebola virus [59]
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Facts related to therapeutic costs cannot be ignored as well. According to GlobalData Projects Drug
estimates increase of sales for PTSD in the seven major markets (7MM: the US, France, Germany, Italy,
Spain, the UK, and Japan) from $211.4 million in 2018 to $1.2 billion in 2028, at a CAGR of 18.7% [60].
The cited data demonstrate the scale of this issue. Nevertheless, this thread is beyond the scope of the
presented review.

3. Paroxetine — chemistry

Paroxetine is a phenylpiperidine derivative. It is composed of a secondary amine residing in the
piperidine ring, which in turn is connected to benzodioxol and fluorophenyl groups [54] (Figure 1).
From the chemical point of view paroxetine is enantiomerically pure, (-)-(354R)-3-[(2H-1,3-
benzodioxol-5-yloxy)methyl]-4-(4-fluorophenyl)piperidine hydrochloride hemihydrate with empirical
formula of CisHoFNOxHCI-2H20 (PubChem CID: 43815 [61]). It is an odorless, off-white powder,
having a melting point ranging between 120° and 138°C. Particularly, paroxetine is a relatively small
molecule with the molecular weight = 374.8 g/mol (329.4 g/mol as free base). [47]. In addition to
hydrochloride, paroxetine mesylate is also available [23]. It can be concluded that nowadays the
structure of paroxetine is well researched and understood (Figure 1). The compound exists in two
crystal forms i.e., a stable hemihydrate referred to as form I and the anhydrous form called as form II
(CCDC DN: 125003 [62]) [63, 64]. Spectroscopic data are available in the literature and databases: FTIR
(SpectraBase Compound ID: 31iWZ0aC88k [65]) NMR ([66]) MS (accession: AU152606 [67]). These data
clearly show that each of the three rings present in the paroxetine structure is located on a different
plane, so the structure of this compound is a highly non-planar molecule as is depicted in Figure 1.

109°

°f~\
~. .0
o

ZI

147°

(a) (b)

Figure 1. Molecular structure of paroxetine: 2D semi-structural scheme (a) and 3D stick representation
with indicated planes of rings (b). Pink plane corresponds to the piperidine ring, green one to the
benzodioxol ring and blue one to the fluorophenyl ring.

It’s a lipophilic base amine with both hydrophobic and hydrophilic moieties, (pKa is 9.9 and the
partition coefficient of paroxetine (log Po/w = 3.95) [44]. It is slightly soluble in H2O (5.4 mg/mL),
sparingly soluble in MexClz and EtOH (96%) but entirely soluble in MeOH. The chemical properties of
this compound make it easy to modify and preserve drug-like properties [43].

4. Paroxetine - pharmacodynamics pharmacokinetics and metabolism

Paroxetine hydrochloride salt ingested orally is almost completely absorbed, with only 2 % of dose
recovered in feces. Biological availability of commercially available paroxetine as a controlled - release
formulation (CR) is distinct. Absorption of paroxetine was found to be an insusceptible influence of
food or concomitant antacid treatment. Saturation during pass through liver leads to greater
bioavailability. With repeated administration the steady - state concentration of drug is achieved within
4 to 14 days. There is no further accumulation of the compound. The distribution of paroxetine in the
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body is extensive and consistent with its lipophilic amine character, with only 1% of the drug remaining
in the systemic circulation [68, 69].

The volume of distribution varies from 3,1 to 28,0 L/kg (after intravenous administration). The
mean elimination half - life appears is estimated to be about 21 hours. Almost two - thirds of the drug
is eliminated through the kidneys [43, 70]. Paroxetine interacts with both Cytochrome P450 Family 2
Subfamily C Member 19 (CYP2C19) and Cytochrome P450 Family 3 Subfamily A Member 4 (CYP3A4).
It is also one of the most potent inhibitors of Cytochrome P450 Family 2 Subfamily B and D Member 6
CYP2D6 and CYP2B6 among SSRIs [50]. Up to 95% of the drug is bound to proteins, mainly P-
glycoprotein (P-gp), which is involved in transport through blood - brain barrier (BBB). It is worth
emphasizing that paroxetine is both a substrate and inhibitor of P-gp [50, 69]. Comprehensive
information about human paroxetine metabolites can be found in the Human Metabolome Database
[71] under the acronym HMDB0014853 [72] and Kyoto Encyclopedia of Genes and Genomes [73] under
the entry D02362 [74].

4.1. Paroxetine as P450 inhibitors

Cytochromes P450 (CYPs) form the main family of enzymes capable of catalyzing oxidative
biotransformation of most clinically available drugs (approx. 70-80%), hormones and other lipophilic
xenobiotics. For this reason, they are of particular importance for clinical pharmacology. It is widely
accepted that there are 57 functional human CYPs, of which about a dozen enzymes are responsible for
the biotransformation of most xenobiotics [75, 76]. By far the most important are: CYP3A4/5, CYP2De6,
CYP2C9, CYP1A2 and CYP2B6, which metabolize 30.2%, 20%, 12.8%, 8.9 and 7.2% of currently used
drugs, respectively. It has been proven that despite the wide and overlapping substrate specificity of
these enzymes, many drugs are metabolized at clinically relevant concentrations by only one or more
enzymes, which limits the significant redundancy of the oxidation drugs system of phase I [77]. Many
issues of great importance in drug treatment determine the metabolism of drugs such as:
pharmacokinetics, interindividual variability and drug interactions [78]. Inhibition of metabolism,
mediated by P450 cytochromes, often occurs as a result of interactions between different drugs. A
compound that inhibits an enzyme involved in the metabolism of another drug can reduce metabolic
excretion of this drug leading to elevation of the drug concentration in the blood, which can cause
adverse effects or enhanced therapeutic effect [79]. Paroxetine is almost completely metabolized in
animals and the human system [80]. Paroxetine is well absorbed orally and undergoes extensive first
pass metabolism that is partially saturable [43]. Its metabolites are pharmacologically inactive in vivo
[81]. Paroxetine metabolism is mediated in part by CYP2D6, CYP2B6 [55, 82].

Numerous crystal structures have shown that all P450s share a common protein fold consisting of
a large triangular prism divided into two domains. The a-helical domain (the helices are labeled in the
literature A-L) with most of the helices clustered together. The smaller 3-sheet domain (the sheets are
labeled in the literature 1-4) (Figure 2) [83]. The first structure of a mammalian P450 was determined in
the 2000 [84]. According to X-ray crystal structure measurements some P450s adopt multiple
conformations, whereas other P450s appear in single conformation. Consequently, it is difficult to
predict how P450s will behave in contact with a new compound [75, 76]. Active site of all P450s forms
a cavity concealed within the protein molecule [85] (Figure 2). A heme coordination bond is also
characteristic of each P450, combining a positively charged iron ion with a negatively charged thioplane
sulphur atom [86] (Figure 2). This iron-cysteine bond is the basis of redox states in which iron ion can
access during P450 catalysis, resulting in a complex catalytic cycle of P450 enzymes. In each P450, two
highly synchronized electron transfer steps are required to enable the P450 catalytic cycle to reach the
production stage [87] (Figure 2).

The structural studies available in the literature, reveals that in the structure of paroxetine are two
possible pharmacophore points for interaction with P450: methylenedioxo moiety and secondary amine
moiety of piperidine. Therefore, two possible routes of P450 inactivation by paroxetine are allowed. One
involves the hydroxylation of C-H at the site of methylenedioxo moiety and the second is N-H
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hydroxylation. Both C-H and N-H hydroxylation reaction can proceed via oxygen rearrangement or
hydrogen atom transfer [88].
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Figure 2. X-ray structure of paroxetine (8PR505) bind in the active site cavity of the CYP2B4 crystal (a)
with the enlarged area showing the structural elements around the ligand-biding site (PDB 1D: 4]LT, 2.14
A} [55]. Residues that form hydrogen bonds (dashed lines) with paroxetine are shown in ball-and-stick
representation with the interatomic distances shown in A. Residues forming van der Waals interactions
with paroxetine are shown as labeled arcs with radial spokes that point toward the ligand atoms (b).

4.1.1 Paroxetine as CYP2Dé6 inhibitors

The CYP2D6 isoenzyme is highly polymorphic and inhibited by several small molecules and
clinically important pharmaceuticals [89, 90]. The CYP2D6 metabolizes antidepressants, antipsychotics,
analgesics, p-blockers, antiarrhythmics. Paroxetine is both a substrate and an inhibitor of cytochrome
isoenzyme CYP2D6 [81]. CYP2D6 metabolized paroxetine via demethylation of the methylenedioxy
group of methylenedioxyphenol. This reaction involves oxidation of the methylene bridge to a species
that forms a tight, but reversible, complex with the heme iron atom [91]. Paroxetine also has the highest
inhibitory constant for CYP2D6 of all antidepressants (Ki=0.065) [89]. Clinical drug interaction studies
show that paroxetine can inhibit the metabolism of drugs metabolized by CYP2D6 such as: desipramine,
risperidone, and atomoxetine [92]. This extremely high inhibitory binding constant or affinity explains
paroxetine’s high interaction profile with substrates for CYP2D6 [93].

Multiple drug therapy is a common therapeutic practice, particularly in patients with several
diseases or conditions. Breast cancer is highly associated with depression and therefore requires
antidepressant therapy. In animal studies, antidepressants were observed to increase the incidence and
growth of breast cancer in mice. It was suggested then that it is related to the inhibition of enzymes
involved in the metabolism of carcinogens and estrogens. The inhibition of the isopenzyme CYP2D6 leads
to an increase in their concentrations and serum levels, which increases the risk of breast cancer [42].
Since the early 1990s, many epidemiological studies have been carried out involving women who have
been using antidepressants and have been diagnosed with breast cancer. The results obtained were
interpreted differently, some studies concluded that there is no association between antidepressant use
and breast cancer, while others came to the entirely opposite conclusion [94]. So far, no unequivocal
position has been established. Paroxetine has been shown to have estrogenic effects (mimicking
estrogen at the estrogen receptors) which may potentially affect the endocrine system and the
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development of breast tumors in women. Nevertheless, there is no clinically valid evidence for this [95,
96].

The crystal structure of CYP2D6 was resolved in 2006 at 3 A resolution [97]. The structure of
CYP2D6 has a well-defined active site cavity above the hem, the shape of which is compared in the
literature to the shape of the "right foot". The “heel” of the foot-shaped cavity lies above the heme, the
foot “arch” is formed by the Phe-120 side chain, while the “ball” is bordered by residues from the B'-C
loop and the N-terminal end of the | helix. Such detailed information makes it possible to use
computational modelling techniques e.g. docking in the development of drugs involving these CYPs
[97].

4.1.2 Paroxetine as CYP2B6 inhibitors

The CYP2B6 participates in the metabolism of a wide range of drug classes including
antiretrovirals, antidepressants, anesthetics, anticancer agents and antismoking agents. There is some
evidence that its substrates generally contain a basic N atom and planar aromatic ring [83]. A good
example includes bupropion, cyclophosphamide, ifosfamide, pethidine, ketamine and propofol [89].
This is because this enzyme metabolizes a number of drug substrates, which are usually non-planar,
neutral or weakly basic, with one or two hydrogen bonding acceptors [98]. Paroxetine also has the
highest inhibitory constant for CYP2B6 of all antidepressants (Ki = 1.03 uM). The inhibitory constant for
CYP2D6, on the other hand, is lower compared to CYP2B6, but it is still high [93]. These high inhibitory
binding constants explains paroxetine’s high interaction profile with substrates for CYP2D6 and
CYP2B6 [83].

Paroxetine is also a potent inhibitor of CYP3A4 with multiple CYP3A4 substrate interactions. [42,
99]. In humans, secondary amine xenobiotics are catalytically metabolized by P450s leading to the
formation of hydroxylamines [88].

4.1.3 Paroxetine as CYP2B4 inhibitors

No crystalline structure of paroxetine binds with human’s CYP2D6 and CYP2B6 has been obtained
so far [55]. However, in the Research Collaboratory for Structural Bioinformatics (RCSB) base is
deposited the crystal of the paroxetine complex with CYB2B4 [83]. The CYP2B4 catalyst has extremely
similar structure to CYP2B6 with the only difference in residue 363, which is Leu in CYP2B6 and Ile in
CYP2B4. In particular, the CYP2B4 tertiary structure is the most plastic (i.e. the largest degree of
structural flexibility) of any P450 studied by X-ray crystallography [100]. Since the crystal of the
paroxetine complex is deposited in the RCSB base with CYB2B4, it seems reasonable to treat it as an
appropriate approximation of the interaction of paroxetine with CYP2B4 as well as with CYP2B6 (Figure
2).

5. Paroxetine as MAT inhibitions

Selective serotonin reuptake inhibitors (SSRI) are clinically prescribed antidepressants that act by
increasing the local concentration of neurotransmitter at synapses and in extracellular spaces via
blockade of the serotonin transporter (SERT) [53]. SERT is a member of the neurotransmitter sodium
symporter (NSS) family of transporters. The NSS also includes two more catecholamine transporters
such as: the dopamine (DAT) and norepinephrine (NET) transporters [101] and some amino acid
transporters such as: glycine transporter (GlyT), and y-aminobutyric acid (GABA), transporter (GAT),
leucine transporter (LeuT) and osmolytes such as: betaine, creatine [102, 103]. Inhibitors of the three
monoamine transporters (MATs) increase the extracellular concentration of monoamines, and are
widely used in the treatment of psychiatric diseases and as illicit psychostimulant drugs [104].

Paroxetine is an SSRI that exhibits the highest known binding affinity for the central site of SERT
(for SERT = 70.2 £ 0.6 pM, for DAT = 490 + 20.0 nM, for NET =40 + 0.2 nM) [105]) compared to any other
currently prescribed antidepressants [54]. The selectivity profile of MAT inhibitors across NET, DAT
and SERT is critical for their therapeutic profile and/or abuse potential. Binding studies have
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demonstrated that antidepressants are from 300 to 3,500 times more selective for SERT over NET, and
generally have low affinity for DAT (from 7800 to 0 times) [106]. Paroxetine acts as a dual serotonin /
norepinephrine uptake inhibitor in higher doses (40 mg/day or more) [46]. Furthermore, there is
evidence that paroxetine can also operate as an allosteric modulator of SERT, although not as effectively
as escitalopram [107]. In vitro studies in animals suggest that it has weak effects on dopamine neuronal
reuptake. It may contribute to emotional flattening, apathy and cognitive slowing in some patients. In
vitro radioligand binding studies report that paroxetine has minor affinity for dopamine, alphal-,
alpha2-, beta-adrenergic-, muscarinic and histamine (H1) receptors [108, 109]. Due to mild
anticholinergic actions of paroxetine, the drug may cause the rapid onset of hypnotic and anxiolytic
efficacy as well as the occurrence of side effects. Weak antimuscarinic properties may cause sedation,
constipation and dry mouth.

The primary target of paroxetine and other SSRI medications is the SERT, which is a type of
monoamine transporters serotonin from the synaptic cleft back to the presynaptic neuron [70]. SERT as
a target of many psychoactive agents have importance to the etiology of affective disorders [52]. SERT
belongs to the solute carrier 6 family of transporters (SLC6) [110]. It is an integral membrane protein
that exploits preexisting sodium-, chloride-, and potassium ion gradients to catalyze the
thermodynamically unfavorable movement of synaptic serotonin into the presynaptic neuron. The
Protein Data Bank provides X-ray structures of the leucine transporter aLeuT (Aquifex aeolicus LeuT)
[103] and monoamine transporters (MATs): dDAT (Drosophila DAT) [111] and hSERT (human SERT)
[52] erystallized in 2005, 2013, and 2016. The human NET (hNET) erystal structure has not been obtained
yet. The SERT co-transports molecules of serotonin with one Na* and Cl- ions, while in the opposite
direction a single potassium K* ion is moved. Importantly, hSERT was crystallized in complex with the
two prototypical SSRIs, escitalopram and paroxetine [52] (Figure 3).

Analysis of the crystalized data amino acid sequences provided evidence for 12 transmembrane
segments (TM1-TM12), with the amino and carboxy terminal end located in the extracellular vestibule.
Due to high similarities to architecture of LeuT this TM1-12 arranged often is so-called LeuT-like
structural fold. This pattern is characterized by two inverted 5-TM repeats. The location of drug binding
sites in crystallized MATSs is determined according to the scheme originally determined for LeuT by
Serensen etal. [112] in two separate regions. They are marked as S1 and 52 pockets. The former is located
approximately halfway across the membrane bilayer and the latter is located in the extracellular
vestibule. The 51 site is the central substrate binding pocket which defines the primary binding region
in NSSs, while the S2 is an allosteric site approximately 13 A from the S1. The S1 is composed of three
subsites: formally called A, B, C (Figure 3) [54]. From a chemical point of view all these subsites
represent different nature: A is a polar region surrounding Asp98 (side chains from TMs 1, 6, and 8),
whereas subsites B and C are largely hydrophobic regions. B regions are located opposite to subsites C.
B regions are formed by residues from TMs 3 and 8. Subsite C is formed by TMs 3, 6 and 10 [113]. In the
early 2016s the binding mode of paroxetine at the 51 SERT site was investigated simultaneously by two
teams: Coleman et al. [52, 53] (Figure 3) and Davis et al. [70]. The data obtained from these studies are
inconclusive, the binding site and orientation of paroxetine in SERT remain controversial.

The non-planar structure of the ligand (as in the case of paroxetine, Figure 1) causes the differences
between binding pose of ligand at the binding site obtained by different methods [114]. The piperidine,
benzodioxol, and fluorophenyl substituents of paroxetine were present by [52, 53] reside in subsites A,
B, and C of the SI site, respectively — a pose commonly denote by many authors as ABC (Figure 3).
While in the homology studies conducted by Davis et al. has proposed an orientation “flipped” from
that in the ABC posei.e. the piperidine, benzodioxol, and fluorophenyl substituents of paroxetine reside
in subsites A, C, and B of the S1 site, respectively (often donated ACB) [70]. Additionally, a combination
of the pharmacological, biochemical and mutagenesis data suggest that amino acids implicated in high-
affinity paroxetine binding may not overlap with those thought to be involved in recognizing other

inhibitors [70, 102].
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Figure 3. X-ray structure of paroxetine bind in the binding site of the SERT crystal (a) with the enlarged
area showing the structural elements around the ligand-biding site (PDB ID: 5i6x, 3.14 A) [52]. Residues
that form hydrogen bonds (dashed lines) with paroxetine are shown in ball-and-stick representation
with the interatomic distances shown in A. Residues forming van der Waals interactions with paroxetine
are shown as labeled arcs with radial spokes that point toward the ligand atoms (b). Schematic
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representation of drug interactions in the primary binding pocket of SERT (c) [54].

