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1 WPROWADZENIE

Reakcja zapalna jest procesem, ktorego celem jest przywrocenie w organizmie stanu
homeostazy. Stan zapalny moga wywota¢ rozmaite egzo- i endogenne czynniki takie jak
kontuzja, infekcja, przerwanie ciaglos$ci tkanek czy tez zaburzenie ich prawidlowego
funkcjonowania. Przebieg oraz nastepstwa zapalenia sg zalezne od bodzca, ktory je
zainicjowal. Najczestsze objawy jakie wystgpuja w zmienionym zapalnie obszarze
organizmu to obrzek, zaczerwienienie, nadwrazliwo$¢ oraz czesto bol, ktory odgrywa
istotng role ostrzegawcza iochronng. Bol wyzwala wlasciwa reakcje organizmu oraz
kieruje jego odpowiednim zachowaniem w celu ztagodzenia nastepstw spowodowanych

uszkodzeniem tkanki!™.

Zapalenie jest bardzo zlozonym zjawiskiem kontrolowanym przez wiele roéznych
mediatoréw, ktorych ekspresja oraz skomplikowana sie¢ wzajemnych powigzan nie zostata
do tej pory w pelni wyjasniona. Rozmaite czynniki prozapalne r6znego pochodzenia mozemy
podzieli¢ na 7 nastepujacych grup: wazoaktywne aminy, wazoaktywne peptydy, fragmenty
uktadu dopetniacza, mediatory lipidowe takie jak np. eikozanoidy, cytokiny, chemokiny oraz
enzymy proteolityczne. Wymienione substancje nie tylko stymulujg odpowiednig odpowiedz
na poziomie komérkowym, ale takze moga wzajemnie modulowaé swoja aktywno$¢. Dlatego
tez, mozliwie jak najlepsze poznanie mechanizméw odpowiedzialnych za ekspresje
mediatoro6w stanu zapalnego oraz ich wzajemnych zaleznosci jest kluczowe w kontekscie
skutecznego leczenia rozmaitych chordb, u podtoza ktérych lezy zapalenie. Efektywna
farmakoterapia oraz naturalne procesy naprawcze zachodzace w tkankach pozwalajg
wyeliminowa¢ ostry stan zapalny w ciaggu zaledwie kilku dni. Z drugiej strony, brak
odpowiedniej reakcji organizmu oraz stosownego postepowania farmakologicznego moze
doprowadzi¢ do zmian patologicznych, ktérych skutkiem bedzie rozwoj przewlektego bolu

i zapalenia' ™.

Znakomita wickszo$¢ farmaceutykow stosowanych obecnie w terapii schorzen zapalnych
1 dolegliwosci bolowych nalezy do obszernej i strukturalnie zrdéznicowanej grupy
tzw. niesteroidowych lekow przeciwzapalnych (NLPZ). Ich mechanizm dzialania, ktory
zostal po raz pierwszy opisany przez Vane’a w 1971r. polega na hamowaniu — gtéwnie
w sposob nieselektywny — syntazy cyklicznego nadtlenku prostaglandynowego, ktoéra
powszechnie znana jest jako cyklooksygenaza (COX)"°. Jest to enzym zwiazany z btong

komoérkowa katalizujacy przeksztalcenie kwasu arachidonowego do bioaktywnych lipidow
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takich jak prostaglandyny (PG), czy tromboksan Az (TXAz). Mediatory te sg istotne nie tylko
dla utrzymania stanu homeostazy, ale petnig takze kluczowa role w przekazywaniu sygnatow

zwigzanych bezposérednio z powstalym stanem zapalnym oraz towarzyszacym mu bélem’'°.

Biorac pod uwagg roznice strukturalne oraz funkcjonalne, wyodrebniono trzy izoformy
cyklooksygenazy. Konstytutywny wariant enzymu, nazwany cyklooksygenaza 1 (COX-1),
ulega ekspresji w komorkach w warunkach fizjologicznych i jest odpowiedzialny za synteze
prostaglandyn zaangazowanych w prawidlowe funkcjonowanie przewodu pokarmowego,
a takze uktadu sercowo-naczyniowego”!?. Dla przykladu, prostaglandyna I> (PGl2), zwana
prostacykling, wykazuje dzialanie cytoprotekcyjne w blonie §luzowej zotadka — zwicksza
produkcje Sluzu i wodorowgglanu oraz usprawnia przeptyw krwi. Prostacyklina
produkowana z kolei w obrgbie §rodbtonka naczyniowego zmniejsza agregacje ptytek krwi

oraz dziala wazodilatacyjnie’ '°.

Aktywno$¢ cyklooksygenazy 2 (COX-2), ktora jest
w gltownej mierze formg indukowang, w warunkach fizjologicznych jest znikoma. Wzrasta
natomiast w przypadku pojawienia si¢ np. stanu zapalnego lub innych zmian patologicznych.
Czynnikami, ktore zwigkszaja synteze COX-2 sg np. cytokiny czy mitogeny. Dlatego tez,
zwigkszong ekspresje COX-2 obserwujemy w tkankach objetych zapaleniem, infekcjg lub tez

procesem onkogenezy'®1*

. Trzecia izoforma cyklooksygenazy, ktora jest wariantem
COX-1, zwigzana jest gldwnie z osrodkowym uktadem nerwowym (OUN). Enzym ten
wystepuje zarowno w mozgu jak i w rdzeniu kregowym 1 jest celem molekularnym dla lekow

antynocyceptywnych o osrodkowym mechanizmie dziatania®!°.

Nieselektywne blokowanie obu obwodowych form cyklooksygenazy prowadzi nie tylko
do ztagodzenia stanu zapalnego i1 bolu, ale moze takze niestety skutkowaé, zwlaszcza podczas
przewleklej terapii, wystgpieniem groznych dziatan niepozadanych, ktorymi charakteryzuja
sie niesteroidowe leki przeciwzapalne®!!"'>18 Na pierwszy plan wysuwaja sie problemy
gastroenterologiczne takie jak zgaga i bol zotadka, zapalenie, nadzerki 1 w konsekwencji
owrzodzenia blony $luzowej zotadka i dwunastnicy, a nawet krwawienia z przewodu
pokarmowego'> '8, Przyczynia si¢ do tego nie tylko zmniejszenie stezenia PGI2, ale réwniez
natura chemiczna wigkszosci NLPZ, w ktorych strukturze wystepuje wolna grupa
karboksylowa. W konsekwencji, leki te dziatajg bezposrednio draznigco na §luzowke zotadka
1 dwunastnicy. Ponadto, z uwagi ma swdj kwasowy charakter, klasyczne niesteroidowe leki
przeciwzapalne ulegaja w cytozolu komorek blony $luzowej efektowi putapki jonowej. To
prowadzi do ich kumulacji, co w rezultacie jeszcze bardziej nasila uszkodzenia wartwy

ochronnej uktadu trawiennego'>'®. Spore nadzieje byly zwiazane z wprowadzeniem do
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lecznictwa selektywnych inhibitorow COX-2, czyli koksybow. Faktycznie, sg one skuteczne
w terapii réznych schorzen zapalnych, a ich dzialanie gastrotoksyczne jest istotnie mniejsze
niz w przypadku tradycyjnych NLPZ!>!718 Nie oznacza to jednak, Ze pacjenci przyjmujacy
koksyby nie skarza si¢ na zadne dolegliwosci ze strony przewodu pokarmowego. Jak si¢
bowiem okazuje, COX-2 jest roOwniez, w pewnym stopniu, zaangazowana w dziatanie
cytoprotekcyjne!?. Co wigcej, stosowanie koksybow niesie ze soba ryzyko wystapienia
powaznych dziatanh niepozadanych ze strony ukladu sercowo-naczyniowego, co moze
prowadzi¢ nawet do $mierci pacjenta spowodowanej roznego rodzaju incydentami
zakrzepowo-zatorowymi. Dlatego tez, cze$¢ z tych lekow zostata wycofana z lecznictwa,

a przypadek rofekoksybu jest prawdopodobnie najbardziej znanym i niechlubnym!-14,

Niebezpieczne dzialania niepozadane, ktore towarzysza przyjmowaniu zar6wno
nieselektywnych jak i selektywnych niesteroidowych lekéw przeciwzapalnych s3
czynnikiem, ktory w znacznej mierze ogranicza ich przewlekle stosowanie!3 1318, Z tej
przyczyny caly czas wysoce uzasadnione oraz konieczne jest poszukiwanie nowych,

skutecznych 1 bezpiecznych substancji o dziataniu przeciwzapalnym i przeciwbolowym.

Analizujac wiodace trendy obowigzujace we wspotczesnej chemii medycznej, mozna
zauwazyC, ze nowe substancje o potencjalnym zastosowaniu w terapii bolu i réznych
schorzen zapalnych mozna otrzymac¢ opierajac si¢ na dwoch réznych $ciezkach. Pierwsza
znich polega na modyfikacji juz zarejestrowanych, a w zwigzku z tym gruntownie
przebadanych, lekéw z grupy NLPZ takich jak np. diklofenak'®, ibuprofen®’, celekoksyb?!
czy naproksen’’. Optymalizacja struktury znanych substancji moze zaowocowaé
otrzymaniem nowych pochodnych o zwigkszonej aktywnosci oraz mniejszej toksycznos$ci
w poréwnaniu do ich prekursorow. Druga z kolei droga zaklada zaprojektowanie zupetie
innowacyjnej klasy czasteczek pod katem wybranego celu molekularnego. Tym sposobem
mozliwe jest uzyskanie grupy zwigzkow tagodzacych stan zapalny poprzez np. hamowanie

wspomnianego wczesniej enzymu cyklooksygenazy> .

Na podstawie dokonanego przegladu literatury, ktérej tematyka obejmowata watek
zwigzkow o dziataniu  przeciwzapalnym 1 przeciwbdlowym  projektowanych
1 syntetyzowanych de novo, mozna zauwazy¢, ze wiele publikacji opisuje badania
skoncentrowane wokot obszernej i zréznicowanej grupy pochodnych pirydazynonu?!=°.
Warto podkresli¢, ze pierwsze wzmianki na temat tego typu zwigzkéw o aktywnos$ci

antynocyceptywnej zaczely pojawiaé si¢ juz przeszto szescdziesigt lat temu. Jednakze
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jedynym dotychczas zarejestrowanym lekiem przeciwbdlowym, bedacym pochodna

pirydazynonu, jest emorfazon (1). Jego wzér strukturalny przedstawia Rysunek 14041,

/N /TN
o
)

1

Rys. 1. Emorfazon (1) — dopuszczona do lecznictwa pochodna pirydazynonu o aktywnosci

przeciwbolowe;j.

Na przestrzeni wielu lat opisano szeroka game¢ czasteczek o aktywnoS$ci
przeciwzapalnej i przeciwbolowej, w ktorych strukturze wystepowal podstawiony na rézne
sposoby pier§cien pirydazynonu. Intensywne prace prowadzone w obrgbie tego typu
pochodnych pozwolity udowodnié, ze uktad pirydazynonu moze stuzy¢ jako doskonatly
szkielet shuzacy do syntezy nowych, efektywnych inhibitoréw cyklooksygenazy,
cechujacych si¢ znacznym powinowactwem do indukowanej formy COX-2. Co wigcej,
dowiedziono, ze interesujacy profil aktywnosci farmakologicznej wykazuja takze
potaczenia  biheterocykliczne, ktorych  rdzen  stanowi  pierScien  pirydazynonu
skondensowany np. z pirazolem, izoksazolem czy pirydyng. Na Rysunku 2
zaprezentowano struktury wybranych pochodnych pirydazynonu (2-7). Wyrdznialy si¢ one
istotnym dziataniem przeciwzapalnym, ktéore wynikalo w gltownej mierze z silnego
hamowania COX-2 przez te czasteczki. Dodatkowo nalezy podkresli¢, ze w przypadku tych
zwigzkOéw, nie obserwowano negatywnego wplywu na blong Sluzowa zoladka

i dwunastnicy w przeprowadzonych testach in vivo323338-40,
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6 7

Rys. 2. Przyklady inhibitorow COX zawierajacych w swej strukturze pierscien pirydazynonu 32333840,

W Katedrze i Zaktadzie Chemii Lekoéw Uniwersytetu Medycznego we Wroctawiu od
wielu lat prowadzone sg intensywne badania polegajace na projektowaniu oraz syntezie
nowych, biologicznie aktywnych pochodnych réznych uktadow mono- oraz
biheterocyklicznych. Na szczegdlng uwage zastuguja niewatpliwie prace majace na celu

poszukiwanie zwigzkéw o dzialaniu przeciwzapalnym i przeciwbdlowym w obrebie
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pochodnych pirolo[3,4-d]pirydazyno-1,4-dionu*®*’. Otrzymane dotychczas i przebadane
zwigzki cechowatly si¢ znacznym dziataniem analgetycznym w testach in vitro a takze
in vivo. Na Rysunku 3 zostaly przedstawione wzory dwodch najbardziej obiecujacych
pochodnych 8a i 8b. W tescie ,,wicia si¢” wykazaty one aktywnos$¢ znacznie wyzsza niz
kwas acetylosalicylowy. Natomiast w tescie ,,goracej ptytki” dzialaly przeciwbdlowo
w dawkach zaledwie 3-5 razy mniejszych niz morfina. Ustalono ponadto, ze efekt
przeciwzapalny wspomnianych struktur opiera si¢ na aktywno$ci obwodowej, jednak

doktadny mechanizm ich dzialania nie zostat poznany®’.
R
o K\N/
N
— NH
o

8a 8b

O

Rys. 3. Wzory aktywnych farmakologicznie pochodnych pirolo[3,4-d]pirydazyno-1,4-dionu *’.

Cl

Biorgc pod rozwage pozycje pisSmiennictwa, ktore opisuja silnie dzialajace
przeciwzapalnie pochodne pirydazynonu, a takze uwzgledniajac obiecujgaca aktywnosc¢
zwigzkow 8a oraz 8b, wydaje si¢, ze dalsze poszukiwania kandydatow na nowe leki
przeciwzapalne i przeciwbolowe w obrgbie analogéw pirolo[3,4-d]pirydazyno-1,4-dionu
sa zdecydowanie uzasadnione. Z tego wzgledu, projektujac nowe serie zwigzkow
zdecydowano si¢ wprowadzi¢ do struktury pirolo[3,4-d]pirydazyno-1,4-dionu takie
ugrupowania, ktore pozwolityby na otrzymanie pochodnych charakteryzujacych sig
dobrym powinowactwem do indukowanej formy cyklooksygenazy oraz jednoczes$nie niska

toksyczno$cig 1 brakiem dziatan niepozadanych na przewdd pokarmowy. W strukturze
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tytutowych zwiazkéw mozna wyrézni¢ wigc, oprocz ugrupowania pirolo[3,4-
dlpirydazynonu, pigciocztonowy pierscien heterocykliczny 1,3,4-oksadiazolu albo
1,2,4-triazolu, a takze farmakofor arylopiperazynylowy/piperydynylowy,
charakterystyczny dla zwigzkow 8a 1 8b. Tego typu projekt jest spojny z ideg molekularne;j
hybrydyzacji, ktéra opiera si¢ taczeniu réznych struktur czy uktadow farmakoforowych
o udowodnionej aktywnosci, celem otrzymania czasteczek cechujacych si¢ wyzsza

skutecznos$cig przy jednoczesnie zmniejszonej ilosci niebezpiecznych efektow ubocznych.

Z  danych literaturowych  wynika, Ze  zastgpienie = wolnej  grupy
karboksylowej klasycznych niesteroidowych lekéw przeciwzapalnych ugrupowaniem
bioizosterycznym o podobnej wielko$ci 1 mniejszej kwasowosci takim  jak
np.: 1,3,4-oksadiazol'2%%, 1,2 4-triazol*!?%*30 pirazol**** czy 1,3-tiazol***°, pozwala
istotnie zredukowac ich gastrotoksycznos¢, przy jednoczesnym wzroscie powinowactwa do
COX-2. Ponadto, nalezy podkresli¢, ze wymienione wyzej pigcioczlonowe pierscienie
heterocykliczne sg istotnym elementem strukturalnym wielu czgsteczek o znacznej
aktywnosci biologicznej. Do tego grona naleza oczywiscie takze zwiazki, ktore dzialaja

silnie przeciwzapalnie i przeciwbdlowo 924

. Wystarczy nadmieni¢, Ze tego typu
ugrupowania heterocykliczne stanowig rdzen opisanych juz wczesniej selektywnych

inhibitorow COX-2 — koksybow!421:23,

Dodatkowo, nalezy uwzgledni¢ fakt, ze w strukturze zwiazkow 8a, 8b oraz ich analogow,
wystepowala charakterystyczna reszta arylopiperazynylowa/piperydynylowa, ktora miata
znaczacy wpltyw na zwigkszenie ich aktywnosci biologicznej. Dlatego tez, wprowadzenie
takiego ugrupowania do struktury nowych pochodnych pirolo[3,4-d]pirydazynonu, bedacych
przedmiotem niniejszej rozprawy, wydaje si¢ by¢ wysoce zasadne i racjonalne. Podczas
syntezy serii tytutowych struktur wykorzystano komercyjnie dostepne, réznie podstawione
w pierscieniu fenylowym, pochodne arylopiperazyny oraz arylopiperydyny. Miato to na celu
mozliwie jak najlepsza ocene wpltywu tego ugrupowania na toksyczno$¢ oraz aktywno$c¢

farmakologiczng zwigzkéw finalnych.

Podsumowujac, nadrzednym celem przeprowadzonych prac eksperymentalnych byto
stworzenie nowej klasy efektywnych inhibitorow COX, ktére miatyby znaczne
powinowactwo do indukowanego izoenzymu COX-2 oraz jednocze$nie byly bezpieczne
inie wykazywaly szkodliwego wptywu na uklad pokarmowy. Projekt oraz koncepcja
budowy nowych, 1,3,4-oksadiazolowych oraz 1,2,4-triazolowych pochodnych

pirolo[3,4-d]pirydazynonu zostaty schematycznie przedstawione na Rysunku 4.
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» Zwiekszone powinowactwo do COX-2 » Nasilona aktywnosci

> Linker przeciwzapalna oraz
» Zmniejszona gastrotoksycznosc przeciwbdlowa
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HYBRYDYZACIJA

Nowa klasa inhibitorow COX

1,3,4-oksadiazolowe i 1,2,4-triazolowe pochodne pirolo[3,4-d]pirydazynonu

Rys. 4. Koncepcja struktury nowych pochodnych pirolo[3,4-d]pirydazynonu oparta o ide¢ molekularnej
hybrydyzacji.

Zaprezentowane w dalszej czesci niniejszej dysertacji wyniki zrealizowanych
dotychczas prac badawczych pozwolity na wstgpna oceng potencjalu nowych zwigzkow
w kontekscie ich mozliwego wykorzystania jako bezpiecznych 1 efektywnych substancji

o dziataniu przeciwbdlowym i przeciwzapalnym.



2 CELE PRACY

2.1 Cel glowny

>

Racjonalny projekt oraz synteza nowych pochodnych pirolo[3,4-d]pirydazynonu

o istotnej aktywnosci przeciwzapalnej 1 przeciwbdlowe;j

2.2 Cele szczegolowe

>

Otrzymanie serii 1,3,4-oksadiazolowych oraz 1,2,4-triazolowych pochodnych
pirolo[3,4-d]pirydazynonu, ktére efektywnie hamuja cyklooksygenaz¢ i nie dzialaja
gastrotoksycznie

Ocena zdolno$ci hamowania oraz powinowactwa nowych zwigzkéw do obu
obwodowych izoform cyklooksygenazy (COX-1 1 COX-2) z uzyciem testow
enzymatycznych oraz technik dokowania molekularnego

Ocena aktywnosci antyoksydacyjnej tytutowych zwiazkow

Okreslenie modelu wigzania si¢ otrzymanych pochodnych z osoczowa albuming
Opisanie  zalezno$ci  struktura-aktywno$s¢ w  grupie nowych pochodnych
pirolo[3,4-d]pirydazynonu w oparciu o uzyskane wyniki toksyczno$ci oraz aktywnosci
biologicznej

Ocena aktywnos$ci przeciwzapalnej oraz przeciwbolowej nowych zwigzkéw oraz ich
wptywu na btong $§luzowa przewodu pokarmowego w testach wykonanych w modelu

zwierzecym
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3 METODYKA BADAN
3.1 Synteza nowych pochodnych pirolo[3,4-d]|pirydazynonu

Wszystkie odczynniki, katalizatory 1 rozpuszczalniki uzyte podczas syntezy, a takze
oczyszczania poOlproduktow oraz zwigzkéw finalnych zostaly zakupione od komercyjnych
dostawcow (Alchem, Wroctaw, Polska; Chemat, Gdansk, Polska; Archem, Lany, Polska). Jesli
byto to konieczne, suche rozpuszczalniki jak np. bezwodny etanol, osuszony ksylen czy eter

dietylowy, otrzymywano wedtug standardowych procedur.

Postep reakcji byt kontrolowany dzigki uzyciu techniki chromatografii
cienkowarstwowej (thin layer chromatography, TLC) . Wykorzystywano ptytki pokryte zelem
krzemionkowym 60-F2s4 (Fluka Chemie GmbH, Niemcy). Byly one rozwijane w komorze
szklanej z zastosowaniem takich eluentow jak octan etylu i jego mieszaniny z innymi
rozpuszczalnikami organicznymi takimi jak: metanol, chloroform czy cykloheksan, w r6znych
stosunkach objetosciowych. Ptytki analizowano w §wietle UV przy dtugosci fali 254 albo
366 nm.

Temperatury topnienia nowych zwigzkéw zostaly oznaczone technikg kapilarng przy
uzyciu aparatu Electro-Thermal Mel-Temp 1101D (Cole-Parmer, Vernon Hills, IL, USA).
Oczyszczanie zwigzkow z uzyciem techniki chromatografii kolumnowej przeprowadzono
wykorzystujac zel krzemionkowy 60-F2s4 (Merck, Darmstadt, Niemcy). Analiza elementarna
dla atoméw wegla, azotu oraz wodoru zostala wykonana przy uzyciu aparatu Carlo Erba
NA-1500 (Thermo Fisher Scientific, Waltham, MA, USA). Uzyskane wyniki nie réznity si¢

o wigcej niz + 0.4% od warto$ci wyznaczonych teoretycznie.

Widma magnetycznego rezonansu jadrowego (nuclear magnetic resonance, NMR)
"H NMR (300 MHz) oraz '*C NMR (75 MHz) zostaly zarejestrowane na spektrometrze NMR
Bruker 300 MHz (Bruker Analytische Messtechnik GmbH, Rheinstetten, Niemcy). Badane
probki  byly  rozpuszczane @~ w  komercyjnie  dostgpnych  rozpuszczalnikach
deuterowanych — CDCl3 albo DMSO-ds. Tetrametylosilan (TMS) byt wykorzystany jako
odnos$nik przy wyznaczaniu przesuni¢¢ chemicznych (3), ktore zostaly podane w ppm (parts
per milion). Widma w podczerwieni (infrared, IR) zostaly wykonane na aparacie Nicolet iS50
FT-IR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Pomiaru dokonano na
probkach w formie stalej, czestotliwoéci podano w cm™. Widma masowe (mass spectrometry,
MS) zostaty zarejestrowane w jonizacji dodatniej z wykorzystaniem techniki elektrorozpylania

(electrospray ionization, ESI) na aparacie Bruker Daltonics Compact ESI-Mass Spectrometer
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(Bruker Daltonik, GmbH, Brema, Niemcy). Probki byly rozpuszczane w mieszaninie metanolu

i chloroformu.

Na podstawie uzyskanych rezultatéw badan analitycznych i spektralnych uznano, ze

wszystkie otrzymane zwiazki, cechowaty si¢ czystoscig na poziomie >95%.

3.2 Ocena toksycznosci, aktywnosci biologicznej oraz

parametrow farmakokinetycznych tytulowych zwiazkow

Szczegdtowe opisy procedur zastosowanych podczas badan biologicznych i spektralnych
nowych zwigzkoéw, metodyka przeprowadzonego dokowania molekularnego i innych uzytych
technik in silico, shuzacych ocenie wlasciwosci badanych pochodnych, a takze opisy
wykorzystanych metod statystycznych zostaly zamieszczone w czeéci eksperymentalnej

publikacji P1-P3.
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4 PREZENTACJA I OMOWIENIE WYNIKOW BADAN
4.1 Pochodne 1,3,4-oksadiazolowe pirolo[3.,4-d|pirydazynonu

4.1.1 Projekt oraz synteza

Zgodnie z koncepcja zaprezentowang na Rysunku 4 zaplanowano synteze serii nowych
pochodnych, w ktérych strukturze mozna wyrdzni¢ pierscien 1,3,4-oksadiazolo-2-tionu
polaczony z biheterocyklicznym uktadem pirolo[3,4-d]pirydazynonu oraz ugrupowanie
arylopiperazynylowe/piperydynylowe. Tytulowe zwigzki zostaly otrzymane z dobra
wydajnosciag z wykorzystaniem klasycznych technik syntezy organicznej, przy uzyciu

komercyjnie dostgpnych reagentéw oraz rozpuszczalnikow.

Na Rysunku 5 przedstawiono dwie kluczowe struktury, ktore staty si¢ punktem wyjscia
przy projektowaniu i syntezie zwigzkow finalnych. Byly to: 6-butylo-3,5,7-trimetylo-2H-
pirolo[3,4-d]pirydazyno-1,4-dion 9 oraz 6-fenylo-3,5,7-trimetylo-2 H-pirolo[ 3,4-d]pirydazyno-
1,4-dion 10%,

o (o]
< N = N
N | P ———— N |
o OH
9
o (o)
~ N/ ~ N/
N | P —_ N |
— NH — /N
o OH
10

Rys. 5. Wzory wyjsciowych pochodnych pirolo[3,4-d|pirydazyno-1,4-dionu.

Pierwszy etap zaplanowanej syntezy polegatl na alkilowaniu pochodnych 9 110
chlorooctanem metylu w acetonitrylu w obecnosci K2COs. W rezultacie otrzymano

odpowiednie pochodne estrowe. Z uwagi na zjawisko tautomerii keto-enolowej podstawieniu
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ulegal zar6wno atom azotu N2 jak i atom tlenu grupy hydroksylowej. W zastosowanych
warunkach syntezy w zdecydowanej przewadze otrzymywano O-izomer. Rozdzialu uzyskanej
mieszaniny izomeréw dokonywano na kolumnie chromatograficznej. Z uwagi na niska
wydajno$¢ z jaka powstawal N-izomer, zdecydowano, ze kolejne modyfikacje strukturalne

beda realizowane wylacznie na O-podstawionych analogach.