6. Paroxetine as kinase GRK2 inhibitors

Currently, there are five main protein families, which are key therapeutic targets for most drugs
available on the world market. G-protein-coupled receptors (GPCRs) are integral membrane proteins
that relay external signals into the cytoplasm of the cell. GPCRs are estimated to be the main therapeutic
target for about a third of prescription drugs [115, 116]. They are key regulators of cell physiology and
control processes ranging from glucose homeostasis to contractility of the heart. A major mechanism
for the desensitization of activated GPCRs is their phosphorylation by GPCR kinases (GRKs).
Overexpression of G-protein coupled receptor kinase 2 (GRK2) is strongly linked to both the healthy
and failing heart, and it has long been considered a therapeutic target for the treatment of cardiovascular
disease [117]. The GRK2 originally known as (3-adrenergic receptor kinase 1 (BARK-1), is the first GRK
cytoplasmic protein identified in the heart [118]. It belongs to a group of serine/threonine kinases that
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have a relevant role in the identification and phosphorylation of activated GPCRs [119]. Accordingly,
inhibition of GRK2 is considered an important drug target in the treatment of heart failure [120].

From a physiological point of view, the autonomic nervous system affects the frequency of heart
contractions: the sympathetic system accelerates heart function while the parasympathetic system
decelerates it. In response to a failing heart, the sympathetic nervous system increases the level of
circulating catecholamines (norepinephrine and adrenaline). The work of the heart is also affected by 3
adrenergic receptors (BAR) [121]. There are four types of action (3 receptors on myocardial cells. These
include the following effects: inotropic, chronotropic, bathmotropic, dromotropic. The first two
determine the strength and frequency of myocardial contraction, the third affects the threshold of
excitability of myocardial cells and the latter is responsible for the rate of conduction in the heart muscle
[122]. Binding catecholamines in cardiomyocytes initiates downstream signaling to increase the
contraction force of the heart muscle (i.e. inducing a positive inotropic effect) [123]. In the failing heart,
activation of BARs also leads to (upregulation) increase in the number of GRK2 and GRK5, which in
turn leads to uncoupling of the pARs from G proteins, decreased BARs at the cellular membrane, and
decreased cardiac output in response to hormonal stimulation [124-126]. Studies of animal models have
shown that reducing GRK2 levels is beneficial in preventing heart failure by renormalizing
catecholamine and BAR levels of cell surfaces and improving heart function [127, 128].

Paroxetine exhibits 50/60-fold higher selectivity for GRK2 versus other GRKs (such as GRK1 and
GRKS5) [56]. Paroxetine hydrochloride, was identified as a modest GRK2 inhibitor with an IC=0 of 1.4 uM
[118, 127]. It is worth emphasizing that other compounds from the SSRI group have shown no effect in
in vitro kinase tests or ex vivo or in vivo myocyte contractility [57]. Due to this paroxetine (or a
paroxetine derivative) in the future could be used in heart failure treatment.
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Figure 4. X-ray structure of paroxetine bind in the hinge region of the GRK2 (a) with the enlarged area
showing the structural elements around the ligand-biding site (PDB ID: 3V5W, 2.07 A) |56, 57]. Residues
that form hydrogen bonds (dashed lines) with paroxetine are shown in ball-and-stick representation
with the interatomic distances shown in A. Residues forming van der Waals interactions with paroxetine
are shown as labeled arcs with radial spokes that point toward the ligand atoms (b).

The GRK2 is a multidomain protein organized in several domains and regions (Figure 4). It consists
of three distinct domains: an RGS homology i.e. RH domain, a protein kinase domain, and a pleckstrin
homology i.e. PH domain. The RH domain has two subdomains often referred to as the terminal and
bundle lobes, whereas the kinase domain is composed of small and large lobes. The terminal lobe of the
RH domain also forms an extensive hydrophobic interface with the PH domain. The RH domain is the
protein region through which GRK2 binds Gfy. The RH domain participates in interactions with both
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the kinase and the PH domains, thus playing an important role in the regulation of protein activity. The
kinase domains containing the ATP-binding pocket, consist of: a f-sheet included in small-terminal lobe
(also called N-lobe), and an a-helixes dominating the large-terminal lobe (also called C-lobe). Both lobes
regions are connected via flexible hinge region [129, 130]. Most small molecule kinase inhibitors target
the ATP-binding site (Figure 4). The crystal structure of the GRK2-paroxetine-Gfy complex, revealed
that paroxetine binds in the active site of GRK2 (Figure 4) and stabilizes the kinase domain in a novel
conformation in which a unique regulatory loop forms part of the ligand binding site. It was found that
paroxetine inhibiting GRK2 increases contractility in isolated cardiomyocytes as well as in myocardial
PAR inotropic reserve in living mice [57].

7. Paroxetine as Ebolavirus inhibitors

Ebolavirus (EBOV) belong to the family Filoviridae and cause severe, often fatal, diseases e.g. Ebola
hemorrhagic fever (EHF) in humans and other mammals, also known as Ebola virus disease (EVD, ICD-
10-CM code: A98.4 [131]). EHF is characterized by rapid disease progression and high risk of death,
killing between 25 and 90 % of those infected, with an average of about 50 % [132]. EBOV has caused
the majority of human deaths from EVD, and was the cause of the 2013-2016 epidemic in western Africa
[133], which resulted in at least 28,646 suspected cases and 11,323 confirmed deaths [132]. There are
currently no approved therapeutic drugs or vaccines for the disease [134].

EBOV contains single-stranded negative RNA linear genome, about 18-19 kb in size and encode 7
genes such as: nucleoprotein (NP), viral protein 35 (VP35), viral protein 40 VP40, viral protein 30 VP30,
viral protein 24 (VP24), polymerase (L), and glycoprotein (GP). Fatal human cases of EHF are
exemplified by very high viral titers in the blood, liver, and spleen as well as profound
immunosuppression [135].

The mechanism of EBOV inhibition is largely unknown. EBOV has a membrane envelope
decorated by trimers of a glycoprotein (GP, cleaved by furin to form GP1 and GP2 subunits, Figure 2),
which is solely responsible for host cell attachment, endosomal entry and membrane fusion. The
trimeric transmembrane GP spike, each approximately 7-10 nm long and spaced at approximately 10
nm intervals, are presented on the surface of the virion and are accountable for cellular attachment and
entry. EBOV entry into the cells is initiated by the interaction of the viral GP with receptors on the
surface of host cells, and then internalized via macropinocytosis pathway [136]. GP is thus a primary
target for the development of antiviral drugs. Crystallographic studies have shown that five chemically
divergent EBOV inhibitors, such as ibuprofen (pKi = 2.22) [137], benztropine (pKi = 2.89), bepridil (pKi
= 3.54), paroxetine (pKi = 3.19, Figure 2) and sertraline (pKi = 3.02), interact directly with the Ebolavirus
glycoprotein [59]. Binding of these drugs destabilizes the protein, suggesting that it may be an inhibitory
mechanism. The study of toremifene (anticancer drug) reviled the binding affinities (pKi = 4.80,
determined by thermal shift assay) correlate with the protein—inhibitor interactions as well as with the
antiviral activities determined by virus cell entry assays, supporting the hypothesis that these drugs
inhibit viral entry by binding the GP and destabilizing the prefusion conformation [137].

The crystal structure of proxetine-EBOV GP complex was determined at 2.4 A resolution, with
good R-factors and stereochemistry. GP1 has three distinct domains: ) the receptor binding domain
(RBD); ) the glycan cap; and *) the heavily O-linked glycosylated mucin-like domain (MLD). It is
predominantly composed of 3-strands, forming a large semi-circular groove at the centre of the subunit.
EBOV-GP forms GP-containing microvesicles, so-called virosomes, which are secreted from GP-
expressing cells. However, determinants of GP-virosome release and their functionality are poorly
understood. RBD promote GP-virosome secretion, while tetherin suppresses GP-virosomes by
interactions involving the GP-transmembrane domain [138]. RBD is responsible for interacting with one
or more cellular receptors. It is proof that EBOV-GP-virosomes is immunomodulatory and act as decoys
for EBOV-neutralizing antibodies. The glycan cap could protect the receptor binding sites from
antibodies, and interacts with the internal fusion loop of GP2 which is critical for membrane fusion. In
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the fusion process, GP2 undergoes conformational changes. Paroxetine binds to GP with its benzodioxol
group Figure 5 and builds interactions with not only the side-chains of Val66,
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Figure 5. X-ray structure of paroxetine bind in the hinge region of the EBOV GP (a) with the enlarged
area showing the structural elements around the ligand-biding site (PDB ID: 6F6l, 2.40 A) [59]. Residues
that form hydrogen bonds (dashed lines) with paroxetine are shown in ball-and-stick representation
with the interatomic distances shown in A. Residues forming van der Waals interactions with paroxetine
are shown as labeled arcs with radial spokes that point toward the ligand atoms (b).

Alal01, Leu515, Tyr517, and Met548 but also with the main-chains of Gly67 and Cly102 and side-
chain of Leu68 Figure 5 [59]. These results suggest that inhibitor binding destabilizes GP and triggers
premature release of GP2, thereby preventing fusion between the viral and endosome membranes. This
is an analogous way of binding paroxetine from EBOV GP to previously confirmed for other
compounds including toremifene and ibuprofen which provides additional confirmation of the EBOV
GP inhibition mechanism [137]. Given the weak inhibitory properties (low pKi) of the medicines tested
so far, they are not suitable for reducing EBOV infection. Nevertheless, studies on the structures of the
acquired complexes reveal the inhibition mechanism and can guide the development of more powerful
anti-EBOV drugs.

8. Paroxetine as KIT and JAK inhibitors

Paroxetine can influence a variety of cancers including brain tumor [139], colon cancer [140], and
breast cancer [141] by blocking some protein kinase signaling pathways involved in the tumorigenesis
[142].

It has been clinically observed that paroxetine has strong cytotoxicity on human tumor cell lines.
This is kinase pathways involved in tumorigenesis. Many studies have established that this is due to
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the structural similarities (size, shape, physicochemical properties, Figure 6) of paroxetine with many
known kinase inhibitors. Consequently, it is not surprising that paroxetine is very compatible with the
kinase active site [142]. A good example of paroxetine's similarity are sunitinib, approved a
multitargeted tyrosine-kinase inhibitor (KIT inhibitor) [143, 144] and tofacitinib (approved Janus kinase
inhibitor (JAK inhibitor)) [145] (Figure 6). Sunitinib (ATC code: LO1XE04 [146]), a multitargeted
tyrosine-kinase inhibitor, which is approved by both US and EU regulatory agencies for clinical use,
extends survival of patients with metastatic renal-cell carcinoma and gastrointestinal stromal tumors,
but concerns have arisen about its cardiac safety [143, 147, 148]. Tofacitinib (ATC code: L04AA29 [146])
is a Janus kinase inhibitor currently approved for the treatment of rheumatoid arthritis, psoriatic
arthritis, and ulcerative colitis [145, 149, 150].
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Figure 6. Superimposing of the paroxetine with selected KIT and JAK structure inhibitors: paroxetine
{ATC code: NO6ABO5 [146], SSRI inhibitor, red), sunitinib (ATC code: LO1XE04; [146] KIT inhibitor, blue)
and tofacitinib (ATC code: LO4AA29 [146], JAK inhibitor, green).

Tyrosine kinase proteins are a class of proteins with tyrosine kinase activity that catalyzes the
transfer of phosphate groups to ATP to the residues of tyrosine of many important proteins, forming
protein phosphorylation and then transmitting a signal regulating cell growth, differentiation, death
and a number of physiological and biochemical processes [151]. Paroxetine can interact with these
kinases in two so-called binding modes: class I and class II [142]. Five kinases in the C-Src ABL, SRC,
KIT, MET and FYN family were identified as targets for paroxetine kinase, which can be inhibited
strongly or moderately at ICso values at the nanomolar or micromolar level. Binding modelling analysis
has shown that paroxetine ligands can adopt class I binding modes to interact with KIT, MET, FYN, and
class I when interacting with ABL and SRC kinases. This is possible by creating an intensive network
of molecular forces: specific (i.e. hydrogen bonds and n—m/cation-m stackings) and non-specific forces
(such as hydrophobic and van der Waals) [152] in complex kinase-inhibitor interfaces. The division into
classes of bonding modes is due to the location of piperidine moieties of paroxetine at the place of active
kinase. In class I piperidine moieties of paroxetine is packed against active sit kinase. While in class 11
the same molecular fragment of paroxetine adopts the opposite binding mode. It seems noteworthy that
paroxetine class I binding mode shows much higher inhibition potential than that of class II [142].

9. Conclusions and Perspective

Recently, there has been a steadily and rapidly increasing number of prescriptions for approved
and unapproved drugs for depression. This is a particularly important issue when it concerns children
and young people [9]. This provides the basis for extensive research. In our opinion, we should
constantly discuss and analyze current reports on drugs that are used in daily clinical practice as off-
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label drugs much more often than others. Indisputable paroxetine belongs to this group of drugs. It is
important to be aware that the use of off-label medicines is a multidirectional issue. Sometimes off-label
use means a change in the repurpose of the drug e.g. finding novel therapeutic indications different
from the ones for which a drug was already approved [153]. This may also mean unusual use of the
drug. This includes, in particular, the use of a different dose, duration of use, frequency of dosing, use
of another method of administration (e.g. orally instead of intravenously) or use by another group of
patients (e.g. children instead of adults) [15].

Modern scientific research in the medical and health sciences is largely based on the results of
research related to the achievements of recent decades and in particular the knowledge of the genomes
of both the patient and pathogens. The extraordinary dynamics of the development of this knowledge
necessitate the presentation of collective reviews of recent achievements. As we have tried to show in
our work, understanding the molecular aspects not only allows for a better understanding of the
mechanisms of action of drugs, but also contributes to the creation of new research directions. The
presented analysis of molecular studies of paroxetine based on X-ray methods seems to confirm its
special place in modern pharmacotherapy. The presented results of paroxetine studies are associated
with every possible aspect of studies on the use of off-lable procedures. It is to be hoped that the
uniqueness of the structure of paroxetine will allow the development of a new drug in heart failure.
Which we think would be a very valuable achievement. A number of studies of paroxetine on the human
cell lines of the tumor confirmed its strong cytotoxicity, which generates new opportunities for the
search for more drugs in oncology. On the other hand, studies on the EBOV virus indicate the possibility
of paroxetine activity among these types of pathogens. Considering the confirmed effect of paroxetine
on the nervous system makes it clear that the pharmacological profile of this drug coincides with the
key issues of modern medicine. All this creates promising prospects.
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8. BADANIA MOZLIWOSCI INDUKCJI NEUROGENEZY PRZEZ INTERAKCJE PAROKSETYNY
Z TRANSPORTERAMI MONOAMIN ORAZ KWASU y-AMINOMAStOWEGO W OPARCIU

O METODY CHEMII OBLICZENIOWE)
8.1. Mozliwe przyczyny depres;ji

Istnieje wiele hipotez opisujgcych mozliwg przyczyne depresji. Wsrdéd nich
wyrozniono: hipoteze monoaminowg, hipoteze neurogenezy, hipoteze neurobiologiczng
oraz hipoteze zapalenia i hipoteze stresu. Przeprowadzone badania wskazujg, iz pierwsza
z nich jest najbardziej prawdopodobna. Spadek stezenia neurotransmiterow moze wigzaé sie
z wystepowaniem objawéw depresji. Oprdcz wczesniej wspomnianych monoamin, biorgcych
udziat w zapoczatkowaniu i progresji choroby (SER, NA, DA), najnowsze badania wskazujg na
ogromna role kwasu y-aminomastowgo (GABA) [94].

Hipoteza neurobiologicznego zwigzana jest z zatozeniem, ze leki przeciwdepresyjne
mogg wchodzi¢ w interakcje z réinymi biatkami istotnymi w procesach
neuropsychologicznych co skutkuje modyfikacja stanu emocjonalnego pacjenta. Harmer
wraz ze wspotpracownikami [95] powigzat dziatanie lekdw z odpowiednim procesem
neuropsychologicznym [96]. Teorie na temat wptywu stresu oraz stanu zapalnego w procesie
indukcji depresji sg ze sobg powigzane. Przewlekty stres aktywuje os podwzgdrze-przysadka-
nadnercza oraz uktad wspotczulny (sympathetic nervous system, SNS) z jednoczesnym
obnizeniem napiecia btednika. Ta nieréwnowaga przyczynia sie do powstania stanu
zapalnego w depresji. Stymulacja SNS wyzwala uwalnianie katecholamin w jadrze pnia
mozgu i rdzeniu nadnerczy, co prowadzi do nasilenia sygnalizacji prozapalnej. Aktywacja SNS
wywotana stresem indukuje reakcje prozapalne, natomiast uwolniona noradrenalina
moduluje transkrypcje cytokin poprzez stymulacje receptoréw B-adrenergicznych.
Zaburzenia rownowagi w funkcjonowaniu SNS, zwtaszcza jesli sg dtugotrwate, tak jak ma to
miejsce w przypadku zaburzen psychicznych, majg gteboki wptyw na uktad odpornosciowy
[97].

Jedna z najnowszych teorii, oparta o neurogenny mechanizm, zakfada, iz skutecznos¢
dziatania lekéw przeciwdepresyjnych uzaleznione jest od ich zdolnosci do aktywacji
tworzenia neurondéw hipokampa. Pierwsze badania na temat zjawiska o tworzenia nowych
neuronéw w mozgu zostaty przeprowadzone na szczurach przez Josepha Altmana w 1960
roku [98]. Niemniej brakowato wéwczas silnych dowodéw na potwierdzenie naukowe tego

faktu. Spowodowane byto to brakiem wiedzy potwierdzajacej istnienie w madzgu
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neuronalnych komdrek macierzystych. Dopiero w 1980 roku Fernando Nottebohm
dostarczyt dowoddéw na wystepowanie zjawiska neurogenezy u dorostych ptakéw [99].
Przetomowym okazat sie natomiast rok 1998, w ktérym Eriksson i wspdtpracownicy [100]
odkryli neurogeneze w modzgu dorostego cztowieka. Szybko wykazano, iz neuroprzekazniki
odgrywaja istotng role w przetwarzaniu informacji neuronalnej i regulacji neurogenezy (m.in
w proliferacji, rédznicowaniu, migracji neuronalnych komdrek macierzystych, przetwarzaniu
nowych neuronéw oraz witgczaniu ich do istniejgcych obwoddéw neuronalnych) [101].

Potwierdzono, ze w mdzgu dorostego cztowieka istniejg dwa regiony, w ktdrych
zachodzi aktywny i ciggly proces neurogenezy, pozwalajagcy na stworzenie nowych
neuronéw. S3 to zakret zebaty hipokampa i opuszki wechowe (ryc. 2.). Zasugerowano
rowniez, ze utrzymywanie sie neuronalnych komérek macierzystych zachodzi przez cate
zycie. Co zapewnia mozliwos¢ tworzenia nowych neurondéw nie tylko w wieku prenatalnym
(wiek embrionalny), ale rowniez w wieku postprenatalnym (wiek dorosty).