Ogrzewanie pochodnych estrowych w etanolu z nadmiarem wodzianu hydrazyny
pozwolilo na otrzymanie, z doskonata wydajnoscia (~90%), odpowiednich hydrazydow. Te
z kolei, byly poddawane wewnatrzczasteczkowej cyklizacji w $rodowisku zasadowym
w obecnosci disiarczku wegla. W efekcie uzyskano kluczowe 1,3,4-oksadiazolowe pochodne

pirolo[3,4-d]pirydazynonu.

Ostatni etap syntezy polegal na otrzymaniu zwigzkow o budowie zasad Mannicha
w reakcji odpowiedniej 1,3,4-oksadiazolowej pochodnej z dodatkiem roztworu formaliny oraz
wybranej aminy drugorzgdowej w etanolu. Pozwolilo to na otrzymanie zaplanowanych

produktow finalnych.

W wyniku przeprowadzonej kilkuetapowej syntezy otrzymano w sumie 20 nowych,
nieopisanych dotad w literaturze zwigzkow, w tym 14 finalnych pochodnych o budowie zasad
Mannicha, stanowigcych pierwsza seri¢ (seria I) 1,3,4-oksadiazolowych pochodnych
pirolo[3,4-d]pirydazynonu. Ich wzor ogolny zostat przedstawiony na Rysunku 6. Szczegoty
dotyczace zrealizowanych na tym etapie prac syntetycznych sg przedstawione na

Schematach 1 1 2 oraz opisane w Rozdziale 2.1 publikacji P1.

Struktura kazdego otrzymanego zwigzku zostata potwierdzona dzigki wykorzystaniu
technik spektralnych oraz metody analizy elementarnej. Dane analityczne, wtasciwosci
fizykochemiczne oraz widma nowych struktur sg zebrane i opisane w cze$ci eksperymentalne;j

publikacji P1 oraz w zalgczonym do niej suplemencie.
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Rys. 6. Ogoélny wzor serii I pochodnych pirolo[3,4-d]pirydazynonu o budowie zasad Mannicha.

W kolejnym etapie prac syntetycznych, zdecydowano si¢ otrzymaé struktury, ktore
zostaly zaprojektowane w mysl teorii farmakoforowej przedstawionej przez Dogruera. Idea ta
zaktada, ze potaczenie pochodnej arylopiperazyny z gtéwnym szkieletem za posrednictwem co
najmniej dwuweglowego, elastycznego tacznika z ugrupowaniem karbonylowym, moze
istotnie nasila¢ dzialanie antynocyceptywne zwigzkéw finalnych*®*’. Schematyczna budowa

takiego ugrupowania jest przedstawiona na Rysunku 7.

O

N N

— N

Rys. 7. Ogoélny wzor farmakoforu zaproponowanego przez Dogruera.



Dlatego tez, zaprojektowano oraz otrzymano grupe¢ czterech pilotowych pochodnych
pirolo[3,4-d]pirydazynonu, w ktérych ugrupowanie arylopierazynylowe potaczone jest
z atomem siarki pierscienia 1,3,4-oksadiazolo-2-tiolu przez tacznik 2-oksoetylowy. Wzor

ogolny drugiej serii zwigzkow (seria II) przedstawiony jest na Rysunku 8.

o)
7
S N/
RN N
e _— N N/N
SRS
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o
|
R' — n-butyl, fenyl; Y-C, N;

Rys. 8. Ogolny wzor serii II pochodnych pirolo[3,4-d]pirydazynonu z mostkiem 2-oksoetylowym.

Koncepcja oraz synteza S-podstawionych 1,3,4-oksadiazolowych pochodnych
pirolo[3,4-d]pirydazynonu (seria II) zostaty szczegotowo przedstawione na Schemacie 1 oraz
W Rozdziatach 1 1 2.1 publikacji P2. Ponadto, w czg$ci chemicznej oraz eksperymentalnej tej
pracy oraz w suplemencie znajduja si¢ wyczerpujace informacje dotyczace wiasciwosci

fizykochemicznych oraz widma NMR, MS oraz IR wszystkich nowych struktur.

4.1.2 Badania in vitro oraz in silico

Wstepne badania oceny toksycznosci oraz aktywno$ci biologicznej tytulowych
1,3,4-oksadiazolowych pochodnych pirolo[3,4-d]pirydazynonu zostaly przeprowadzone we
wspotpracy z Panig dr inz. Benita Wiatrak (Katedra 1 Zaklad Podstaw Nauk Medycznych;
Katedra iZaklad Farmakologii Uniwersytetu Medycznego we Wroctawiu). Dokowanie
molekularne oraz badania spektralne zostaly wykonane przez Pana dr Edwarda Krzyzaka oraz
Panig dr inz. Aleksandr¢ Marciniak z Katedry 1 Zaktadu Chemii Nieorganicznej Uniwersytetu

Medycznego we Wroctawiu.
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Ocena toksyczno$ci zwigzkow o budowie zasad Mannicha, czyli pochodnych
nalezacych do serii I, zostala wykonana z uzyciem testu wykorzystujagcego barwnik
sulforodaming B (sulforhodamine B, SRB) na linii komérkowej normalnych ludzkich skérnych
fibroblastow (normal human dermal fibroblasts, NHDF). Zaden z badanych zwigzkéw nie
wykazal w przeprowadzonym eksperymencie potencjatu cytotoksycznego (7abela 1, P1).

Z tego wzgledu wszystkie 14 zwigzkow zostalo zakwalifikowanych do dalszych badan.

Gléwnym celem przeprowadzonych prac badawczych bylo okreslenie zdolno$ci
hamowania cyklooksygenanazy przez otrzymane pochodne oraz ustalenie sposobu ich wigzania
si¢ z centrum aktywnym enzymu. W zwiazku z tym, w pierwszym etapie badan biologicznych
uzyto dostepny komercyjnie enzymatyczny test ptytkowy Cayman’s COX Colorimetric Inhibitor
Screening Assay (cat. no. 701050), ktory pozwala okresli¢ aktywnos¢ cyklooksygenazy poprzez
kolorymetryczne wyznaczenie stezenia barwnej, utlenionej formy N,N,N',N'-tetrametylo-p-
fenylenodiaminy (N,N,N',N'-tetramethyl-p-phenylenediamine, TMPD) bedacej substratem
enzymu. Uzyskane wyniki sg przedstawione w Rozdziale 2.2.1 oraz w Tabeli I publikacji P1.

Wszystkie badane zwiazki wykazaly zdolno$¢ hamowania izoenzymu COX-2.
Wigkszo$¢ z nich dziatata preferencyjnie na COX-2, natomiast 5 z nich selektywnie blokowato
forme¢ indukowang cyklooksygenazy. Jako referencji uzyto leku o potwierdzonym dziataniu
przeciwzapalnym oraz znacznym powinowactwie do COX-2, a mianowicie meloksykamu.
Warto podkresli¢, ze wszystkie analizowane pochodne pirolo[3,4-d]pirydazynonu serii I
skuteczniej hamowaty COX-2, niz lek odniesienia. Co wigcej, réwniez wspoOlczynnik
selektywnosci COX-2/COX-1 obliczony dla kazdego z testowanych zwigzkow byt lepszy, niz
w przypadku meloksykamu (7abela 1, P1).

Te rezultaty znalazly potwierdzenie w przeprowadzonych badaniach dokowania
molekularnego, ktére wykazaly, ze omawiane zwigzki cechujg si¢ wickszym powinowactwem
do COX-2, niz do COX-1. Mozna to wytlumaczy¢ faktem, Ze kieszenh wigzaca indukowanej
formy COX-2, ktora rézni si¢ budowa od miejsca aktywnego COX-1, umozliwia wigzanie
wigkszych i bardziej rozbudowanych czasteczek’'°. Udowodniono, ze badane zwiazki tacza
si¢ gtownie z subdomeng B (bedaca miejscem wigzania meloksykamu oraz piroksykamu) oraz
C, centrum aktywnego enzymu. Co wigcej, nowe pochodne pirolo[3,4-d]pirydazynonu zajmuja
w kieszeni wigzacej cyklooksygenazy pozycj¢ analogiczng do meloksykamu. Na Rysunku 9
zaprezentowano sposob dokowania si¢ do COX-2 dwoch najbardziej aktywnych zwigzkoéw
8a(P1), 8b(P1) oraz meloksykamu. Szczegdtowy opis wynikow dokowania molekularnego

znajduje si¢ w Rozdziale 2.2.2, Tabeli 2 publikacji P1 oraz w danych uzupelniajacych tej pracy.
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Rys. 9. Potozenie w domenie wigzacej COX-2 pochodnych 8a(P1) (niebieski), 8b(P1) (czerwony) oraz

meloksykamu (z6tty).

Kolejny etap zaplanowanych badan in vitro zaktadal ocen¢ potencjatu
antyoksydacyjnego nowych zwigzkow. Nalezy mie¢ na uwadze, ze wzrost stezenia
reaktywnych form tlenu czy azotu, ktory skutkuje zwigkszonym stresem oksydacyjnym, moze
by¢ spowodowany takimi czynnikami jak niedotlenienie czy stan zapalny. Z drugiej strony,
wolne rodniki sg silnymi czynnikami prozapalnymi, ktére m.in. nasilajg ekspresje
cyklooksygenazy. W efekcie, stres oksydacyjny oraz zapalenie sa zjawiskami, ktore czesto

4830 Dlatego tez,

wspoltistnieja w uszkodzonej tkance i moga si¢ wzajemnie nasilac
przeprowadzono eksperymenty, ktore pozwolily okresli¢ zdolno$¢ tytutlowych zwigzkow do

hamowania indukowanego stresu oksydacyjnego oraz nitrozacyjnego.

Wykonano test z wykorzystaniem fluorescencyjnego barwnika — dioctanu
2’,7’-dichlorofluoresceiny (2', 7'-dichlorofluorescein diacetate, DCF-DA) aby oceni¢ zdolnos¢
nowych pochodnych do zmniejszania poziomu reaktywnych form tlenu. Z kolei skutecznos$¢
zmiatania rodnikow azotowych okreslono testem Griess’a. W obu przypadkach badania

przeprowadzono na linii komérkowej NHDF.
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Zwiagzki 9a(P1)-13a(P1) zmniejszaly st¢zenie reaktywnych form tlenu w calym
zakresie testowanych stezen. Z kolei pochodne 7a(P1) i 8a(P1) byly efektywne w koncentracji
10uM 1 50uM. Pochodne z podstawnikiem n-butylowym, czyli 7b(P1)-13b(P1), cechowata
nizsza aktywno$¢ antyoksydacyjna, a w przypadku niektoérych z nich obserwowano wrecz
wzrost poziomu wolnych rodnikéw tlenowych (reactive oxygen species, ROS). Z kolei
rezultaty testu Griess’a wskazuja, ze praktycznie wszystkie badane zwigzki zmniejszaja
stezenie reaktywnych form azotu (reactive nitrogen species, RNS), w tym tlenku azotu (nitric
oxide, NO). Jedynie pochodne 7b(P1), 10a(P1) oraz 10b(P1) powodowaly nieznaczny,
statystycznie nieistotny, wzrost st¢zenia rodnikow azotowych. Uzyskane wyniki sa doktadnie

przedstawione w Rozdziale 2.4 oraz Tabeli 3 w publikacji P1.

Obiecujace wyniki testow DCF-DA oraz Griess’a staly si¢ pretekstem do
przeprowadzenia dodatkowego eksperymentu oceniajacego dziatanie antyoksydacyjne oraz
potencjal ochronny pochodnych pirolo[3,4-d[pirydazynonu przed szkodliwym dziataniem
wolnych rodnikow. W tym celu przeprowadzono test halo (fast halo assay, FHA), ktory
pozwala oszacowac efekt protekcyjny badanych zwigzkéw na jadro komorkowe. Objawiaja si¢
on ochrong chromatyny przed uszkodzeniami i pgknigciami DNA spowodowanymi
zwigkszonym stresem oksydacyjnym. Dziatanie ochronne okresla si¢ przez wyznaczenie
poziomu uszkodzenia chromatyny w stosunku do proby kontrolnej. Uzyskane wyniki wskazuja,
ze zwiazki 7Tb(P1), 8a(P1) (caly zakres stgzen) oraz 7a(P1) (stezenie 10uM 1 50uM), w sposob
istotny statystycznie chronia DNA przed uszkodzeniami spowodowanymi podwyzszonym
stezeniem wolnych rodnikéw. Na Rysunku 10 przedstawiono wybrane mikrofotografie
komorek, ktore byly badane w tescie FHA. Na fotografii B widoczny jest charakterystyczny
efekt tzw. halo jadrowego spowodowany relaksacja chromatyny, co jest rezultatem pgknigé
DNA (Rys. 10 B). Im wigksze halo, tym wigksze uszkodzenia chromatyny obserwujemy.
W przypadku komorki inkubowanej ze zwiagzkiem 7b(P1) efekt halo praktycznie nie
wystepuje.  Wyniki  badan  aktywno$ci  antyoksydacyjnej nowych  pochodnych
pirolo[3,4-d]pirydazynonu zostaly szerzej opisane 1 przedstawione w Rozdziale 2.41 2.5 a takze

w Tabeli 3 publikacji P1.
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Rys. 10. Mikrofotografie (60x) komorek ukazujace relaksacje chromatyny i efekt halo. A) komorki inkubowane
w czystym medium; B) komoérki inkubowane z 100uM H,O; przez 1h; C) komorki inkubowane ze zwigzkiem
7b(P1) 10uM przez 24h i nastepnie z 100uM H»O, przez 1h; Mikrofotografia B ukazuje znacznie wigkszy efekt
halo w porownaniu ze zdjgciem A; im wigkszy rozmiar halo jadrowego, tym wigksza relaksacja chromatyny, co

wskazuje na wigksze uszkodzenie DNA.

Uzupehieniem eksperymentow, okreslajacych aktywnos$¢ biologiczna nowych
zwigzkéw byly badania, ktore pozwolily oceni¢ sposob ich interakcji z albuming, ktora jest
najbardziej powszechnym biatkiem osocza. Wigzanie si¢ lekow z biatkami krwi w istotny
sposob wptywa na ich farmakokinetyke, miedzy innymi na czas péitrwania, czy dystrybucjg.
Dlatego tez, przeprowadzono wstepne eksperymenty, ktore umozliwity opis sposobu interakcji
pochodnych pirolo[3,4-d]pirydazynonu z osoczowa albuming. Ze wzgledu na duzo nizsze
koszty, uzyte zostato biatko bydlece (bovine serum albumin, BSA). Jego struktura jest bardzo
zblizona do albuminy ludzkiej (human serum albumin, HSA), dlatego moze by¢ ono
z powodzeniem uzywane w jej zastepstwie®’>2. Celem opisania molekularnych oddzialywan
miedzy nowymi zwigzkami a BSA wykorzystano metody spektralne takie jak dichroizm

kotowy (circular dichroism, CD), fluorescencja oraz dokowanie molekularne.

Wyniki pomiaréw spektroskopowych (wygaszanie fluorescencji, CD) wykazatly, ze
w obecnosci badanych zwigzkow zachodza zmiany w strukturze drugorzedowej BSA.
Potwierdza to, ze wchodzg one w interakcje z osoczowg albuming. Oddziatywanie to nie ma
charakteru przypadkowych zderzen czasteczek, ale raczej polega na tworzeniu si¢ kompleksow
ligand-BSA w przyblizonym stosunku 1:1. Na podstawie przeprowadzonego dokowania
molekularnego ustalono, ze uprzywilejowanym miejscem wigzania nowych pochodnych

pirolo[3,4-d]pirydazynonu przez BSA jest hydrofobowa kieszen II(m).



Szczegoty wszystkich badan opisujacych interakcje tytutowych zwiazkow z BSA, oraz
wszelkie tabele oraz widma spektroskopowe i wykresy zostaty zamieszczone w Rozdziale 2.6

publikacji P1 oraz w danych uzupetniajacych.

Po zebraniu rezultatow wszystkich eksperymentéw przeprowadzono analizg
multikryterialng (multi — criteria decison analysis, MCDA) dla badanych zwigzkéw. Na
podstawie jej wynikdéw mozna stwierdzi¢, ze w serii I 1,3,4-oksadiazolowych pochodnych
pirolo[3,4-d]pirydazynonu, zwigzkiem o najlepszym profilu aktywnosci biologicznej byta
czasteczka 7b(P1), ktorej strukture przedstawiono na Rysunku 11. Na uwage zastuguja takze
pochodne 7a(P1), 10a(P1), 10b(P1), 13a(P1) oraz 13b(P1). Kompletne wyniki analizy MCDA
sg przedstawione na Rysunku 10 publikacji P1.
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Rys. 11. Zwiazek 7b(P1) - 1,3,4-oksadiazolowa pochodna pirolo[3,4-d]pirydazynonu o najbardziej

obiecujacym profilu aktywnosci biologiczne;j.

Analogiczne badania in vitro oraz in silico przeprowadzono takze w przypadku serii 11
1,3,4-oksadiazolowych pochodnych pirolo[3,4-d]pirydazynonu. Projekt, synteza, ocena
aktywnosci biologicznej i1 wlasciwosci fizykochemicznych tych zwigzkow staly sie

przedmiotem publikacji P2.

Badania toksyczno$ci przeprowadzone na linii komdrkowej NHDF wykonano
z wykorzystaniem testu oceniajagcego aktywnos¢ mitochondrialnej dehydrogenazy
bursztynianowej, ktorej produktem widocznym w zywych komorkach jest formazan biekitu
triazolowego (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT). Rezultaty
testu MTT zostaty szczegdlowo opisane w Rozdziale 2.3 publikacji P2.

Zaden z analizowanych zwigzkow nie zmniejszyt przezywalno$ci komérek ponizej 30%
dlatego tez mozna stwierdzi¢, ze nowe pochodne serii Il nie wykazuja potencjatu

cytotoksycznego i zostaly przekazane na dalsze badania.
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Aby oceni¢ zdolnos¢ hamowania cyklooksygenazy przez nowe zwigzki uzyty zostal,
tak jak poprzednio, test enzymatyczny firmy Cayman (Cayman’s COX Colorimetric Inhibitor
Screening Assay cat. no. 701050). Wyniki przeprowadzonego eksperymentu (Rozdziat 2.2.1,
Tabela 1 publikacja P2) jednoznacznie wskazuja, ze wszystkie analizowane pochodne
wykazuja aktywno$¢ tylko wobec indukowanej formy COX-2. Niestety, na podstawie
uzyskanych rezultatéw nalezy stwierdzi¢, ze modyfikacja, polegajaca na wprowadzeniu
dhuzszego tacznika z ugrupowaniem karbonylowym nie przyniosta spodziewanych efektow. Co
prawda, otrzymano grup¢ selektywnych inhibitoréw COX-2, ale zwiazki serii II hamuja ten
enzym istotnie slabiej anizeli pochodne o budowie zasad Mannicha (seria I) oraz meloksykam.

Najbardziej aktywny okazat si¢ zwigzek 6a(P2).

Nalezy natomiast podkresli¢, ze wyniki badan dokowania molekularnego w petni
korelujg z rezultatami testu enzymatycznego. W przypadku zwigzkow Sa, b(P2) — 6a, b(P2)
warto$ci wolnej energii wigzania (AG’) podczas prob dokowania do COX-1 byly dodatnie.
Nowe pochodne wykazuja natomiast powinowactwo do indukowanej formy COX-2 i zajmuja
w kieszeni wigzacej enzymu pozycje analogiczng do meloksykamu, co zostalo pokazane na
Rysunku 12. Wartosci energii wigzan sg nieco wyzsze, ale poréwnywalne do tych
wyznaczonych dla leku odniesienia. Szczegdtowy opis badania dokowania molekularnego

znajduje si¢ w Rozdziale 2.2.2 publikacji P2.

Rys. 12. Polozenie w domenie wigzacej COX-2 pochodnych 5a, b(P2) — 6a, b(P2) oraz meloksykamu (r6zowy).

W kolejnym etapie badan biologicznych oceniono potencjat antyoksydacyjny nowych
pochodnych pirolo[3,4-d]pirydazynonu serii Il oraz ich zdolno$¢ do ochrony DNA przed

uszkodzeniami wywolanymi wolnymi rodnikami. W tym celu przeprowadzono testy DCF-DA,
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Griess’a oraz FHA. Szczegdétowy opis wynikéw tych eksperymentow zamieszczono

w Rozdziale 2.4 publikacji P2.

Stwierdzono, ze w komodrkach inkubowanych ze zwigzkami Sa(P2), Sb(P2) oraz 6b(P2)
nastgpowato zmniejszenie ilosci wolnych rodnikéw tlenowych ponizej wartosci kontrolnej
w catym zakresie testowanych stezen. W przypadku zwigzku 6a(P2) miato to miejsce jedynie
przy najnizszej jego wartosci tj. 10uM. Wyniki testu Griess’a wskazuja, ze wszystkie zwigzki
w zastosowanym najnizszym st¢zeniu 10uM zmniejszaja st¢zenie NO, natomiast pochodna

6a(P2) byla efektywna w catym spektrum uzytych stezen. (Tabela 3, publikacja P2).

Te rezultaty doskonale korespondujg z wynikami uzyskanymi podczas testu FHA.
Wykazano, ze wszystkie badane pochodne zmniejszaja ilo$¢ uszkodzen chromatyny
wywotanych stresem oksydacyjnym przynajmniej w jednym uzytym = stezeniu
(Tabela 3, publikacja P2). Co wigcej, udowodniono, ze istnieje korelacja pomiedzy dziataniem
antyoksydacyjnym nowych pochodnych a ich zdolno$ciami naprawczymi DNA w stanie

podwyzszonego stresu oksydacyjnego (7abela 4, publikacja P2).

Dodatkowo, wykonano badania spektralne oraz dokowanie molekularne, ktore
pozwolity na ocen¢ modelu interakcji zosoczowg albuming 1,3,4-oksadiazolowych
pochodnych nalezacych do serii II. Szczegdtowe informacje dotyczace tych eksperymentow
oraz ich wyniki sg zawarte w Rozdziatach 2.5-2.7 publikacji P2 oraz w suplemencie tej pracy.
Udowodniono, ze badane zwigzki oddzialuja z BSA na zasadzie tworzenia kompleksow
w przyblizonym stosunku 1:1. Uprzywilejowanym miejscem wigzania jest hydrofobowa
kieszen II, subdomena IIIA. Na podstawie wynikéw spektroskopii CD mozemy przypuszczac,

ze zwigzki 5a-b(P2) wigza si¢ z BSA silniej niz pochodne 6a-b(P2).

Ze wzgledu na zblizone wyniki poszczegdlnych badan oraz stosunkowo mato liczng
grupe analizowanych zwigzkoéw, trudno byloby wskazaé najbardziej obiecujaca strukture
w obrebie pochodnych serii II. Niewatpliwie nalezy podkresli¢ fakt, ze zamiana tacznika
metylenowego na 2-oksoetylowy nie przyczynita si¢ do nasilenia aktywnosci farmakologicznej

a jedynie do zwigkszenia selektywnosci zwigzkow w stosunku do COX-2.
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4.1.3 Badania in vivo

W zwigzku z tym, ze 1,3,4-oksadiazolowe pochodne pirolo[3,4-d]pirydazynonu serii I
wykazaty obiecujacy profil aktywnosci farmakologicznej w eksperymentach in vitro,
zdecydowano si¢ na przekazanie wybranych zwigzkéw na testy w modelu zwierzecym. Do
testow in vivo zostaly zakwalifikowane dwie pochodne — 10b(P1) oraz 13b(P1), ktorych
struktury zostaly przedstawione na Rysunku 13. Ich wybor zostal dokonany gléwnie na
podstawie wynikoéw zdolnosci blokowania COX w tescie enzymatycznym. Pochodna 10b(P1)
cechowata si¢ najlepszym wspoétczynnikiem hamowania COX-2/COX-1 sposrod wszystkich
badanych zwigzkow, natomiast czasteczka o analogicznej budowie - 13b(P1) byla selektywna
w stosunku do COX-2. Ponadto, zaréwno 10b(P1) jak i 13b(P1) w przeprowadzonym tescie
SRB cechowaly si¢ jednymi z najwyzszych wartosci ICso sposrod wszystkich pochodnych
pirolo[3,4-d]pirydazynonu serii I?°.
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Rys. 13. Wzory pochodnych pirolo[3,4-d]pirydazynonu, ktore zostaty przekazane na badania in vivo.

Badania w modelu zwierzecym zostalty wykonane we wspotpracy z Katedra 1 Zaktadem
Farmakologii Uniwersytetu Medycznego we Wroctawiu przez zespol kierowany przez
Panig dr Martg Szandruk-Bender. Przeprowadzone eksperymenty mialy na celu oceng aktywnosci
przeciwbolowej 1 przeciwzapalnej badanych zwigzkéw, ich wptywu na kondycje btony §luzowe;j

zoladka oraz ekspresj¢ mediatorow stanu zapalnego.
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Pierwszy etap zaplanowanych badan pozwolil okresli¢ profil dziatania przeciwbolowego
pochodnych 10b(P1) oraz 13b(P1) w eksperymentalnych modelach bolu indukowanego
szkodliwymi bodzcami, takich jak test odsunigcia ogona (tail-flick tesf) oraz test

formalinowy (formalin test).

Test odsunigcia ogona pozwolit oszacowa¢ aktywno$¢ przeciwbdlowa zwigzang
z mechanizmami o$rodkowymi poprzez pomiar czasu, po jakim nastepuje odpowiedz na
stymulacje termiczng wywotang emitujacym ciepto strumieniem $wiatta. Nowe pochodne
pirolo[3,4-d]pirydazynonu wykazaly statystycznie istotng oraz dawko-zalezng aktywno$¢
analgetyczng w pordéwnaniu z kontrolg. Jednocze$nie ich aktywnos$¢ byla istotnie nizsza od

morfiny. Uzyskane wyniki przedstawiono w formie wykresu na Rysunku 14.
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Rys. 14. Wptyw badanych zwigzkow 10b i 13b na czas latencji w te$cie odsunigcia ogona (tail flick). Grupa
eksperymentalna n=12; wszystkie zwiazki zostaty podane dozotadkowo; C — grupa kontrolna; M — grupa, ktora
otrzymata morfing w dawce 10mg/kg; 10b-5, 10b-10, 10b-20 — grupy, ktére otrzymaty odpowiednio 5, 10,
20mg/kg zwiazku 10b; 13b-5, 13b-10, 13b-20 — grupy, ktore otrzymaty odpowiednio 5, 10, 20mg/kg zwiazku
13b; dane przedstawiono jako $rednig + SEM; roznice **p<0.01 vs. grupa kontrolna; ***p<0.001 vs. grupa
kontrolna; ###p<0.001 vs. grupa morfiny; ####p<0.0001 vs. grupa morfiny uznano za statystycznie istotne.

tumaczenie na jezyk polski na potrzeby rozprawy wykonano na podstawie publikacji Zrédlowe;™

Uzyskane wyniki jednoznacznie wskazuja, ze oba badane zwigzki 10b(P1) oraz 13b(P1)
wykazuja aktywno$¢ analgetyczng, poniewaz w poréwnaniu z kontrolg istotnie wydtuzyty czas, po
jakim nastgpita reakcja na szkodliwy bodziec (odsunigcie ogona przez zwierzg). Moze to sugerowac,

ze pochodne 10b(P1) i 13b(P1) moduluja centralne mechanizmy zwigzane w nocycepcja.
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Aby okresli¢ wpltyw nowych zwigzkéw na zaréwno osrodkowe, jak i obwodowe
mechanizmy reakcji bolowej, wykonano drugi eksperyment, ktorym byt test formalinowy.
W tym modelu podskérna iniekcja roztworu formaliny do tylnej tapy wyzwala dwufazowsg
odpowiedZ nocyceptywna. Wczesna, neurogeniczna, jest rezultatem bezposredniego
pobudzenia wtokien aferentnych oraz uwolnienia neuropeptyddw takich jak substancja P. Faza
p6zna wynika z rozwoju stanu zapalnego w tkance i w konsekwencji zwigkszenia syntezy
1 uwalniania prostaglandyn. W zwigzku z powyzszym, test formalinowy pozwala okresli¢ nie
tylko wplyw badanych substancji na mechanizmy nocycepcji nie zwigzane z zapaleniem (faza

wczesna), ale rowniez na reakcje nocyceptywng o podiozu zapalnym (faza p6zna)*>+>°.

Testowane pochodne 10b(P1) 1 13b(P1) oraz leki referencyjne spowodowaly,
proporcjonalne do podanej dawki, skrocenie reakcji bolowej, sprowokowanej iniekcjg formaliny
(czasu lizania tapy), zarowno w fazie wczesnej jak iw pdznej. W poroéwnaniu do grupy
kontrolnej, najbardziej efektywna w fazie wczesnej okazala si¢ by¢ morfina oraz zwigzek
13b(P1) w dawce 20mg/kg, ktorego sita dziatania byta porownywalna z morfing. Co wigcej, efekt
antynocyceptywny pochodnej 13b(P1) w dawce 20mg/kg byt istotnie statystycznie wigkszy niz
indometacyny. Dobra aktywno$¢, jaka zwigzek 13b(P1) w najwyzszej zastosowanej dawce
wykazal we wczesnej fazie testu moze §wiadczy¢ o tym, ze jego mechanizm dzialania wynika
takze z wptywu na inne, nie zwigzane z blokowaniem COX, szlaki i przekazniki. Ta przestanka
wymaga dalszych, bardziej wnikliwych badan. W fazie pdznej najlepsze 1 statystycznie istotne
w porownaniu z kontrolg dziatanie wykazata morfina oraz oba badane zwiazki 10b(P1) i 13b(P1)
w dawkach 10 i 20mg/kg. Uzyskane rezultaty, ktdre zaprezentowano na Rysunku 15, sugeruja,

ze badane zwigzki wykazujg zarowno centralng jak i obwodowg aktywnos$¢ analgetyczna.
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Rys. 15. Wplyw zwiazkéw 10b i 13b na czas lizania we wczesnej (0—5 min) oraz p6znej (25-30 min) fazie
testu formalinowego. Morfina oraz indometacyna zostaly uzyte jako leki odniesienia. Wszystkie badane
substancje podano dozotagdkowo. Grupy badane (n = 12): C — grupa kontrolna; M — grupa, ktora otrzymata
morfing w dawce 10mg/kg; I — grupa, ktéra otrzymata indometacyne w dawce 10mg/k; 10b-5, 10b-10, 10b-20
— grupy otrzymujace odpowiednio 5, 10, 20 mg/kg zwigzku 10b; 13b-5, 13b-10, 13b-20 — grupy otrzymujace
odpowiednio 5, 10, 20 mg/kg zwigzku 13b; dane przedstawiono jako $rednig £ SEM; roznice * p < 0.05 vs.
grupa kontrolna; ** p <0.01 vs. grupa kontrolna; *** p <0.001 vs. grupa kontrolna; # p < 0.05 vs. grupa
morfiny; * p <0.05 vs. grupa indometacyny uznano za statystycznie istotne.
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Jak juz zostato wczes$niej nadmienione, w pdznej fazie testu formalinowego dochodzi
do zwigkszonej syntezy i uwalniania prostaglandyn, ktére sa jednymi z najlepiej poznanych
i opisanych mediatoréw prozapalnych®. Dzialaja one, zwlaszcza prostaglandyna Ea (PGE2),
uwrazliwiajaco, a dodatkowo modulujg reakcje bolowa zaréwno obwodowo jak 1 osrodkowo.
PGE2nasila takze aktywno$¢ innych mediatorow prozapalnych. Dlatego zmniejszenie zaleznej
od COX produkcji PGE2 powinno skutkowaé zatagodzeniem reakcji nocyceptywnej®>®>’. Inng
substancja, ktora réwniez pelni wazng role w mediacji nocycepcji o podtozu zapalnym oraz
wplywa na zwigkszone uwalnianie PGE2 jest mieloperoksydaza (myeloperoxidase, MPO). Jest
ona produkowana przez neutrofile, ktére infiltruja tkanke objeta stanem zapalnym. Aktywacja
obojetnochlonnych granulocytéw w obszarze dotknigtym przez zapalenie prowadzi do wzrostu
stezenia MPO, ktora z kolei nasila produkcje reaktywnych form tlenui azotu’®°. Z tego
wzgledu substancje, ktore wykazuja aktywno$¢ antyoksydacyjng, w sposéb niejako posredni,

moga usmierza¢ stan zapalny oraz tagodzié reakcje bolowa, u podtoza ktérej lezy zapalenie*®°,



W zwigzku z powyzszym, wykonano oznaczenie poziomu PGE: oraz MPO
W mysim osoczu testem immunoenzymosorpcyjnym (the enzyme-linked immunosorbent assay,
ELISA). Wyniki przeprowadzonego eksperymentu zaprezentowane sg w formie wykresu na
Rysunku 16. Najnizszy poziom PGE: zostat zarejestrowany w grupach, ktdre otrzymaty zwigzek
13b(P1) w dawce 20mg/kg lub indometacyng. Statystycznie istotnie mniejsze stgzenie MPO
w porownaniu z kontrolg zostatlo oznaczone w grupach, ktérym podano pochodna 13b(P1)
w dawce 10 120mg/kg albo indometacyng. Spadek stezenia MPO w osoczu zwierzat, ktore
otrzymywaty zwigzek 13b(P1) mozna ttumaczy¢ tym, ze wykazywat on, w przeciwienstwie do
pochodnej 10b(P1), dziatanie antyrodnikowe w testach in vitro (Rozdziat 2.4, publikacja P1).
Ponadto, warto zaznaczy¢, ze w przypadku obu badanych zwigzkéw 10b(P1) i 13b(P1), ich
wplyw na st¢zenie PGE21 MPO w osoczu byt zalezny od zastosowanej dawki (Rys. 16).
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Rys. 16. Wplyw zwiazkéw 10b i 13b na poziom stgzenia prostaglandyny E2 (PGE,) oraz mieloperoksydazy
(MPO) w mysim osoczu. Probki krwi zostaly pobrane przed dokonaniem eutanazji. Lekami odniesienia byty
morfina oraz indometacyna. Grupy badane (n = 12): C — grupa kontrolna; M — grupa, ktora otrzymata morfing
w dawce 10 mg/kg; I — grupa, ktora otrzymata indometacyng w dawce 10 mg/kg; 10b-5, 10b-10, 10b-20 —
grupy otrzymujace odpowiednio 5, 10, 20 mg/kg zwigzku 10b; 13b-5, 13b-10, 13b-20 — grupy otrzymujace
odpowiednio 5, 10, 20 mg/kg zwiazku 13b; dane przedstawiono jako $rednig £ SEM; roznice * p < 0.05 vs.
grupa kontrolna; ** p <0.01 vs. grupa kontrolna; *** p <0.001 vs. grupa kontrolna; # p <0.05 vs. grupa morfiny;
## p < 0.01 vs. grupa morfiny; * p < 0.05 vs. grupa indometacyny uznano za statystycznie istotne.
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Celem przeprowadzonych badan w modelu zwierzgcym bylo nie tylko okreslenie
aktywnos$ci analgetycznej badanych zwigzkow, ale takze zbadanie ich wptywu na kondycje
btony S$luzowej zotadka. Uzyskanie zwigzkow, ktére nie wykazywatyby niebezpiecznych
dziatah niepozadanych na przewdd pokarmowy, charakterystycznych dla klasycznych NLZP
15718 "bylo jednym z podstawowych zalozen niniejszej pracy. Z tego powodu dokonano makro-
oraz mikroskopowej oceny stanu sluzéwki zotagdkéw pobranych od zwierzat uczestniczacych
w badaniu. Obecno$¢ zmian widocznych makroskopowo, takich jak wybroczyny, nadzerki czy
krwawienia $§wiadczyta o aktywnosci gastrotoksycznej. Uzyskane wyniki jednoznacznie
wskazuja, ze obie pochodne 10b(P1) i 13b(P1), we wszystkich uzytych dawkach (5, 10,
20mg/kg) nie powodowaty istotnych zmian w obrazie §luzowki zotadka. Z kolei w grupie,
ktorej podano indometacyne (10mg/kg) zaobserwowano znaczne uszkodzenia blony §luzowe;j
zoladka. Wyniki oceny makroskopowej znalazty potwierdzenie badaniami mikroskopowymi,

ktorych rezultaty zostaly przedstawione na Rysunku 17.

zmieniaty naturalnej budowy komoérek blony §luzowej Zotadka, oraz nie powodowaly owrzodzen. Morfina oraz

indometacyna zostaly uzyte jako leki odniesienia. Grupy badane (n = 12): Grupa kontrolna (A); grupa, ktora
otrzymata morfing w dawce 10 mg/kg (B); grupa, ktdra otrzymata indometacyne w dawce 10 mg/kg (C); grupa, ktora
otrzymata 20 mg/kg zwiazku 10b (D); grupa, ktora otrzymata 20 mg/kg zwiazku 13b (E); powigkszenie — 200x.
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W obrazie mikroskopowym blony $luzowej zotadkow zwierzat, nalezacych zarowno do
grupy kontrolnej jak i do grup otrzymujacych badane pochodne 10b(P1) oraz 13b(P1) nie
odnotowanych zadnych zmian patologicznych (Rys. 17A, 17D, 17E). Z drugiej strony, podczas



analizy histopatologicznej tkanki blony $luzowej zotadka zwierzat, ktorym podano
indometacyne w dawce 10mg/kg, zaobserwowano liczne uszkodzenia komoérek jej warstwy
ochronnej. Odnotowano ogniska martwicze, obrz¢k podsluzowkowy oraz przekrwienie
zarowno $luzéwkowych jak i podsluzowkowych naczyn krwionosnych. (Rys. 17C). Morfina
(10mg/kg) nie spowodowata istotnych zmian w obrazie zar6wno makro- jak i mikroskopowym

sluzoéwki zotadka (Rys. 17B).

Reasumujac, zwigzki 10b(P1) oraz 13b(P1) wykazaly lepsza aktywnos¢
antynocyceptywna in vivo niz indometacyna, przy jednocze$nie znacznie obnizone]
gastrotoksycznosci, co najprawdopodobniej jest zwigzane z obecno$cig w ich strukturze

pierscienia 1,3,4-oksadiazolo-2-tionu.

Biorac pod uwagg fakt, ze badane pochodne 10b(P1) i 13b(P1) okazaty si¢ skuteczne
w tagodzeniu nocycepcji zapalnej w poznej fazie testu formalinowego, zdecydowano si¢
wykona¢ eksperyment, ktory pozwolitby oceni¢ réwniez ich obwodowg aktywnosé
przeciwzapalng. Dlatego przeprowadzono test karageninowy, dzigki ktéremu mozliwe bylo
okresleniu wptywu zwiazkéw 10b(P1) i 13b(P1) na przebieg ostrego zapalenia wywotanego
iniekcja 1% roztworu karageniny w obszar rozciggna podpodeszwowego tylnej tapy szczura.
Przy uzyciu pletyzmometru dokonywano pomiaru bezwzglednej objetosci tapy oraz obliczono
przyrosty jej objetosci po 1, 2, 3 oraz 6 godzinach po wstrzyknigciu roztworu karageniny lub
soli fizjologicznej (grupa kontrolna, C). Dodatkowo, oznaczono st¢zenie, w tkance objetej
zapaleniem, mediatoréw takich jak PGE2, MPO czy czynnik martwicy nowotworow (tumor
necrosis factor o, TNF-a) oraz zbadano wptyw nowych pochodnych pirolo[3,4-d]pirydazynonu
na kondycje blony sluzowej zotadka.

W przeprowadzonym eksperymencie nie odnotowano zadnych istotnych statystycznie
roznic w objetosci tapy w grupie kontrolnej oraz w grupach badanych przed iniekcja
karageniny. Natomiast wstrzyknigcie 0.1mL 1% roztworu karageniny do tylnej fapy zwierzat
nalezacych do grup badanych wywotala silng reakcj¢ zapalng oraz znaczny wzrost objgtosci
tapy spowodowany obrzgkiem. Zmiany w wygladzie 1 wielkosci tap zwierzat sa widoczne na

fotografiach zebranych przedstawionych na Rysunku 18.
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Rys. 18. Wplyw zwiazkow 10b oraz 13b na obrzek tapy indukowany karagening. Indometacyna zostala uzyta
jako lek odniesienia. Grupy badane: grupa kontrolna (A); grupa karageninowa (B); grupa otrzymujaca 10mg/kg
indometacyny (C); grupa otrzymujaca 20mg/kg zwiazku 10b (D); grupa otrzymujaca 20mg/kg zwiazku 13b (E).

tumaczenie na jezyk polski na potrzeby rozprawy wykonano na podstawie publikacji Zrédtowe; ©!

Najwickszy obrzek tapy zostal odnotowany w kazdej grupie 6h po wykonaniu iniekcji
z karagening. W grupach zwierzat, ktore otrzymaty pochodne 10b(P1) 1 13b(P1), po 2h od
wstrzyknigcia roztworu karageniny zaobserwowano zahamowanie tempa narastania obrzgku
(Rys. 18D, 18E). Zwiazek 10b(P1) zastosowany w dawkach 10 i 20mg/kg byl w stanie
czegsciowo odwroci¢ postepujace narastanie obrzgku po 2, 3 i 6h od iniekcji karageniny.
Podobny efekt cofnigcia, do pewnego stopnia, obrzmienia odnotowano takze 2, 3 oraz 6h po
wstrzyknigciu roztworu karageniny we wszystkich grupach, ktére otrzymaty pochodng
13b(P1) (dawka 5, 10 1 20mg/kg). Co wiecej, w przypadku zwiazku 13b(P1), we wszystkich
uzytych dawkach odnotowano statystycznie istotne réznice w objetosci tapy, w poréwnaniu
z grupa kontrolna, po 2, 3 oraz 6h od indukcji zapalenia. Podobnie, stopien zahamowania
wzrostu obrzgku zaobserwowany w grupie, ktérej podano indometacyne (Rys. 18C), byt
rowniez statystycznie istotny. Maksymalny efekt zmniejszenia obrzmienia fapy w poréwnaniu
z grupa karageninowa zaobserwowano 3h po indukcji stanu zapalnego w grupach, ktére
otrzymaly indometacyne (obrzgk zahamowany w 71.2%) oraz zwigzki 10b(P1) (obrzek
zahamowany w 57.5%) 1 13b(P1) (obrz¢k zahamowany w 62.3%) w najwyzszych dawkach
20mg/kg. Ponadto, aktywnos$¢ pochodnych 10b(P1) i 13b(P1) podanych w najwyzszej dawce

byla porownywalna z aktywnos$cig indometacyny.

Nastgpnie, w supernatantach otrzymanych w wyniku homogenizacji tkanek tap,
w ktorych wywotano stan zapalny oznaczono, przy uzyciu testow ELISA, st¢zenie mediatorow
takich jak PGE2, MPO oraz TNF-a, ktorych zwigkszona ekspresja towarzyszy zapaleniu'~>.

Uzyskane wyniki zostaly przedstawione w formie wykresow na Rysunku 19.
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Rys. 19. Wplyw zwigzkéw 10b oraz 13b na stezgnie PGE; (A), TNF-a (B) i MPO (C) tkance tapy. Indometacyna
zostala uzyta jako lek odniesienia. Grupy badane: C — grupa kontrolna otrzymujaca 0.5% roztwor
karboksymetylocelulozy (carboxymethylcellulosum, CMC) dozotadkowo (intragastrically, i.g.) oraz sol
fizjologiczng podpowieziowo (subplantarly, s.pl.); Car — grupa karageninowa otrzymujaca 0.5% CMC i.g. i
1% roztwor karageniny s.pl.; Ind — grupa indometacyny otrzymujaca 10mg/kg indometacyny i.g. i 1% roztwor
karageniny s.pl.; 10b-5, 10b-10 i 10b-20 — grupy otrzymujace odpowiednio 5, 10 albo 20mg/kg badanego zwiazku
10b i.g. 1 1% roztwor karageniny s.pl.; 13b-5, 13b-10 i 13b-20 — grupy otrzymujace odpowiednio 5, 10 albo
20mg/kg badanego zwiazku 13b i.g. i 1% roztwor karageniny s.pl. Dane zaprezentowane sg jako wartosci Srednie
+ SEM (n=12). Réznice *p<0.05 vs grupa kontrolna; “p<0.01 vs grupa kontrolna; ““p<0.001 vs grupa kontrolna;

HH#

#p<0.05 vs grupa karageninowa; #p<0.01 vs grupa karageninowa; #p<0.001 vs grupa karageninowa; "p<0.05 vs

grupa indometacyny zostaly oznaczone jako istotne statystycznie.

Humaczenie na jezyk polski na potrzeby rozprawy wykonano na podstawie publikacji Zrédtowe;j ©!

Najwiekszy wzrost stezenia oznaczanych mediatoréw stanu zapalnego wystapil, zgodnie
z przewidywaniami, w ,,grupie karageninowej”. W tkance zwierzat, ktorym podano zwigzek
10b(P1) w dawce 10 oraz 20mg/kg poziom PGEz byl nizszy niz w ,,grupie karageninowe;j” i nie
roznit si¢ istotnie statystycznie od kontroli. Jednocze$nie, w tych grupach (10b-10; 10-20)
odnotowano réwniez czesciowy spadek poziomu TNF-a. Pochodna 10b(P1) w catym zakresie

testowanych dawek nie wplynela istotnie na koncentracje MPO. Wyznaczone st¢Zenia



mieloperoksydazy w grupach otrzymujacych zwigzek 10b(P1) nie roznity si¢ w sposob istotny
statystycznie od tych, ktore oznaczono w grupie kontrolnej oraz karageninowej (Rys. 19C).
Stezenie PGE2, MPO oraz TNF-a w grupach, ktérym podano pochodng 13b(P1) w dawkach 10
1 20mg/kg bylo statystycznie istotnie nizsze w pordwnaniu z ,,grupg karageninowa”. Warto zwréci¢
uwage, ze 1los¢ PGE:2 oznaczona w tkance zwierzat, ktérym aplikowano zwigzek 10b(P1) oraz
13b(P1) w dawce 10 i20mg/kg byla poréwnywalna z warto§ciami odnotowanymi w grupie
indometacyny. Ponadto, podobng zalezno$¢ zaobserwowano w kontekscie stezen MPO oraz TNF-a
jakie zarejestrowano w grupach, ktorym podano pochodne 10b(P1) i 13b(P1) w calym zakresie
testowanych dawek (Rys. 19B i 19C). Warto nadmienic¢, ze zwigzek 13b(P1) w najwyzszej dawce

efektywniej obnizat stezenie TNF-a w objetej zapaleniem tkance, niz lek odniesienia.

Aby oceni¢ wptyw badanych zwigzkow na kondycje blony sluzowej zotadka wykonano
analiz¢ makro- oraz mikroskopowa narzadéw pobranych od zwierzat uczestniczacych w badaniu.
Wskaznikiem potencjalnego dziatania wrzodotwodrczego byta obecnos¢ oraz nasilenie takich
zmian w obrazie §luzowki zotadka takich jak np. wybroczyny czy nadzerki. Na Rysunku 20

przedstawiono fotografie wybranych Zzotadkow, ktére byty poddane analizie makroskopowe;j.

A

C D

Rys. 20. Obraz makroskopowy btony §luzowej zotadkéw wskazuje, ze badane zwigzki nie powodujg istotnych
zmian w jej obrebie. Indometacyna zostata uzyta jako lek odniesienia. Grupy badane: grupa kontrolna (A);
grupa karageninowa (B); grupa otrzymujaca 10mg/kg indometacyny (C); grupa otrzymujaca 10mg/kg zwiazku
10b (D); grupa otrzymujaca 20mg/kg zwiazku 10b (E); grupa otrzymujaca 10mg/kg zwiazku 13b (F); grupa
otrzymujaca 20mg/kg zwiazku 13b (G).
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W trakcie przeprowadzonego badania nie zaobserwowano uszkodzen §luzowki zotadka
w grupie kontrolnej oraz karageninowej (Rys. 20A, 20B). W przypadku zotadkéw pobranych
od zwierzat, ktorym podano zwigzki 10b(P1) i 13b(P1) réwniez nie stwierdzono istotnych,
w poroéwnaniu z kontrola, zmian patologicznych w obrgbie blony $luzowej (Rys. 20D-G). Z kolei
w grupie otrzymujacej indometacyne wystapily znaczne urazy Sluzéwki zotadka. Miaty one
zroznicowany stopien nasilenia, od przekrwien po zmiany krwotoczne pokryte zakrzepta krwig

(Rys. 20C).

Zaobserwowane zmiany makroskopowe zostaly potwierdzone badaniami
mikroskopowymi. W przypadku grupy kontrolnej i karageninowej oraz grup otrzymujacych
badane pochodne 10b(P1) oraz 13b(P1) nie odnotowano Zadnych istotnych zmian w tkance
Sluzéwki zotadka w obrazie mikroskopowym. Natomiast w przypadku grupy karageninowe;j
stwierdzono uszkodzenie warstwy ochronnej blony $luzowej z jej miejscowym Scienczeniem.
Ponadto, zaobserwowano ubytki kraterowe, lokalne ogniska martwicze oraz obrzgk i przekrwienie

podsluzowkowe.

Podsumowujac wyniki, ktére uzyskane zostaty podczas testu karageninowego mozemy
z pelnym przekonaniem powiedzie¢, ze nowe pochodne pirolo[3,4-d]pirydazynonu 10b(P1)
oraz 13b(P1) wykazujg aktywnos$¢ przeciwzapalng, a ich mechanizm dziatania moze polegac
na obnizaniu st¢zenia takich mediatorow jak PGE2, MPO czy TNF-a oraz na redukcji nacieku
tkanki objetej zapaleniem. Co prawda, ich aktywno$¢ byla nieco nizsza niz indometacyny,
jednakze w przeciwienstwie do leku odniesienia, nie powodowaly one uszkodzen btony

sluzowej zotadka, co jest ich niewatpliwg zaleta.

Na podstawie przeprowadzonych badan in vivo mozemy wiec z pelnym przekonaniem
stwierdzi¢, ze 1,3,4-oksadiazolowe pochodne pirolo[3,4-d]pirydazynonu wykazuja dobry
stosunek korzys$ci do ryzyka. Tym samym czyni je to atrakcyjnymi i obiecujgcymi strukturami
w kontekscie dalszych badan i rozwoju oraz potencjalnego zastosowania w terapii réznych

schorzen zapalnych.
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4.2 Pochodne 1,2,4-triazolowe pirolo[3,4-d]pirydazynonu

4.2.1 Projekt oraz synteza

Biorac  pod  uwage  obiecujacy  profil  aktywnos$ci  przeciwzapalnej
1,3,4-oksadiazolowych  pochodnych  pirolo[3,4-d]pirydazynonu  oraz  ich  niska
gastrotoksyczno$¢ potwierdzong w badaniach in vivo, zdecydowano si¢ podja¢ probe dalszych

modyfikacji oraz optymalizacji struktury zwigzkow opisanych w publikacjach P1-P2.

Whikliwie analizujgc rezultaty dotychczas przeprowadzonych eksperymentoéw, oraz
inspirujac si¢ doniesieniami pismiennictwa naukowego, zdecydowano si¢ na otrzymanie nowej
serii pochodnych, w ktérych strukturze wystepowalby N-podstawiony heterocykliczny

pierscien 1,2,4-triazolu. Taka modyfikacja byta podyktowana dwiema waznymi przestankami.

Po pierwsze, pierscien 1,2,4-triazolu moze by¢ rozpatrywany, z uwagi na zmniejszony
charakter kwasowy, ale jednoczes$nie podobng wielko$¢ czasteczki, jako bioizoster wolnej
grupy karboksylowej. Dlatego tez, uktad 1,2,4-triazolu stanowi istotny element strukturalny
wielu zwigzkéw szeroko opisanych w literaturze, wykazujacych znaczng aktywnos¢

przeciwzapalng i przeciwbdlowa, przy jednocze$nie niskiej gastrotoksycznosci 21232930,

Po drugie, uwzgledniajac fakt, ze kieszen wigzaca izoenzymu COX-2 jest wicksza niz
COX-1""19 oczekiwano, ze synteza zwigzkéw o bardziej rozbudowanej strukturze,
z dodatkowym podstawnikiem w pozycji 4 pierScienia 1,2,4-triazolu, pozwoli istotnie

poprawi¢ ich wspotczynnik selektywnosci COX-2/COX-1.

Kierujac si¢ uzyskanymi dotad wynikami, a w szczego6lno$ci faktem, ze w poprzedniej
serii najbardziej aktywny okazat si¢ zwigzek 7b(P1), zdecydowano si¢ skupi¢ na syntezie oraz

badaniach biologicznych 6-r-butylowych pochodnych pirolo[3,4-d]pirydazynonu.

Na Rysunku 21 przedstawiono wzory ogoélne dwoch serii nowych N-podstawionych
1,2,4-triazolowych pochodnych pirolo[3,4-d]pirydazynonu. Zwigzki nalezace do pierwszej
z zaplanowanych serii miaty budowe zasad Mannicha (I). Z kolei druga seri¢ stanowity
pochodne, zaprojektowane w mys$l wspomnianej juz wczesniej teorii farmakoforowej

zaproponowanej przez Dogruera (I1)*4.
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Rys. 21. Ogodlny wzor serii I oraz II 1,2,4-triazolowych pochodnych pirolo[3,4-d]pirydazynonu.