Jak dotgd zadna pojedyncza hipoteza nie jest w stanie w sposdb zadowalajgcy
wyjasni¢ etiopatologii, poczatku, progresji oraz remisji depresji. Niemniej, dgzenie do
lepszego zrozumienia molekularnych podstaw tej choroby stanowi istotny krok
w identyfikacji skutecznych strategii terapeutycznych, ktére mogtyby by¢ ukierunkowane na

przyczynowe mechanizmy biologiczne choroby depresyjne;j.

8.2. Badnie mechanizmu neurogennego dziatania paroksetyny

W ostatnich latach hipoteza dotyczaca neurogennego dziatania lekdéw
przeciwdepresyjnych jest wnikliwie analizowana. Zauwazono, iz depresja moze by¢
spowodowana zaburzeniem potgczen neuronalnych [102]. Dowodem na to jest fakt, iz
pierwsze efekty stosowania lekéw przeciwdepresyjnych obserwowane sg dopiero po
pewnym czasie np. po kilku tygodniach farmakoterapii. Wykazano réwniez, iz dtugotrwate
leczenie farmakologiczne moze wptywaé na zmiane ekspresji gendw i translacji biatek,
bedace powodem zmian funkcjonalnych i strukturalnych neuronéw. Dane zebrane w pracy
Paroxetine — overview of the molecular mechanisms of action byty wstepem do préby
wyjasnienia mozliwosci dziatania PRX w mechanizmie neurogennym [83].

Przeanalizowano interakcje pomiedzy PRX a ludzkimi MATs (hMAT: hSERT, hDAT,
hNET) oraz ludzkimi GATs (hGAT: hGAT1-3, hBGT1). Przeprowadzone testy obejmowaty

badania in silico, zweryfikowane nastepnie badaniami farmakologicznymi.
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e Badania przeprowadzone technikami obliczeniowymi

Badania in silico przeprowadzono dwukierunkowo. Badane struktury 3D liganddéw (ryc. 14)
pobranych z bazy ZINC [103] a do ich przygotowania i optymalizacji wykorzystano pakiet

oprogramowania Gaussian 09 [104].

zwigzek testowany
F

S

M 0 0
H Y g ]
0
paroksetyna (PRX)
Zwigz ki referencyjne

NHy ki OH
, Ho . OH
HO
| 2 :Q_L
N NH, Nits NH,
H OH

serotonina (SER) dopamina (DA) norepinefryna (ME) kwas y-amincbutanowy (GABA)

Ryc. 17. Zestawienie struktur 2D badanych ligandow.

Geometria badanych czgsteczek zostata zoptymalizowana za pomocg metody
DFT/B3LYP w bazie 6-311+G(d,p), z wodg jako rozpuszczalnikiem w modelu PCM. Otrzymane
wyniki byty zapisywane w formacie mol2 adekwatnym do przeprowadzenia eksperymentu
dokowania. Nastepnie w oprogramowaniu ADT okreslono charakter iilo$¢ wigzan
rotacyjnych oraz catosciowy fadunek Gasteigera w czgsteczkach badanych ligandéw. Tak
przygotowane struktury zapisywano w formacie pdbqt.

Modele biatkowych transporteréw uzyskano z ogdélnodostepnych baz naukowych.
Doktadng strukture biatka hSERT otrzymang metodg krystalografii rentgenowskiej pobrano z
RCSB Protein Data Bank [105]. W przypadku hDAT, hNET i hGAT1 nie sg dostepne doktadne
struktury krystaliczne biatek, tak wiec skorzystano z homologicznych modeli biatek
dostepnych w bazie Swiss-Prot [106]. Przed rozpoczeciem procedury dokowania dokonano
poréwnania budowy neuroprzekaznikdw w procesie naktadania na siebie modeli struktur
badanych zwigzkéw (Superimposition Procedures). Do oceny podobienstwa 2D badanych
czagsteczek zastosowano wspotczynnik podobieAstwa Tanimoto (Tanimoto Similarity

Coefficient, Tsc), ktorego wartosci mieszczg sie w zakresie od 0.00 (catkowicie rézne) do 1.00
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(identyczne czasteczki) [107]. Wyniki przeprowadzonych analiz wskazujg, iz DA wykazuje
wysokie podobienstwo strukturalne do NE oraz SER, o czym sSwiadczg nastepujgce dane:
Tscpane = 0.59 oraz Tscserpa = 0.46. Wyznaczono rowniez podobiedstwo 3D struktur
transporterow hSERT, hNET, hDAT, hGAT1 w procesie naktadania czgsteczek, wyznaczajac
bfad dopasowania RMS. Wyniki pokazujg, ze wszystkie cztery zwigzki przyjmuja podobne
konformacje w miejscu aktywnym biatka (zakres warto$ci RMS miesci sie w przedziale 0.1-
1.5). Ustalono, ze najnizsza procentowa warto$¢ podobienstwa 3D obserwowana jest dla

hGAT1 w poréwnaniu z badanymi strukturami MAT.

Ryc. 18. Graficzne przedstawienie wynikdw porownania badanych 3D struktur: (a)
porownanie badanych liganddw, (b) pordwnanie struktur badanych MAT, (c) poréwnanie
struktur badanych MAT i hGAT1.

Nastepnie przeprowadzono proces dokowania badanych ligandow do celéw
terapeutycznych. Proces dokowania molekularnego przeprowadzono przy pomocy pakietu
oprogramowania ADT [64].

Otrzymane wyniki wskazujg, iz powinowactwo PRX ma najwyzszg wartosc¢ statej inhibicji
dla transportera hSERT, pKinsert = 10.20. Poréwnanie wartosci Eg wigzania SERT ze znanymi
SSRI dowodzi, iz PRX jest najsilniejszym znanym inhibitorem tego transportera.
Udowodniono, iz PRX wchodzi w interakcje rdwniez z pozostatymi transporterami, niemniej
sg to potgczenia mniej stabilne.

Przeprowadzone analizy sugerujg, ze PRX indukuje neurogeneze, to potencjalnie jest to
zwigzane z hamowaniem hSERT ze wzgledu na znacznie wyiszg wartos¢ sity inhibicji
i powinowactwa wigzgcego w poréwnaniu z innymi MATs. Z tego wzgledu wydaje sie
uzasadnionym rozwazenie repozycjonowania PRX dla szerszej grupy pacjentéw, ktdéra
objetaby osoby mtode.

W swietle zgromadzonych danych godnym uwagi wydaje sie réwniez fakt, iz PRX

oddziatuje z hGATSs. Jednak niska sita hamujgca PRX na hGAT1 i hGAT3 poddaje watpliwosci
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inicjacji procesu neurogenezy w mdzgu przez inhibicje tych transporteréw. Niemniej godnym
podkreslenia jest fakt, ze zaobserwowane interakcje PRX z hGAT stwarzajg potencjalnie duze
mozliwosci poszukiwania nowych pochodnych tego leku, ktdére tworzytyby silniejsze

pofaczenia z GATs i wzmacniaty proces neurogenezy.

e Badania farmakologiczne

Testy farmakologiczne przeprowadzono w celu zweryfikowania inhibicji wychwytu
zwrotnego GABA ze szczeliny synaptycznej. Zostaty one przeprowadzone na liniach
komérkowych jajnika chomika chinskiego, wykazujgcych wysokg ekspresje hGATSs.
Wykonano test kompetycyjnego wychwytu GABA. Aktywnos¢ hamujgca PRX w hGAT1-3
i hBGT1 wyrazana zostata jako wartos¢ 1Cso, przy czym najwyzsze wartosci otrzymano dla
transporterow hGAT1 i hGAT2, ktdrych najwieksze stezenia zlokalizowane sg poza CSN.
Otrzymane wyniki badan in vitro potwierdzity wyniki badan uzyskanych technikami

obliczeniowymi.

5000 120
hGAT1 hGATZ hGAT3 hBGT1
e 3 L . M-
— hGATI  § ]
& 0; - hGAT2 B
S 20004 ~ hGAT3  §
~ hBGT1 3 *
1000 & ap
o -
ST, SO SO S
SRR eI R IR et
{a) (b)

Ryc. 19. Wyniki badan farmakologicznych
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Abstract: Thus far, many hypotheses have been proposed explaining the cause of depression. Among
the most popular of these are: monoamine, neurogenesis, neurobiology, inflammation and stress
hypotheses. Many studies have proven that neurogenesis in the brains of adult mammals occurs
throughout life. The generation of new neurons persists throughout adulthood in the mammalian
brain due to the proliferation and differentiation of adult neural stem cells. For this reason, the search
for drugs acting in this mechanism seems to be a priority for modern pharmacotherapy. Paroxetine
is one of the most commonly used antidepressants. However, the exact mechanism of its action
is not fully understood. The fact that the therapeutic effect after the administration of paroxetine
oceurs after a few weeks, even if the levels of monoamine are rapidly increased (within a few
minutes), allows us to assume a neurogenic mechanism of action. Due to the confirmed dependence
of depression on serotonin, norepinephrine, dopamine and y-aminobutyric acid levels, studies have
been undertaken into paroxetine interactions with these primary neurotransmitters using in silico and
in vitro methods. We confirmed that paroxetine interacts most strongly with monoamine transporters
and shows some interaction with y-aminobutyric acid transporters. However, studies of the potency
inhibitors and binding affinity values indicate that the neurogenic mechanism of paroxetine's action
may be determined mainly by its interactions with serotonin transporters.

Keywords: paroxetine (PRX); antidepressant; monoamine transporters (MAT); y-Aminobutyric acid
transporter (GAT); neurogenesis; monoamine and GABA neurotransmitters

1. Introduction

Thus far, modern psychiatry classifies many types of depression including episodic,
chronic, post-schizophrenic, endogenous, exogenous and other [1]. To explain the cause of
depression a variety of hypotheses have been proposed. These include the monoamine
hypothesis, neurogenesis hypothesis, neurobiology hypothesis, inflammation hypothesis,
and the stress hypothesis [2-4]. The monoamine hypothesis suggests a relationship between
a patient's depressed mood and a decrease in the level of selected neurotransmitters. Until
now, over 100 different neurotransmitters have been discovered [5]. It is widely accepted
that in depressive states the key neurotransmitters are serotonin (SER), noradrenaline
(norepinephrine) (NE), dopamine (DA) [6-8] and y-aminobutyric acid (GABA) [9-11].
SER, NE and DA contain a catechol moiety, and thus belong to catecholamines, known
as excitatory neurotransmitters. GABA, on the other hand, belongs to the group of acidic
neurotransmitters and is the main inhibitory neurotransmitter in the brain. The role of
controlling neurotransmitter levels has been confirmed by the discovery of antidepressants
such as tricyclic antidepressants (TCA's), selective serotonin reuptake inhibitors (SSRIs)
and serotonin norepinephrine reuptake inhibitors (SNRI's) that increase serotonin levels
in the brain [4]. Many of the modern generations of antidepressants act as inhibitors of
one or several of the monoamine transporters (MATs) [12,13] and /or GABA transporters
(GAT) [14]. The neurotransmitter transporter family dependent on sodium and chloride
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(SLCé transporters) and including norepinephrine transporter (NET), dopamine transporter
(DAT), serotonin transporter (SERT) and GABA transporters (GATs), encoded by SLC6A1-4
genes in humans are specifically known to be important for efficient neuronal synaptic
transmission, hence providing neurotransmitter homeostasis in the CNS [15]. Briefly,
inhibition of MATs/GATS leads to reduced clearance of neurotransmitters after synaptic
release, thus increasing the neuronal signal intensity [11,16,17]. The inhibitors act by
increasing the amount of neurotransmitters in the synapse, and in consequence alleviate or
subside symptoms of depression [18].

Currently, one of the most commonly used antidepressants is paroxetine (PRX, (35,4R)-
3-([benzo[d][1,3]diokso-5-iloksy]metylo)-4-(4-fluorofenylo)piperidina), which belongs to
the SSRI group [19]. It effectively increases the concentration of endogenous SER in the
synaptic cleft [20-22]. It is noteworthy that it usually takes several weeks to achieve the
desired antidepressant therapeutic effect of PRX. This therapeutic delay suggests that
slow adaptive changes in the neural circuits during long-term pharmacological treatment
possibly involve changes in gene expression and protein translation [23,24]. This in turn
supports the hypothesis that depression is caused by disruption of functional and structural
connections of the neural circuits that underlie the regulation of mood. However, the
detailed molecular mechanisms of PRX have not been fully recognized and explained
so far.

The studies presented in this publication are intended to answer the question about the
possibility of PRX acting in the neurogenic mechanism. The primary purpose of this study
is to analyze thoroughly the interactions between PRX and human MAT (hMAT: hSERT,
hDAT, hNET), human GAT (hGAT: hGAT1-3, hBGT1). According to an extensive literature
survey we have established that, however, the literature is replete with different studies
concerning the four key transporter proteins, and there is a lack of pharmacological data
on the molecular level. Therefore, we have undertaken the effort to fill this gap. In order
to achieve the goal of this study we have conducted the in silico research involving dual
directional analyses of the issue. The first mode of the analysis was designed to compare
the analyzed ligand and protein structures by means of superimposition procedures. The
results of this part of study delivered information about the structural similarities, which
are often used in the pharmacological preliminary studies. The second part of analysis
comprised a detailed inquiry of the intermolecular interactions present in the complexes
especially hydrogen bonding, To compare the binding strength of PRX with individual
transporters, the following reference compounds were selected, SER, DA, NE and GABA.
The interactions were investigated by means of docking studies of selected antidepressant
compounds performed on the crystal structure of hSERT [25] and on homology modeled
hNET [26], hDAT [27] and hGAT1 [28]. It is noteworthy that the sequence identity between
the template (i.e., sequences with known 3D structure) and the modeled sequence is 63.3%
for hNET, 52% for hDAT [29], and 47% for hGAT1 and to the best of our knowledge
this is the highest available identity. Reaching a general aim of the study requires also
pharmacological investigation to provide the reader with experimental context. Even
though the literature study shows that PRX-MAT interactions are extensively investigated
by means of pharmacology, there are still gaps in the assessment of PRX-hGAT interactions.
The pharmacological part of the present study includes the presentation of PRX-hGAT
data that helps to understand and assess the neurogenesis hypothesis. This part of the
study covers the investigation of the inhibitory effect of PRX, SER, NE and DA at the four
hGATs (hGAT1-3, BGT1) using the FHIGABA uptake assay.

2. Results
2.1. Molecular Docking Studies
2.1.1. Structural Similarity Studies for Neurotransmitters and Their Transporters

The Tanimoto similarity coefficient (Tsc) for pairwise comparison of molecules is prob-
ably the most widely used estimator of molecular similarity. This parameter by definition
ranges from 0.0 (completely different) to 1.0 (equal molecules) [30]. Results of 2D similarity
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tests can be arranged in descending order of the Tsc: Tscpa /ng = 0.59, Tscgpr/pa = 0.46
TSCSER/NE = 035, TSCSER]GABA = 025, TSCDA/GABA = 012, TSCGABA!NIE =0.05. They show
a large structural diversity of the studied neurotransmitters, among which the greatest
similarity of DA was noted to NE and SER. To obtain additional information concerning
the shape of the investigated neurotransmitters and transporters, the active conformations
were chosen for superimposition. The atoms common to these molecules were selected for
the fitting procedure. Their similarity was calculated as RMS fit. The RMS routine provided
estimates of how closely molecules fit to each other. The lower the RMS value, the better
the similarity. The docked structures of the studied molecules were compared by their
superimposition using a least-squares algorithm that minimizes the distances between the
corresponding non-hydrogen atoms as shown in Figure 1.

(a)

Figure 1. Superimposition of the investigated docked structures of neurotransmitters: serotonin
(SER, brown), dopamine (DA; blue), noradrenaline (NE, green), y-aminobutyric acid (GABA, yellow)
(a), and human monoamine transporters: serotonin transporter (hSERT, brown), dopamine trans-
porter (hDAT, blue), norepinephrine transporter (hnNET, green) (b), human transporters: serotonin
transporter (hSERT, brown), dopamine transporter (hDAT, blue), norepinephrine transporter (hNET,
green), and y-Aminobutyric acid transporters 1 (hGAT1, yellow) (c).

The analysis of similarity of obtained active structures shows that all four compounds
adopt very similar conformations in the target site of the protein RMS ~ 0.1-1.5. The only
significant deviation of the structure concerns the alkyl regions.

Recent studies on the identification of homologous structures for the studied proteins
indicate that the binding site of hSERT shares a sequence identity of 57% with hDAT and
68% with hNET. Additionally, the identity between hNET and hDAT is 86% [31]. The
hDAT shows the greatest homology to hNET within the binding site with an amino acid
sequence identity of 78% [32,33]. The homology for each human transporter related to the
others was sequence identified is approximately hDAT/hNET = 67%, hDAT /hSERT = 50%,
hNET/hSERT = 53%. The evidence from these studies presents the lower sequence sim-
ilarity for hANET/hDAT = 58% [34] compared with hGAT1/dDAT = 66% [35] of identity.
All these values are quite similar to the sequence of proteins in all the transporters ana-
lyzed. By definition the percentage of structurally equivalent positions was defined as
the percentage of the two alpha carbon atoms in the shorter of the sequences that are
less than 3.5 A of the equivalent atoms in the superposed structure [36]. All these values
indicate a significant similarity in the sequence of proteins in all transporters analyzed
(Figure 1). However, the analysis of structural similarities counted as RMS (in A) su-
perimposition the structures of two proteins [37], with alpha carbons of correspond-
ing amino acids being taken together [38,39], results for MAT as following data for
hSERT: hSERT/hDAT = 5.70 A, hSERT/hNET = 5.66 A. These results indicate a com-
parable similarity of both studied pairs, with a slightly higher similarity between
hSERT and hNET than hSERT and hDAT. On the contrary, the obtained RMS value for
hSERT/hGAT1 = 19.62 A pair clearly indicates a significantly different 3D structure of
the protein analyses. Similar RMS values were observed for hGAT1 with the MAT struc-
tures studied: hGAT1/hSERT = 19.62 A, hGAT1/hNET =19.82 A, hGAT1/hDAT = 19.6 A,
These data indicate a low probability of strong interactions between PRX and hGAT1, while
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Table 1. The summary of hSERT, hDAT, hNET, hGAT1 and PRX, neurotransmitters docking experiment results.

itis likely that a better interaction of PRX is seen with hNET and hDAT although hNET
seems to have a slightly better interaction compared to hDAT. Furthermore, despite sharing
high sequence identity and a similar MAT-structural fold (Figure 1), the pharmacology of
neurotransmitter transporters is diverse, primarily because of the amino acid variations in

the central binding site [40].

2.1.2. hSERT

Based on many pharmacological studies previously presented in the literature, PRX
has been classified as an SSRI due to its very high inhibitory potencies for SERT. On the
basis of predicted binding affinity, the highest value was observed with PRX (calculated
PKinserr = 10.20, Table 1) compared to all studied compounds and hSERT.

Complex Ep Amino Acid Hg Angle Lim Enp
PKi Resid
Protein Ligand keal/mol £8ICHES Daonor Ace e A keal/mol
PRX 1392 1020 ASPYS YNH2+ £C00 139.95 2176 —168
ALAG6 %NH1+ #CONH 129.52 191 027
g - - ASP98 %NH2+ #CO0 13283 1.78 0.15
5 = : SER336 %NH3+ #0H 164,35 186 254
SER438 %IndOH # CONH 138.77 192 -027
ASPYS %OH #C0O0 134,19 1.81 —012
R-NE 545 399 PHE5 2NH3+ #CONH 174.95 209 346
- GLU493 %m-Ph-OH #C0O0 13494 185 005
TYRY #Ph-OH omPHOH 15636 L77 521
S NE 531 389 ASP93 “%NH3+ #CO0 147.64 181 197
ASPYS %OH #C0O0 141,19 164 626
PHE35 "%,NH3+ #CONH 159.93 211 0.87
DA 545 399 GLU493 Yp-Ph-OH #C0O0 15489 1.96 234
GLU493 %m-PH-OH 4$C0O0 155.26 201 580
: LY5490 #NHI+ %CO01 150.89 168 062
GABA 677 386 LY5490 #NH2+ %C002 12672 224 ~0.05
PRX 835 6.12 ASPA76 Y%NH2+ #C00 144,54 261 —0.02
ASP79 %NHL+ #C0O0 14274 199 012
SER 77 570 ASN157 %IndOH # CONH2 120.70 217 023
SER422 %NH2+ #CONH 135.29 203 257
PHE76 SWOH # CONH 15498 212 -1.02
ALAT7 %NH3+ #CONH 139.52 185 1.81
R-NE —6:01 440 ASP79 2NH3+ 4000 149.09 181 0.8
hDAT/ ASP79 %m-PH-OH #C00 145,33 215 ~100
corite ASP79 Yp-PH-OH #C00 168.08 1.89 -385
ASP79 %m-PH-OH £C0O0 153,47 173 —102
S-NE —601 141 ASPAT6 %OH #CO0 122,98 195 -026
ASP476 YNH3+ #C00 12731 212 ~001
ASPATE %NH3+ #CO0 138.16 178 0.12
ASP79 %NH1 #C0O0 13146 212 293
DA L) 529 SERLY %p-Ph-OH #CONH 158.76 219 ~340
TYRI56 “NH2 #PhOH 159,81 112 0032
GABA 462 338 ASP79 %NHI1+ $C0O0 144,11 174 110
PRX 5.02 588 ASPAT6 “NH2+ #C00 155,89 275 0.04
ASPAT6 %NH1+ #C00 124,04 219 —0.48
SER 705 517 ASP476 Y NH2+ £C00 14121 187 ~051
ASPA76 YelndOH #CONH 165.74 183 44
ASP383 “p-Ph-OH #CO0 150.51 177 046
R-NE —6.04 ) ASP385 %m-PH-OH #C00 171.74 1.96 265
hDAT/ ASPATS %O #C00 156,16 196 1.07
clomipramine ASP385 %p-Ph-OH #C00 160.65 183 ~150
S-NE 607 145 ASPS5 %m-PH-OH #C00 158,36 211 ~150
ASPATH WOH #CO0O 168,50 1.84 -1.29
ASP3E5 "-i.p—Fh-()H #CO0 156,93 187 —-1.38
DA 672 19 ASP385 %m-PH-OH #C00 162,14 200 485
ASP476 %NH3+ #C00 127.69 191 0.10
ASN93 %,NHL+ # CONH2 12649 199 085
GABA —43 3.18 SER309 %NH2+ #0H 137.67 215 _284
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Complex Ey pKi Amino Acid Hp Angle Ly Eng
Protein Ligand kcal/maol Residues Donor Acc i A kcal/mol
ALAT3 WNH1+ #CONH 125.52 273 106
PRX 108 761 ASP75 %NH2+ #C00 162.17 274 012
PHE72 %NH1+ # CONH 152,37 218 406
. ASP75 %NH2+ #C0O0 142.29 202 0.04
SER 591 i3 SER419 W%NH3+ #OH 135.90 1.96 285
SER420 %IndOH #OH 168.89 220 418
ASP75 %hp-Ph-OH # CO0 170.95 172 311
R-NE 542 112 ASP75 %m-PH-OH #C00 153.61 174 —L64
ASPA73 %OH #CO0 143.25 201 —00
hNET
PHE72 WNH1+ #CONH 12116 206 —056
- ASD73 %NH2+ #C00 153.53 219 0.53
S-NE REL 559 SER318 %OH #CONH 135.06 194 1M
LEU319 “%m-PH-OH #CONH 13115 214 061
ASP75 YNH1+ #C00 12136 199 —0.13
i ALAL4S %p-Ph-OH #CONH 1347 211 093
DA =12 531 TYRIS2 WNH2+ #Ph-OH 169.39 218 _364
SER419 %NH3+ #0H 139.35 225 —208
GABA 451 331 ASP75 %NH1+ #000 151.09 151 “160
ASP45] WNH2+ #CONH 151.5 291 am
FRY 53 A% ASP451 %NH2+ #CO0 147.39 293 a3
TYRI3 “%NHI # Ph-OH 17242 199 578
ASP451 ANH2 #CO0 143.11 1.86 28
s i o8 ASP45] %NH3 #CONH 12209 187 0023
SE A 3: SER456 %m-PH-OH #CONH 139,31 206 294
MET458 # CONH Y%mPHOH 15079 1.90 235
SER459 #CONH %mPHOH 16448 2,08 504
TYRI39 %NH1 # Ph-OH 130,79 221 160
ASP45] %NH2 # CONH 148.66 1.85 1.96
R-NE 528 387 MET458 # CONH %pPHOH 16377 199 567
SER459 # CONH %pPHOH 15154 193 —451
o LEU460 #CONH %mPHOH  15.03 224 m
ASP431 “NHI 4C00 135.12 176 047
ASP45] OH 4CONH 17127 165 293
S—NE 528 386 SER456 “%m-PH-OH #CONH 152.49 206 309
MET458 #CONH %m-PHOH 15365 175 480
SER459 #CONH %m-PHOH 16242 2.005 55
ASP451 %NHI #CO0 12339 1.941 0,503
ASP45] “%UNH2 #CONH 127.83 2017 ~138
D 485 155 SER456 Hm-PH-OH #CONH 172.05 1.937 —4.819
A ~48 £ MET458 #CONH YmPHOH 15159 2.026 4052
SER459 # CONH %m-PHOH 16266 2.124 4493
LEU460 #CONH %p-PH-OH 15546 1.797 5329
i ASP45] WNH1+ #CO0 142.52 2503 0,026
GABA ~624 449 ASP451 4NH2+ #CONH 156,84 2451 a3

Hg—hydrogen bond, Acc—hydrogen bond acceptor, Hydrogen bond components: from the ABX % and from the protein #, Eg—complex
energy binding, 8—hydrogen bond angle, Lyyg—hydrogen bond length, Epyg—hydrogen bond energy, pKi—calculated binding affinity.

In various studies, pICsysprr was found to be between 8.96 and 10.40 [16,21,41-43].
This is in agreement with our docking results that shows that the most stable complex
is for hSERT-PRX (Ep = 13.92 kcal /mol). The second strongest interaction with hSERT
was SER (calculated pKispgr = 7.11, Eg = 9.7 kcal/mol, Table 1). The results of the
present study demonstrate that DA, R/S-NE and GABA have low stability (Ep € (3.86;
3.99 keal/mol). Other studied hSERT-neurotransmitters complexed have calculated pK;
value < 4 indicating weak ligand /inhibitor binding affinity. Comparing these values
to other currently used antidepressants (plCsysprr = 9.10; 9.54; 8.05; 8.92; for fluoxetine
(Prozac) [41], sertraline (Zoloft) [16], citalopram (Celexa) and venlafaxine (Effexor) [16],
respectively) confirm the fact that PRX is the strongest SERT inhibitor currently known.
Additionally, it is stronger than SER (pICspsgrr = 7.00 [21,43]). Given the extraordinary
strength with which PRX inhibits hSERT, the study of molecular factors that influence the
neurogenesis phenomenon seems warranted. It is worth highlighting that in the biological
activity under consideration, hSERT is the only transporter studied whose crystallographic
structure is known (PDB ID: 5i6x, 3.14 A [25]). The localization of PRX binding sites in
crystals is well understood and described [19]. It is a central substrate binding pocket,
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commonly located approximately halfway across the membrane bilayer and marketed as
S1 pocket (Table 2, Figure 2).

Table 2. The composition of the binding pocket of the analyzed channel models: hSERT, hDAT, hNET, hGAT1.

Protein Residues
hSERT Tyr95, Ala96, Asp98, Gly100, Ala169, Ile172, Ala173, Tyr176, Phe335, Ser336, Gly338, Phe341, Val343,
Ser438, Thr439, Alad41, Gly442, Vald89, Lys490, Glud93, Glud94, Thr497, Gly498, Prod99, Leu502 [6]
hNET Alal45, Tyr151, Ile315, Phe316, Ser420, Ala426 [44].
hDAT Ala81, Tyr88, Asp385, Asp385, Aspd76, Alad80, Phed72, Thrd73, Asp476, Hisd77, Alad80, Gly481, Thrd82,
Leud85 [6]
hGAT1 Tyr60, Ala61, Gly63, Gly65, Leu136, Tyr140, Phe294, Ser295, Tyr296, Gly297, Leu300, Thr400 [45]
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Figure 2. X-ray structure of the hSERT crystal (a) with the grid box showing the ligand-binding site (PDB ID: 5i6x, 3.14 A).
Comparison between calculated (b) and crystallographic data (c) for binding pocket in PRX-hSERT complex. The red circles
and ellipses identify equivalent residua (in 3D superposition of structures).

From chemical point of view hSERT is composed of three different regions; A, B, C.
Subsite A is defined by Tyr95, Ala%6, Asp98, Gly100 form transmembrane segments helix
1 (TMH1), and Phe335, Ser336, Gly338, Phe341, Val343 from transmembrane segments
helix 6 (TMH6) and Ser438, Thr439, Alad41, Gly442 from transmembrane segments helix
8 (TMHS) and is define as a polar region surrounding Asp98. In crystallographic data it
was found that regions A accommodates the polar, amine moiety of the PRX which form
one hydrogen bond between NH, group and Ala% (Figure 2). Subsite B is the groove
delineated between Ser438, Thr439, Ala441, Gly442 (TMHS) and Ala 169, lle172, Alal73,
Tyr176 from transmembrane segments helix 3 (TMH3). It has been confirmed by X-ray
research that PRX locates a benzodioxol group in this groove. Subsite C is defined as
a region between TMH6 and TMH10 (Val489, Lys490, Glu493, Glu494, Thr497, Gly498,
Pro499, Leu502) and is located in the extracellular vestibule. Subsite C can interact with
bulky drugs. Structurally B region is located opposite to subsite C and both are largely
hydrophobic regions [46]. Commonly the pose obtained from X-ray diffraction is often
denoted by many authors as ABC [22]. The results obtained in our PRX docking and
validation experiments also remain to indicate PRX orientations in the ABC pose. In our
experiment, the amine group of piperidine ring donates one hydrogen bond to the oxygen
of the carboxylic moieties of Asp98 (Figure 2) with Eyjg &~ —1.68 kcal /mol and bond length
of 2.76 A. The docking experiment confirms that the PRX molecule has a hydrophobic
effect with an identical set of amino acids compared to crystallographic data (Figure 2, red
circles and ellipses identify equivalent residua (in 3D superposition of structures)).
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All calculated molecular configurations indicate that the energy of the single hydro-
gen bond between studied compounds and the set of neurotransmitters is relatively low
(Table 1). The highest hydrogen bond energy is found for the major hydrogen bond
component of Gly65.

2.1.3. hDAT

hDAT is the major target of addictive psychostimulants such as cocaine, which bind
to the active site and prevent the conformational transition of the transporter, thereby
inhibiting the reuptake of dopamine [40]. DAT mediates reuptake of DA (pICsgsprr << 4,
pICsoner & 5.28, pICsopat = 5.06 [21] — 5.61 [32]) from the synaptic cleft and thereby
controls the termination of dopaminergic signaling.

The DAT structure distinguishes binding places defined as hDAT /cocaine (pocket
1) and hDAT/clomipramine (pocket 2) [6]. Cocaine is a high-potencies inhibitor of DAT
(pICspsErT = 6.54, pICsoNET & 5.48, pICs)paT ~ 7.14 [47]) and it is thought that its binding
to DAT causes a rapid increase in extracellular dopamine levels [48] that produce the
reinforcing effects leading to cocaine abuse. In addition, cocaine, despite the increase in
DA in the synapse, does not act as an antidepressant. As confirmed in many studies,
cocaine abuse and addiction are associated with an increased risk of depression [49].
Binding site for DA and cocaine in DAT overlap and are named by many authors as the
central binding site, surrounded by TMs 1, 3, 6, 8 [33,50]. Clomipramine is a tertiary
amine belonging to a dibenzazepine TCA [51]. Clomipramine has a stronger potency
for the serotonin transporter (pICsosprr ~ 9.52, pICsongr = 7.42, pICsipatr =~ 5.66 [16]),
compared to other TCAs [51]. Clomipramine binding site in hDAT protein is surrounded
by TMHs 1, 3, 6, 10 and 11 [6]. Thus, two binding pockets have particular interest for
the design of novel DAT interacting ligands. As shown in Figure 3 in both pockets PRX
forms a hydrogen bond with Asp476. Comparing hydrophobic interactions in the analyzed
cases reveals partial interaction compatibility (Figure 3, red circles identify equivalent
residua (in 3D superposition structures)) but it also points to other residua in both cases
(Figure 3, red arcs identify residua in hDAT/cocaine and hDAT/clomipramine, respectively
(in superposition 3D structures)). The resulting energy values (Table 1) indicate that
PRX forms a more energy-stable complex in the cocaine pocket. It is noteworthy that
all neurotransmitters analyzed interact with the hDAT transporter (Table 1). It seems
somewhat astonishing that SER interacted more strongly with hDAT (pICsppat ~ 5.57 [21])
than the DA itself (pICspar & 5.06 [21]). Racemate R/S-NE, on the other hand, has a
potency of pICsypar = order of 4.28 [21]. However, this is confirmed by literature data.
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Figure 3. X-ray structure of the hDAT homology model (a) with the grid box showing the ligand-binding site (Swiss-Prot
ID: Q01959) and calculated data for cocaine binding pocket (b) and clomipramine binding pocket in PRX-hNET complex
(c). The red circles and ellipses identify equivalent residua (in 3D superposition of structures).

128



Int. |. Mol. Sci. 2021, 22, 6293

Sof 20

2.1.4. hNET

Norepinephrine (also called noradrenaline) is a neuromodulator that in multiple ways
regulates the activity of neuronal and non-neuronal cells [52]. It was one of the first neuro-
transmitters to be discovered [53]. It was isolated in 1901 and is the first hormone obtained
in the crystalline state [54]. The presence of norepinephrine in two main enantiomers
(R/S-NE) was confirmed by structural (crystallographic and spectroscopic studies [54,55]).
In crystallographic study it was proved that NE has a zwitterionic structure, formed by
proton transfer from the meta phenolic hydroxyl group to the nitrogen atom (- O(OH)Ph-
CH(OH)-CH,-NH3*) [56]. It was founded approx. 6.5-7.7 Adueto separation of charged
centers [55], which determines the molecule of the interaction with neurons [25]. These
conformers are stabilized by intramolecular hydrogen bonds between the nitrogen atom
of the amino group and hydrogen of hydroxyl group attached to an ethyl amine carbon
atom [55]. NE is the second major biogenic amine that has been proposed to be causally
involved in the pathophysiology of major depression and in the mechanism of antide-
pressant drug action. The norepinephrine transporter (NET) is a transmembrane protein
responsible for transporting norepinephrine into the synaptic terminals of the central and
peripheral nervous systems as well as neuroendocrine adrenal chromaffin cells [57]. The
selective NE reuptake potencies inhibitor, reboxetine (pICsy = 8.96 [16]), has demonstrated
equivalent efficacy to the TCA in some studies and is approved as an antidepressant in
Europe but not in the USA [58] (Figure 4).
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Figure 4. X-ray structure of the hNET homology model (a) with the grid box showing the ligand-binding site (Swiss-Prot
ID: P23975) and calculated data (b) for binding pocket in PRX-hSERT complex.

The inhibitory potencies R/S-NE for its transporter lie in the range plCsongr €
(6.17 [32]; 5.06 [21]). Comparison of the data obtained for our docking experiment (Table 1)
clearly leads to the conclusion that S-NE shows stronger binding affinity than the other
studied neurotransmitters. It was found in our experiment that pKinpr = 5.59 for S-NE
and pKinpr 2 4.12 for R-NE. Another strength of the interacting neurotransmitter is DA
(calculated pKingr = 5.31), which is confirmed by the literature data (pICsgnpr ~ 5.28 [21]).
Among the studied catecholamines, serotonin is characterized by the weakest affinity for
NE transporters (calculated pKnpr = 4.33 and pICsoner = 4.85 [21]). Calculated binding
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affinity pKipner = 3.31 for GABA suggests interaction with hNET. These data confirm that
NET has some selectivity relative to NE, When it comes to the effects of PRX on NET, it is
much stronger (calculated pKinpr = 7.61 and pICsgngr € 6,46 [21] — 7.40 [16]) compared
to all the neurotransmitters in the studied set.

2.1.5. hGAT1

In regions such as the cerebral cortex, hippocampus, thalamus, basal ganglia, cere-
bellum, hypothalamus, and brainstem, GABA represents about one-third of the synapses,
GATI is the most copiously expressed GAT in the CNS and is mainly localized into the
presynaptic axon terminal and into a few astrocytic structures [59]. The GABA chain
is made of three single carbon-carbon bonds, thus its structure is highly flexible. This
determines the ability to adapt various conformations that determine binding, as ligand,
in the proteins with which it interacts. Crystallographic studies have shown that both
crystal and aqueous solution of GABA occur in the form of a zwitterion, which in the body
makes it a carrier of electric current and thus creates the possibility of carrying stimuli. It is
widely accepted that distance between cationic and anionic center approx. A value of 5 A
determines the neuronal and glial blocking effect in selective inhibitors. Computational
methods have shown that in an aqueous solution more than 94% of GABA molecules
adapt a folded conformation with separation of charged centers below 5 A [25]. GABA is
transported by GAT in a somewhat folded conformation (Figure 5). This means GABA
interacts with neuronal and astrocytic structures.
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Figure 5. X-ray structure of the hGAT1 homology model (a) with the grid box showing the ligand-binding site (Swiss-Prot
1D: P30531) and calculated data (b) for binding pocket in PRX-hGAT1 and (¢) GABA-hGAT1 complex. The red circles and
ellipses identify equivalent residues (in 3D superposition of structures).