Tym samym, zaprojektowano czasteczki, ktére mozna rozpatrywac jako analogi
strukturalne pochodnych 1,3,4-oksadiazolowych begdacych przedmiotem publikacji P1 1 P2.
Punktem wyjscia podczas syntezy tej grupy zwigzkéw byt opisany w publikacji P1 hydrazyd
kwasu 2-(6-butylo-3,5,7-trimetylo-4-okso-pirolo[3,4-d]pirydazyn-1-yloksy)octowego Sb(P1).
Kondensacja hydrazydu z odpowiednimi N-podstawionymi izotiocyjanianami pozwolita
uzyska¢ pochodne o budowie tiosemikarbazydu, ktéore nastepnie poddawane byly
wewnatrzczasteczkowej cyklizacji, w $rodowisku zasadowym, z utworzeniem pier§cienia
1,2,4-triazolu. Ostatni etap syntezy zaktadal uzyskanie grupy finalnych zwigzkéw o budowie,

ktorg przedstawiono schematycznie na Rysunku 21.



Pierwsza seria zaplanowanych czasteczek miata budowe¢ zasad Mannicha i zostata
otrzymana w wyniku kondensacji triazolowych analogéw 3a-¢(P3) z wtasciwymi pochodnymi
arylopiperazyny, w obecnosci formaldehydu (Rys. 21 I). Z kolei seri¢ drugg otrzymano poprzez
alkilowanie, w §rodowisku etanolanu sodu, zwigzkéw 3a-c¢(P3) odpowiednia, zsyntetyzowang

wczesniej, 1-(2-chloro-1-okso)-etylowa pochodng arylopiperazyny (Rys. 21 II).

W wyniku przeprowadzonych prac syntetycznych otrzymano w sumie 24 nowe,
niepublikowane dotad zwiagzki, w tym 18 pochodnych finalnych (Rys. 21 I, II). Struktura
wszystkich nieopisanych dotad czasteczek zostata potwierdzona technikami spektralnymi.

Nowe zwigzki, po odpowiednim oczyszczeniu, zostaty przekazane na badania biologiczne.

Koncepcja budowy, przeprowadzone modyfikacje strukturalne oraz sposob otrzymania
nowych 1,2,4-triazolowych pochodnych pirolo[3,4-d]pirydazynonu zostaty szczegdlowo
przedstawione oraz opisane na Schemacie 1 oraz w Rozdziatach 1, 2.1 publikacji P3. Natomiast
w czesci eksperymentalnej tejze pracy oraz w suplemencie zamieszczono dane analityczne,

wlasciwosci fizykochemiczne oraz widma (NMR, MS, IR) wszystkich nowych zwigzkow.

4.2.2 Badania in vitro oraz in silico

Wstepne badania, ktorych celem byla ocena toksycznos$ci oraz aktywnosci biologicznej
N-podstawionych  1,2,4-triazolowych  pochodnych pirolo[3,4-d]pirydazynonu  zostaty
przeprowadzone we wspoOtpracy z jednostkami Uniwersytetu Medycznego we Wroctawiu.
W Katedrze 1 Zaktadzie Farmakologii testy enzymatyczne oraz wszelkie eksperymenty in vitro
wykonat zesp6t Pani dr inz. Benity Wiatrak. W Katedrze i Zaktadzie Chemii Nieorganicznej
badania spektralne oraz dokowania molekularnego wykonali Pan dr Edward Krzyzak,

Pani dr inz. Aleksandra Marciniak oraz Pani dr Aleksandra Kotynia.

Pierwszy etap badan biologicznych polegat na ocenie cytotoksyczno$ci nowych
zwigzkoéw. Tak jak poprzednio wykonano test MTT na liniach komérkowych NHDF. Zgodnie
ze standardowa procedurg, za nietoksyczne uznano te pochodne, ktore po 24-godzinnej
inkubacji nie zmniejszaly przezywalnosci komorek o wigcej niz 30%. Ten warunek zostat
spetniony dla 9 zbadanych pochodnych: 4a-c¢(P3), 7a-c(P3) a takze 5a(P3), 6a(P3) oraz 9a(P3).
Natomiast w przypadku 5 zwigzkow: 8a-c(P3), 9b-¢(P3) zaobserwowano obkurczone komorki,
liczne ziarnisto$ci 1 liz¢ na poziomie powyzej 50%. W zwiagzku z powyzszym zostaty one
wykluczone z dalszych badan. Obserwujac komorki, ktére byly inkubowane z pochodnymi
5b(P3), 5¢(P3), 6b(P3) oraz 6¢(P3), zauwazono w ich obrazie mikroskopowym pojedyncze

ziarnistosci, ale przy zachowanym, wydluzonym ksztalcie charakterystycznym dla
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fibroblastow. Dla tych pochodnych obliczone wartosci ICso nie byly mniejsze niz graniczna
warto$¢ 100uM (Tabela 1, publikacja P3). Z tego wzgledu podjeto decyzje o zakwalifikowaniu
takze tych zwigzkow to dalszego etapu badan. Podsumowujac wigc — na podstawie testu MTT
za cytotoksyczne uznano 5 zwigzkow, pozostatych 13 zostato przekazanych na eksperymenty
oceniajace aktywno$¢ biologiczng. Analiza cytotoksycznosci 1,2,4-triazolowych pochodnych

pirolo[3,4-d]pirydazynonu zostata szczegdtowo przedstawiona w Rozdziale 2.2 publikacji P3.

Zdolno$¢ nowych zwigzkow do hamowania obu izoform cyklooksygenazy zostata
wyznaczona z wykorzystaniem komercyjnego testu Cayman’s COX Colorimetric Inhibitor
Screening Assay (cat. no. 701050). Aby precyzyjnie oceni¢ zdolno$¢ blokowania
cyklooksygenazy przez nowe pochodne, jako lekow odniesienia uzyto, oprécz meloksykamu,
takze diklofenaku sodowego oraz celekoksybu. Doktadny opis badan oraz uzyskane rezultaty

sg zamieszczone W Rozdziale 2.3.1 publikacji P3.

Sposrod 13 analizowanych zwigzkéw, cztery blokowaty preferencyjnie COX-2,
a kolejne 4 okazaly si¢ selektywne w stosunku do tej indukowanej izoformy. Natomiast
w przypadku 5-ciu z nich w ogoéle nie odnotowano zdolnosci do hamowania cyklooksygenazy.
Warto zauwazy¢, ze wsrod wszystkich 8 zwiazkoéw, ktore dziataty na COX-2 wyznaczone
warto$ci 1Cso byly nizsze niz te, oznaczone dla meloksykamu. Co wigcej, wspotczynnik
hamowania COX-2/COX-1 pochodnych preferencyjnie blokujacych COX-2 byt korzystniejszy
niz ten wyliczony dla meloksykamu. Poréwnujac aktywno$¢ nowych struktur do celekoksybu
nalezy jednak stwierdzi¢, ze lek ten przewyzsza badane czasteczki zaréwno pod wzgledem
selektywnosci jak 1 sity hamowania COX-2 (Tabela 2, publikacja P3). Warto tez zauwazy¢, ze
powinowactwo do cyklooksygenazy wykazaly przede wszystkim te pochodne, w ktorych
pierScien 1,2,4-triazolu byt podstawiony matym podstawnikiem metylowym. Natomiast

najmniej efektywne okazaly si¢ zwiazki z ugrupowaniem 4-metoksyfenylowym.

Powinowactwo nowych zwigzkow do cyklooksygenazy oceniono réwniez wykorzystujac
technik¢ dokowania molekularnego. Uzyskane wyniki korelujag w znacznym, ale nie w pelnym
stopniu z rezultatami testu in vitro. Podczas prob dokowania 1,2,4-triazolowych pochodnych do
COX-1 uzyskano dodatnie warto$ci wolnej energii wigzania (AG"). Powinowactwem do COX-2
cechowato si¢ 8 sposrdd badanych struktur, przy czym podobnie jak w tescie in vitro najlepsze
wyniki uzyskano w przypadku zwigzkéw z malym podstawnikiem metylowym w pier§cieniu
1,2,4,-triazolu. Ponownie, 5 zwigzkow (te same, co w tescie enzymatycznym) nie wykazato

powinowactwa w stosunku do zadnej z form cyklooksygenazy. Sposob interakcji z COX-2
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najbardziej efektywnych pochodnych pokazano na Rysunku 22.Szczegdtowy opis dokowania
molekularnego do COX znajduje si¢ w Rozdziale 2.3.2 publikacji P3.

Rys. 22. Potozenie zwiazkow 4a(P3) (zielony), 4b(P3) (czerwony), 4c¢(P3) (niebieski) oraz meloksykamu
(r6zowy) w kieszeni COX-2.

Aktywno$¢ przeciwzapalna tytulowych pochodnych zostalta tez oceniona
w zmodyfikowanym eksperymencie MTT na linii komérkowej NHDF, w modelu zapalenia
wywotanym przez dodanie lipopolisacharydu (lipopolysaccharide, LPS). Komorki byty
najpierw inkubowane 24h z dodatkiem LPS, ktéry jest znanym czynnikiem prozapalnym'?,
a nastgpnie przez kolejng dobe z testowanymi zwigzkami w réznych st¢zeniach. Na podstawie
uzyskanych wynikéw mozemy stwierdzi¢, ze wszystkie pochodne (oprocz 5¢(P3) i 6¢(P3)
w stezeniach 50 1 100uM) zwigkszaty przezywalno$¢ komorek w stosunku do kontroli
pozytywnej, co sugeruje ich potencjalnie dobrg aktywno$¢ przeciwzapalng. Dodatkowo, dla
zwigzkéw 6a(P3) oraz 9a(P3) zaobserwowano statystycznie istotny wzrost aktywnosci

mitochondrialnej w odniesieniu do kontroli negatywne;j.

Kolejnymi przeprowadzonymi eksperymentami in vitro byly testy DCF-DA oraz
Griess’a. Wszystkie pochodne, w calym zakresie badanych stezen obnizaly poziom wolnych
rodnikéw tlenowych w poréwnaniu z kontrolg pozytywna. Co wigcej, w przypadku zwigzkow
6a(P3) oraz 9a(P3) zaobserwowano spadek stezenia reaktywnych form tlenu do poziomu
kontroli negatywnej. ROwniez w tescie Griess’a odnotowano istotne statystycznie zmniejszenie
ilosci NO dla kazdego zwiazku w catym zakresie testowanych stezen. Najlepsza aktywnos¢
w tym te$cie wykazata pochodna 9a(P3) — w jej przypadku po okresie inkubacji stezenie NO

bylto na poziomie zblizonym do kontroli negatywne;.
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Doktadne omowienie eksperymentow in vitro oceniajacych aktywnos¢ przeciwzapalng
oraz antyoksydacyjna nowych pochodnych wraz z niezbednymi tabelami zostato zamieszczone

w Rozdziale 2.4 publikacji P3.

Uzupetnieniem opisanych powyzej testow enzymatycznych i komdrkowych bytly
badania, ktére pozwolitly oszacowa¢ wiasciwosci farmakokinetyczne tytutowych zwigzkow.
Wykorzystujac metody spektroskopowe tj. wygaszanie fluorescencji, CD, FTIR oraz technike
dokowania molekularnego podjeto probe opisania modelu interakcji 1,2,4-triazolowych
pochodnych pirolo[3,4-d]pirydazynonu z osoczowa albuming. Na podstawie pomiaréw
zarowno CD jak i FTIR stwierdzono, ze w obecno$ci badanych zwigzkéw zachodza zmiany
w drugorzedowej strukturze BSA, co swiadczy o interakcji biatka z ligandem. Wnioski te sg
spojne z wynikami spektroskopii fluorescencyjnej, na podstawie ktérych mozna powiedzie¢,
ze interakcja nowych pochodnych z BSA polega na tworzeniu kompleksow w przyblizonym
stosunku 1:1. Wedlug danych uzyskanych podczas dokowania molekularnego miejscem
wigzania 1,2,4-triazolowych pochodnych pirolo[3,4-d]pirydazynonu jest subdomena IIIA
w hydrofobowej kieszeni domeny II(m) osoczowej albuminy. Dokladne omoéwienie tych
wynikow wraz z niezbg¢dnymi tabelami, wzorami i widmami spektroskopowymi znajduje

si¢ Rozdziale 2.6 publikacji P3 oraz w danych uzupetniajacych tej pracy.

Dodatkowo, wykonano podstawowe badania in silico dzigki uzyciu programow
dostepnych on-line. Korzystajac z tego typu narzedzi mozliwe byto wyznaczenie dla badanych
zwigzkow takich parametrow fizykochemicznych jak np. topologiczne pole powierzchni
polarnej (topological polar surface area, TPSA), LOG P i inne. Te dane byly niezbedne przy
szacunkowej ocenie potencjalnych parametrow farmakokinetycznych w oparciu o rdzne
modele obliczeniowe jak np. reguta pieciu Lipinskiego. Szczegoly zamieszczono

W Rozdziale 2.7 publikacji P3.

Biorgc pod uwage interesujace oraz dosy¢ zréznicowane wyniki badan uzyskane
w obrebie stosunkowo licznego grona zwigzkéw, mozliwe bylo, po wnikliwej analizie
rezultatow, przedstawienie pewnych zalezno$ci struktura-aktywnos$¢ (structure-activity
relationships, SAR) w grupie 1,2,4-triazolowych pochodnych pirolo[3,4-d]pirydazynonu.
ZaleznoS$ci te zostaly precyzyjnie omoOwione w Rozdziale 2.5 publikacji P3, natomiast na

Rysunku 23 przedstawiono schematycznie najistotniejsze wnioski.
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Rys. 23. Schematyczny opis zaleznosci struktura-aktywno$¢ w grupie N-podstawionych 1,2,4-triazolowych
pochodnych pirolo[3,4-d]pirydazynonu.



5 PODSUMOWANIE I WNIOSKI

W ramach zrealizowanych badan, bedacych przedmiotem niniejszej rozprawy, otrzymano
w sumie 48 nowych, nieopisanych dotad pochodnych pirolo[3.,4-d]pirydazynonu. Struktura

kazdego zwigzku zostata opisana i potwierdzona w oparciu o zaawansowane techniki spektralne.

Prace syntetyczne skladaly si¢ z kilku etapow. Pierwszy z nich polegal na otrzymaniu
estrowych pochodnych macierzystych uktadow pirolo[3,4-d|pirydazynonu (Rys. 5). W kolejnym
kroku uzyskane estry w reakcji z wodzianem hydrazyny dawaly odpowiednie hydrazydy.
Nastepnie, otrzymano cykliczne (1,3,4-oksadiazolowe 1 1,2,4-triazolowe) pochodne
wspomnianych hydrazydow. Tym samym, uzyskano 12 nowych pochodnych stanowigcych
polprodukty niezbedne do otrzymania tytutowych zwigzkéw o spodziewanej aktywnos$ci
przeciwbolowe] 1 przeciwzapalnej oraz niskiej gastrotoksycznosci (Rys. 4). W wyniku
przeprowadzonych prac uzyskano trzy serie zwigzkéw finalnych. Do serii I oraz II nalezg
1,3,4-oksadiazolowe pochodne pirolo[3,4-d]pirydazynonu, natomiast seri¢ IIl stanowig ich
1,2,4-triazolowe analogi. W strukturze tych zwigzkow mozna ponadto wyrdzni¢ ugrupowanie
arylopiperazynylowe/piperydynylowe. Po dokonaniu odpowiedniego oczyszczenia oraz
potwierdzeniu ich struktury, przeprowadzono badania biologiczne, spektralne oraz dokowania

molekularnego celem oceny toksycznos$ci oraz aktywnosci biologicznej tytutowych pochodnych.

Zgodnie z zalozong koncepcja, udato si¢ uzyska¢ zwigzki w znakomitej wigkszosci
nietoksyczne, ktore wykazaly obiecujaca aktywno$¢ przeciwbolowa i1 przeciwzapalng. Wyniki
przeprowadzonych badan potwierdzily, ze wprowadzenie do struktury zwigzku pierscienia
1,3,4-oksadiazolu lub 1,2,4-triazolu pozwala uzyskac czasteczki o dobrym powinowactwie do
cyklooksygenazy, zwtaszcza do jej indukowanej izoformy COX-2. Udowodniono, za pomoca
eksperymentdéw enzymatycznych oraz dokowania molekularnego, ze wiekszos$¢ z otrzymanych
pochodnych pirolo[3,4-d]pirydazynonu efektywnie hamuje cykloksygenaze w sposob
preferencyjny lub selektywny w stosunku do COX-2. Co wigcej, cze$¢ z nich przewyzsza swoja

aktywnos$cig meloksykam, ktéry zostat uzyty jako lek odniesienia.

Ponadto  wykazano, Ze niektére z otrzymanych pochodnych  dzialaja
antyoksydacyjnie — zmniejszaja  stezenie wolnych rodnikéw w indukowanym stresie
oksydacyjnym oraz wywieraja efekt protekcyjny na chromatyn¢. To natomiast, w sposob

niejako posredni, potwierdza ich potencjalnie dobrg aktywno$¢ przeciwzapalng.
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Obiecujaca aktywno$¢ biologiczna, jaka nowe zwiazki wykazaty w testach in vitro znalazta
potwierdzenie w rezultatach badan przeprowadzonych w eksperymentalnych modelach in vivo,
ktore zostaty wykonane dla dwoch wybranych pochodnych. Sita ich dziatania analgetycznego
1 przeciwzapalnego, w wykonanych badaniach w modelu zwierzecym, byta poréwnywalna
z indometacyng. Co istotne, dzigki zrealizowanym testom dowiedziono, ze nowe pochodne
pirolo[3,4-d]pirydazynonu zmniejszaja stezenie mediatorow stanu zapalnego takich jak MPO,
TNF-a, czy przede wszystkim PGE2, co moze potwierdza¢, ze ich mechanizm dziatania

zwigzany jest z hamowaniem COX.

Warto podkresli¢, ze badane pochodne nie powodowaty, charakterystycznych dla
klasycznych NLPZ, uszkodzen oraz zmian patologicznych w obrgbie blony §luzowej zotadka.
Zostato to potwierdzone analiza makro- oraz mikroskopowa S$luzéwki zotadkéw zwierzat
uczestniczagcych w badaniach. Te wyniki udowodnity stuszno$¢ przeprowadzonych
modyfikacji polegajacych na wprowadzeniu do tytulowych czasteczek pierscienia
1,3,4-oksadiazolu. Dowiedziono, ze obecno$¢ w strukturze finalnych zwiazkow tego
bioizosterycznego dla grupy karboksylowej ugrupowania skutkuje niemal catkowitym brakiem

dziatah niepozadanych na przewod pokarmowy.

Bioragc pod uwage wyniki wszystkich przeprowadzonych badan nalezy z petlnym
przekonaniem stwierdzi¢, ze wypetnione zostaly cele 1 zalozenia jakie przyjeto podczas
planowania 1 realizacji niniejszej pracy. Bez watpienia udowodniono, ze 1,3,4-oksadiazolowe
oraz 1,24-triazolowe pochodne pirolo[3,4-d|pirydazynonu sg interesujagcymi i obiecujacymi
zwigzkami o korzystnym profilu farmakologicznym. Wykazuja dobrg aktywnos¢ przeciwzapalng
1 przeciwbolowg oraz, co bardzo istotne, nie dziatajg gastrotoksycznie. Z tego wzgledu, pochodne
te moga mie¢ istotne znaczenie w kontekscie poszukiwan nowych zwiazkéw, ktoére moglyby by¢
z powodzeniem wykorzystywane w przysztosci w efektywnej, a przede wszystkim bezpiecznej

terapii roznych schorzen, u podtoza ktoérych lezy bol i zapalenie.
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1 INTRODUCTION

The inflammatory response is the process that leads to the body's homeostasis
restoration. Inflammation can be triggered by a variety of exogenous and endogenous noxious
stimuli such as injury, infection, disruption of tissue, or tissue malfunction. Its course and
consequences depend on the trigger. The most common symptoms that occur in an inflamed
area of the body are swelling, redness, hypersensitivity, and often pain, which plays an
important warning and protective role. Pain stimulates the proper response and behaviour of

the body to alleviate the aftermath of tissue damage'~.

Inflammation is a very complicated process controlled by many different mediators
whose expression and complex web of relationships have not been fully understood yet.
Numerous pro-inflammatory factors of different origins can be divided into the following seven
groups: vasoactive amines, vasoactive peptides, fragments of the complement components,
lipid mediators, e.g. eicosanoids, cytokines, chemokines, and proteolytic enzymes. These
substances trigger an appropriate response at the cellular level and can also modulate each
other's activity. Therefore, the best possible understanding of the mechanisms responsible for
the expression of inflammatory mediators and their interrelationships is essential for the
effective treatment of a variety of inflammatory diseases. Effective pharmacotherapy and
natural repair processes taking place in the tissues allow eliminating acute inflammation in just
a few days. On the other hand, the lack of an appropriate response of the body and suitable
pharmacological treatment may lead to pathological changes, which will result in the

development of chronic pain and inflammation'~.

The vast majority of pharmaceuticals currently used in the treatment of pain and
inflammatory disorders belong to a large and structurally diverse group of the so-called
Non-Steroidal Anti-Inflammatory Drugs (NSAIDs). Their mechanism of action was first
described by Vane in 1971. It is based on the inhibition - mainly in a non-selective manner - of
cyclic prostaglandin peroxide synthase, commonly known as cyclooxygenase (COX)”°. It is a
membrane-bound enzyme that catalyzes the conversion of arachidonic acid to bioactive lipids
such as prostaglandins (PG) and thromboxane A2 (TXAz2). These mediators are important for
maintaining homeostasis, but also play a key role in transmitting signals directly related to the

resulting inflammation and the accompanying pain’~'°.
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Based on the structural and functional differences, three isoforms of the cyclooxygenase
are distinguished. A constitutive variant of the enzyme called cyclooxygenase 1 (COX 1), is
expressed in cells under physiological conditions and is responsible for the synthesis of
prostaglandins involved in the proper functioning of the gastrointestinal tract and the
cardiovascular system as well>!?. For example, prostaglandin 1> (PGI2), called prostacyclin,
exhibits a cytoprotective effect in the gastric mucosa. PGIz increases the production of mucus
and bicarbonate and improves blood flow. Prostacyclin produced within the vascular
endothelium reduces platelet aggregation and has a vasodilating effect’!°. The activity of
cyclooxygenase 2 (COX 2), which is mainly an inducible form, is negligible under
physiological conditions. However, it increases in the case of e.g. inflammation or other
pathological changes. Factors that stimulate the COX 2 synthesis are, for example, cytokines
and mitogens. Therefore, we observe increased COX 2 expression in tissues affected by
inflammation, infection, or the process of oncogenesis'® 4. The third cyclooxygenase isoform,
a variant of COX 1, is mainly associated with the central nervous system (CNS). This enzyme
is present in both the brain and spinal cord and is a molecular target for centrally acting

antinociceptive drugs®!°.

Non-selective inhibition of both peripheral forms of cyclooxygenase leads not only to the
relief of inflammation and pain, but may also result, especially during chronic therapy, in the
occurrence of serious side effects that characterize NSAIDs*!!"!>718, The most important of them
are gastroenterological problems such as heartburn and stomach pain, inflammation, erosions
and, consequently, ulceration of the gastric and duodenal mucosa, and even gastrointestinal
bleeding. This is caused not only by the reduced PGI2 concentration but also by the chemical
nature of most NSAIDs which have a free carboxyl group in their structure. As a consequence,
these drugs are irritating directly to the gastric and duodenal mucosa. Moreover, the ion trap effect
that occurs further intensifies its damage'>"'®. High hopes were associated with the admission of
selective COX-2 inhibitors, i.e. coxibs, into the treatment. They are effective in the therapy of
various inflammatory diseases, and their gastrotoxic effects are significantly lower than that of
traditional NSAIDs!'>!7!8 However, patients taking coxibs also complain sometimes about
gastrointestinal side effects. As it turns out, COX 2 is also involved to some extent in
cytoprotective activity'2. Moreover, the use of coxibs carries the risk of serious adverse effects
on the cardiovascular system, which can even lead to the death of the patient due to various types
of thromboembolic events. Therefore, some of these drugs have been withdrawn from the market,

and the rofecoxib case is perhaps the most famous and shameful'*!“,
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Dangerous side effects that accompany the therapy by both non-selective and selective
non-steroidal anti-inflammatory drugs are a factor that strongly limits their chronic usage'*
1518 For this reason, it is still highly justified and necessary to search for new, effective, and

safe substances with anti-inflammatory and analgesic properties.

When analyzing the leading trends in modern medical chemistry, it can be seen that new
substances with potential application in the treatment of pain and various inflammatory
disorders can be gained by the two following paths. The first one involves the modification of
well-described and registered NSAIDs such as, for example, diclofenac!®, ibuprofen®,
celecoxib?!, or naproxen®?. Optimization of the structure of known drugs may result in obtaining
new derivatives with increased activity and lower toxicity compared to their precursors. On the
other hand, the second path involves the design of a completely new class of molecules
operating on a selected molecular target. In this way, it is possible to obtain a new group of

compounds soothing inflammation by, for example, inhibiting the cyclooxygenase®~°.

Based on the review of the literature on the topic of de novo designed and synthesized
anti-inflammatory and analgesic agents, it can be noted that many publications describe
research focused on a large and diverse group of pyridazinone derivatives®'>. It is worth
emphasizing that such compounds with antinociceptive activity were firstly reported even more
than sixty years ago. The only pyridazone analogue that has been approved in the market to

date is emorfazone. Its structural formula is presented in Figure 144!,
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Fig. 1. Emorfazone (1) — an analgesic derivative of pyridazinone introduced in the market.

Over the years, a great variety of molecules based on diversely substituted pyridazinone
ring with anti-inflammatory and analgesic activity have been described. Extensive investigations
on this type of scaffold have proved, that the pyridazinone can serve as an excellent core for the

synthesis of new, effective cyclooxygenase inhibitors, especially those with a high affinity to the
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induced form to COX-2. Moreover, it has been reported as well, that an interesting profile of
pharmacological activity is also shown by biheterocyclic derivatives, in which a pyridazinone
ring is fused with, for example, pyrazole, isoxazole, or pyridine. Figure 2 presents the structures
of exemplary compounds with significant anti-inflammatory activity, which mainly relied upon
their effective inhibition of COX-2 isoenzyme. Additionally, it should be emphasized that in the

case of these compounds, no negative influence on the gastric and duodenal mucosa was observed

32,33,38-40

in performed in vivo experiments

6 7

32,33,38-40

Fig. 2. The examples of COX inhibitors bearing the pyridazinone core in their structure



At the Department of Medicinal Chemistry of the Medical University in Wroclaw,
intensive research consisting of the design and synthesis of new biologically active derivatives
of various mono- and biheterocyclic systems, have been carried out for decades. Particularly
noteworthy are investigations concerning the anti-inflammatory and analgesic derivatives of
pyrrolo[3,4-d|pyridazine-1,4-dione***”. The compounds received and examined so far exerted
significant analgesic activity in in vitro and in vivo tests. Figure 3 shows the formulas of the
two most promising derivatives 8a and 8b, which in the "writhing” test showed activity
significantly higher than acetylsalicylic acid, while in the "hot plate” test, they had an analgesic
effect in doses only 3-5 times lower than morphine. Moreover, it was proved that the anti-
inflammatory effect of these structures is based on peripheral activity. Nevertheless, the exact

mechanism of their action has not been solved already”’.

R
o K\N/
N
— NH
(o]

8a 8b

8

Fig. 3. The structures of the pharmacologically active derivatives of pyrrolo[3,4-d]pyridazine-1,4-dione.

Cl

Considering the literature reports describing potent anti-inflammatory pyridazinone
derivatives alongside with the promising activity of the abovementioned compounds 8a and 8b,
we can assume, that further search for new anti-inflammatory and analgesic drugs-candidates
among the pyrrolo[3,4-d]-pyridazinel,4-dione analogues seems to be firmly justified. During
the design of new series of compounds, we decided to introduce into the structure of

pyrrolo[3.,4-d]pyridazine-1,4-dione such groups and moieties that would allow us to receive
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derivatives with good affinity to the induced form of COX and, at the same time, low toxicity
and the lack of gastrointestinal adverse effects. In the structure of the title compounds, besides
the pyrrolo[3,4-d]pyridazinone core, a S-membered heterocyclic ring of 1,3,4-oxadiazole or
1,2,4-triazole, as well as the arylpiperazinyl/piperidinyl pharmacophore, characteristic for
compounds 8a and 8b, could be distinguished. This type of design is consistent with the idea
of molecular hybridization, which relies on the combination of various moieties and
pharmacophore systems with proven activity, in order to obtain molecules characterized by

higher efficiency and reduced side effects.

Literature data show that replacing the free carboxyl group of classic non-steroidal
anti-inflammatory drugs with a bioisosteric group of similar size and lower acidity, such as a
five-membered heterocyclic ring of 1,3,4-oxadiazole!*2%2* 1,2 4-triazole?!*22%3° pyrazole?**?,

or 1,3-thiazole®**

, allows reducing meaningly gastrotoxicity with simultaneous increase of the
affinity to COX-2. Moreover, these five-membered heterocycles are an important structural
element of many molecules with significant biological activity, including potent anti-
inflammatory and analgesic ones!*2* Needless to say, they serve as the core of the previously

described selective COX 2 inhibitors — coxibs!#2!123,

Additionally, it should be taken into account, that in the structure of compounds 8a, 8b
and their analogues, there was a characteristic arylpiperazinyl/piperidinyl residue, which had
a significant effect on their increased biological activity. Therefore, the introduction of this type
of moiety into the structure of the new pyrrolo[3,4-d]pyridazinone derivatives, which are the
subject of this dissertation, seems to be highly justified and rational. During the synthesis
of aseries of new structures, commercially available arylpiperazine and arylpiperidine
derivatives were used, which differed in the nature of the substituent on the phenyl ring and its
position. It was aimed at the best possible evaluation of the influence of this moiety on the

toxicity and pharmacological activity of the title compounds.

In summary, the overriding goal of the present experimental work was to create a new
class of effective COX inhibitors, which would have a significant affinity to the inducible
COX-2 isoenzyme and, at the same time, were safe and had no harmful impact on the digestive
system. The idea and the concept of the structure of new 1,3,4 oxadiazole and 1,2,4 triazole

derivatives of pyrrolo[3,4-d]pyridazinone is generally presented in Figure 4.
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The new class of COX-inhibitors

1,3,4-oxadiazole and 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone

Fig. 4. The concept of the structure of new derivatives of pyrrolo[3,4-d]pyridazinone based on the idea of

molecular hybridization.

The results of the research work carried out so far, presented later in this dissertation,
allowed for a preliminary assessment of the potential of new compounds in the context of their

possible use as safe and effective anti-inflammatory substances.



2 THE OBJECTIVES OF STUDY

2.1 The main objective

>

The rational design and synthesis of new derivatives of pyrrolo[3,4-d]pyridazinone

which signifacant anti-inflammatory and analgesic activity

2.2 The specific objectives

>

Obtainment of a series of new 1,3,4-oxadiazole and 1,2,4-triazole derivatives of
pyrrolo[3.,4-d]pyridazinone which effectively inhibit cyclooxygenase and do not show
gastrotoxicity

Assessment of the inhibitory activity and affinity of new compounds to both peripheral
cyclooxygenase isoforms (COX-1 and COX-2) by the use of enzymatic assays and
molecular docking techniques

Evaluation of the antioxidant activity of title compounds

Determination of the model of binding of the obtained derivatives to plasma albumin
Description of the structure-activity relationships (SAR) in the group of new
pyrrolo[3,4-d]pyridazinone derivatives based on the obtained results of toxicity and
biological activity

The study of the anti-inflammatory and analgesic activity of new compounds and their

effect on the gastrointestinal mucosa in tests performed in an animal model
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3 MATERIALS AND METHODS

3.1 The synthesis of pyrrolo[3,4-d]pyridazinone derivatives

All of the chemicals, solvents and reagents used during chemical synthesis, purification
and other experiments were delivered by commercially available suppliers (Alchem, Wroctaw,
Poland; Chemat, Gdansk, Poland; Archem, Lany, Poland) and were used without further
purification. Dry solvents, such as ethanol, methanol, xylene or diethyl ether were received

according to the standard procedures.

The reaction progress was monitored using the thin-layer chromatography (TLC)
technique on silica-gel-60-F2ss-coated TLC plates (Fluka Chemie GmbH, Germany). They
were developed in a glass chamber using such eluents as ethyl acetate or its mixtures with such
solvents as methanol, chloroform or cyclohexane in a different ratio. TLC plates were observed

in UV light at 254 or 366 nm.

The melting points of all of the new compounds were determined on the Electrothermal
Mel-Temp 1101D apparatus (Cole-Parmer, Vernon Hills, IL, USA) using the open capillary
method and were uncorrected. The column chromatography was performed using silica gel
60-F2s54 (Merck, Darmstadt, Germany). Elemental analyses for carbon, nitrogen and hydrogen
were run on a Carlo Erba NA-1500 analyser, and obtained results were within + 0.4% of the

theoretical values calculated for corresponding formulas.

The '"H NMR (300 MHz) and '3C NMR (75 MHz) spectra were recorder on the Bruker
300 MHz NMR spectrometer (Bruker Analytische Messtechnik GmbH, Rheinstetten,
Germany). The samples were dissolved in CDCL3 or DMSO-d6, and tetramethylsilane (TMS)
was used as an internal reference. Chemical shifts (8) were reported in ppm. The infrared (IR)
spectra were determined on the Nicolet iS50 FT-IR Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). The samples were applied as solids, and the frequencies were reported
in cm™!'. Mass spectra (MS) were recorded using the Bruker Daltonics Compact ESI-Mass
Spectrometer (Bruker Daltonik, GmbH, Bremen, Germany), operating in the positive ion mode.
The analyzed compounds were dissolved in a methanol-chloroform mixture. All of the newly
reported derivatives were determined to have purities of >95% by the above-mentioned

methods unless stated otherwise
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3.2 Evaluation of the toxicity, biological activity and

pharmacokinetic parameters of the title compounds

Detailed descriptions of the procedures used during biological and spectral tests of new
compounds, the methodology of the molecular docking and other in silico techniques used to
assess the properties of the tested derivatives, as well as the descriptions of the statistical

methods used, are included in the experimental part of the publication P1-P3.
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4 RESULTS AND DISCUSSION

4.1 The 1,3,4-oxadiazole derivatives of pyrrolo[3.,4-d|pyridazinone
4.1.1 The design and synthesis

According to the concept presented in Fig. 4, we have designed and synthesised a series
of new pyrrolo[3,4-d]pyridazinone derivatives. In its structure, a five-membered ring of
1,3,4-oxadiazole-2-thione and an aryl piperazinyl/piperidinyl moiety could be distinguished.
The title compounds were obtained in good yield using classical techniques of organic synthesis

and commercially available reagents and solvents.

In Figure 5 the structure of two substantial pyrrolo[3,4-d]pyridazinone derivatives,
which became the starting point for the synthesis of final compounds, are presented. They are,
as follows: 6-butyl-3,5-7-trimethyl-2 H-pyrrolo[3,4-d]pyridazine-1,4-dione 9 and 6-phenyl-3,5-
7-trimethyl-2H-pyrrolo[3,4-d]pyridazine-1,4-dione 10°°.

(o} 0
N | — N |
/_/7 — NH /_// — N
o OH
9
(o} 0
S N = N~
N | P — N |
— NH — N
o OH
10

Fig 5. The structures of initial pyrrolo[3,4-d]pyridazine-1,4-dione derivatives.

The first stage of the intended synthesis consisted of the alkylation of derivatives 9 and
10 with methyl chloroacetate in acetonitrile in the presence of K2COs. As a result, the
corresponding ester derivatives were obtained. Because of the phenomenon of keto-enol

tautomerism, both the nitrogen atom N3 and the oxygen atom of the hydroxyl group could be

64



substituted. Under the synthetic conditions used, the O-isomer was obtained predominantly.
The separation of the obtained mixture of isomers was carried out on a chromatographic
column. Due to the low yield in which the N-isomer was formed, we decided, that further

structural modifications will be made only on the O-substituted derivatives.

Refluxing the appropriate ester in ethanol with the excess of hydrazine hydrate allowed
the proper hydrazide to be received in excellent yield (~ 90%). Subsequently, an intramolecular
cyclization in an alkaline environment in the presence of carbon disulfide has been performed.
As a result, we have obtained the key 1,3,4-oxadiazole derivatives of

pyrrolo[3.,4-d]pyridazinone.

The last stage of the planned synthesis consisted in obtaining the Mannich bases. For
this purpose, the corresponding 1,3,4-oxadiazole derivative was suspended in ethanol with the
addition of a formalin. After some time, the appropriate secondary amine was added to the
reaction mixture, and the mixture was stirred for several hours at room temperature. Finally,

the title products have been received.

As a result of the multi-stage synthesis, 20 new compounds were obtained. Among
them, the 14 were final Mannich bases. Their general formula is presented in Figure 6. Details
of the synthesis performer at this stage are shown in Schemes 1 and 2 and are described in

Chapter 2.1 of publication P1.

The structure of each obtained compound was confirmed by the use of advanced spectra
techniques and the method of elemental analysis. Analytical data, physicochemical properties
and spectra of the new structures are collected and described in the experimental part of the

publication P1 and at the supplementary data.
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Fig. 6. The general structure of pyrrolo[3,4-d|pyridazinone Mannich base type derivatives of series .

In the next stage of intended synthetic work, we decided to obtain structures that refer
to Dogruer's pharmacophoric theory. This idea assumes that the connection of an arylpiperazine
derivative with the main scaffold via at least a two-carbon, flexible linker possessing a carbonyl
residue can significantly enhance the antinociceptive effect of the final compounds*®*.

Figure 7 present a schematic structure of such a moiety.

O

N\ N

—

Fig. 7. The general structure of pharmacophore proposed by Dogruer.

Therefore, a group of four pyrrolo[3,4-d]pyridazinone derivatives were designed and

obtained. In their structure, the arylpyrazinyl moiety linked to the sulfur atom of the

O,



1,3,4-oxadiazole-2-thiol ring via a 2-oxoethyl linker can be distinguished. The general formula

of this series of compounds is shown in Figure 8.
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Fig. 8. The general structure of pyrrolo[3,4-d]|pyridazinone derivatives with a 2-oxoethyl linker of series II.

The concept and synthesis of S-substituted 1,3,4-oxadiazole derivatives of
pyrrolo[3,4-d]pyridazinone (series II) are detailed in Scheme I and Chapters I and 2.1 in the
publication P2. Moreover, the chemical and experimental part of this manuscript and the
supplementary data contain comprehensive information on the physicochemical properties and

NMR, MS and IR spectra of all new structures.

4.1.2 In vitro and in silico investigations

The evaluation of the toxicity and biological activity of the title 1,3,4-oxadiazole
derivatives of pyrrolo[3,4-d]pyridazinone were carried out by dr inz. Benita Wiatrak (Department
Basic Medical Sciences; Department of Pharmacology, Wroctaw Medical University). Molecular
docking and spectral studies were performed by dr Edward Krzyzak and dr inz Aleksandra

Marciniak from the Department of Inorganic Chemistry, Wroctaw Medical University.

The evaluation of toxicity of compounds of series I was performed with the
sulforhodamine B test (SRB) on the normal human dermal fibroblasts (NHDF) cell line. None
of the examined compounds was cytotoxic. (7able 1, P1). Therefore, all 14 derivatives were

qualified for further research.

67



The main aim of the conducted study was to determine the ability of obtained derivatives
to inhibit cyclooxygenase. Moreover, their manner of binding with the active centre of the
enzyme was determined. Therefore, in the first stage of biological research, we used the
commercially available Cayman's COX Colorimetric Inhibitor Screening Assay (cat.no. cat.
no. 701050) in which the concentration of N, N, N’, N'-tetramethyl-p-phenylenediamine
(TMPD) which is the substrate of the enzyme, is measured. The results gained in this assay are

presented in Chapter 2.2.1 and Table I of publication P1.

All tested compounds showed satisfactory ability to inhibit the COX-2 isoenzyme. Most
of them had a preferential effect on COX-2, while 5 of them acted as selective blockers of the
induced form of cyclooxygenase (COX-2). A drug with a proven anti-inflammatory effect, low
gastrotoxicity and high affinity for COX-2, that is meloxicam, was used as a reference. It is worth
emphasizing that all analyzed pyrrolo[3,4-d]pyridazinone derivatives of series I inhibited COX-2
stronger than the reference drug. Moreover, the COX 2 / COX 1 selectivity ratio calculated for

each of the examined compounds was better than that of the reference drug (Table 1, P1).

These results are supported by the molecular docking studies, which revealed that the
examined compounds show a greater affinity for COX-2 rather than for COX-1. It can be
explained by the fact that the active site of the induced form of COX, due to its structure, allows
the binding of larger and more complex molecules’ . It has been proved that the tested
compounds bind mainly to the B subdomain (which is the binding site of meloxicam and
piroxicam) and the C active site of the enzyme. Moreover, the new pyrrolo[3,4-d]pyridazinone
derivatives occupy a position analogous to that of meloxicam in the cyclooxygenase binding
pocket. Figure 9 shows how the two most active compounds 8a (P1), 8b (P1) and meloxicam
dock to COX-2. A detailed description of the results of molecular docking is provided in
Chapter 2.2.2, Table 2 of the publication P1 and in the supplementary data.
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Fig. 9. The docking poses of 8a(P1) (blue), 8b(P1) (red) and meloxicam (yellow) in the active site of COX-2.

The next stage of the planned tests assumed the evaluation of the antioxidant potential
of new compounds. It should be borne in mind that the increase in the concentration of reactive
oxygen species (ROS) or reactive nitrogen species (RNS), which results in the growth of
oxidative stress, may be caused by factors such as hypoxia or inflammation. On the other hand,
free radicals, which are powerful pro-inflammatory agents, enhance the expression of
cyclooxygenase. As a result, oxidative stress and inflammation are the phenomena often
coexisting in damaged tissue, which can potentiate each other*®>°. Therefore, we conducted

experiments that determined the antioxidative activity of the title compounds.

A test using the fluorescent dye - 2', 7'-dichlorofluorescein diacetate (DCF-DA) was
performed to assess the ability of new derivatives to reduce the level of ROS, while the
effectiveness of scavenging nitrogen radicals was determined by the Griess assay. In both cases,

the studies were performed on the NHDF cell line.

Compounds 9a(P1) - 13a(P1) reduced the concentration of reactive oxygen species over
the entire range of tested concentrations. In turn, the derivatives 7a(P1) and 8a(P1) were effective
only at lower concentrations, i.e. 10 uM and 50 uM. Derivatives with an n-butyl substituent,

i.e. 7b(P1) - 13b(P1), showed minor antioxidant activity, and in some of them, an increase in the
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level of ROS was observed. In turn, the results of the Griess test show that all tested compounds
reduce the concentration of RNS, including nitric oxide (NO) The derivatives 7b(P1), 10a(P1)
and 10b(P1) caused a slight, statistically insignificant increase in the concentration of nitrogen

radicals. The obtained results are detailed presented in Chapter 2.4 and Table 3 in publication P1.

The promising results of the DCF-DA and Griess tests forced us to conduct an additional
experiment to assess the antioxidant effect of pyrrolo[3,4-d]pyridazinone derivatives. For this
purpose, the fast halo assay (FHA) was carried out. It allowed us to estimate the protective
effect of the tested compounds, which was manifested in the protection of chromatin against
DNA damage and cracks caused by increased oxidative stress. The protective effect is
determined by the evaluation of the level of chromatin damage to the control. The obtained
results indicate that compounds 7b(P1), 8a(P1) (the entire concentration range) and 7a(P1)
(concentration 10uM and 50uM) statistically significantly protect DNA against damage caused
by increased concentration of free radicals. Figure 10 shows selected micrographs of cells that
were tested in the FHA. Photo B shows the characteristic effect of the nuclear halo caused by
chromatin relaxation, which is the result of DNA breaks (Fig. 10B). The larger the ,,halo”, the
greater the chromatin damage we observe. The halo effect is practically non-existent in the case

of the cell incubated with compound 7b(P1). The results of this research are described in more

detail in Chapters 2.4 and 2.5 as well as in Table 3 of the publication P1.

A C

Fig. 10. Micrographs (60x) of cells showing chromatin relaxation: A) cell incubated in the complete medium;
B) cell incubated with 100 uM H»O, for 1h; C) cell incubated with compound 7b(P1) at 10 uM for 24h and then
for 1h with 100 uM H,0,. Micrograph B shows a much larger nuclear halo compared to A; the larger the halo size,

the greater the relaxation of chromatin, which means a higher level of DNA damage.

The experiments determining the biological activity of the newly obtained compounds

were complemented by studies assessing the way of their interaction with albumin, which is the



most abundant plasma protein. The binding of drugs to blood proteins significantly affects their
pharmacokinetics, including half-life and distribution. Therefore, preliminary experiments were
carried out, enabling the description of the interaction of pyrrolo[3,4-d]pyridazinone derivatives
with serum albumin. Due to much lower costs, bovine serum albumin (BSA) was used. Its
structure is very similar to that of human serum albumin (HSA), so it can successfully serve as a
substitute®'>?, To describe the molecular interactions between new compounds and BSA, spectral

methods such as circular dichroism (CD), fluorescence and molecular docking were engaged.

Spectroscopic techniques (fluorescence quenching, CD) confirmed that changes in the
secondary structure of BSA occur in the presence of the tested compounds. It confirms that they
interact with plasma albumin. This interaction is not a random collision of molecules, but rather
the formation of BSA ligand complexes in an approximate ratio of 1:1. Based on the performed
molecular docking, it was found that the preferred binding site for new

pyrrolo[3,4-d]pyridazinone derivatives by BSA is hydrophobic pocket II(m).

Details of all studies describing the interactions of the title compounds with BSA, as
well as all tables, spectra and graphs are included in Chapter 2.6 of the publication P1 and in
the supplementary data.

After collecting the results of all experiments, multi-criteria decision analysis (MCDA)
was performed. Based on its results, it can be concluded that in series 1
of pyrrolo[3,4-d]pyridazinone derivatives, the compound with the best biological activity
profile was the 7b(P1). Its structure is shown in Figure 11. Derivatives 7a(P1), 10a(P1),
10b(P1), 13a(P1) and 13b(P1) also appeared to be very promising. The complete results of the
MCDA analysis are presented in Figure 10 of publication P1.

(o}

T~

Fig. 11. Compound 7b(P1) — 1,3,4-oxadiazole derivative of pyrrolo[3,4-d[pyridazinone with the most

7b(P1)

promising biological activity.
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Similar in vitro and in silico experiments were carried out for series II of
1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]pyridazinone. The design, synthesis, evaluation
of biological activity and physicochemical properties of these compounds became the subject

of publication P2.

Evaluation of toxicity was carried out on the NHDF cell line with the use of a test
assessing the activity of mitochondrial succinate dehydrogenase. Its product named triazole
blue formazan (3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide, MTT) is visible
in living cells. The results of the MTT assay are detailed in Chapter 2.3 of the publication P2.

None of the compounds decreased the cell viability below 30%. Therefore we can
conclude that the new derivatives of series II did not show any cytotoxic potential and were

submitted for further research.

To assess the ability of the new compounds to inhibit cyclooxygenase, Cayman's COX
Colorimetric Inhibitor Screening Assay (cat. No. 701050) was used, as previously. The results
of the experiment (Chapter 2.2.1, Table I, publication P2) indicate that all four analyzed
derivatives show activity against the induced form COX-2 only. Unfortunately, based on the
obtained results, it should be stated that the modification consisting of the introduction of
a longer linker with the carbonyl residue did not bring the expected results. In fact, a group of
selective COX 2 inhibitors was obtained, but the compounds of series II inhibit this enzyme
significantly lower than the derivatives of series I and meloxicam. The compound 6a(P2) turned

out to be the most potent.

It should be noted, however, that the results of molecular docking studies fully correlate
with the score of the enzyme assay. For compounds Sa,b(P2) - 6a,b(P2), free binding
energy (AGe) values were positive during the COX-1 docking trials. On the other hand, the new
derivatives show an affinity for the induced form COX-2 and occupy a position similar to that of
meloxicam in the enzyme binding pocket what was shown in Figure 12. The binding energies
are slightly higher but comparable to those determined for the reference drug. A detailed
description of the molecular docking study can be found in Chapter 2.2.2 of publication P2.
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Fig. 12. The binding poses of 5a, b(P2) — 6a, b(P2) and meloxicam (pink) in the active site of COX-2.

In the next stage of biological research, the antioxidant potential of the new
pyrrolo[3,4-d]pyridazinone derivatives and their ability to protect DNA against damage caused
by free radicals were assessed. For this purpose, DCF-DA, Griess and FHA tests were performed.
A detailed description of the results of these experiments is provided in Chapter 2.4 of the
publication P2.

It was found that in cells incubated with compounds Sa(P2), Sb(P2) and 6b(P2), the
concentration of free oxygen radicals decreased below the control value in the whole range of
tested concentrations. Derivative 6a(P2) was effective only at the lowest concentration, i.e.
10 uM. The results of the Griess assay show that all compounds at the lowest concentration
(10 uM) were able to reduce the amount of NO, while the derivative 6a(P2) was effective across

the whole spectrum of the concentrations used (7able 3, publication P2).

These results correspond perfectly with the results obtained in the FHA. All tested
derivatives reduce the amount of chromatin damage induced by oxidative stress in at least one
concentration used (7able 3, publication P2). Moreover, it has been proved that there is a
correlation between the antioxidant activity of the new derivatives and their DNA repair capacity

in a state of increased oxidative stress (7able 4, publication P2).

Additionally, spectral studies and molecular docking were performed, to evaluate the
interaction mode of 1,3,4-oxadiazole derivatives of series II with plasma albumin. Detailed
information on these experiments and their results are in Chapters 2.5-2.7 of publication P2 and
in the supplement. The tested compounds interact with BSA by forming complexes in an

approximate ratio of 1:1. A privileged binding site is the hydrophobic pocket II, subdomain IIIA.
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Based on the results of CD spectroscopy, we can assume that the compounds Sa-b(P2) are bound

stronger by BSA than the derivatives 6a-b(P2).

Due to the similar results of performed studies and the relatively small group of analyzed
compounds, it would be difficult to indicate the most promising structure within derivatives of
the series II. Undoubtedly, it should be emphasized, that the replacement of the methylene linker
with the 2-oxoethyl linker did not contribute to the intensification of pharmacological activity,

but only to the increase of the selectivity of the compounds to COX-2.

4.1.3 In vivo studies

Since the 1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]pyridazinone of series I showed
satisfactory pharmacological activity in performed in vitro experiments, we selected the most
promising compounds for in vivo tests. Two derivatives were qualified for such evaluation -
10b(P1) and 13b(P1), the structures of which are shown in Figure 13. Their selection was made
mainly based on the results of the COX inhibitory assay. The derivative 10b(P1) was
characterized by the best COX-2/COX-1 inhibitory ratio among all the tested compounds. On
the other hand, the compound with a similar structure 13b(P1) acted as a selective COX-2

inhibitor. Moreover, compounds 10b(P1) and 13b(P1) were one of the least toxic among all

1,3,4-oxadiazole derivatives of series I%°.
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Rys. 13. The structures of pyrrolo[3,4-d|pyridazinone derivatives which underwent the in vivo evaluation.
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The studies in the animal model were performed in cooperation with the Department of
Pharmacology of Wroctaw Medical University by a team led by dr Marta Szandruk-Bender.
The conducted experiments were aimed at assessing the analgesic and anti-inflammatory
activity of the tested compounds, their influence on the condition of the gastric mucosa and the

expression of inflammatory mediators.

The first stage of the planned research allowed us to determine the analgesic profile of
10b(P1) and 13b(P1) derivatives in experimental models of pain induced by noxious stimuli,

i.e. the tail-flick test and the formalin test.

The tail-flick test assessed the analgesic activity associated with central mechanisms by
measuring the time taken to respond to thermal stimulation induced by a heat-emitting light
beam. The new derivatives, 10b(P1) and 13b(P1), pyrrolo[3.4-d]pyridazinone showed
statistically significant and dose-dependent analgesic activity compared to the control. At the
same time, their activity was significantly lower than that of morphine. The obtained results are

presented in the form of a graph in Figure 14.