In the preliminary analysis of the docking it was observed that GABA interacts with the
activesite of hGAT1 with calculated pKiyar1 2 4.49 and [PHIGABA pICspami 25.00 [60,61].
The studied catecholamines show significantly less interaction with hGAT1 as compared to
GABA (Table 1). It is noteworthy that PRX shows the strongest interactions with hGAT1
(calculated pKicam == 4.35) compared to SER, NE and DA. (Table 1). PRX creates a
bifurcated hydrogen bond, similar to the GABA-hGAT1 complex, where NH; from PRX is
involved in a COO..NH,...CONH incorporating the COO from Asp451 and the NHCO
from Asp451 (Figure 5). From the data in Table | it can be seen that this bifurcated system is
almost geometrically (L ~ 2.92 A) and energetically (Eyp &~ —3.41 kcal /mol) symmetric,
where the major hydrogen bond component is fixed into the side-NH-CO of Asp451 and
the minor involves the side-COO of Asp451 residue (Figure 5).

2.1.6. Validation Experiment

The re-docking method was applied to confirm legitimacy of the docking proce-
dure [62] and was performed using Vina software [63]. Results of redocking in Vina
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(optimal poses) were saved as pdbqt files. Subsequently, the AutoDock Tools (ADT) pro-
gram was employed to calculate the superimposition of the ligand and protein complexes.
The validation process indicates a high similarity of PRX corresponding poses obtained
using AutoDock and Vina (Figure 6).

(c)

Figure 6. Validation redocking experiment. Docking results of the hSERT (a), hNET (b),
hDAT /cocaine (c), hGAT1 (d) obtained using AutoDock (gray) and Vina (blue).

2.2. Inhibitory Activities of PRX, SER, NE and DA at hGATs

PRX concentration-dependently inhibits the ['HJGABA uptake mediated by all four
hGATs with mid-high micromolar potency in the range of 85.6-256.1 uM with the rank
order: hBGT1 < hGAT3 ~ hGAT2 < hGAT1 (Figure 7a and Table 3).

Table 3. Inhibitory activity of PRX at hGAT1-3 and hBGT1 stably expressed in CHO cells using the
[PHIGABA uptake assay.

ICsp (pICsp + S.EM.) (uM)
hGAT1 hGAT2 hGAT3 hBGT1
PRX 25.1(36+003) 1224(39+008) 110.6(40+0.04) 856 (41 +005)

SER, NE and DA display limited inhibitory activities at hGAT1-3 and hBGT1 with less
than 10% inhibition observed at compound concentrations up to 100 uM (Figure 7b).

Structurally PRX can be thought of as a substituted derivative of piperidine where in
position 3 there is a group of benzodioxol and in position 4 the fluorophenyl group. The
closest to PRX active structure in hGAT is nipecotic acid, which belongs to the leading struc-
tures for the development of structural hGAT inhibitors and has the following inhibition
potential: PIC50hGAT1 ~47, plCSOhGAT? ~ 33, PIC50hGAT3 ~ 4.0, PIC50hBGT1 ~25 [6]]. A
comparison of the inhibition potential of PRX (Table 3) and nipecotic acid indicates that the
replacement of the carboxyl group with benzodioxol and the addition of the fluorophenyl
group change the activity profile from hGAT1 and hGAT3 to hGAT2, and hBGT1. Conse-
quently, one can draw a preliminary conclusion that such a modification of the structure
makes the molecule more susceptible to inhibition of hGAT located outside the CNS. Which
in turn indicates that PRX has less influence on the neurogenesis process in the brain.
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Figure 7. Inhibitory activity of PRX, SER, NE and DA at hGATs. The compounds were tested for their ability to inhibit the
uptake of 30 nM [PH]GABA for 3 min at all hGATs stably expressed in CHO cells. Representative concentration-response
curves of PRX at hGAT1-3 and hBGT1 (a) and inhibitory activity of SER, NE and DA at hGAT1-3 and hBGT1 (b). All
experiments were performed with technical replicates in three independent experiments and depicted as means + 5.D in

(a) or normalized means +

SEM (b).

3. Discussion

Decreased amounts of SER, NE, DA and GABA have been observed in people with de-
pression. Increasing SER in key CNS pathways and at desired serotonin receptor subtypes
hypothetically mediates therapeutic actions in depression, and other diseases with similar
symptoms such as OCD, PD and bulimia [64]. This is the result of the powerful influence of
SER on emotionality that has been proven many times over [65]. SER and GABA are mainly,
but not only, the basic inhibitory neurotransmitters in the CNS. They play an important role
in processing neuronal information as well as regulating neurogenesis (proliferation, differ-
entiation and migration of neural stem cells (NSC)) [66,67]. Numerous studies have shown
that deficits in serotonin, norepinephrine and GABAergic neurotransmission and reduced
neurogenesis are associated with the ethology of pathological anxiety and various mood
disorders including depression [67-0Y]. Evidence of reduced neurogenesis has been ob-
served in animal models of depression and in postmortem studies of individuals who had
been diagnosed with major depressive disorder. However, the mechanisms driving these
alterations in neurogenesis are not fully understood [70]. SER, NE and GABA have been
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shown to regulate hippocampal neurogenesis and neuronal development in both children
and adults [71,72]. In the adult brain, as in the embryonic nervous system, SER, NE and
GABA depolarizes neural progenitors and immature neurons [73]. GABA also regulates
quiescence of NSCs, differentiation of NSCs into neural progenitor cells (NPCs), maturation
of NPCs into granule cells and synaptic integration of adult-born granule cells into the
existing circuitry of the hippocampus [72]. A common feature of depression and anxiety
disorders are SER, NE and GABA deficits resulting in emotional control disorders [65].
Recently, a direct link between chronic antidepressant treatment and an enhancement of
SER, NE and GABA transmission were found [65,67]. This is in fact that SER, NE and
GABA concentration are reduced in cortical brain and CSF in major depression, but its
deficit can be reversed by chronic SSR1 and electroconvulsive therapy [74,75].

PRX is an antidepressant drug known by the commercial names Aropax, Paxil, Pexeva,
Seroxat, Sereupin and Brisdelle, It exhibits the highest known inhibitory potency for the
active site of the hSERT (Table 1). A plethora of publications devoted to PRX (e.g., PubMed
database 1992-2021 the word “paroxetine” indicates in about 6200 publications, Science
Direct about 22000, Google Scholar about 54,500 works) proves the great importance of
this drug in current medical therapies. These works provide a lot of information on the
different aspects of taking this medicine and its mechanisms of action and it is clear that
PRXis currently clinically approved for the treatment of numerous neurological disorders
and not only depression [22].

After administration of PRX the level of SER rapidly increases (after a few minutes),
while the antidepressant effect does not appear before after several weeks of chronic treat-
ment [18,53,67,76]. This may indicate a possible different mechanism of action of PRX, and
the most probable seems to be the neurogenic mechanism of action [77]. For this reason, we
undertook studies of PRX interactions with four basic transporters, such as three MAT and
GAT, the inhibition of which is crucial for increasing the level of basic neurotransmitters
in the brain. At the beginning using the results of research based on molecular modeling
techniques, the structural similarity of studied neurotransmitters: SER, NE, DA and GABA,
as well as their respective targets, i.e., MAT and GAT1 transporters were analyzed. Using
various techniques, such as the Tanimoto coefficient [30] and superimposition tests [63],
it was shown that some structural similarities were found within the tested neurotrans-
mitters as well as their transporters. Nevertheless, the analysis of structural similarities
calculated as RMS determined by superimposing the structures of two proteins seems to
be of key importance in understanding the interaction of various compounds with the
analyzed objectives [37]. These results, in contrast to the data routinely presented in the
literature based on the amino acid sequence identity technique [29,32-35], better highlight
the structural differences of the analyzed transporters. These differences are of particular
importance within the ligand binding site. The information obtained in this study indi-
cates some unsimilarities between MAT and GAT1 (Figure 1), which may explain the low
inhibitors of potency and binding affinity values of PRX for GAT1-3 and BGT1. On the
other hand, a more detailed analysis of the literature data on the interactions of PRX and
nipecotinic acid (as one of the leaders for the hGAT inhibitor family) provides information
about the direction of interaction of these molecules as substituted piperidine derivatives.
The data we obtained based on the in silico and in vitro methods indicate that PRX in-
teracts with each monoamine transporter and shows some interactions with the hGATs
(Tables 1 and 3, Figure 7). As shown in the Section 2, the obtained in silico data are
confirmed by the relevant pharmacological studies for MAT previously published in the
literature. It has recently been found that PRX may promote the proliferation of nerve
cells in vitro, as well as hippocampal neurogenesis in human and animal models [78].
Nowadays it is well accepted that depletion of SER in the brain results in suppression of
neurogenesis in the adult hippocampal. At the same time, raising levels of monoamine,
serotonin and norepinephrine and GABA increases the rate of neurogenesis. Since PRX is
the strongest known hSERT inhibitor, the study of the possible mechanism of antidepres-
sant action clearly points to issues related to the phenomenon of neurogenesis. However,
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the neurogenesis process itself is not yet sufficiently explained at the molecular level. Since
this phenomenon is known to be linked to an increase in serotonin and norepinephrine and
GABA levels within neurons, it seems that the potential for blocking suitable transporters
is at the heart of this phenomenon.

It is important to emphasize that the interaction of PRX with the hGATs seem to be
a more complex issue due to the multitude of different subtypes of hGAT. Hitherto four
subtypes of plasma membrane human transporters for GABA (hGAT1-3 and hBGT1) have
been identified [79-581], of which hGAT1 and hGAT3 have the highest expression levels in
the mammalian central nervous system (CNS). hBGT1 is only found in scarce amounts and
hGAT?2 is not found in the brain parenchyma at all [82]. hGAT1 is predominantly located on
GABAergic nerve terminals [35,5%,83], while hGAT3 and hBGT1 are commonly associated
with perisynaptic and distal astrocytic sites [28,60]. The location and level of individual
transporters in CNS seem to be crucial in the neurogenesis process. Our experiments show
that PRX interacts with all hGAT (Table | and 3 and Figure 7) to varying degrees. Interaction
of PRX with individual hGATs can be arranged in descending order: plCsgppgry = 4.10,
P[CSUI'IGAT?r 2 4.00, P[C:'ﬂhGATE = 3.90, Plciﬂh{je\T] =~ 3.6 (Tabie .”') and PKith’\T] ~ 4.35
(Table 1). In vitro data clearly confirm the strongest interaction with hBGT1. However,
due to the very low level of BGT1 expression in the brain (about 1001000 times lower
than GAT1 [84]), BGT1 can at most be responsible for 0.1-1.0% of the GABA transport. In
addition, neurotransmitters diffuse rapidly out of the synaptic cleft on a low microsecond
time scale until they bind to transporters and are removed [85-87], hence BGT1's functional
role in the neurogenesis process seems negligible, For these reasons and in light of the
low inhibitory potency of PRX at hGAT1 and hGATS3, it appears that the interaction of
PRX with the hGATs has little effect on the PRX induced neurogenesis process. Due to this
analysis one can assume that if PRX induced neurogenesis it potentially connected with its
inhibition to hSERT due to higher value inhibitory potency and binding affinity.

4, Materials and Methods
4.1, Pharmacological Studies

Flp-In Chinese hamster ovary (CHO) cell lines stably expressing hGATs (hRGAT1-3 or
hBGT1) used for the pharmacological studies have been described previously and were cul-
tivated accordingly [88]. The [*HJGABA competition uptake assay was performed exactly
as previously described [61], and the [PH]JGABA uptake data were normalized to the per-
centage of total uptake in the individual experiments. Data presented are the pooled data
of three independent experiments with three technical replicates. Concentration-response
curves were fitted with GraphPad Prism (version 9.0.0, Yosemite, GraphPadSoftware,
San Diego, CA, USA) as outlined previously [88].

4.2, In Silico Studies
4.2.1. Docking Study

The calculation procedures applied in the study are typical for processing of dock-
ing studies [63,89-91].

Ligand Preparation

For the 3D molecular structure calculations, the Gaussian 09 (version D.01. for Unix/
Linux) package was used [92]. The initial accepTable 3D structures of 6 studied compounds
were downloaded (as mol2 file) from ZINC [93]. Later, the GaussView [92,94] was applied
for preparation of Gaussian input files. All the molecules were geometry-optimized in
water described by the PCM (polarizable continuum model). DFT/B3LYP level of theory,
6-311 + G(d, p) basis set. After geometry optimization (the root-mean-square gradient
value smaller than 107° a.u.) compounds were saved as mol2 files using the GaussView.
Subsequently, torsionals and number of active torsions for ligands were defined and the
Gasteiger charges were assigned to each compound via AutoDockTools (ADT) [95]. Finally,
ligands prepared for docking were saved as pdbqt files.
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Monoamine and y-Aminobutyric Acid Transporters Preparation

Despite numerous protein sequences in RCSB Protein Data Bank, lack of three-
dimensional structures of many important drug targets is still observed. As a consequence,
homology modelling is the different option to construct an accepTable 3D model of the
protein. Therefore, in this study docking experiments were mostly performed on the
homology modeled proteins (hDAT, hNET and hGAT1), except hSERT, where the X-ray
structure is available.

o  hSERT

The structure of the ts3 hSERT was gained from the RCSB Protein Data Bank (516X
pdb access code) [25] First, the pdb structure was adapted for ADT software environment.
Accordingly, one crystallographic water molecule and following ligands: dodecyl-beta-
d-maltoside (LMT), cholesterol (CLR), Paroxetine (PRX), 2-acetamido-2-deoxy-beta-D-
glucopyranose (NAG) were removed. Subsequently, missing hydrogen atoms were added
and protein was saved in pdbqt format [96].

o hDAT, hNET hGAT1

As mentioned before, for hDAT, hNET and hGAT1 homology human protein se-
quences were obtained from the Swiss-Prot database (accession numbers: Q01959, P23975
and P30531, respectively). In this study the most actual homology modeled channels were
used [6,26,44,97]. After that, pdb files were opened in ADT, which read coordinates. Subse-
quently, charges were added, correct atom types were assigned and nonpolar hydrogens
were merged. Finally, according to the procedure the prepared protein was saved as a

pdbaqt file.

Molecular Docking

Preparation of the inputs for the modeling was carried out in full compliance with
the applicable procedures. A grid box with a dimension of 60 x 60 x 60 A® and a grid
spacing of 0.375 A was built in the middle of the pore forming sequences. In this in
silico experiment we consider the interaction between ligands and intracellular pore gate
formed from the transmembrane helices. For each model, drug-binding pockets in the
cavity forming part of the substrate permeation pathway were identified (see Table 2).
The rigid docking procedures were performed using the Lamarckian genetic algorithm
of Autodock 4.2 software. The optimized docking parameters were set as default values,
except the number of runs which was 100. Torsionals in the residuals of binding pockets
were not rotatable. A cluster analysis was performed on the docked results using an
RMS tolerance of 2 A. In each case the best docking result was considered as complex
with the lowest binding energy. Hydrogen bindings between docked potent agents and
related macromolecules were analyzed using ADT, the AutoDockTools program (ADT.
Version 1.5.4) [95].

4.3. Similarity and Superimposition Study

The Tanimoto similarity coefficient (Tsc) for pairwise was computed as available on
the ChemMine tools server (http:/ /chemminetools.ucr.edu/ (accessed on 1 June 2021)) [30].
To obtain additional information concerning the shape of the investigated drug, the active
conformations were chosen for superimposition. The atoms (except hydrogen atoms) com-
mon to these molecules were selected for the fitting procedure using SCIGRESS software,
version 3.4.4, www.scigress.com. Their similarity was calculated as RMS fit. The RMS
routine provided estimates of how closely molecules fit with each other. The lower the
RMS value, the better the similarity [37].

5. Conclusions and Perspectives

The mechanism of adult neurogenesis has not been fully understood and described so
far. However, in light of current research, it has been found that it is initiated by an increase
in the concentration of neurotransmitters in the brain. For this reason, it seems logical
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to suppose that drugs used in the pharmacotherapy of diseases with etiology resulting
from a decreased level of neurotransmission with the participation of basic mediators (SER,
NE, DA, GABA) in the nervous system may potentially act in the neurogenic mechanism.
Undoubtedly, depression is one of these diseases, and PRX, as the most widely used an-
tidepressant, meets the requirements of the research assumption. It should be emphasized
that PRX belongs to the group of the most studied molecules. For this reason, we have a lot
of well-documented data that can be used in the context of analyzing new mechanisms
of action.

The study presented in this publication predominantly was meant to answer the
question about the possibility of PRX acting in the neurogenic mechanism. Data from
molecular studies indicate a potential neurogenic effect of PRX, which may be mainly
due to the strong inhibition of hSERT. In order to identify the causes of different values
of the inhibition parameters (pK; and pICsp), it was reasonable to compare the structural
similarity of the analyzed structures of the analyzed objects. First, the structural similarity
of four basic neurotransmitters: SER, NE, DA and GABA and the corresponding targets,
i.e., MAT and GATI transporters were analyzed, using the results of research based on
molecular modeling techniques.

Using various techniques such as the Tanimoto test and overlap tests, it was shown
that some structural similarities were found in the tested carriers and their transporters.
Nevertheless, the analysis of structural similarities calculated as RMS determined by the
superposition of the structures of two proteins considering the alpha carbon atoms of the
respective amino acids seems to be crucial for understanding the interactions of various
compounds with the analyzed targets. These results, in contrast to the data routinely
presented in the literature, based on the amino acid sequence identification technique,
highlight the structural differences of the analyzed transporters. These differences are of
particular importance within the ligand binding site. The information obtained from this
study indicates significant differences between MAT and GAT1, which may explain the
low GAT1-3 and BGT1 inhibition values (potency and affinity, respectively) by PRX.