10 * ok k
9 T
8 * % %
i ok ok x * % % o Hoike HiHH
= 7 ¥k pHgE N uu, HEEE F
2 6 HHH - + I o
£ s -
o)
c 4
(V]
® 3
—
2
1
0
c M 10b-5 10b-10  10b-20 13b-5 13b-10  13b-20
o Compound
@ Tail Flick

Fig. 14. The effects of compounds 10b and 13b on the latency time in the tail-flick test. Morphine was used as
a reference drug. All compounds were administered intragastrically. Experimental groups (n=12): C — control
group; M — group receiving 10 mg/kg of morphine; 10b-5, 10b-10, 10b-20 — groups receiving, respectively, 5,
10, or 20 mg/kg of investigated compound 10b; 13b-5, 13b-10, 13b-20 — groups receiving, respectively, 5, 10,
or 20 mg/kg of investigated compound 13b. Data are presented as mean+SEM. Differences **p<0.01 vs.
control group; ***p<0.001 vs. control group; ###p<0.001 vs.morphine group; ####p<0.0001 vs. morphine

group were deemed statistically significant>.
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The obtained results indicate that both tested compounds 10b(P1) and 13b(P1) exert
analgesic activity. Compared to the control group, they significantly extended the time after
which the reaction to a harmful stimulus took place (the tail moved away by the animal). It may
suggest that the 10b(P1) and 13b(P1) derivatives modulate central mechanisms involved in

nociception.

To determine the effect of the new compounds on both central and peripheral
mechanisms of pain response, the formalin test was carried out. The subcutaneous injection of
formalin into the hind paw triggers a biphasic nociceptive response. The early phase, named
neurogenic, is a result of direct stimulation of afferent fibres and the release of neuropeptides
such as substance P. The late phase is caused by the development of inflammation.
Consequently, an increase in the synthesis and release of prostaglandins occur. Therefore, the
formalin test allows determining not only the influence of the tested substances on the
nociception mechanisms not related to inflammation (early phase) but also on the inflammatory

nociceptive reaction, as well (late phase)®>*>,

The examined derivatives 10b(P1) and 13b(P1) and the reference drugs resulted in a
dose-dependent reduction in the pain reaction induced by formalin injection (paw licking time),
both in the early and late phases. Compared to the control group, the most effective in the early
phase turned out to be morphine and compound 13b(P1) at the dose of 20 mg/kg, the potency
of which was similar to that of the reference drug. Moreover, the antinociceptive effect of the
derivative 13b(P1) at the dose of 20 mg/kg was statistically significantly higher than that of
indomethacin. The good activity of compound 13b(P1) at the highest dose used in the early
phase of the test may indicate that its mechanism of action is also due to its influence on other,
non-COX-dependent pathways. This premise requires further, more in-depth research. In the
late phase, the best and statistically significant effects showed morphine and both tested
compounds 10b(P1) and 13b(P1) at the doses of 10 and 20 mg/kg. The obtained results,
presented in Figure 15, suggest that the tested compounds probably possess central and

peripheral analgesic activity.
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Fig. 15. The effects of compounds 10b and 13b on the licking time in the early (0—5 min) and late (25—30 min)
phases of the formalin test. Morphine and indomethacin were used as reference drugs. All compounds were
administered intragastrically. Experimental groups (n = 12): C — control group; M — group receiving 10 mg/kg
of morphine; I — group receiving 10 mg/kg of indomethacin; 10b-5, 10b-10, 10b-20 — groups receiving,
respectively, 5, 10, or 20 mg/kg of investigated compound 10b; 13b-5, 13b-10, 13b-20 — groups receiving,
respectively, 5, 10, or 20 mg/kg of investigated compound 13b. Data are presented as mean = SEM. Differences
* p < 0.05 vs. control group; ** p <0.01 vs. control group; *** p < 0.001 vs. control group; # p < 0.05 vs.

morphine group; ” p < 0.05 vs. indomethacin group were deemed statistically significant>.

As was mentioned previously, in the late phase of the formalin test, the increased
synthesis and release of prostaglandins occur. They are one of the best known and described
pro-inflammatory mediators®. They act, especially prostaglandin E2 (PGEz), sensitizing,
moreover they modulate the pain reaction both peripherally and centrally. PGE2 also enhances
the activity of other pro-inflammatory mediators. Therefore, the reduction of COX-dependent
PGE: production should result in the attenuation of the nociceptive reaction®%7. Another
substance that also plays an important role in mediating inflammatory nociception and
influences the increased release of PGE2 is myeloperoxidase (MPO), produced by neutrophils
that infiltrate inflamed tissue. Activation of neutrophilic granulocytes in the inflamed area leads
to an exaggerated MPO concentration. As a consequence, an increase in the production of
reactive oxygen and nitrogen species take place®®*. For this reason, substances that exhibit
antioxidant activity, in a somewhat indirect way, can relieve inflammation and alleviate the

pain reaction at the origin of which is inflammation*®°,
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Therefore, the levels of PGE2 and MPO in mouse plasma were determined using the
enzyme-linked immunosorbent assay (ELISA). The results of the experiment are presented in
the form of a graph in Figure 16. The lowest level of PGE2 was recorded in the groups that
received compound 13b(P1) at a dose of 20 mg/kg or indomethacin. A statistically significantly
lower concentration of MPO as compared to the control was determined in the groups
administered the derivative 13b(P1) at the dose of 10 and 20 mg/kg or indomethacin. The
decrease in plasma MPO concentration in animals that received compound 13b(P1) can be
explained by the fact that, unlike derivative 10b(P1), it showed antiradical activity in in vitro
tests (Section 2.4, publication P1). Moreover, it is worth noting that in the case of both tested
compounds 10b(P1) and 13b(P1), their effect on the concentration of PGE2 and MPO in the
plasma was dose-dependent (Fig. 16).
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Fig. 16. The effects of compounds 10b and 13b on the levels of Prostaglandin E, (PGE;) and
Myeloperoxidase (MPO) in mice serum. Blood samples were collected before mice were sacrificed. Morphine
and indomethacin were used as reference drugs. Experimental groups (n = 12): C — control group; M — group
receiving 10 mg/kg of morphine; I — group receiving 10 mg/kg of indomethacin; 10b-5, 10b-10,
10b-20 — groups receiving, respectively, 5, 10, or 20 mg/kg of investigated compound 10b; 13b-5, 13b-10,
13b-20 — groups receiving, respectively, 5, 10, or 20 mg/kg of investigated compound 13b. Data are
presented as mean +£ SEM. Differences * p < 0.05 vs. control group; ** p <0.01 vs. control group; *** p <0.001
vs. control group; # p < 0.05 vs. morphine group; ## p < 0.01 vs. morphine group; " p <0.05 vs. indomethacin

group were deemed statistically significant>.
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This research, besides evaluating the anti-inflammatory activity, was also aimed at
determining the influence of titled compounds on the condition of the gastric mucosa. The
design and synthesis of molecules deprived of dangerous side effects on the gastrointestinal

tract, characteristic of classic NSAIDs!>!8

, was one of the main goals of this study. For this
reason, a macro- and microscopic evaluation of the condition of animals' gastric mucosa was
performed. The presence of macroscopically visible lesions, such as petechiae, erosions or
bleeding, indicated gastrotoxic activity. The obtained results indicate, that both
derivatives 10b(P1) and 13b(P1), at all doses used (5, 10, 20 mg/kg), did not cause significant
changes in the image of the gastric mucosa. In turn, in the indomethacin group, significant
damage to the gastric mucosa was observed. The results of the macroscopic evaluation were

confirmed by microscopic examinations. The photographs are provided in Figure 17.
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Fig. 17. Microscope appearance of stomach tissue after hematoxylin-eosin (H&E) staining demonstrated that studied
compounds neither altered the normal stomach architecture nor induced ulcerations. Morphine and indomethacin
were used as reference drugs. Experimental groups (n=12): Control group (A); group receiving 10 mg/kg morphine
(B); group receiving 10 mg/kg indomethacin (C); group receiving 20 mg/kg compound 10b (D); group receiving 20
mg/kg compound13b (E); magnification 200x3,

In the microscopic image of the gastric mucosa of animals, both in the control group
and in the groups receiving test derivatives 10b(P1) and 13b(P1), no pathological changes were
noted (Fig. 17A, D, E). On the other hand, during the histopathological analysis of gastric
mucosa tissue of animals given indomethacin at a dose of 10 mg/kg, numerous damage to the
cells of its protective layer, necrotic foci, submucosal oedema and hyperemia of both mucosal

and submucosal blood vessels were observed. (Fig. 17C). Morphine (10 mg/kg) did not cause



any significant changes in both the macroscopic and microscopic images of the gastric mucosa

(Fig. 17B).

Summing up compounds 10b(P1) and 13b(P1) showed better antinociceptive activity
in vivo than indomethacin, with significantly reduced gastrotoxicity, which is most likely

related to the presence of 1,3,4-oxadiazole-2-thion in their structure.

Taking into account the fact that the tested derivatives of 10b(P1) and 13b(P1) proved
to be effective in reducing inflammatory nociception in the late phase of the formalin test, it
was decided to perform an experiment that would allow the assessment of their peripheral
anti-inflammatory activity. Therefore, a carrageenan test was carried out, to determine the effect
of compounds 10b(P1) and 13b(P1) on the course of acute inflammation. It was caused by an
injection of a 1% carrageenan solution into the subplantar fascia area of the rat's hind paw. The
absolute volume of the paw was measured using a plethysmometer and the increments in paw
volume at 1, 2, 3 and 6 hours after injection of carrageenan or saline solution (control group, C).
Additionally, the concentration of mediators such as PGE2, MPO or tumour necrosis factor o
(TNF-0) in the inflamed tissue was determined, and the effect of new

pyrrolo[3,4-d]pyridazinone derivatives on the gastric mucosa was investigated.

In the conducted experiment, no statistically significant differences were found in the
paw volume in the control group and in the groups tested before the injection of carrageenan.
In contrast, the injection of 0.1mL of 1% carrageenan solution into the hind paw of animals
belonging to the test groups caused a strong inflammatory reaction and a significant increase in
paw volume due to oedema. Changes in the appearance and size of the animals' paws are visible

in the photographs collected in Figure 18.

Fig. 18. The effects of compounds 10b and 13b on the carrageenan-induced paw oedema in rats. Indomethacin
was used as a reference drug. Experimental groups: control group (A); carrageenan group (B); group receiving
10 mg/kg indomethacin (C); group receiving 20 mg/kg compound 10b (D); group receiving 20 mg/kg
compound 13b (E)®'.



The greatest swelling of the paw was noted in each group 6h after the injection with
carrageenan. In groups of animals that received derivatives 10b(P1) and 13b(P1) 2h after injection
of carrageenan solution, the pace of swelling was inhibited (Fig. 18D, E). Compound 10b(P1) at
doses of 10 and 20 mg/kg was able to partially reverse the progressive increase in oedema at 2, 3
and 6h after the carrageenan injection. A similar effect, to some extent, was also noted 2, 3 and 6h
after injection of carrageenan solution in all groups that received derivative 13b(P1) (dose 5, 10 and
20 mg/kg). Moreover, in the case of compound 13b(P1), statistically significant differences in the
volume of the paw were found at all doses used, compared to the control group at 2, 3 and 6h after
induction of inflammation. Similarly, the degree of oedema growth inhibition observed in the
indomethacin group (Fig. 18C) was also statistically significant. The maximum effect of reducing
the paw swelling compared to the carrageenan group was observed 3h after the inflammation
induction in the groups that received indomethacin (oedema was inhibited in 71.2%) and
compounds 10b(P1) (oedema was inhibited in 57.5%) and 13b(P1) (oedema was inhibited by in
62.3%) at the highest doses of 20 mg/kg. Moreover, the activity of derivatives 10b(P1) and 13b(P1)

administered in the highest dose was comparable to that of indomethacin.

Subsequently, the concentration of mediators such as PGE2, MPO and TNF-a, which
overexpression accompany the inflammation'=, were determined in the supernatants obtained by
homogenization of the inflamed paw tissue by ELISA assays. The obtained results present the

graphs in Figure 19.
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Fig. 19. 3 The impact of compounds 10b and 13b on PGE; (A), TNF-a (B), and MPO (C) concentrations in

paw tissue. Indomethacin was used as a reference drug. Experimental groups: C — control group receiving 0.5%

CMC intragastrically (i.g.) and normal saline subplantarly (s.pl.); Car — carrageenan group receiving 0.5% CMC

i.g. and 1% carrageenan solution s.pl.; Ind — indomethacin group receiving 10 mg/kg of indomethacin i.g. and

1% carrageenan solution s.pl.; 10b-5, 10b-10, and 10b-20 — groups receiving, respectively, 5, 10, or 20 mg/kg

of investigated compound 10b i.g. and 1% carrageenan solution s.pl.; 13b-5, 13b-10, and 13b-20 — groups

receiving, respectively, 5, 10, or 20 mg/kg of investigated compound 13b i.g. and 1% carrageenan solution s.pl.

Data are presented as mean values £ SEM (n=12). Differences “p<0.05 vs control group; “p<0.01 vs control

group; ~p<0.001 vs control group; “p<0.05 vs carrageenan group; “p<0.01 vs carrageenan group; *#p<0.001 vs

carrageenan group; p<0.05 vs indomethacin group were deemed statistically significant®!.

The greatest increase in the concentration of the inflammatory mediators occurred, as

predicted, in the "carrageenan group". In the tissue of animals treated with compound 10b(P1) at

doses of 10 and 20 mg/kg, the level of PGE2 was lower than in the carrageenan group and did not

differ statistically significantly from the control. At the same time, in these groups (10b-10; 10b-20)

a partial decrease in the level of TNF-a was also noted. Derivative 10b(P1) across the range of

doses tested did not significantly affect the concentration of myeloperoxidase. The concentration of

MPO in the groups receiving compound 10b(P1) did not differ statistically significantly from those

determined in the control and carrageenan groups (Fig. 19C). The level of PGE2, MPO and TNF-a



in the groups administered 13b(P1) at the doses of 10 and 20 mg/kg was statistically significantly
lower compared to the "carrageenan group". It is worth noting that the amount of PGE: determined
in the tissue of animals treated with compounds 10b(P1) and 13b(P1) at a dose of 10 and 20 mg/kg
was comparable to the values recorded in the indomethacin group. Moreover, a similar relationship
was observed in the context of MPO and TNF-a concentrations which were recorded in the groups
administered the 10b(P1) and 13b(P1) in the entire range of the tested doses (Fig. 19B, C). It is
worth mentioning that the highest dose of compound 13b(P1) was more effective in reducing the

concentration of TNF-a in the inflamed tissue than the reference drug.

To assess the influence of the tested compounds on the condition of the gastric mucosa,
macro- and microscopic analysis of organs taken from the animals participating in the study was
performed. The indicator of the potential ulcerogenic effect was the presence and intensity of such
changes in the image of the gastric mucosa, such as ecchymosis or erosions. Figure 20 shows

photographs of selected stomachs that were subjected to macroscopic analysis.

C D

A

Fig. 20. The macroscopic appearance of the gastric mucosa revealed that the studied compounds caused
negligible mucosal lesions. Indomethacin was used as a reference drug. Experimental groups: control group
(A); carrageenan group (B); group receiving 10 mg/kg indomethacin (C); group receiving 10 mg/kg compound
10b (D); group receiving 20 mg/kg compound 10b (E); group receiving 10 mg/kg compound 13b (F); group
receiving 20 mg/kg compound 13b (G)°'.

During the study, no damage to the gastric mucosa was observed in the control and
carrageenan groups (Fig. 20A, B). In the case of stomachs collected from animals treated with

compounds 10b(P1) and 13b(P1), no significant mucosal lesions were found as compared to the



control (Fig. 20D-G). On the other hand, in the indomethacin group, significant injuries and gastric
mucosa damage were noticed. They varied in severity, from hyperemia to even hemorrhagic lesions

covered with blood clots (Fig. 20C).

The observed macroscopic changes were confirmed by microscopic examinations. In the
control and carrageenan groups as well as the groups receiving test derivatives 10b(P1) and
13b(P1), no significant changes in the gastric mucosa were observed in the microscopic image.
However, in the case of the carrageenan group, damage to the protective layer of the mucosa with
its local thinning, crater cavities, local necrotic foci as well as submucosal oedema and hyperemia

were found.

Summarizing the results obtained during the carrageenan test, we can conclude that the new
pyrrolo[3,4-d]pyridazinone derivatives 10b(P1) and 13b(P1) show anti-inflammatory activity, and
their mechanism of action may depend on lowering the concentration of such mediators as PGEz,
MPO or TNF-0, and reducing the infiltration of inflamed tissue. Although their activity was slightly
lower than that of indomethacin, however, unlike the reference drug, they did not cause damage to

the gastric mucosa, which is their undoubted advantage.

Based on the results of performed in vivo investigations we can conclude that
1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]pyridazinone show a good benefit-risk ratio. Thus,
this makes them attractive and promising structures for further research and development with

potential application in the therapy of various inflammatory diseases.
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4.2 The 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone

4.2.1 The design and synthesis

Taking into account the promising anti-inflammatory activity of 1,3,4-oxadiazole
derivatives of pyrrolo[3,4-d]pyridazinone and their low gastrotoxicity revealed in in vivo
studies, it was decided to perform further optimizations and structural modifications of the

compounds described in publications P1-P2.

Thoroughly analyzing the results of the experiments carried out so far, and being
inspired by the reports of the scientific literature, we decided to obtain a new series of
derivatives possessing an N-substituted 1,2,4-triazole ring in their structure. There were two

important reasons for this modification.

First, the 1,2,4-triazole ring can be considered, due to its reduced acidic nature, but at
the same time a similar molecular size, as a bioisostere for a free carboxyl group. Therefore,
the 1,2,4-triazole moiety is an important building block of many compounds widely described
in the literature. A lot of them show significant anti-inflammatory and analgesic activity with

low gastrotoxicity at the same time?!-?22%30,

Secondly, taking into account the fact that the binding pocket of the COX-2 isoenzyme
is larger than that of COX-17"1°, it was expected that the synthesis of compounds with a more
complex structure, possessing an additional substituent in the 4-position of the 1,2,4-triazole

ring, would significantly improve their COX-2/COX-1 selectivity ratio.

Following the results obtained so far, in particular considering the fact that in the
previous series the compound 7b(P1) turned out to be the most active, we decided to focus on

the synthesis and studies of 6-n-butyl substituted pyrrolo[3.4-d]pyridazinone derivatives.

Figure 21 shows the general formulas of the two series of new N-substituted
1,2,4-triazole analogues of pyrrolo[3,4-d|pyridazinone. To the first one belong Mannich base
type derivatives (I). In turn, the second series consists of compounds whose structure refer to

the aforementioned pharmacophore theory featured by Dogruer (I1)*%47.
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Fig. 21. The general structures of series I and II of 1,2 4-triazole derivatives of pyrrolo[3,4-d]pyridazinone.

Thus, designed molecules can be considered as structural analogues of the
1,3,4-oxadiazole derivatives described in publications P1 and P2. The starting point for the
synthesis of this group of compounds was the 2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]
pyridazine-1-yloxy) acetic acid hydrazide Sb(P1) described in the publication PI1.
Condensation of this hydrazide with the appropriate N-substituted isothiocyanates gave
thiosemicarbazide derivatives. Subsequently, they were subjected to intramolecular cyclization
to form a 1,2,4-triazole ring. The last stage of the planned synthesis assumed obtaining a group
of compounds with the structure shown schematically in Figure 21. The first series of new
molecules had the structure of Mannich bases. They were obtained by the condensation of
3a-c¢(P3) with appropriate arylpiperazine derivatives in the presence of formaldehyde

(Fig. 21 I). The second series was obtained by alkylating the compounds 3a-c(P3) with the



appropriate, previously synthesized, 1-(2-chloro-1-oxo0)-ethyl derivative of arylpiperazine in

ethanol in the presence of sodium ethoxide (Fig. 21 II).

As a result of the conducted synthesis, a total of 24 new, previously unpublished
compounds were obtained, including 18 final derivatives (Fig. 21 I, II). The structure of all
previously undescribed molecules has been confirmed by spectral techniques. After appropriate

purification, they underwent biological evaluation.

The design, the carried-out structural modifications and the methods used for obtaining
new 1,2 4-triazole derivatives of pyrrolo[3,4-d]pyridazinone were detailed presented and
described in Scheme I and Chapters 1, 2.1 of the publication P3. In the experimental part of
this work and in the supplement, the analytical data, physicochemical properties and spectra

(NMR, MS, IR) of all new compounds are provided.

4.2.2 In vitro and in silico investigations

The studies assessing the toxicity and biological activity of N-substituted 1,2,4-triazole
derivatives of pyrrolo[3,4-d]pyridazinone were carried out in cooperation with the units of the
Wroctaw Medical University. At the Department of Pharmacology, enzymatic tests and all in
vitro experiments were executed by the team led by dr Benita Wiatrak. At the Department of
Inorganic Chemistry, spectral tests and molecular docking were performed by dr Edward

Krzyzak, dr Aleksandra Marciniak and dr Aleksandra Kotynia.

The first stage of biological research relied on the evaluation of the cytotoxicity of new
compounds. The MTT assay was performed on the NHDF cell lines. According to the standard
procedure, derivatives that reduced cell viability by more than 30% are considered toxic.
Compounds 4a-c(P3), 7a-c(P3) as well as Sa(P3), 6a(P3) and 9a(P3) did not reveal cytotoxic
effect. On the other hand, in the case of 5 compounds: 8a-c(P3), 9b-c¢(P3), shrunken cells,
numerous granules and lysis of over 50% cells were observed. Therefore, they were excluded
from further research. When observing cells that were incubated with derivatives Sh(P3),
5¢(P3), 6b(P3) and 6¢(P3), single granules were noticed in their microscopic image, but with
the retained, elongated cell shape characteristic for fibroblasts. The calculated ICso values were
higher than the cut ff value of 100 uM (Table 1, publication P3). For this reason, they have
also been submitted for further investigations. Summing up, based on the MTT test,
5 compounds were found to be cytotoxic, the remaining 13 derivatives underwent biological
evaluation. The cytotoxicity analysis of 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone

is detailed in Section 2.2 of the publication P3.
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The ability of the new compounds to inhibit both cyclooxygenase isoforms was
determined based on the use of the commercial Cayman's COX Colorimetric Inhibitor
Screening Assay (cat. No. 701050). To precisely assess the anti-cyclooxygenase activity of the
new derivatives, meloxicam, diclofenac sodium and celecoxib were used as references. A
detailed description of the research and the obtained results are included in Chapter 2.3.1 of the
publication P3.

COX inhibitory assay revealed, that 4 of the analyzed compounds preferentially block
COX-2, another 4 turned out to be selective for the induced isoform COX-2. Unfortunately, 5
of them did not show the ability to inhibit cyclooxygenase. It is noteworthy that the ICso values
determined for new compounds were lower than those calculated for meloxicam. Moreover, the
COX-2/COX-1 inhibitory ratio of the preferential COX 2 inhibitors was also better than that
specified for meloxicam. However, the activity of the new structures was worse than presented
by celecoxib. (Table 2, publication P3). It is also worth noting that the affinity for
cyclooxygenase was shown mainly by those derivatives in which the 1,2,4-triazole ring was
substituted with a small methyl substituent. On the other hand, compounds with the 4-

methoxyphenyl moiety turned out to be the least effective.

The affinity of the new compounds for cyclooxygenase was also assessed using the
molecular docking technique. The obtained results correlate significantly with the findings of
the in vitro test. During attempts to dock 1,2,4-triazole derivatives to COX-1, positive values
of free binding energy (AGe°) were obtained. Among examined structures, 8 had an affinity for
COX-2, and the best results were obtained for compounds with a small methyl substituent in
the 1,2,4-triazole ring. A similar relationship was demonstrated in an enzymatic assay. Again,
5 compounds did not show an affinity for any of the cyclooxygenase isoenzyme. The way of
interaction with COX 2 of the most effective derivatives is presented in Figure 22. A detailed

description of molecular docking to COX is provided in Chapter 2.3.2 of the publication P3.
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Fig. 22. The docking poses of compounds 4a(P3) (green), 4b(P3) (red), 4c(P3) (blue) and meloxicam (pink) in
the active site of COX-2.

The anti-inflammatory activity of the title derivatives was also assessed in a modified
MTT experiment on the NHDF cell line. The model of inflammation induced by the addition
of lipopolysaccharide (LPS) has been introduced. The cells were first incubated for 24h with
the addition of LPS, which is a known proinflammatory factor', and then for another day with
the test compounds at various concentrations. Based on the obtained results, we can conclude
that all derivatives (except S¢(P3) and 6¢(P3) in concentrations of 50 and 100 uM) increased
cell survival concerning the positive control. This suggests their potentially good anti-
inflammatory activity. Additionally, for compounds 6a(P3) and 9a(P3), a statistically

significant increase in mitochondrial activity was observed in relation to the negative control.

Subsequently, the DCF-DA and Griess assays were performed. All derivatives in the
entire range of tested concentrations decreased the level of free oxygen radicals in comparison
with the positive control. Moreover, in the case of compounds 6a(P3) and 9a(P3), a decrease
in the concentration of ROS to the level of negative control was observed. Also, in the Griess
test, a statistically significant reduction in the amount of NO was noted for each compound over
the entire range of tested concentrations. The derivative 9a(P3) showed the best activity in this
assay - in its case, after the incubation period, the NO concentration was close to the negative

control.

A detailed description of in vitro experiments assessing the anti-inflammatory and
antioxidant activity of new derivatives, along with the necessary tables, are included in

Chapter 2.4 of the publication P3.
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The abovementioned enzymatic and in vitro experiments were supplemented with
studies estimating the pharmacokinetic properties of the title compounds. Using spectroscopic
methods, i.e. fluorescence quenching, CD, FTIR and molecular docking, the model of
interaction of 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone with plasma albumin was
described. Based on the measurements of both CD and FTIR, it was found that in the presence
of the tested compounds, changes in the secondary structure of BSA take place. It proves that
the ligands interact with the protein. These findings are consistent with the results of
fluorescence spectroscopy, based on which we can say that the interaction of new derivatives
with BSA consists in the formation of complexes in an approximate ratio of 1: 1. According to
the data obtained during molecular docking, the 1,2,4-triazole derivatives of
pyrrolo[3,4-d]pyridazinone bind to subdomain IITA in the hydrophobic pocket of the domain
[I(m) of BSA. A detailed discussion of these results with the necessary tables, formulas and
spectroscopic spectra can be found in Chapter 2.6 of the publication P3 and in the

supplementary data of this work.

Additionally, basic in silico investigations were performed with the use of freeware
online programs. It allowed us to determine such physicochemical features, such as the
topological polar surface area (TPSA), LOG P and others. These data were necessary to
estimate potential pharmacokinetic parameters based on various computational models, such as

Lipinski's five rule. Details can be found in Chapter 2.7 of publication P3.

To summarize, the results obtained in carried out investigations were interesting and
somewhat varied. Moreover, the studied group of compounds was quite numerous. Therefore,
after a thorough analysis of the findings, it was possible to present some structure-activity
relationships (SAR) within the 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone. These
dependencies were discussed in detail in Chapter 2.5 of the publication P3. Figure 23 shows

schematically the most important conclusions.
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Fig. 23. The structure-activity relationships in the group of 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone




5 SUMMARY AND CONCLUSIONS

As part of the research, which is the subject of this dissertation, a total of 48 new, hitherto
unknown derivatives of pyrrolo[3,4-d]pyridazinone were obtained. The structure of each

compound was described and confirmed based on advanced spectral techniques.