An additional, but very important, prospective achievement of the research carried out
is the confirmation of some activity of PRX towards hGAT. This enables the development
of research based on the modification of the PRX structure in order to increase the affinity
for particular types of hGAT.
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Abbreviations

0 hydrogen bond angle

# hydrogen bond components: from the protein
%o hydrogen bond components: from the ligand
acc hydrogen bond acceptor

ADT AutoDockTools

CHO Chinese hamster ovary

CNS central nervous system

CSF cerebrospinal fluid

DA dopamine

DAT proteins of dopamine transporter

Eg complex energy binding

Eyp hydrogen bond energy

GABA y-aminobutyric acid

GATI GABA transporter isoform 1

GAT2 GABA transporter isoform 2

GAT3 GABA transporter isoform 3

GDA generalized anxiety disorder

hSERT ~ human proteins of serotonin transporter
hDAT  human proteins of dopamine transporter
hNET human proteins of norepinephrine transporter
hGAT1  human GABA transporter isoform 1
hGAT2  human GABA transporter isoform 2
hCAT3  human GABA transporter isoform 3
hBGT1  human betaine/GABA transporter

Lip hydrogen bond length

MAT monoamine transporters

MDD major depressive disorder

NE norepinephrine

NET proteins of norepinephrine transporter
NPC neural progenitor cells

NSC neural stem cells

OCD obsessive-compulsive disorder

PD panic disorder

PDBID  Protein Data Bank Identifier

pICspec  inhibitory potency of xxx transporters
PKixx  binding affinity of xxx transporters
PMDD  premenstrual dysphoric disorder

PRX paroxetine

PTSD  post traumatic stress disorder

R/S-NE  R/Senantiomers norepinephrine

RMS root mean square

SAD social anxiety disorder

SER serotonin

SERT proteins of serotonin transporter

SNRI serotonin norepinephrine reuptake inhibitors
SSRI selective serotonin reuptake inhibitors
TCA tricyclic antidepressants

Tsc Tanimoto similarity coefficient

™ transmembrane segments

TMH transmembrane segments helix
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9. WNIOSKI

Przedstawione w niniejszym cyklu prac badania wskazujg, iz rozwdj technologii
opartych na metodach chemii obliczeniowej pozwolit na dogtebne zrozumienie
bezpieczenstwa kardiologicznego stosowania lekow. Zebrane w ramach pracy: Ky11.1,
Nav1.5, and Cav1.2 Transporter Proteins as Antitarget for Drug Cardiotoxicity dane dotyczace

kanatéw jonowych obecnych w sercu wskazujg, iz:

e przewidywanie kardiotoksycznego dziatania lekéw stato sie mozliwe dzieki
doktadnemu zbadaniu przewodnictwa jonowego ukfadu sercowo - naczyniowego,

szczegolnie udziatu kanatéw kationowych istotnych w tym procesie;

e wymogi dotyczace bezpieczenstwa farmakologicznego ulegajg ciggtym zaostrzeniu,
co zmniejsza ryzyko wystgpienia dziatan niepozgdanych wynikajgcych ze stosowania

lekow;

e kluczowym etapem oceny bezpieczenstwa stosowania lekdéw jest wtasciwe

rozréznianie i identyfikowanie celéw terapeutycznych oraz antyceléw;

e najnowsze wytyczne oceny kardiotoksycznosci zaproponowane przez CiPA wskazujg,
iz Ky11.1, Nayl.5, and Cavl.2 sg celami terapeutycznymi lekéw stosowanych
w nadcisnieniu, ale rowniez antycelami w ocenie ryzyka dziatania nasercowego dla

lekéw dedykowanych innym celom terapeutycznym.

Ocene ryzyka kardiotoksycznosci przeprowadzono dla jednego z najczesciej stosowanego
leku w chorobach CSN — TGB. Przeprowadzone badania, zaprezentowane w pracy
Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac lon Channels Ky11.1,
Navl1.5 and Cayl.2. wskazujg, iz:

e proces dokowania molekularnego wskazuje, ze TGB nie wigze sie z napieciowymi
kanatami jonowymi i nie wywiera na nie bezposredniego wptywu, dlatego
obserwowany u pacjentéw czestoskurcz z duzym prawdopodobienstwem nie jest

wynikiem interakcji TGB z VGICs;

e badania przeprowadzone na szczurach potwierdzity dane otrzymane technikami
obliczeniowymi, niemniej nalezy mieé¢ na wzgledzie rdéznice fizjologiczne dzielgce
organizmy gryzoni i ludzi.

W pracy Paroxetine — overview of the molecular mechanisms of action przeprowadzono

przeglad dostepnych struktur krystalograficznych komplekséw PRX z rézinymi biatkowymi
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celami terapeutycznymi. Dodatkowo opisano poznane mechanizmy jej dziatania oraz

zastosowanie w farmakoterapii. Przeprowadzone analizy wskazaty nastepujgce wnioski:

profil farmakologiczny PRX w petni wpisuje sie w potrzeby wspodtczesnej medycyny ze

wzgledu na wielokierunkowos¢ dziatania przy stosunkowo niskiej toksycznosci;

budowa oraz powinowactwo do wielu celéw terapeutycznych PRX stwarza
mozliwosci poszukiwan pochodnych PRX majgcych potencjalnie zastosowanie

w leczeniu niewydolnosci serca oraz schorzen onkologicznych;

pomimo historycznych kontrowersji, zwigzanych z procesem zatwierdzenia PRX
w leczeniu depresji w grupie mtodych pacjentéw, najnowsze analizy i metaanalizy
danych klinicznych uzasadniajg rozwazenie repozycjonowania PRX w tej grupie

pacjentéw.

Najnowsze badania ukfadu nerwowego wskazujg, iz powstawanie neurondw z komorek

macierzystych moézgu stanowi kluczowy aspekt w procesie regeneracji CNS. Wykazano, ze

niektére leki, mogg pobudzaé proces neurogenezy. Z tego wzgledu w pracy Assessment of

Paroxetine Molecular Interactions with Selected Monoamine and y-Aminobutyric Acid

Transporters podjeto probe oceny mechanizmu aktywacji neurogenezy wywotanej PRX.

Przeprowadzone badania wskazujg, iz:

PRX silnie oddziatuje z transporterami monoamin oraz wchodzi w interakcje

z transporterami GABA;

wartosci liczbowe powinowactwa PRX do GAT wskazujg jednak, ze neurogenny
mechanizm dziatania badanego leku moze by¢ zdeterminowany gtéwnie przez

interakcje PRX z SERT;

interakcja PRX z GAT daje mozliwos$¢ poszukiwania pochodnych badanego leku silniej
oddziatujacych z transporterami kwasu y—aminomastowego, ktére miatyby zdolnosé

indukcji neurogenezy.
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10. STRESZCZENIE

Wstepne badania mechanizmdw oraz bezpieczeristwa stosowania lekdw sg mozliwe
dzieki zaawansowanym metodom obliczeniowym. Ze wzgledu na ciggle rosngce wymagania
dotyczace oceny toksycznosci lekow, testy in silico sg niezastgpionym narzedziem, ktore na
podstawie struktury chemicznej czgsteczki przewiduja jej aktywnos¢ biologiczna.

W niniejszych rozwazaniach uwage skupiono na dwdch lekach powszechnie
stosowanych w zaburzeniach o$rodkowego uktadu nerwowego: tiagabinie (TGB) oraz
paroksetynie (PRX). Dane pismiennicze wskazuja, iz u 1% pacjentow leczonych TGB
wystepuje zjawisko tachykardii. Najnowsze wytyczne oceny kardiotoksycznosci skupiajg sie
na kanatach zaproponowanych przez Comprehensive In Vitro Proarrhythmia Assay (CiPA):
Kv11.1, Nayv1.5-late, Cav1.2, Kv4.3, KyLQT1/mink oraz K;;2.1. Interakcja z Ky11.1, Nay1.5-late,
Cavl.2 ma decydujacy wptyw na ryzyko wywotywania arytmii. W zwigzku z tym w pracy:
Kv11.1, Navl.5, and Cavl.2 Transporter Proteins as Antitarget for Drug Cardiotoxicity
zebrano najwazniejsze informacje dotyczace jonowych kanatéw obecnych w sercu.
Przeprowadzona analiza stata sie podstawg do przeprowadzenia procesu dokowania
molekularnego czgsteczki TGB do modeléw ludzkich kanatéw jonowych: hK,11.1, hNa,1.5,
hCay1.5. Otrzymane wyniki pordwnano z wartosciami otrzymanymi dla zwigzkow
referencyjnych, a nastepnie potwierdzono testami in vitro. Uzyskane dane opisano w pracy
zatytuowanej: Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac lon
Channels Ky11.1, Navl.5 and Cavl.2. Uzyskane metodami chemii obliczeniowej wartosci
energii kompleksdw R-TGB z modelami ludzkich kanatéw jonowych wskazujg, iz interakcje te
prawdopodobnie nie stanowig przyczyny wywotywania tachykardii po stosowaniu terapii
TGB.

Techniki modelowania molekularnego wykorzystano réwniez w badaniach
neurogennego mechanizmu dziatania PRX. W tym celu z sukcesem zadokowano badang
czasteczke do miejsc aktywnych transporterow hMATs: hSERT, hNET, hDAT, oraz hGAT1.
Testy potwierdzity interakcje PRX ze wszystkimi badanymi transporterami, niemniej
ustalono, ze zjawisko neurogenezy z wysokim prawdopodobienstwem zachodzi gtéwnie
dzieki interakcji PRX - hSERT. Dodatkowo interesujgcym okazat sie fakt, iz PRX oddziatuje
z hGATs, co daje mozliwos¢ poszukiwania nowych pochodnych PRX, tworzacych jeszcze
silniejsze pofaczenia. Otrzymane dane zweryfikowano testami farmakologicznymi na
komédrkach jajnika chomika chinskiego, ktdre potwierdzity wychwyt zwrotny kwasu

y—aminomastowego ze szczeliny synaptyczne;j.
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11. SUMMARY

Preliminary studies of the mechanisms and safety of drugs are possible by advanced
computational methods. Due to the constantly increasing requirements for drug toxicity
assessment, in silico assays are indispensable tools to predict the biological activity of
a molecule from the chemical structure.

In the present considerations the focus is centers on two drugs commonly used for
Central Nervous System disorders i.e. tiagabine (TGB) and paroxetine (PRX). It has been
observed that tachycardia occurs in 1% of patients treated with tiagabine. The newest
cardiotoxicity assessment guidelines concentrate on the channels proposed by
Comprehensive In Vitro Proarrhythmia Assay (CiPA): Ky11.1, Nayl.5-late, Cavl.2, Kv4.3,
KvLQT1/mink and Kir2.1. Interaction with Ky11.1, Nay1.5-late, Cav1.2 plays a critical role in
the risk of inducing arrhythmias. Accordingly, at work: Ky11.1, Nayvl.5, and Cavl.2
Transporter Proteins as Antitarget for Drug Cardiotoxicity collected the essential information
about the ion channels involved in the heart. The conducted analysis provided the
foundation for molecular docking of the tiagabine molecule to human ion channel models:
hKv11.1, hNay1.5, hCay1.5. The obtained results were compared with the values received for
the reference compounds and then confirmed by in vitro tests. The resulting data are
described in the paper titled: Antiepileptic drug tiagabine does not directly target key cardiac
ion channels Ky11.1, Nav1.5 and Cay1.2. Energy values of R—-TGB complexes with models of
human ion channels generated by computational chemistry methods indicate that these
interactions are probably not the cause of tachycardia induction after TGB therapy.

Molecular modelling studies were also employed in the study of the neurogenic
mechanism of action of PRX. For this purpose, the investigated molecule was successfully
docked to the sites of active transporters hMATs: hSERT, hNET, hDAT and hGAT1. The results
confirmed the interaction of PRX with all transporters studied. However, it was established
that the phenomenon of neurogenesis with high probability occurs mainly due to PRX—hSERT
interaction as it is the complex with the highest energy value. Additionally, it was observed
that PXT interacts with hGATs, which gives an opportunity to search for new PRX derivatives,
forming even stronger bond. The data obtained were verified by pharmacological assays on
Chinese hamster ovary cells, which confirmed y—aminobutyric acid reuptake from the

synaptic cleft.
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13. FINANSOWANIE ROZPRAWY DOKTORSKIEJ

Badania wykonane w ramach cyklu prac prezentowanych w niniejszej pracy doktorskiej

zostaty wspétfinansowane ze srodkow:

. grantu NCN nr UMO-2015/17/B/NZ7/02937 Opracowanie metody optymalizacji
dawkowania lekéw przeciwbdlowych stosowanych jako terapia skojarzona bdlu
neuropatycznego z wykorzystaniem metod sztucznej inteligencji (kierownik: prof. Kinga

Satat);

. grantu w ramach projektu IDUB Badanie mechanizmdw dziatania wybranych
substancji aktywnych wobec transporterow monoamin centralnego uktadu nerwowego.

(kierownik: dr tukasz Fijatkowski);

. zadanie badawcze Wydziat Farmaceutyczny CM UMK DS-UPD nr WF450 — Badanie
zaleznosci pomiedzy strukturg a aktywnoscig biologiczng zwigzkow o potencjalnym dziataniu

terapeutycznym (kierownik: dr hab. Alicja Nowaczyk, prof. UMK)
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16. OSWIADCZENIA WSPOLAUTOROW O UDZIALE W PUBLIKACII

Mer farm. Magdalena Skubiszewska Bydgoszcz, dn 30.03.22
Katedra Chemii Organiczng]

Wydziat Farmaceutyczny CM UMK

Jurasza 2, 85-094 Bydgoszcz

OSWIADCZENIE

Oswiadczam, ze w pracach:

L Skubiszewska (Kowalska), M.; Nowaczyk, J.; Nowaczyk, A, K, 11.1, Na, 1.5 and Ca, 1.2
Transparter Proteins a5 Antitarget for Drug Cardiotoxicity. International Journal of Molecular
Sciences 8099, 2020, 21, B099.

Punktacja: IF- 5923, MNISW: 140,

. Skubiszewska (Kowalska), M.; Nowaczyk, A_; Fijatkowski, _; Kubacka, M.; Podkowa,
A ; Safat, K_; Grzesk, G ; Nowaczyk, 1., Antiepileptic Drug Tiogakine Does Not Directiy Target
Key Cardiaclon Channels Kvll 1, Navl 5 and Covl 2. Molecules 2021, 26, 3522,

Punktacja: IF: 4.411, MNISW: 140,

. Skubiszewska (Kowalska), M.; Nowaczyk, J.: Fijatkowski, £ Nowaczyk, A., Paroxetine -
averview of the malecular mechanisms of oction. International lournal of Molecular Sciences
2021, 22, 1662

Punktacja: IF: 5923, MNIiSW: 140,

- Skubiszewska (Kowalska], M.; Fijatkowski, £.; Nowaczyk, A., Assessment of Paroxetine
Meolecular Interactions with Selected Monoamine ond p-Aminobutyric Acid Tronsporters.
International Journal of Molecular Sciences 2021, 22, {12), 6253.

Punktacja: IF: 5.923, MNISW: 140.

maj udziat polegat na:

- wspotopracowaniu koncepcji oraz projektu badan,

- zebraniu oraz analizie danych farmakologicznych,

- wspoiprowadzeniu badan in silica,

- analizie i interpretacji danych in silico oraz redagowaniu wnioskow,

- wspoiredagowaniu manuskryptu.
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Dr hab. Alicja Nowaczyk, Prof. UMK
Katedra Chemii Organicznej

Wydzial Farmaceutyczny CM UMK
Jurasza 2, 85-094 Bydgoszcz

Bydgoszcz, dnia 30.03.22

OSWIADCZENIE

Oswiadczam, Ze w pracach:

Kowalska M, Nowaczyk J, Nowaczyk A. Kvl1. 1, Navl. 5, and Cay]. 2 Transporter Proteins
as Antitarget for Drug Cardiotoxicity. International Journal of Molecular Sciences.
2020:21(21):8099.

Kowalska M, Fijalkowski L. Kubacka M, Salat K, Grzesk G. Nowaczyk J. Nowaczyk A.
Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac lon Channels Kv11. 1,
Navl. 5 and Cavl. 2. Molecules. 2021:26(12):3522.

Kowalska M. Nowaczyk J. Fijatkowski L, Nowaczyk A. Paroxetine - Overview of the
molecular mechanisms of action. International Journal of Molecular Sciences.
2021:22(4):1662.

Kowalska M, Fijalkowski L, Nowaczyk A. Assessment of Paroxetine Molecular Interactions
with Selected Monoamine and y-Aminobutyric Acid Transporters. International Journal of
Molecular Sciences. 2021:22(12):6293.

maj udzial polegal na wspolopracowaniu koncepeji badan oraz wspotredagowaniu niniejszych prac.

ir hab. Aliciaf Nowaczyk,

nej
100

N
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Dr Lukasz Fijatkowski

Katedra Chemii Organicznej
Wydzial Farmaceutyczny CM UMK
Jurasza 2, 85-094 Bydgoszcz

Bydgoszcez, dnia 30.03.22

OSWIADCZENIE

Oswiadczam, ze w pracach:

Kowalska M, Fijatkowski L. Kubacka M, Salat K, Grzesk G, Nowaczyk J, Nowaczyk A.
Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac lon Channels Kvl11. 1,
Navl. 5 and Cavl. 2. Molecules. 2021;26(12):3522.

Kowalska M, Nowaczyk J, Fijatkowski L, Nowaczyk A. Paroxetine - Overview of the
molecular mechanisms of action. International Journal of Molecular Sciences.
2021;22(4):1662.

Kowalska M, Fijatkowski L, Nowaczyk A. Assessment of Paroxetine Molecular Interactions
with Selected Monoamine and y-Aminobutyric Acid Transporters. International Journal of
Molecular Sciences. 2021;22(12):6293.

mdj udzial polegal na wspotprowadzeniu badan oraz wspotredakceji niniejszych prac.

) e )
JJ* " Jy 28

160



Prof. Kinga Satat
Katedra Farmakodynamiki
Wydzial Farmaceutyczny CM UJ
Medyczna 9, 30-688 Krakow
Krakéw, dnia 30.03.22

OSWIADCZENIE

Oswiadczam, Ze w pracy:
e Kowalska, M.; Fijalkowski, L.; Kubacka, M.; Salat, K.; Grzesk, G.; Nowaczyk, J.; Nowaczyk,
A., Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac Ion Channels Kv11.
1, Navl. 5 and Cavl. 2. Molecules 2021, 26, (12), 3522.

moj udzial polegat na opracowaniu koncepcji badan farmakologicznych oraz wspoiredagowaniu
niniejszych prac.
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Dr hab. Monika Kubacka
Katedra Farmakodynamiki
Wydzial Farmaceutyczny CM UJ
Medyczna 9. 30-688 Krakow
Krakow, dnia 30.03.22

OSWIADCZENIE

Oswiadezam, Zze w pracy:
e Kowalska, M.; Fijatkowski, L.; Kubacka, M.; Satat, K.; Grzesk, G.: Nowaczyk. J.: Nowaczyk.
A.. Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac Ion Channels Kv11.
1. Navl. 5 and Cavl. 2. Molecules 2021, 26, (12). 3522.

moj udziat polegal na opracowaniu koncepcji badan farmakologicznych oraz wspéltredagowaniu
niniejszych prac.