The performed synthesis consisted of several stages. The first one was to obtain ester
derivatives of the pyrrolo[3,4-d]pyridazinone core (Fig. 5). The proper esters gave the
corresponding hydrazides by reaction with hydrazine hydrate in the next step. Subsequently,
cyclic (1,3,4-oxadiazole and 1,2,4-triazole) derivatives of said hydrazides were received. As
a result, we got 12 new intermediates which were necessary to obtain the title compounds with
the expected analgesic and anti-inflammatory activity and low gastrotoxicity (Fig. 4).
Consequently, three series of final derivatives were received. Series I and II compounds are the
1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]pyridazinone, while series III are their
1,2,4-triazole analogues. In these compounds’ structures, an arylpiperazinyl/piperidinyl moiety
can be distinguished. After proper purification and confirmation of their structure, biological,
spectral and molecular docking tests were carried out to assess the toxicity and biological

activity of the title derivatives.

According to the assumed concept, it was possible to obtain compounds that were
non-toxic and showed promising analgesic and anti-inflammatory activity. The results of the
conducted research confirmed that the introduction of 1,3,4-oxadiazole or 1,2,4-triazole ring
into the designed structure of title compounds allowed to obtain molecules with a good affinity
for cyclooxygenase, especially for its induced COX-2 isoform. It has been proven by enzymatic
experiments and molecular docking that most of the new pyrrolo[3,4-d]pyridazinone
derivatives effectively inhibit cycloxygenase preferentially or selectively to COX-2. Moreover,

some of them were more effective than meloxicam, which was used as a reference.

Moreover, it has been shown that some of the obtained derivatives act as antioxidants -
they reduce the concentration of free radicals in the induced oxidative stress and exert
a protective effect on chromatin. This, in turn, somewhat indirectly confirms their potentially

good anti-inflammatory activity.

The promising biological activity that the new derivatives revealed in in vitro tests was
confirmed by the results of carried out in vivo experiments. Two compounds were selected for

such evaluation. Analyzed derivatives showed comparable, to indomethacin, analgesic and
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anti-inflammatory activity in the studies performed in the animal model. Importantly, it was
proved that the new pyrrolo[3,4-d]pyridazinone derivatives reduce the concentration of
inflammatory mediators, such as MPO, TNF-a, and above all PGE2, which may confirm that

their mechanism of action is related to the inhibition of COX.

It is worth emphasizing that the tested derivatives did not cause any damage or
pathological changes in the gastric mucosa, which are characteristic of classic NSAIDs. This
was confirmed by macro- and microscopic analysis of the gastric mucosa of the animals
participating in the study. These results proved the rightness of the modifications carried out,
consisting of the introduction of 1,3,4-oxadiazole or 1,2,4-triazole ring into the structure of title
molecules. It has been proven that the replacement of a free carboxyl group with bioisosteric
moiety results in almost complete elimination of the side effects of the examined compounds

on the gastrointestinal tract.

Taking into account the results of all the conducted research, it should be stated that the
goals and assumptions adopted during the planning and implementation of this work have been
fulfilled. Without any doubt, it has been proved that 1,3,4-oxadiazole and 1,2,4-triazole
derivatives of pyrrolo[3,4-d]pyridazinone are interesting and promising compounds with
a beneficial pharmacological profile. They exert good anti-inflammatory and analgesic activity
and, what is very important, do not show gastrotoxicity. For this reason, these derivatives may
be of significant importance in the context of the search for new compounds that could be
successfully used in the effective and, above all, safe therapy of pain various inflammatory

disorders.
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ABSTRACT

Introduction:

Effective and safe treatment of various pain and inflammatory diseases is a significant and challenging
clinical problem for modern medicine and pharmacy. The commonly used NSAIDs have limited
efficiency, and their chronic use carries a considerable risk of dangerous gastrointestinal side effects,
which notably limits their long-term usage. For this reason, it is necessary and justified to search for
new compounds that possess potent analgesic and anti-inflammatory activity, but at the same time, are

safe and free of severe side effects.
The objective of study:

The aims of the conducted research were the design and synthesis of new 1,3,4-oxadiazole
and 1,2 4-triazole derivatives of pyrrolo[3,4-d]pyridazinone with the expected good analgesic
and anti-inflammatory activity and the lack of harmful impact on the gastric mucosa. Subsequently, the
evaluation of the new compounds’ toxicity and the pharmacological activity profile

in in vitro and in vivo experiments has been carried out.
Materials and methods:

Commercially available solvents, reagents and gcatalysts were used in the synthesis, analysis and
purification of the newly received compounds. Their structure was confirmed using different
spectroscopic techniques such as NMR, MS, FT-IR and elemental analysis. Toxicity and biological
activity of novel derivatives were assessed using appropriate enzyme tests, cell lines and animals.

Molecular docking and various types of spectral studies, such as FT-IR, CD, were also performed.
Results and conclusions:

The new 1,3,4-oxadiazole and 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone turned out to be
devoid of cytotoxic activity and most of them show good anti-inflammatory activity in vitro. These
compounds preferentially or selectively block the induced COX-2 enzyme. Their potency is comparable
to that of meloxicam. Moreover, the tested compounds show anti-radical activity and protect chromatin
against damage caused by oxidative stress. Their promising biological activity was confirmed by
experiments performed in an animal model. The tested compounds effectively inhibit the pain
and inflammatory reaction in vivo, reduce the concentration of inflammatory mediators in the plasma
and, what is very important, do not cause damage to the gastric mucosa. Therefore, the obtained results
indicate that the pyrrolo[3,4-d]pyridazinone derivatives being the subject of this dissertation, are
interesting and promising candidates for new, effective and safe drugs with potential application in the

treatment of various types of inflammatory diseases.
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ARTICLE INFO ABSTRACT

Novel Mannich base analogues of pyrrolo[3,4-d]pyridazinone 7a,b-13a,b are designed and synthesized as po-
tential anti-inflammatory agents. The title compounds are obtained via convenient one-pot synthesis with good
yields. Their structures and properties are described by spectroscopic techniques and elemental analyses. The
aim of this study is to evaluate the inhibitory activity of the new derivatives against both cyclooxygenase iso-
forms COX1 and COX2 as well as their cytotoxicity. The results clearly indicate that the tested compounds 7a,b-
13a,b are not toxic, all show better affinity towards isoform COX-2, and some of them act as selective COX-2
inhibitors. Moreover, every examined derivative of pyrrolo[3,4-d]pyridazinone demonstrates better inhibitory
activity towards COX-2 and a superior COX-2/COX-1 selectivity ratio compared to the reference drug melox-
icam. Molecular docking studies confirm that compounds 7a,b-13a,b preferably bind COX-2 and all of them
bind to the active site of cyclooxygenase in a way very similar to meloxicam. Subsequently, taking into account
that inflammation is strongly correlated with oxidative stress and both of these processes can potentiate each
other, synthesized Mannich bases are evaluated for potential antioxidant activity. Most of the investigated de-
rivatives reduce induced oxidative and nitrosative stress. Moreover, compounds 7a,b, 8a, 10a,b, 11b, 12ab-
13a,b protect chromatin from oxidative stress and decrease the number of DNA strand breaks caused by in-
tracellular growth of free radicals. Finally, a study of the binding mechanism between compounds 7a,b-13a,b
and bovine serum albumin (BSA) was carried out. According to spectroscopic and molecular docking studies, all
examined derivatives interact with BSA, which suggests their potential long half-life in vivo.

Keywords:

Pyridazinone

Mannich bases

Molecular docking
Antioxidants
Anti-inflammatory agents
Cyclooxygenase inhibitors
1,3,4-Oxadiazole-2-thione

1. Introduction carbonic anhydrase [11,28] or acetylcholinesterase [29] inhibitors,

histamine Hj receptor antagonists [30,31] or anticonvulsant agents

The synthesis and evaluation of the biological activity of pyr-
idazinone derivatives have been gaining more and more interest from
scientists for several decades [1-3]. The core of pyridazinone is present
in a number of medicaments, such as the PDE3 inhibitor zardaverine,
the anti-inflammatory agent emorfazone and the antihypertensives le-
vosimendan, indolidan and bemoradan [2,3]. Potential drug candidates
whose structure is based on a pyridazinone backbone exhibit a great
variety of pharmacological activities, e.g. anticancer and cytotoxic ac-
tivity [4-11], antiulcer activity [12], analgesic and anti-inflammatory
activity [6,13-22], vasorelaxant and platelet antiaggregatory activity
[23-27]. Moreover, some derivatives of pyridazinone act as potent

* Corresponding author.
E-mail address: lukasz.szczukowski@umed.wroc.pl (L. Szczukowski).

https://doi.org/10.1016/j.bioorg.2020.104035

[32].

In our previous papers, we have reported the synthesis, in vitro and
in vivo investigations of compounds based on a pyridazinone ring fused
in a biheterocyclic scaffold of pyrrolo[3,4-d]pyridazinone, which were
designed as potential analgesics [18,19]. In the structure of examined
molecules, an arylpiperazine pharmacophore attached through 2
carbon linker to lactam nitrogen of pyrrolo[3,4-d]pyridazinone can be
distinguished (Fig. 1). The most potent compounds, 1a and 1b, in the
“writhing” test were much more effective than acetylsalicylic acid
(ASA). On the other hand, in the “hot plate” test, both 1a and 1b ex-
hibited analgesic activity at a dose only 3-5 times higher than that of

Received 16 March 2020; Received in revised form 5 June 2020; Accepted 15 June 2020

Available online 19 June 2020
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Fig. 1. Structures of previously investigated derivatives of pyrrolo[3,4-d]pyr-
idazinone.

the reference drug, morphine [18]. Although 1b showed affinity to the
p-opioid receptor in radioligand binding assay [18], our studies proved
that derivatives of pyrrolo[3,4-d]pyridazinone exert their analgesic and
anti-inflammatory effects mostly by complex, peripheral mechanisms,
which is in good agreement with previous research [12,13,15,16]. The
exact mechanism of action of examined compounds has not been solved
yet. Nevertheless, according to many reports, a pyridazinone ring can
serve as an excellent template for cyclooxygenase (COX) inhibitors,
especially those with good binding affinity to the COX-2 isoform
[14-16,20,22]. However, in the case of titled compounds, the key
pharmacophore is not exactly pyridazinone but biheterocyclic pyrrolo
[3,4-d]pyridazinone core. Therefore during the rational design of new
derivatives, we have decided to introduce additional moiety into our
structures which would enhance the potential COX-2 inhibitory ac-
tivity. According to literature, a great variety of substituted five-mem-
bered heterocycles that are present in the structure of selective COX-2
inhibitors, i.e. pyrazole or isoxazole, can serve as a template for new
compounds inhibiting this isoenzyme [33-40]. That is why our inten-
tion while seeking effective and safe cyclooxygenase inhibitors was to
combine such five-membered nucleus with pyrrolo[3,4-d]pyr-
idazinone.

Non-steroidal anti-inflammatory drugs (NSAIDs), which inhibit
COX, are used worldwide for the treatment of different kinds of pain
and inflammation, despite their severe side effects including gastric
irritation, ulceration, nephrotoxicity, haemorrhage and cardiac toxicity
[13-22]. The discovery in 1991 of the fact that cyclooxygenase exists in
two isoforms —constitutive, named COX-1, and induced by different pro-
inflammatory factors, named COX-2 - led to the theory that inhibition
of COX-1 is responsible for adverse effects of NSAIDs, whereas desirable
analgesic, antipyretic and anti-inflammatory activities of these drugs
are the results of inactivation of COX-2 [16-22]. However, the in-
troduction of a new class of selective COX-2 inhibitors (coxibs) has
quickly proved this hypothesis wrong. Among these compounds, rofe-
coxib was withdrawn from the market in 2004 because of adverse
cardiovascular effects caused by a decrease of prostacyclin (PGI;)
[16,22,37-39]. Due to these facts, therapy with NSAIDs is limited by
their side effects, remains unsafe and gives unsatisfactory results. That
is why there is a constant need to search for safe and effective anti-
inflammatory and analgesic agents [13-22].

Therefore, in continuation of our efforts in the development of po-
tent, safe, non-toxic antinociceptives, we report herein the design,
synthesis, biological evaluation and in silico studies of new Mannich
base derivatives of pyrrolo[3,4-d]pyridazinone. The main structural
alteration performed on the pyrrolo[3,4-d]pyridazinone core consisted
of the introduction of a five-membered ring of 1,3,4-oxadiazole-2-

Bioorganic Chemistry 102 (2020) 104035

thione. Such moiety is one of the most important in medicinal chem-
istry and is present in plenty of compounds presenting various biolo-
gical activity, including cyclooxygenase inhibiting agents as well. It can
serve as bioisostere of carboxylic acids or esters [33-36]. Thereby such
modification was expected to be crucial in the context of synthesis of
new potential COX inhibitors based on pyrrolo[3,4-d]pyridazinone
core. What is more, according to the literature, compounds possessing
this moiety exert satisfactory antinociceptive activity and do not cause
gastric irritation [41-45]. Moreover, commonly used NSAIDs, such as
ibuprofen or diclofenac, were modified in the same way. Obtained
derivatives of the mentioned drugs, possessing incorporated in their
structure 1,3,4-oxadiazole-2-thione ring, demonstrated significant an-
algesic activity and were found to lack adverse gastrointestinal effects
[41-43]. These new compounds had much better inhibition activity
towards COX-2 isoenzyme and meaningly lower affinity to COX-1 in
comparison to output structures of ibuprofen or diclofenac [41,42].

The main aim of this study was to determine whether compounds
based on a pyrrolo[3,4-d]pyridazinone core can serve as a new class of
cyclooxygenase inhibitors. Hence we performed an in vitro evaluation of
the impact of the tested compounds on the activity of COX-1 and
COX-2. Molecular docking studies illustrating the possible binding
mode of the new derivatives in the active site of both cyclooxygenase
isoforms were carried out as well. In inflammatory cells, an increase of
reactive oxygen species (ROS) is observed. This promotes oxidative
stress, which can cause oxidative damage, and in consequence, po-
tentiate inflammation [46-48]. Taking it into consideration, we ex-
amined whether new Mannich base derivatives of pyrrolo[3,4-d]pyr-
idazinone are able to affect the levels of intracellular ROS and RNS and
reduce DNA damage caused by free radicals. As a supplement of the
experiments determining the potential mechanism of action of in-
vestigated compounds, we carried out studies explaining the manner in
which the new pyrrolo[3,4-d]pyridazinone analogues interact with
blood proteins. The study of binding between the new drugs and pro-
teins such as albumins is very interesting and important in pharmacy,
pharmacology and biochemistry. Serum albumin is the main protein in
the blood and is a significant transporter for many molecules. There-
fore, serum albumin has been used to study a ligand-binding me-
chanism [49-54]. Spectroscopic and molecular docking studies allowed
evaluation of the binding mechanism of the new derivatives to bovine
serum albumin (BSA). All new structures were examined in vitro for
cytotoxicity. The purpose of all applied biological and in silico in-
vestigations was to clarify, as well as possible, the pharmacological
properties of new pyrrolo[3,4-d]pyridazinone derivatives, which may
be involved in their antioxidant, analgesic and anti-inflammatory ef-
fects.

2. Results and discussion
2.1. Chemistry

The synthesis of 3,5,7-trimethyl-6-phenyl-2H-pyrrolo[3,4-d]pyr-
idazine-1,4-dione 2a and 6-butyl-3,5,7-trimethyl-2H-pyrrolo[3,4-d]
pyridazine-1,4-dione 2b was performed according to the protocols
published previously [18,55]. Scheme 1 presents the synthesis of
compounds which have not been described in the literature yet. Ana-
lytical and spectroscopic properties of all newly obtained derivatives
were in good agreement with their predicted structures and are sum-
marised in the experimental section and supplementary data.

Due to the occurrence of tautomerism in the pyridazinone ring, the
alkylation of appropriate analogue of pyrrolo[3,4-d]pyridazine-1,4-
dione 2a-b with methyl chloroacetate in acetonitrile results in the
formation of a mixture of isomeric ester derivatives 3a-b and 4a-b.
After completion of the reaction, the mixture of N- and O- isomers was
purified, and the isomers were separated using the column chromato-
graphy technique. Based on previous data, distinction and identifica-
tion of isomeric forms were carried out by '"H NMR spectra analysis
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Scheme 1. Synthesis of the compounds 3a-b — 6a-b. Reagents and reaction conditions: (a) methyl chloroacetate, acetonitrile, K,COs3, reflux, 6 h; (b) hydrazine
hydrate, C;H50H, reflux, 5 h; (c) I. CS,, C,H50H, KOH, reflux, 6 h; II. cooling, water, stirring, acidification with 7.5% HCL

[18]. In the case of N-substituted analogues 4a-b, both methyl groups in
positions 5 and 7 of the pyrrolo[3,4-d]pyridazinone scaffold appear as
one 6-proton singlet in the "H NMR spectrum (8 ~ 2.4 ppm S, 6H, 5,7-
CH; for 4a and 8 ~ 2.6 ppm S, 6H, 5,7-CH; for derivative 4b respec-
tively). On the other hand, when considering O-isomers, these methyl
substituents, due to different chemical shift, occur in the spectrum as
two separate 3-proton singlets (for 3a: & — 2.33 ppm S, 3H, 7-CHj;
8 ~ 2.43 ppm S, 3H, 5-CHs, and for 3b: § ~ 2.56 ppm S, 3H, 7-CH3;
8 ~ 2.68 ppm S, 3H, 5-CHj3). During control experiments, it was ob-
served that alkylation led to 3a and 3b with very good yield (greater
than 65%), whereas compounds 4a-b were obtained with insufficient
efficiency (< 10%). This fact prevented us from further chemical
modifications of N-isomers. The literature reports that nitrogen sub-
stitution in lactam seems to be crucial for the biological activity of
pyridazinone derivatives [13,15,17,20]. Nevertheless, in the case of the
biheterocyclic scaffold of pyrrolo[3,4-d]pyridazinone both N- and O-
substituted analogues possess satisfactory antinociceptive activity,
which was emphasised in our previous paper [18]. Therefore, we
decided to develop the series of O-substituted pyrrolo[3,4-d]pyr-
idazinones in this study.

In the next step, the reaction of esters 3a-b with hydrazine hydrate
(98%) in absolute ethanol allowed us to obtain the relevant hydrazides
5a-b. The absorption bands in infrared (IR) spectra of 5a-b ranging
from 3322 to 3253 cm ! for the N—H group and bands of the amidic
carbonyl in the region near 1620 cm ! indicate the formation of hy-
drazide. Then, derivatives 5a and 5b were transformed into key ana-
logues 6a-b. Initially, 5a-b were heated at reflux in the presence of
carbon disulfide in basic conditions in ethanol. Subsequently, the re-
action mixture was poured onto crushed ice and acidified with hydro-
chloric acid. As a result, hydrazides 5a-b were subjected to in-
tramolecular cyclization and formation of a five-membered 1,3,4-
oxadiazol-2-thione ring. Obtaining the designed compounds 6a-b was
confirmed by spectroscopic techniques: the absorption bands in IR
spectra near 1590 cm ™! as well as the characteristic signals at around
8177.9-179.2 ppm in '*C NMR spectra strongly suggest the presence of
a C=S bond. As was mentioned already, the introduction of this moiety
is expected to be crucial in the context of low gastrotoxicity of designed
structures and their good affinity towards COX-2 [41-44]. Compounds
6a-b were the key substrates for the synthesis of new 7a,b-13a,b de-
rivatives of pyrrolo[3,4-d]pyridazinone.

Formation of final Mannich bases 7a,b-13a,b (Scheme 2) was
achieved via convenient and efficient one-step reaction of 6a-b with
appropriate secondary amines and formaldehyde in ethanol. The dis-
tinctive peak in the 'H NMR spectrum near &§ 4.98-5.10 ppm and the
signal at around §70.01-70.42 ppm in the '*C NMR spectrum clearly
indicate creation of the methylene linker characteristic for Mannich
bases. According to the literature, there are plenty of potent analgesics
bearing an arylpiperazinyl or arylpiperidinyl group, including effective
cyclooxygenase inhibitors [13,14,18-20,41,42]. Therefore, in our in-
vestigations, different amines were carefully chosen, e.g. arylpiper-
azines with various substituents in the phenyl ring, morpholine or
substituted arylpiperidine, in order to estimate, as well as possible, the
impact of this pharmacophore on the pharmacological activity of the
new derivatives.

The crude products were purified by column chromatography or by
crystallization from the appropriate solvent. Structures of all new
compounds were established and confirmed by spectroscopic techni-
ques: H NMR, 13C NMR, MS, FTIR, elemental analysis and on the basis
of their physicochemical properties.

2.2. Cyclooxygenase (COX-1, COX-2) inhibition studies

2.2.1. Invitro cyclooxygenase inhibition assay

An evaluation of the influence of compounds 7a,b-13a,b and me-
loxicam on the activity of both cyclooxygenase isoforms COX-1 and
COX-2 was carried out with an incubation time of 2 min according to
the procedure given by the kit manufacturer. Being aware of the severe
side effects of NSAIDs such as aspirin, naproxen or ketoprofen which
inhibit mostly COX-1 [16-22], we decided to compare the activity of
the new Mannich bases with meloxicam, which inhibits both isoforms
but has a better affinity to COX-2. We determined the concentrations of
all examined compounds at which 50% inhibition of COX-1 and COX-2
occurred. Afterwards, ICsq values were calculated. Computing the ratio
between 1Csy values for both cyclooxygenase isoforms allowed us to
determine the selectivity of the investigated structures to COX-1 and
COX-2. All ICsp values for both enzymes and the selectivity ratio are
shown in Table 1.

All investigated compounds in the in vitro test showed better affinity
towards the COX-2 isoform than to COX-1. Moreover, all examined
derivatives inhibited COX-2 more strongly than the reference drug
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Scheme 2. Synthesis and structures of investigated Mannich base derivatives of pyrrolo[3,4-d]pyridazinone 7a,b-13a,b. Reagents and reaction conditions: (a) 37%
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meloxicam. ICsy values for COX-2 inhibition are similar for all 14
compounds. This could confirm that the pyrrolo[3,4-d]pyridazinone
scaffold may serve as a good backbone for potent COX-2 inhibitors.
Some of the examined compounds — 10a-13a and 13b - acted as se-
lective COX-2 inhibitors. Derivatives with n-butyl substituent in posi-
tion 6 — series b - showed better affinity towards COX-1 than those of
series a, which have a phenyl ring substituted there. It could suggest
that the aromatic substituent in that position impedes or even prevents
binding of pyrrolo[3,4-d]pyridazinone derivatives in the active site of
COX-1. This can be explained by the fact that the binding pocket in the
active site of COX-2 is bigger than that of the COX-1 isoform [56].
Among compounds which inhibited COX-1 and COX-2 as well, all of
them showed a better COX-2/COX-1 selectivity ratio than meloxicam.
The presented results are in good agreement with previous studies, and
confirm that derivatives of pyridazinone have good affinity for the
COX-2 isoform [14-16,20,22].

2.2.2. Cyclooxygenase molecular docking study

The COX ligand binding site has four specific subdomains: A, B, C, D
[56]. Subdomain A represents the mode of binding of flurbiprofen;
subdomain B represents the mode of binding of meloxicam and pirox-
icam; subdomain C represents an entrance region of the enzyme
binding domain, and subdomain D represents the position of the residue
in position 523.

The most active COX-1 inhibiting compounds 7a-b, 8a-b (Table 1)
bind to the enzyme by hydrogen bonds Ser530, Tyr355, Agr120(8b)
and several hydrophobic (pink) or sm-sigma (violet), m-cation (yellow)
interactions (Table 2, Fig. 2). The main part of the compounds is in the
subdomain B position, the second in the entrance region (C). The pyr-
rolo[3,4-d]pyridazinone residue takes a position very similar to me-
loxicam (Fig. 4). As mentioned above, the tested compounds showed
better affinity towards COX-2 than to COX-1. The size of the COX-2
pocket is bigger than COX-1, which allows selective binding of larger
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Table 1

1Csp values (mean + SD) calculated for COX-1 and COX-2 enzymes after in-
cubation for 2 min with the tested compounds, COX selectivity ratio, and ICsqy
values (mean + SD) calculated for NHDF cell cultures after 48 h of incubation
with the tested compounds.

Compound  Cyclooxygenase inhibition assay COX SRB assay
1Cs4 [M] selectivity 1Cs0 [UM]
ratio
COX-1 COX-2 ICs0(cox-2)y/
IC&O(COX—IJ

7a 129.2 + 8.1 454 + 2.7 0.35 4141 =+ 30.6
7b 121.8 = 7.9 50.4 = 9.7 0.41 191.7 = 22.8
8a 136.5 = 226 41.7 + 34 0.31 654.0 = 421
8b 1345 = 25.7 44.0 £ 2.7 0.33 166.8 = 22.3
9a 1843 = 405 443 + 2.0 0.24 1248 = 14.0
9b 178.2 = 8.3 43.8 + 48 0.25 96.8 * 129
10a N/C 439 + 14 - 3689 = 521
10b 226.1 = 25.0 44.2 = 1.7 0.20 8425 = 60.6
1la N/C 439 + 20 - 4035 = 285
11b 286.2 + 59.9 44.1 + 35 0.15 4825 *= 24.4
12a N/C 436 + 14 - 982.4 = 72.4
12b 351.6 £ 95.5 43.4 = 26 0.12 1749 = 14.6
13a N/C 43.9 + 51 - 169.2 = 18.7
13b N/C 544 + 7.4 - 3773 £ 246
Meloxicam 104.5 + 5.6 573 = 35 0.55 4415 *= 17.1

N/C - not calculable (based on the concentrations tested)

molecules. Compounds 7a-b, 8a-b interact with COX-2 by hydrogen
bonds with Ser530, Tyr355, Argl20 and hydrophobic interactions.
Details are presented in Table 2 and Fig. 3. The orientation in the active
site is very similar to the position in the COX-1 pocket. The main part of
compounds is in subdomain B, and the second part is directed towards
sector C or D. Additionally compounds 7a-b are stabilised by interac-
tion with a residue in position 523 (subdomain D). The position of the
6-substituted biheterocyclic scaffold of pyrrolo[3,4-d]pyridazinone is
the same as meloxicam (Fig. 4). 2D interaction of derivatives 9a,b-
13a,b with COX-1 and COX-2 are collected in the supplementary data
(Table S1, Fig. S1a and Fig. S1b).