Katedra 1 Zaklad

Farmakods

Mo XS‘Z(;O‘&\_

dr hab. Monika Kubacka
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Dr hab. Jacek Nowaczyk, Prof. UMK
Katedra Chemii Fizycznej i Fizykochemii Polimeréw
Wydzial Chemii UMK
ul. Gagarina 7, 87-100 Torun
Torun, dnia 30.03.22

OSWIADCZENIE

Oéwiadczam, ze w pracach:

o Kowalska M, Nowaczyk J, Nowaczyk A. Kv11. I, Navl. 5, and Cavl. 2 Transporter Proteins
as Antitarget for Drug Cardiotoxicity. International Journal of Molecular Sciences.
2020:21(21):8099.

e Kowalska M, Fijatkowski L. Kubacka M, Salfat K, Grzesk G, Nowaczyk J, Nowaczyk A.
Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac lon Channels Kyl 1. 1,
Nayl. 5 and Cayl. 2. Molecules. 2021:26(12):3522.

e Kowalska M. Nowaczyk J, Fijatkowski L, Nowaczyk A. Paroxetine - Overview of the
molecular mechanisms of action. International Journal of Molecular Sciences.
2021:22(4):1662.

m0j udzial polegal na konsultacji danych chemicznych oraz wspétredagowaniu niniejszych prac.

e g
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Prol. Grzegorz Grzesk

Katedra Kardiologii 1 Farmakologii Klinieznej
Wvdzial Nauk o Zdrowiu, CM UMK

ul. Ugejskiego 75. 85-168 Bydgoszez

Bydgoszcz. dnia 30.03.22

OSWIADCZENIE
Oswiadezam, 7ze w pracy:
o Kowalska M, Fijalkowski L. Kubacka M, Salat K, Grzesk G, Nowaczyk J, Nowaczvk A
Antiepileptic Drug Tiagabine Does Not Directly Target Key Cardiac lon Channels Kv11. 1,
Navl. 5and Cavl. 2. Molecules. 2021:26(12):3522.

moj udzial polegal na konsultacji danych kardiologicznych oraz wspotredagowaniu niniejszej pracy.
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17. ZASWIADCZENIA O UDZIALE W GRANTACH

Dr hab, Kinga Satat, prof. UJ
Katedra Farmakodynamiki
Wydzial Farmaceutyczny CM UJ
Medyczna 9, 30-688 Krakow
Krakéw, dnia 22.09.20

ZASWIADCZENIE

Zagwiadczam, ze mgr Magdalena Kowalska (Katedra Chemii Organicznej, Wydzial Farmaceutyczny,
Collegium Medicum UMK) w roku 2020 wspéluczestniczyla w badaniach i analizach w ramach
realizacji projektu Narodowego centrum Wauki OPUS nr UMO-2015/17/B/NZ7/02937 pt.
.Opracowanie metody optymalizacji dawkowania lekéw przeciwbélowych stosowanych jako terapia
skojarzona bolu neuropatycznego z wykorzystaniem metod sztucznej inteligencii™.

Kierowmiloprajgktu
Farmakodynamiks UJ CM

V-

me};‘r}-}. ar ﬁ;(mgga%ﬂi
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Bydgoszez dnia 27.09.2021

Katedra Chemu Organicznej
Wydzial Farmaceutyczny CM UMK
ul. dr. A Jurasza 2. 85-089 Bydgoszcz

Zaswiadczenie

Zaswiadczam, ze mgr farm. Magdalena Skubiszewska w roku akademickim
2020/2021 uczestniczyla w prowadzeniu badan naukowych w ramach grantu UMK — projekt
Inicjatywa Doskonalosci - Debiuty 2 - Badanie mechanizmow dzialania wybranych substancji
akywnych wobec fransporterow monoamin centralnego ukiadu nerwowego/ Finding and
understanding mechanisms of action of selected compounds active on central nervous system

monoamine transporters.

Kierownik Projektu

dr tukasz Fijatkowski
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Bydgoszcz dnia 27.09 2021

Katedra Chemii Organiczne)
Wydzial Farmaceutyezny CM UMK
ul. dr. A Jurasza 2. 85-089 Bydgoszcz

Zaswiadczenie

Zaswiadczam, ze Magdalena Skubiszewska w roku akademickim 2020/2021
wspoluczestniczyla w prowadzeniu badan navkowych w ramach statutowe) dzialalnosci
Wydzialu — projekt DS-UPD wmr WF450- Badanie zaleinosci pomiedzy strukturg

a akivwnoscig biologiczng zwigzkéw o potencjalmym dzialaniu terapeutveznym.

Kierownk Projektu

iy’

dr hab n_ farm Alicja Nowaczyk, prof UMK
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18. OSWIADCZENIE O ZMIANIE NAZWISKA

Mgr farm. Magdalena Skubiszewska Bydgoszcz, dn 30.03.22
Katedra Chemii Organicznej
Wydzial Farmaceutyczny CM UMK

Jurasza 2, 85-094 Bydgoszcz

OSWIADCZENIE O ZMIANIE NAZWISKA
Ninejszym oswiadczam, ze w roku 2021 nastapila znuana mojego nazwiska.
Poprzednie nazwisko: Kowalska. Posiadam dorobek naukowy: publikacje, wystapienia
konferencyjne, ktore ukazaly sie pod poprzednim nazwiskiem.

M agolatenc.
Skuala's e Jeleo.
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19. DOROBEK NAUKOWY

Zestawienie petnego wykazu dziatalnosci naukowej.

dorobek objety rozprawa  nieobjety rozprawa )
doktorska doktorska sumarycznie
] IF MNiSW IF MNiSW IF MNiSW
punktacja
22.180 560.000 14.14 419 36.32 979.00
liczba publikacji 11
liczba monografii 3
liczba konferencji 18
liczba wygtoszonych
referatéw: 8
liczba zaprezentowanych
posteréw 34
udziat w konferencjach
i sympozjach 55
farmaceutycznych
ABF-7561-2021

Reserch ID
ORCID 0000-0001-7950-5543
H-indeks 4
llo$¢ cytowan prac wg

22

bazy Web of Science

Popularyzacja nauki

25.05.2019 Warsztaty w ramach Bydgoskiego Festiwalu Nauki

07.02.2020 Przeprowadzenie warsztatow dydaktycznych nt. pracy
farmaceuty dla uczniéw Szkoty Podstawowej nr 2
w Przysusze

21.07.2021 Wspotprowadzenie akcji profilaktycznej dla pacjentéw
Apteki Meritum w tukcie nt. diagnostyki i leczenia

depresji
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Publikacje naukowe niebedgce przedmiotem rozprawy doktorskiej

1. Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A. The biological activity
assessment of potential drugs acting on cardiovascular system using Lipinski and Veber
Rules. Journal of Education, Health and Sport. 2018; 8(12): 184 - 191, DOl
http://dx.doi.org/10.5281/zenodo0.2066519

2. Kowalski A., Kowalska I., Skubiszewska (Kowalska) M., Drézdz W., Nowaczyk A.,
Narcolepsy in the light of modern diagnostic, clinical and therapeutic concepts, Journal of

Education, Health and Sport. 2018; 8(11):99 - 111, DOI:10.5281/zenodo.1471651.

3. Nowaczyk A., Fijatkowski t., Skubiszewska (Kowalska) M., Podkowa A., Satat K.,
Studies on the activity of selected highly lipophilic compounds toward hGAT1 inhibition: Part
II. ACS Chemical Neuroscience 2019; 10(1), 337-347, DOI: 10.1021/acschemneuro.8b00282.

4, Furgata-Woijas A., Skubiszewska (Kowalska) M., Nowaczyk A., Fijatkowski t., Satat K.,
Comparison of bromhexine and its active metabolite : ambroxol as potential analgesics
reducing oxaliplatin-induced neuropathic pain : pharmacodynamic and molecular docking
studies. Current Drug Metabolism. 2020: 21(7), 548-561, DOI:
0.2174/1389200221666200711155632.

5. Kowalska I., Skubiszewski R., Skubiszewska (Kowalska) M., Kowalski A., Nowaczyk A.
Zapalenie oskrzelikdw: trudnosci diagnostyczno-terapeutyczne u pacjentéw pediatrycznych.

Farmacja Polska. 2020; 76(2), 102-109. DOI: 10.32383/farmpol/118862.

6. Nowaczyk A., Skubiszewska (Kowalska) M., Nowaczyk J., Grzesk G., Carbon
monoxide and nitric oxide as examples of the youngest class of transmitters, International
Journal of Molecular Sciences. 2021; 22(11): 1-25, DOI: 10.3390/ijms22116029.

1. Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Detailed comparison
between the safety profiles of chloroquine and hydroxychloroquine. Biology and Life

Sciences Forum. 2021; 7(4): 1-6, DOI: 10.3390/ECB2021-10281.

Wykaz monografii:

o Skubiszewska (Kowalska) M., Kowalska ., Kowalski A., Nowaczyk A. Ocena
biodostepnosci oraz bezpieczeAstwa stosowania lekéw uzywanych w narkolepsji

z wykorzystaniem metod obliczeniowych, Wspétczesne badania przyrodnicze | medyczne:
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zastosowanie praktyczne: wybrane zagadnienia. Wydawca: Poznan: Uniwersytet

A. Mickiewicza 2019, s. 59-73

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A. Wykorzystanie metod
obliczeniowych in silico w celu oceny przeciwbdlowego mechanizmu dziatania wybranych
pochodnych kwasu gamma-aminomastowego. Wspdtczesne badania przyrodnicze
i medyczne: zastosowanie praktyczne: wybrane zagadnienia. Wydawca: Poznan: Uniwersytet

A. Mickiewicza, 2019, s. 74-88.

° Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena bezpieczenstwa
lekdw stosowanych off-label w zaburzeniach lekowych u dzieci. Na pograniczu chemii,
biologii i fizyki- Tom 2. Wydawca: Torun: Wydawnictwo Naukowe Uniwersytetu Mikofaja

Kopernika, 2021, s. 217-232.

Udziat w konferencjach i zjazdach:

. Konferencja Mfodych Naukowcdow nt.: Nowe Wyzwania dla Polskiej Nauki. Gdansk
08.09.2018 .
. XXV Konferencja Naukowa Woydziatu Farmaceutycznego z OML Gdanskiego

Uniwersytetu Medycznego. Gdansk, 07—08.12.2018 .
. XIll Kopernikanskie Seminarium Doktoranckie, Bachotek, 16—18.06.2019 r.

. Ogodlnopolska Konferencja Naukowa ,Przetomowe osiggniecia polskich nauk

przyrodniczych i medycznych”, Poznan, 03.06.2019r.

. Analiza zagadnienia, analiza wynikéw- wystgpienie mtodego naukowca, Edycja Il., 01—
02.04.2020 .
. BioOrg 2019: Il Ogdlnopolskie Sympozjum Chemii Bioorganicznej, Organiczne

i Biomateriatow, Torun 07.12. 2019r.

. National Scientific Conferencje ,Knowledge- Key to Success” — IV edition, Torun
18.01.2020r.

. Kopernikanskie E-Seminarium Doktoranckie, 7.09.2020 r.

. | Interdyscyplinarna Konferencja Doktorantéw Uniwersytetu Medycznego w todzi,
07.11.2020 .

. Nowe trendy w badaniach naukowych : cz. 3., Krakéw, 26-28.02.2021 r.
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. National Scientific Conference "Knowledge - key to success" : V edition , tddz,

23.01.2021r.
o 1st International Electronic Conference on Biomedicine online, 01-26.06.2021 r.
. 5th International Medical Interdisciplinary Congress. Medical, Pharmaceutical and

Health Sciences; iIMEDIC 2021 Bydgoszcz, 05.06.2021 r.

. | Ogdlnopolska Konferencja Kopernikariska COVID-19 — wyzwania we wspotczesnej

nauce, 14-15.05.2021 r.
. XIV Kopernikaniskie Seminarium Doktoranckie, Torun, 20-22.10.2021 r.

. Il Interdisciplinary Conference of Doctoral Students of Medical Universities

"DocUMed" under Logan "Libertas et ipsa scientia", todz 22-24.10.2021.

. IV Slaskie Farmaceutyczne Spotkanie Naukowe "Od nauki do pacjenta". Sosnowiec,
3.12.2021r.
. Ogodlnopolska konferencja mtodych naukowcéw nt. COVID-19 Spojrzenie Mtodych

Naukowcow, 26—27.02.2022r.
Prezentacja referatow i posterow na konferencjach miedzynarodowych i krajowych:

J Skubiszewska (Kowalska) M., Fijatkowski t., Tyburski A., Nowaczyk A., Analiza
lekopodobienistwa w grupie pochodnych tiazolidyn—4—onu o potencjalnej aktywnosci
przeciwgrzybiczej z wykorzystaniem metod obliczeniowych SAR, Nowe wyzwania dla polskiej

nauki: edycja lll: Gdansk 08.09.2018, plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Tyburski A., Nowaczyk A., Poszukiwanie
optymalnych  parametrow  farmakokinetycznych w  grupie pochodnych  kwasu
nipekotynowego o potencjalnej aktywnosci na ukfad nerwowy cztowieka, Nowe wyzwania

dla polskiej nauki: edycja Ill: Gdarisk 08.09.2018, plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Tyburski A., Nowaczyk A., Zastosowanie
regut Lipinskiego i Vebera w ocenie aktywnosci biologicznej pochodnych o potencjalnych
dziataniu w ukfadzie krgzenia, Nowe wyzwania dla polskiej nauki: edycja Ill: Gdansk

08.09.2018, plakat zjazdowy.

o Fijatkowski t., Skubiszewska (Kowalska) M., Babecka M., Nowaczyk A., Analiza

wptywu wybranych inhibitoréw wychwytu zwrotnego monoamin na transportery serotonint,
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noradrenaliny oraz dopaminy, Nowe wyzwania dla polskiej nauki: edycja Ill: Gdansk

08.09.2018, wystgpienie ustne.

o Fijatkowski t., Skubiszewska (Kowalska) M., Babecka M., Nowaczyk A., Badanie
oddziatywan tiagabiny z hGAT1 z uzyciem technik modelowania molekularnego, Nowe

wyzwania dla polskiej nauki: edycja Ill: Gdarisk 08.09.2018, wystgpienie ustne.

o Fijatkowski t., Skubiszewska (Kowalska) M., Babecka M., Nowaczyk A., Potencjalne
znaczenie wybranych substancji w leczniu bélu neuropatycznego — badania in silico, Nowe

wyzwania dla polskiej nauki: edycja Ill: Gdarisk 08.09.2018, plakat zjazdowy.

) Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Analiza parametrow
fizykochemicznych wcelu oceny bezpieczenstwa stosowania wybranych pochodnych
dziafajagcych na ukfad nerwowy, XXV Konferencja Naukowa Wydziatu Farmaceutycznego

z OML Gdanskiego Uniwersytetu Medycznego. Gdarsk, 07—-08.12.2018, plakat zjazdowy.

o Skubiszewska (Kowalska) M., Kowalska I., Kowalski A., Drézdz W., Nowaczyk A.,
Narkolepsja w sSwietle wspdétczesnych koncepcji terapeutycznych, XXV Konferencja Naukowa
Wydziatu Farmaceutycznego z OML Gdanskiego Uniwersytetu Medycznego. Gdarnisk, 07—
08.12.2018, plakat zjazdowy.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena toksycznego
dziatania grupy pochodnych N— (arylopiperazynylopropylo)pirolidyn—2—onu
z wykorzystaniem metod obliczeniowych, XXV Konferencja Naukowa Wydziatu
Farmaceutycznego z OML Gdanskiego Uniwersytetu Medycznego. Gdansk, 07—08.12.2018,

plakat zjazdowy.

o Stielow M., Fijatkowski t., Skubiszewska (Kowalska) M., Nowaczyk A., Analiza
wskaznikéw in silico w regutach Lipinskiego oraz Vebera dla wybranych grup lekéw
dziatajgcych w osrodkowym uktadzie nerwowym, XIII Kopernikariskie Seminarium

Doktoranckie, Bachotek, 16—-18.06.2019, plakat zjazdowy.

o Stielow M., Fijatkowski t., Skubiszewska (Kowalska) M., Nowaczyk A., Ocena
bezpieczenstwa stosowania wybranych analogéw kwasu gamma-aminomastowego
z wykorzystaniem metod obliczeniowych, Xl Kopernikanskie Seminarium Doktoranckie,

Bachotek, 16—18.06.2019, plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Badanie mechanizmu

dziatania analgetycznego pochodnych kwasu y—hydroksymastowego jako potencjalnych
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inhibitoréw hGAT1, Xl Kopernikariskie Seminarium Doktoranckie, Bachotek, 16—18.06.2019,

plakat zjazdowy.

. Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena bezpieczenstwa
stosowania pochodnych kwasu 4-hydroksybutanowego 1z wykorzystaniem metod
obliczeniowych, Xl Kopernikanskie Seminarium Doktoranckie, Bachotek, 16—18.06.2019,

plakat zjazdowy.

o Skubiszewska (Kowalska) M., Stielow M., Kowalski A., Kowalska I., Drézdz W.,
Nowaczyk A., Ocena biodostepnosci oraz bezpieczenstwa stosowania lekow uzywanych
w narkoleps;ji z wykorzystaniem metod obliczeniowych, Ogdlnopolska Konferencja Naukowa
,Przetomowe osiggniecia polskich nauk przyrodniczych i medycznych”, Poznan, 03.06.2019,

plakat zjazdowy.

J Skubiszewska (Kowalska) M., Stielow M., Fijatkowski t., Nowaczyk A., Wykorzystanie
metod obliczeniowych in silico w celu oceny przeciwbélowego mechanizmu dziatania
wybranych pochodnych kwasu gamma-hydroksymastowgo, Ogdlnopolska Konferencja
Naukowa ,Przetomowe osiggniecia polskich nauk przyrodniczych i medycznych”, Poznan,

03.06.2019r., plakat zjazdowy.

. Skubiszewska (Kowalska) M., Fijatkowski t., Klera P., Domagalski D., Nowaczyk A.,
Zastosowanie testow in silico w Swietle nowych wytycznych dotyczgcych bezpieczenstwa
stosowania lekéw, Analiza zagadnienia, analiza wynikéw- wystgpienie mtodego naukowca,

Edycja Il., 2020.04.01- 2020.04.02., plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Domagalski D., Klera P., Nowaczyk A.,
Ocena kardiotoksycznosci wybranych substancji przy pomocy metod obliczeniowych in silico
, BioOrg 2019: Il Ogdlnopolskie Sympozjum Chemii Bioorganicznej, Organiczne

i Biomateriatéw, Torun 07.12. 2019, plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Klera P., Domagalski D., Nowaczyk A.,
Evaluation of cardiotoxicity of selected substances using in silico calculation methods,
National Scientific Conferencje ,Knowledge- Key to Success” — IV edition, Torun 18.01.2020,

plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Klera P., Domagalski D., Nowaczyk A., In
silico methods as a source of data on drug toxicity, National Scientific Conferencje

,Knowledge- Key to Success” — IV edition, Torun 18.01.2020, plakat zjazdowy.
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J Skubiszewska (Kowalska) M., Fijatkowski t., Klera P., Domagalski D., Nowaczyk A.,
Oszacowanie kardiotoksycznego dziatania potencjalnych lekéw przy pomocy metod chemii
obliczeniowej, Analiza zagadnienia, analiza wynikdw- wystgpienie mtodego naukowca,

Edycja Il., 01.04.2020-02.04.2020, plakat zjazdowy.

] Domagalski D., Klera P., Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A.,
Analiza in silico zaleznosci pomiedzy strukturg chemiczng a parametrami fizykochemicznymi
w grupie wybranych antywitamin, BioOrg 2019: Il Ogdlnopolskie Sympozjum Chemii

Bioorganicznej, Organiczne i Biomateriatéw, Torun 07.12. 2020, wystgpienie ustne.

o Fijatkowski t., Skubiszewska (Kowalska) M., Domagalski D., Klera P., Nowaczyk A.,
Analiza oddziatywan chemicznych w kompleksach ligand-biatko wybranych neuronalnych
astrocytowych inhibitoréw izoformy i ludzkiego transportera kwasu 4-aminobutanowego,
BioOrg 2019: Il Ogodlnopolskie Sympozjum Chemii Bioorganicznej, Organiczne

i Biomateriatéw, Torun 07.12. 2020, wystgpienie ustne.

° J Klera P., Domagalski D., Skubiszewska (Kowalska) M., Fijatkowski t.,
Nowaczyk A., Analiza parametrow fizykochemicznych w grupie wybranych antywitamin
witamin lipofilowcyh, BioOrg 2019: Il Ogdlnopolskie Sympozjum Chemii Bioorganicznej,
Organiczne i Biomateriatéw, Torun 07.12. 2020, wystgpienie ustne.Klera P., Domagalski D.,
Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena bezpieczenstwa
stosowania antywitamin witamin rozpuszczalnych w ttuszczach z wykorzystaniem metod
obliczeniowych, Analiza zagadnienia, analiza wynikéw- wystgpienie mtodego naukowca,

Edycja Il., 01.04.2020-02.04.2020, Plakat zjazdowy

o Klera P., Domagalski D., Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A.,
Ocena bezpieczedstwa stosowania antywitamin witaminy K z wykorzystaniem metod
obliczeniowych , Analiza zagadnienia, analiza wynikéw- wystgpienie mtodego naukowca,

Edycja Il., 01.04.2020-02.04.2020, plakat zjazdowy

o Domagalski D., Klera P., Fijatkowski t., Skubiszewska (Kowalska) M., Nowaczyk A.,
Ocena toksycznosci wybranych antywitamin B9 z wykorzystaniem metod chemii
obliczeniowej, Analiza zagadnienia, analiza wynikédw- wystgpienie mtodego naukowca,

Edycja Il., 2020.04.01- 2020.04.02, plakat zjazdowy

o Domagalski D., Klera P., Fijatkowski t., Skubiszewska (Kowalska) M., Nowaczyk A.,

Ocena toksycznosci wybranych antywitamin witamin rozpuszczalnych w wodzie
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z wykorzystaniem metod chemii obliczeniowej, Analiza zagadnienia, analiza wynikdéw-

wystgpienie mtodego naukowca, Edycja Il., 01.04.2020-02.04.2020, wystgpienie ustne.

o Skubiszewska (Kowalska) M., Fijatkowski t., Klera P., Domagalski D., Nowaczyk A.,
Ocena bezpieczenstwa stosowania lekéw off — label u dzieci z zaburzeniami lekowymi,

Kopernikanskie E-Seminarium Doktoranckie, 7.09.2020, plakat zjazdowy

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Wykorzystanie metod
obliczeniowych in silico w ocenie bezpieczenstwa stosowania lekéw uzywanych w terapii
leku, | Interdyscyplinarna Konferencja Doktorantéw Uniwersytetu Medycznego w todzi,

07.11.2020. plakat zjazdowy.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Wykorzystanie metod in
silico w ocenie bezpieczenstwa stosowania paroksetyny, Nowe trendy w badaniach

naukowych : cz. 3., Krakéw, 26.02.2021-28.02.2020, plakat zjazdowy.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena roli transporteréw
biatek w badaniach toksycznosci lekow, Nowe trendy w badaniach naukowych : cz. 3.,

Krakow, 26.02.2021-28.02.2020, wystgpienie ustne.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena bezpieczenstwa
stosowania chlorochiny i hydroksychlorochiny z wykorzystaniem metod chemii
obliczeniowej, Nowe trendy w badaniach naukowych : cz. 3., Krakéw, 26.02.2021-

28.02.2020, plakat zjazdowy.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Calculating chemistry
methods as a source of data on toxicity of potential drugs, National Scientific Conference

"Knowledge - key to success": V edition , £6dz, 2021.01.23, plakat zjazdowy.

o Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Assessment of the role of
protein transporters in drug toxicity studies, 1st International Electronic Conference on

Biomedicine online, 01.06.2021-26.06.2021, plakat zjazdowy.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Application in silico
methods in drug toxicity studies. 5th International Medical Interdisciplinary Congress.
Medical, Pharmaceutical and Health Sciences; iMEDIC 2021 Bydgoszcz, 2021.06.05 plakat

zjazdowy.

J Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A., Ocena farmakoterapii

wybranymi pochodnymi 4-aminochinoliny- badania potencjalnych neuronalnych dziatan
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niepozadanych, | Ogdlnopolska Konferencja Kopernikariska COVID-19 — wyzwania we

wspofczesnej nauce, 14-15.05.2021, wystgpienie ustne.

. Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A.,Ocena interakcji
Paroksetyny z wybranymi celami molekularnymi- badania in silico, XIV Kopernikanskie

Seminarium Doktoranckie, Torun, 20.10.2021-22.10.2021, plakat zjazdowy.

. Skubiszewska (Kowalska) M., Fijatkowski t., Nowaczyk A. Kanaty jonowe jako cele
terapeutyczne- badania in silico, XIV Kopernikafiskie Seminarium Doktoranckie, Torun,

20.10.2021-22.10.2021, plakat zjazdy.

) Skubiszewska (Kowalska) M., Fijatkowski t., Koech F.K., Nowaczyk A.,Analiza
parametréw fizykochemicznych oraz toksycznosci aspiryny i jej pochodnych, IV Slgskie
Farmaceutyczne Spotkanie Naukowe "Od nauki do pacjenta". Sosnowiec, 3 grudnia 2021.

plakat zjazdowy.

. Skubiszewska (Kowalska) M., Koech F.K., Fijatkowski t., Nowaczyk A. Mollecular
modelling study of aspirin, asprin derivates and paracetamol drugs, Il Interdisciplinary
Conference of Doctoral Students of Medical Universities "DocUMed" under Logan "Libertas

et ipsa scientia", todz 21.10.22-2021.10.24, plakat zjazdowy.

. Skubiszewska M., Fijatkowski t., Nowaczyk A., Protein transporters in drug toxicity

studies- in silico methods, Knowledge- Key to Success, 22.01.2022r., plakat zjazdowy.

. Skubiszewska M., Fijatkowski t., Nowaczyk A., Badanie dziatan niepozqdanych
wybranych pochodnych 4-aminochinoliny- testy in silico, Ogdlnopolska konferencja mtodych
naukowcéw nt. COVID-19 Spojrzenie Miodych Naukowcow, Krakéw, 26.02.2022-
27.02.2022r., plakat zjazdowy.

Szkolenia i kursy

. Fitoterapia chordb infekcyjnych gdérnych drég oddechowych. Organizator:
Uniwersytet Medyczny w Lublinie, wydziat Farmaceutyczny z Oddziatem Analityki

Medycznej, 08.08.2018r.

. Nutraceutyki, suplementy i witaminy. Organizator: Uniwersytet Jagiellonski Collegium

Medicum, Studium Ksztatcenia Podyplomowego Wydziatu Farmaceutycznego, 06.10.2018r.
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o Najczestsze zaburzenia rytmu snu i czuwania oraz metody ich leczenia. Organizator:
Osrodek szkolenia Podyplomowego Wydziatu Farmaceutycznego Collegium Medicum UMK,

06.10.2018r.

. Racjonalna suplementacja witamin dla kobiet w cigzy, jak zadbaé¢ o siebie po
porodzie. Organizator: Os$rodek szkolenia Podyplomowego Wydziatu Farmaceutycznego

Collegium Medicum UMK, 06.10.2018r.

. Witaminy i cynk w pielegnacji wtoséw. Organizator: Uniwersytet Medyczny

w Lublinie, wydziat Farmaceutyczny z Oddziatem Analityki Medycznej, 05.11.2018r.

. Vitaminum D- storice zamkniete w kapsutce. Organizator: Uniwersytet Medyczny

w Lublinie, wydziat Farmaceutyczny z Oddziatem Analityki Medycznej, 07.11.2018r.

. Rekomendacje postepowania w zapaleniach goérnych drég oddechowych.
Organizator: Uniwersytet Medyczny w Lublinie, wydziat Farmaceutyczny z Oddziatem

Analityki Medycznej, 26.03.2019r.

. Informacja o leku w praktyce aptecznej. Organizator: Uniwersytet Medyczny

w Lublinie, wydziat Farmaceutyczny z Oddziatem Analityki Medycznej, 26.03.2019r.

. Inhibitory pompy protonowej- naduzywanie i jego konsekwencje. Czes¢ |., Warszawa,
18.02.20109r.
. Szkolenie ciggte farmaceutéw. Sympozjum szkoleniowe — problematyka tysienia.

Organizator: Okregowa Izba Aptekarska w Krakowie, 26.05.2019r.

. Szkolenie ciggte farmaceutéw. Sympozjum szkoleniowe — tysienie polekowe.

Organizator: Okregowa Izba Aptekarska w Krakowie, 26.05.2019r.

. Kurs szczepien w aptece (potwierdzony europejskim certyfikatem uprawniajgcym do
wykonywania szczepien i iniekcji w aptekach (ISO 9001 certified Quality Managment),

Warszawa, 09.05.20109r.

. Immunoprofilaktyka wybranych choréb infekcyjnych. Organizator: Studium
Ksztatcenia Podyplomowego Wydziatu Farmaceutycznego Collegium Medicum im. Ludwika
Rydygiera w Bydgoszczy Uniwersytetu Mikotaja Kopernika w Toruniu oraz Konsorcjum

Naukowe Uniwersytety Kardynata Stefana Wyszynskiego, Piktorex sp. z 0.0., 12.05.2019r.

178



. Komunikacja i informacja o leku w praktyce aptekarza- wybrane aspekty teoretyczne
i praktyczne. Organizator: Uniwersytet Medyczny w Lublinie, wydziat Farmaceutyczny

z Oddziatem Analityki Medycznej, 18-19.05.2019r.

. Kurs: Schemat leczenia bélu nazwany drabing analgetyczng, Warszawa, 24.10.2019r.
. Kurs: (Nie)Bezpieczny Paracetamol, Warszawa, 24.10.2019r.
. Posiedzenie naukowo-szkoleniowe: Jak poméc pacjentom uzupetniaé niedobory

witaminy D. Organizator: Wydziat Farmaceutyczny z Oddziatem Analityki Medycznej
Uniwersytetu Medycznego w Lublinie oraz Lubelskie Towarzystwo Wspierania Nauk

Farmaceutycznych, 21.05.2020 r.

o Kurs: Zespdt suchego oka, Warszawa. 04.06.2020r.

. Kurs: Bezpieczenstwo stosowania lekéw, Olsztyn. Organizator: Warszawski

Uniwersytet Medyczny, 5.06.2020r.

. Posiedzenie naukowo-szkoleniowe: Niezyt nosa i jego leczenie. Oorganizator:
Wydziat Farmaceutyczny z Oddziatem Analityki Medycznej Uniwersytetu Medycznego w

Lublinie oraz Lubelskie Towarzystwo Wspierania Nauk Farmaceutycznych, 12.06.2020r.

. Kurs: Jaki preparat zarekomendowac na problemy skérne, w zaleznosci od sytuacji?

Warszawa, 18.06.2020r.

. Szkolenie: Wptyw probiotykéw na uktad immunologiczny. Wskazania do stosowania
probiotykéw i ich kliniczna skuteczno$é, organizator: Uniwersytet Medyczny w todzi,

08.07.2020r.

. Farmakoterapia boélu. Organizator: Os$rodek szkolenia podyplomowego Wydziatu

Farmaceutycznego Gdanskiego Uniwersytetu Medycznego, 06.10.2020r.

. Finanse apteki rozszyfrowane — czyli jak nimi zarzadza¢, aby zarabia¢ wiecej,

Organizator: Naczelna lzba Aptekarska, 06.10.2020r.

. Przez zotadek do serca, a z jelit do mdzgu. Psychobiotyki w rekomendacji farmaceuty.

Organizator: Naczelna lzba Aptekarska, 13.10.2020r
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. Lek recepturowy- aspekty prawne. Organizator: Naczelna Izba Aptekarska,

13.10.2020r.

. Zwalczanie goraczki u dzieci: zasady wyboru lekéw OTC w chorobach przebiegajgcych

z gorgczka- Organizator: Okregowa lIzba Aptekarska w Biatymstoku, 17.10.2020r.

o Alergologia: Postepy w farmakoterapii chordb alergicznych. Organizator: Okregowa

Izba Aptekarska w Biatymstoku, 17.10.2020r.

. Pytania do programu edukacyjnego ,reumatologia”. Organizator: Okregowa lzba

Aptekarska w Biatymstoku, 17.10.2020r.

. Sprzedawca czy farmaceuta? Rola farmaceuty w fitoterapii schorzern uktadu
oddechowego w kontekscie aktualnych badan klinicznych. Organizator: Naczelna Izba

Aptekarska, 20.10.2020r.

. Promocja zdrowia i profilaktyka zdrowotna w aptekach ogdlnodostepnych.
Organizator: Osrodek szkolenia podyplomowego Wydziatu Farmaceutycznego Gdanskiego

Uniwersytetu Medycznego, 03.11.2020r.

. Promocja zdrowia i profilaktyka zdrowotna w aptekach ogdlnodostepnych.
Organizator: Osrodek szkolenia podyplomowego Wydziatu Farmaceutycznego Gdanskiego

Uniwersytetu Medycznego, 12.11.2020r.

. Probiotyki wptywajgce na funkcje bariery jelitowej- komu warto je polecac?.

Organizator: Naczelna lzba Aptekarska, 01.12.2020r.

. Farmakoterapia bélu: bodle gtowy. Organizator: Okregowa Izba Aptekarska

w Biatymstoku, 03.12.2020r.

. Farmakoterapia choréb nosa i zatok przynosowych- wybrane zagadnienia.

Organizator: Okregowa lzba Aptekarska w Biatymstoku, 03.12.2020r.

. Profesjonalna pielegnacja stdop. Organizator: Wydziat Farmaceutyczny UM w Lublinie

i Lubelskie Towarzystwo Wspierania Nauk Farmaceutycznych, 09.12.2020r.
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. Zastosowanie probiotykdw w leczeniu schorzen proktologicznych i urologicznych.
Organizator: Wydziat Farmaceutyczny UM w Lublinie i Lubelskie Towarzystwo Wspierania

Nauk Farmaceutycznych, 09.12.2020r.

. Probiotykoterapia celowana. Organizator: Wydziat Farmaceutyczny UM w Lublinie

i Lubelskie Towarzystwo Wspierania Nauk Farmaceutycznych, 10.12.2020r.

. Szczepienia przeciw grypie i COVID-19 — praktyczne ujecie aktualnych zagadnien.

Organizator: Naczelna Izba Aptekarska, 15.12.2020r.

. Astma oskrzelowa- wspotpraca lekarza i farmaceuty w procesie edukacji pacjenta.

Organizator: Naczelna lzba Aptekarska, 12.01.2021r.

o Ustawa o zawodzie farmaceuty- co zmieni w pracy aptekarza. Organizator: Naczelna

Izba Aptekarska, 19.01.2021r.

. Planowana rola farmaceutéw w szczepieniach przeciw COVID-19. Organizator:

Naczelna Izba Aptekarska, 21.01.2021r.

. Mikrobiota w leczeniu choréb metabolicznych. Dieta w cukrzycy. Organizator:

Naczelna Izba Aptekarska, 02.02.2021r.

. Zwykty katar to tez zapalenie zatok? Organizator: Zachodniopomorska Okregowa lzba

Aptekarska w Szczecinie, 10.03.2021r.

. Wptyw czynnikéw fizjologicznych i patologicznych na dziatanie lekéw. Organizator:
Osrodek szkolenia podyplomowego Wydziatu Farmaceutycznego Gdanskiego Uniwersytetu

Medycznego, 20.03.2021r.

. Wybrane zagadnienia z prawa farmaceutycznego. Kodeks etyki aptekarza RP.
Organizator: Osrodek szkolenia podyplomowego Wydziatu Farmaceutycznego Gdanskiego

Uniwersytetu Medycznego, 25.03.2021r.

. Szkolenie teoretyczne dla fizjoterapeutéw, farmaceutéw i diagnostéw
labolatoryjnych prowadzgcych szczepienia ochronne przeciwko COVID—-19. Organizator:

Centrum Medycznego Ksztatcenia Podyplomowego 15.03.2021r.
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. Szkolenie praktyczne dla fizjoterapeutéw, farmaceutéw i diagnostdw labolatoryjnych
prowadzgcych szczepienia ochronne przeciwko COVID-19. Organizator: Centrum

Medycznego Ksztatcenia Podyplomowego 26.03.2021r.

. Studencki wtorek z nauka- idea i planowanie doswiadczen naukowych. Organizator:

Wydziat Nauk o Zdrowiu CM UMK w Bydgoszczy, 30.03.2021r.

o Najwazniejsze aspekty opieki nad chorymi na POCHP — spojrzenie przez pryzmat

pandemii COVID-19. Ogranizator: Grupa Conway, 16.04.2021r.

. Studencki wtorek z naukg — statysyka — czy jest mi potrzebna? Organizator: Wydziat

Nauk o Zdrowiu CM UMK w bydgoszczy, 25.05.2021r.

o Probiotyki w cigzy — nowy standard postepowania dietetycznego. Organizator:

platforma Doctrina, 23.08.2021r.

. Leki wptywajgce na motoryke przewodu pokarmowego. Organizator: firma Takeda

pod patronatem Wielkopolskiej Okregowe;j Izby Aptekarskiej, 20.04.2022r.

. Farmakoterapia choroby refluksowej i wrzodowej. Organizator: firma Takeda pod

patronatem Wielkopolskiej Okregowej Izby Aptekarskiej, 20.04.2022r.

. W jaki sposéb powinien poprowadzi¢ rozmowe farmaceuta, gdy pacjent nie umie
okresli¢ swoich dolegliwo$c?. Organizator: firma Takeda pod patronatem Wielkopolskiej

Okregowej Izby Aptekarskiej, 20.04.2022r.

Nagrody i wyrdznienia

. Wyrdznienie za Czynny udziat w dyskusji naukowej podczas Konferencji Mtodych
Naukowcow nt. Analizy zagadnienia, Analizy wynikéw — Wystgpienie Mtodego Naukowca,

Edycja Il, Krakow 01.04.2020-02.04.2020r.
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