2.3. Evaluation of viability
All investigated compounds 7a,b-13a,b were evaluated for cyto-

toxicity in sulforhodamine B (SRB) assay. During the 48 h incubation of
normal human dermal fibroblast (NHDF) cells with derivatives of

Table 2
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pyrrolo[3,4-d]pyridazinone no cytotoxicity potential (viability below
70%) was observed for any of the compounds (in each concentration
tested — 10, 50 and 100 uM). Regression analysis was used in order to
calculate the IC5q values (Table 1).

2.4. Level of intracellular ROS and RNS

Reactive oxygen species (ROS) and reactive nitrogen species (RNS)
are formed as a result of cellular metabolic changes. An increase of ROS
and RNS, resulting in oxidative or nitrosative stress, can be caused by
different factors such as hypoxia or inflammation [46]. Many studies
indicate that ROS are significant pro-inflammatory mediators and oxi-
dative stress and inflammation are strongly related to each other, co-
existing processes. Cyclooxygenases 1 and 2 can affect the levels of ROS
and RNS. At the same time, the rise in the level of oxygen and nitrogen
free radicals may induce an increase in COX-1 and COX-2 activity
[38-40]. Taking the above into consideration, we performed studies
whose objective was to elucidate the potential influence of the new
pyrrolo[3,4-d]pyridazinone derivatives on the level of ROS and RNS. In
our studies, oxidative stress was induced with 100 uM H,05 in the DCF-
DA assay and nitrosative stress with 100 pM H,0, as well in the Griess
test.

The results of the DCF-DA assay are shown in Table 3, where ne-
gative values indicate a decrease in ROS level compared to the control,
while positive values indicate a higher ROS level. Protective properties
against oxidative stress were observed for 9a-13a compounds — the
level of oxygen free radicals was reduced compared to the control (1 h
incubation of NHDF cells with 100 uM H,0,; without tested com-
pounds). Derivatives 9a-13a reduced the level of ROS in the whole
range of tested concentrations with statistical significance (except 9a in
the highest concentration of 100 uM). In contrast, compound 7a at
concentrations of 10 pM and 50 pM and 8a at 10 pM only reduced the
ROS level in comparison to the control. Notably, compound 8a at
concentrations 50 pyM and 100 pM caused statistically significant
stronger ROS formation. Among 6-n-butyl substituted structures of
series b, only 9b and 13b reduced the level of ROS in the lowest, 10 pM
concentration, but without statistical significance. According to 7b and
8b at 100 puM, 9b at 100 uM and 50 uM, 11b at 100 uM and 50 pM, 12b
in the whole range of investigated concentrations and finally 13b
at 100 pM and 50 pM a statistically significant rise of oxygen free ra-
dical levels was observed.

The Griess assay results are shown in Table 3. Negative values

Type of interactions and interacting residues of COX-1 and COX-2 with compounds 7a-b, 8a-b (rings: 1 — phenyl, 2 — pyrrole and/or pyridazinone, 3 - 1,3,4-

oxadiazol-2-thione, 4 - piperazine, 5 — phenyl).

COX-1 COX-2
H-bonding m-interactions H-bonding m-interactions
Res-(distance, A)— Ring Type Residue Res-(distance, A)— Ring Type Residue
Atom of Ligand Atom of Ligand
7a Ser530-(2.02)-0 1 q-sigma Leu531 Ser530(3.02)-0 12,335 n-sigma Val523,Ala527
Tyr355-(2.58)-N 2 s-sigma Val349,A1a527 Argl20 (2.24)-08er119 (2.94) n-sigma Val349
3 m-sigma Vallle -S m-sigma Vall16
5 m-cation Argl20 m-cation Argl20
n-cation Argl20
8a Ser530-(2.11)-0Tyr355-(2.57) 2 m-sigma Leu352,Val349 Tyr355-(2.90)-0 2 m-sigma Leu352
-N 3 m-sigma Vall16 4 m-sigma Valllé
5 m-cation Argl20
7b Ser530-(1.67)-0Tyr355-(2.62) 2 m-sigma Val349,Ala527 Tyr355-(2.33)-0 2 m-sigma Val523, Ala527
-N 3 m-sigma Vallle 5 m-sigma 1le345
5 m-cation Argl20
8b Ser530-(2.34)-0Tyr355-(2.59) 2 ni-sigma Val349 Ser530-(1.81)-0 2 m-sigma Val349, Ala527
-NArg120-(2.91) 3 m-sigma Valllé 5. m-sigma Val89
-0 5 m-sigma Val119,Arg120,Val89 5 m-cation Agrl120
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Fig. 2. 2D interaction with COX-1 (green - hydrogen bonds, violet - n-sigma, orange — m-cation, pink - other hydrophobic). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. 2D interaction with COX-2 (green — hydrogen bonds, violet — n-sigma, orange — ni-cation, pink — other hydrophobic). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

indicate a decrease in the nitrite ions level compared to the control, and
positive values indicate that the nitrite ion level increased upon addi-
tion of the tested compounds. Most of the tested pyrrolo[3,4-d]pyr-
idazinone derivatives (except for 8a, 9a, and 10a) reduced RNS level
after induction of nitrosative stress (with H;0;) for at least one of the
concentrations tested. Only for compounds 7b (50 and 100 uM), 10a
(100 pM) and 10b (50 pM) a statistically insignificant small increase in
RNS level was noted. Compounds 10a and 10b bear a nitric residue in

the phenyl ring of the arylpiperazine pharmacophore, which may be the
reason for the increase of RNS in the case of these derivatives. Deri-
vatives 9b, 12a, 12b, and 13b lowered the level of RNS in the whole
range of tested concentrations with statistical significance. Moreover,
statistically significant reduction of nitrogen free radicals was observed
in the case of 7a, 11a and 11b at concentrations of 100 uM and 50 pM
and 13a at 50 pM and 10 pM, 7b at 10 yM, 8b at 100 uM and 10 pM,
10b at 100 pM.
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Fig. 4. Docking poses of 7a (blue), 7b (red) and meloxicam (yellow) under COX-1 binding domain conditions (left) and docking poses of 8a (blue), 8b (red) and
meloxicam (yellow) under COX-2 (right). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
ROS and RNS scavenging activity of tested compounds and an impact on the reduction of DNA damage (n = 3); the results were compared to the control and

expressed as E/E, ratios; statistical significance calculated with post-hoc test compared to control (* p < 0.05; ** p < 0.01; *** p < 0.001; Eg — cultures without
tested compounds).
Compound Cone. [pM/A] DCF-DA assay GRIESS assay FHA assay
E/Eo E/Eq E/Eqo
Without H,0, With H,04 Without H,O05 With H,0, Without H0» With Hy0,
100 +23.0% i +13.4% *
Meloxicam 50 +15.1% % +11.8%
10 +13.7% +4.3%
100 +22.6% * +6.6% +12.4% —3.5% EJ —4.3% —14.5%
7a 50 +21.8% = —9.6% +9.7% —5.1% # —5.8% —15.9% *
10 +27.3% —16.9% *k +9.7% —4.7% —38.5% * —45.0% *
100 +16.6% +17.2% *¥ +11.0% +6.1% —28.4% *x —35.4% kEE
7b 50 +22.0% +8.8% +8.4% +4.5% —20.1% ¥ —-27.9%
10 +22.0% wEE +2.6% +9.7% —4.7% * —18.1% * —26.0%
100 +29.0% ok +73.9% ik +13.7% —2.3% —16.7% * —25.6%
8a 50 +24.6% e +28.7% b +20.4% —2.3% —6.7% * —14.9% o
10 +25.6% o —2.6% +15.1% -2.3% —4.7% —14.9% *
100 +22.1% +20.6% b +4.3% -6.0% * —=7.0% -16.0%
8b 50 +22.6% +9.1% +4.3% -5.1% +17.8% +6.4%
10 +14.1% = +2.2% +5.7% —5.5% * +31.6% * +18.9%
100 +18.8% o —3.2% +13.7% —2.3% +25.3% +11.9%
9a 50 +19.9% i —-12.6% * +20.4% —-2.3% +18.4% +5.8%
10 +22.2% —15.6% +15.1% —-2.3% +6.2% —5.2%
100 +18.2% ** +30.0% +9.7% —2.3% +15.7% +4.5%
9b 50 +18.6% = +14.9% wH +5.7% —8.8% * +22.2% +10.4%
10 +26.2% bl —1.6% +3.0% —6.8% * +2.0% —-7.9%
100 +19.8% -22.7% ® +9.7% +4.1% +7.7% —3.8%
10a 50 +29.4% -22.3% +12.4% -1.1% +3.4% -7.7%
10 +30.2% —19.3% +12.4% —1.9% —16.5% —25.4%
100 +20.2% b +5.0% +47.2% i —3.5% * —8.8% —17.7%
10b 50 +19.4% L +4.0% +15.1% +5.7% +13.5% +2.5%
10 +19.8% bk +7.2% +7.0% -1.1% —20.5% * —28.3%
100 +26.8% -19.7% +9.7% -6.8% Ak —-18.7% —27.4%
11a 50 +28.8% —18.7% +20.4% * —6.4% * +24.9% +11.5%
10 +32.2% —18.6% +9.7% -3.1% +36.7% o] +22.1% *
100 +26.1% Fhk +23.8% fk: +5.7% —8.0% ** —8.4% —17.3%
11b 50 +20.2% whk +16.7% wk +3.0% —9.2% *¥ —2.7% —14.8%
10 +17.5% +8.7% +11.0% -3.5% +2.8% -7.1%
100 +24.2% —18.4% +13.7% —7.6% bk —18.4% * —27.1%
12a 50 +18.2% —19.3% +13.7% —6.8% * —4.9% —15.0%
10 +28.2% wk¥ —18.2% bk +8.4% —3.9% * +1.6% —9.3%
100 +22.9% kit +37.6% ki +7.0% -6.8% +3.7% —-6.4%
12b 50 +29.1% ey +30.5% +7.0% —6.4% * —4.8% —14.0%
10 +19.4% * +24.7% +9.7% —8.8% —4.8% —14.1%
100 +20.2% R —21.5% i +7.0% —3.5% —8.5% * —18.3% ¥
13a 50 +16.9% b —26.5% e +5.7% —6.4% * —13.8% —21.3%
10 +25.5% —20.0% +5.7% —6.4% bk —16.2% —25.1%
100 +32.6% +56.4% +11.0% -2.3% i +5.2% —5.0%
13b 50 +29.0% +34.8% +12.4% —6.4% * +0.7% -9.0%
10 +29.4% —=3.1% +7.0% —8.4% ok —37.5% —43.5%
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Fig. 5. Micrographs (60x) of cells showing chromatin relaxation: A) cell incubated in the complete medium; B) cell incubated with 100 uM H»0, for 1 h; C) cell
incubated with compound 7b at 10 uM for 24 h and then for 1 h with 100 uM H,0.. Micrograph B shows a much larger nuclear halo compared to B; the larger the
halo size, the greater the relaxation of chromatin, which means a higher level of DNA damage.

2.5. Fast halo assay (FHA)

Intracellular growth of oxygen and nitrogen free radicals can cause
DNA strand breaks [46]. Therefore, we conducted a study to explain the
potential impact of the new pyrrolo[3,4-d]pyridazinone derivatives on
reducing the number of DNA breaks after exposure to oxidative stress.
For this purpose, normal human dermal fibroblasts (NHDF) cell cultures
were incubated for 24 h with the tested compounds and then for 1 h
with 100 uM Hz0,. Two controls were used in the study — cells in-
cubated only in complete medium and a culture in which oxidative/
nitrosative stress was induced exogenously (without test compounds).
Examples of micrographs showing the relaxation of chromatin are
shown in Fig. 5. The results were calculated as damage level ratios in
the test sample compared to the control with induced stress (Table 3).
Negative values in the results indicate a reduction in the level of DNA
strand breaks compared to the control and positive values correspond to
an increased level of damage after addition of tested compounds. Based
on the results presented in Table 3, we can conclude that compounds 7b
and 8a showed a statistically significant effect protecting DNA from
oxidative/nitrosative stress (induced with H,0,) in the whole range of
tested concentrations. A similar effect was observed for derivative 7a at
concentrations of 10 and 50 pM. DNA damage was also significantly
reduced in the presence of one of the tested concentrations of com-
pounds 10b (10 pM), 12a (50 pM), 13a (100 uM), and 13b (10 pM).
Only compound 11a at 10 uM caused a statistically significant increase
in the number of DNA strand breaks. Elevated levels of damage (sta-
tistically insignificant) occurred with at least one concentration of de-
rivatives 8b, 9a, 9b, and 10b as well.

2.6. Bovine serum albumin ligand-binding study

Bovine serum albumin (BSA) is an extensively studied model pro-
tein. Its structure is very similar to human serum albumin, but the costs
of the application are much lower [49-51]. The mature BSA protein
contains 583 amino acids. Among them, there are 20 Tyr and 2 Trp
residues. Homologous domains I, II and II form the BSA molecule.
Furthermore, each domain is composed of two sub-domains: A and B
[51]. Aromatic and heterocyclic ligands can bind to hydrophobic cav-
ities in subdomains [IA and IIIA [49]. The molecular interaction be-
tween BSA and new ligands can be monitored by optical techniques
such as UV-Vis, CD or fluorescence spectroscopy. These methods are
easy to use and have good sensitivity [57-60].

2.6.1. Fluorescence quenching and binding constants

Steady-state fluorescence spectroscopy was used to study fluores-
cence quenching of BSA by all compounds. The fluorescent behavior of
BSA is due to the amino acid residues: Trp, Tyr, and Phe. However, Trp
residue has the strongest fluorescence intensity. Thus, the two Trp

residues of BSA are mainly responsible for its fluorescence. The fluor-
escence spectra were recorded for BSA in the presence of studied
compounds at the excitation wavelengths A = 280 nm (both Trp and
Tyr residues are excited) and concentration range 0.0-2.0 uM. The
fluorescence emission spectra for the most active COX inhibiting com-
pounds 7a-b, 8a-b were shown in Fig. 6 (for all compounds in Fig. S2a
and $2b in the supplementary data). The fluorescence intensity of BSA
was decreased with increasing concentrations of compounds. This effect
is especially noticeable up to the 1:1 M ratio. At higher concentrations,
fluorescence quenching is smaller. A red shift was observed as 7a-8a
concentration increased. It indicates that the conformation of BSA was
changed, and the amino acid residues are in a polar environment [61].
For compounds b series, a blue shift was observed. It means that the
amino acid residues are located in a more hydrophobic environment.
Fluorescence quenching and shift of A, identifies interaction with
BSA and can suggest the formation of complexes (static quenching).
However, it can also be the result of the collisional encounters (dynamic
quenching). In order to confirm the quenching mechanism and complex
formation, the fluorescence data were further analysed by the Stern-
Volmer equation and dependence on temperature [53].

Fluorescence intensities were corrected for the absorption of ex-

citation light and re-absorption of emitted light to decrease the inner
filter using the following relationship:
E‘m‘r = Erﬁ:x 1UM (1)
where F.,., and F,,s are corrected and observed fluorescence intensities,
respectively. A., and A., are the absorbance values at excitation and
emission wavelengths, respectively.

In most cases, the possible quenching mechanism is characterised by
a linear Stern-Volmer plot and is usually analysed using the classical
Stern-Volmer equation [62]:
o — 1+ kwlQl =1+ Kl -
where F, and F are the steady-state fluorescence intensities at the
maximum wavelength in the absence and presence of quencher re-
spectively, k, the quenching rate constant of the biomolecule, 7, the
average lifetime of the biomolecule, [Q] is the quencher concentration,
and Kgy is the Stern-Volmer constant.

To determine the type of quenching the linear segment was ana-
lysed. The average lifetime of the fluorophore in the excited state for a
biomolecule is 10°%s [63]. According to the equation, the Stern-Volmer
constant and the quenching rate constant were obtained from the linear
fitting of the experimental data. Obtained results are collected in
Table 4 and Table S2 (supplementary data). For dynamic quenching,
the maximum scatter collision quenching constant of different
quenchers with the biopolymers is reported to be 2 x 10 dm®mol’
's~1 [64]. The results showed that the value of kg for all cases is much
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Fig. 6. Fluorescence spectra of BSA solution in presence of 7a-b, 8a-b (T-303 K, A., = 280 nm). The concentration of 7a-b, 8a-b was: 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2,

1.4, 1.6, 1.8, 2.0 uM.

greater, which indicated that the probable quenching mechanism of
fluorescence of BSA by all compounds is not caused by a dynamic
collision but by the formation of a complex.

The dynamic and static quenching can be distinguished by their
dependence on temperature. The higher temperature may result in
decreasing stability of the complex and thus smaller values of the static
quenching constant. The fluorescence data were analysed at three dif-
ferent temperatures, and the fluorescence quenching constant of BSA
was calculated using the Stern-Volmer equation (2). The results for the
most active COX inhibiting compounds 7a-b, 8a-b are listed in Table 4
(for all compounds in Table S2 in the supplementary data). The Stern-
Volmer quenching constant Kgy is inversely correlated with tempera-
ture and k, is much greater than the value of the maximum scatter
collision quenching constant. It suggests the formation of ground-state
complex and involvement of static quenching between BSA and studied
compounds.

For all analysed systems, the binding constants and the number of
binding sites were calculated. However, in the literature, there are
several models to determine the binding parameters. The values ob-
tained from different methods of calculation could significantly differ
from each other [65-67]. Therefore, two models were used to analyse
the obtained data: the double logarithm regression curve, and the
modified double logarithm regression curve.

Using the double logarithm regression curve, the binding constant
Ky, and the binding stoichiometry n were determined by the following
equation [62]:

F-F

log = logK} + nlog[Q]

(3)
where F, and F are the steady-state fluorescence intensities at the
maximum wavelength in the absence and presence of quencher, re-
spectively, and [Q] is the quencher concentration. The corresponding
values were obtained from the slope and the intercept of the plot of log
[(Fy-F)/F] versus log [Q]. The linear segment, corresponding to the
compound/BSA molar ratio 2:1, was analysed (Table 5, Fig. 7).

The second method, the modified double logarithm regression
curve, in contrast to the previous one, takes into account the total
concentration of protein present in the analysed solution.

E-r 1

log = nlogK, + nlog——————
[Ql - G — P

(4)

where [P] is BSA concentration. By the plot of log (Fy-F)/F vs log (1/
([Q1-(Fo-F)[P1/Fg)), the binding stoichiometry n and the constant K,
were obtained (Table 5, Fig. 7).

The first method assumes a single type of quenching behaviour
[54,65]. The fluorescence intensity for the fluorescent system is directly

Table 4
The Stern-Volmer constant Ksy and the quenching rate constant k, for the interaction of BSA with compounds 7a-b, 8a-b at different temperatures.
T[K] Ksy % 10%[dm*mol ] kg x 10"*[dm’mol’s '] R? T[K] Koy % 105[dm*mol '] kg % 10"[dm®mol s '] R?
7a 303 8.02 £ 0.21 8.02 0.987 7b 303 6.22 + 0.23 6.22 0.997
306 7.83 = 0.24 7.83 0.990 306 5.67 = 0.12 5.67 0.998
310 717 = 0.20 717 0.992 310 5.20 = 0.14 5.20 0.993
8a 303 8.60 = 0.25 8.60 0.996 8b 303 4.84 = 0.07 4.84 0.998
306 8.06 = 0.26 8.06 0.990 306 4.06 = 0.06 4.06 0.998
310 7.43 = 0.22 7.43 0.992 310 3.62 = 0.05 3.62 0.998
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Table 5
Binding constants K;, and binding stoichiometry n for the interaction
with studied compounds.

of BSA

Double log Modified double log

Kp [dm®mol™'] n R? Kp [dm®mol '] n R?
7a 4.49 x 10° 113 0.998 8.50 x 107 0.96  0.997
8a 1.58 x 107 1.22 0998 8.37 x 107 1.09  0.994
%a 1.50 x 10° 1.05  0.998 9.64 x 107 0.99  0.989
10a  2.55 x 10° 110 0.99 9.20 x 107 0.93  0.987
12a  1.05 x 107 1.19  0.997 8.65 x 107 1.04  0.99
13a  3.87 x 10° 112 0.996 8.77 x 107 0.96  0.992
7b 3.93 x 10° 1.19  0.997 2.36 x 10° 118 0.994
8b 3.87 x 10° 0.99  0.996 1.58 x 10° 1.07  0.992
9b 2.74 x 10° 112 0.997 1.26 x 10° 133 0.991
10b 211 x 107 0.93  0.998 1.49 x 10° 0.95  0.987
12b  3.05 x 10° 0.94  0.999 1.08 x 10° 0.86  0.994
13b  6.63 x 10° .02 0.995 1.49 x 10° 132 0.993

proportional to the free concentration of protein, and the free con-
centration of quencher is replaced by the total concentration of a
quencher. In the second method, any assumed conditions about con-
centration are not required [68]. As it was shown in Fig. 7, there was a
good linear fit for both methods. The results show that the binding
constants indicate high values, about 10°-107 (Table 5). The Ky ob-
tained from Equation (3) and (4) significantly differ from each other. It
is supposed that the free concentration of the binding compound is not
equal to the total concentration of the quencher. Very good interaction
with BSA provides an excellent distribution of studied compounds.
Structural modifications slightly change the K, values but not specta-
cularly. The n value close to 1 shows one-to-one interaction.

Two models were applied in this work (double logarithm regression
curve and modified double logarithm regression curve), which showed
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Fig. 7. Double logarithm regression curve plots (top) and the plots log (Fo-F)/F vs.

compounds 7a-13a (left) and 7b-13b (right).
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relatively high values of binding constants. It may suggest a long half-
live of the drug. However, it should be noted that both models are not
perfect because simplified linear equations were used. These models do
not include fluorescence of free ligand, complex peptide/drug interac-
tions or no-linear dependencies at higher concentrations of the drug.

2.6.2. Binding site identification

It is well known that in BSA molecule there are two major specific
drug-binding sites, which are two hydrophobic cavities in subdomains
TIA and IITA, which are defined as site I and site I, respectively [69]. To
identify the binding site of BSA that bind studied compounds, phe-
nylbutazone and ibuprofen were used as site probes. Site I shows the
binding affinity towards phenylbutazone, and site II is known to bind
ibuprofen [70]. Binding constants were analysed using Equation (3).
The results for the most active COX inhibiting compounds 7a-b, 8a-b
were summarized in Table 6 (for all compounds in Table 83 in the
supplementary data). It has been observed that the binding constant of
all compounds with BSA in the presence of phenylbutazone and ibu-
profen significantly decreases compared to the K, value in the absence
of any site markers. However, the decrease in the binding constant in
the presence of ibuprofen was greater but not much more. It can be
concluded that the tested compounds may be binding to both site I and
site II but more preferably to site II.

2.6.3. Thermodynamic studies

The interaction forces between a small molecule and protein include
hydrogen bond, van der Waals force, electrostatic and hydrophobic
interactions, etc. [71]. The forces involved in the interaction are iden-
tified by the thermodynamic analysis. The signs and magnitudes of the
thermodynamic parameters identify the type of interactions [72]. The
enthalpy change (AH®), the entropic change (AS") and free energy
change (AG®) were calculated from Equation (5) and (6):
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Table 6
Binding constant of the 7a-b, 8a-b with BSA in the presence of site markers at 303 K.
Site marker logKy, R? Site marker logKy, R?
7a - 6.65 = 0.07 0.998 7b - 6.59 * 0.08 0.998
Phenylbutazone Ibuprofen 3.15 = 0.04 0.999 Phenylbutazone Ibuprofen 3.47 = 0.22 0.969
235 = 0.03 0.998 2.77 = 0.09 0.992
8a - 7.20 £ 0.10 0.998 8b - 5.58 + 0.08 0.998
Phenylbutazone Ibuprofen 2.80 += 0.05 0.997 Phenylbutazone Ibuprofen 259 + 0.12 0.982
272 + 0.05 0.996 2.04 = 0.09 0.984
foghe, = AH® + AS’ 208 nm value of pure a-helix at 208 nm, respectively.
= ———— 4+ ——
RT R (5)
MRE = ObservedCD(mdeg)
AG" = AH" — TAS" = —RTInK, (6) 10Cnl (8)

where K, is the binding constant, R is the universal gas constant.

The calculated data for the most active COX inhibiting compounds
7a-b, 8a-b are presented in Table 7 (for all compounds in Table $4 in
the supplementary data). The results showed that the binding interac-
tion between tested compounds and BSA were spontaneous due to the
negative AG” values at the studied temperature range. Furthermore,
both the AH® and AS’ negative values indicating that the main inter-
action force in the binding process was van der Waals forces and/or
hydrogen bonding interaction.

2.6.4. Circular dichroism spectra

Circular dichroism spectroscopy, similar to synchronous fluores-
cence spectroscopy, is a very powerful method to determine the
changes in secondary structure in the conformation of proteins in the
case of the presence of compounds that can interact with the protein
molecule [73]. In this study, the changes in the structure of BSA when
all fourteen analysed compounds, 7a,b-13a,b, were absent or present in
solutions were monitored. In all CD spectra, there were observed two
negative bands characteristic for BSA at near 208 nm and 222 nm
(supplementary data, Fig. $3), which is typical for the a-helical struc-
ture of the protein. Any changes in this region of the spectra suggest
conformational changes in protein molecules [74].

In the presence of all analysed compounds, there was observed a
reduction of values of ellipticity at 208 nm and 222 nm after adding
every portion of ligands. Therefore, it can be concluded that there was a
loss in the a-helix (%). No shift of the peaks was observed.

The content of a-helix can be calculated using Equation (7) and (8)
[Z51:

—MREsq — 4000

a — helix(%) =
33000 — 4000

100% %)

where MRE,g is the MRE value observed at 208 nm, 4000 and 33,000
is the MRE value of the p-form and random coil conformation cross at

where C is the molar concentration of BSA, n is the number of amino
acid residues, which is 583 for BSA, 1 is the path length in cm.

The reduction in a-helical contents of BSA is observed in the pre-
sence of all analysed compounds (Table 8, Fig. 8). The results show that
the greatest changes of a-helix (%) are observed in the case of com-
pounds 12b and 7a. The a-helical content of BSA decreased here from
57.43% to 50.79% and from 55.66% to 49.46% respectively, with in-
creasing BSA to analysed compounds molar ratio from 1:0 to 1:10. For
the interaction of BSA with compound 8b, the smallest changes were
observed (Table 8 and supplementary data, Fig. $3). Therefore, CD
studies showed that all analysed compounds bind to BSA, which is in
agreement with fluorescence spectroscopy.

2.6.5. Molecular docking — Interactions with BSA

In order to determine the preferred binding sites of the compounds
7a-13a and 7b-13b on BSA, the binding interactions were simulated by
the molecular docking method.

The simulated results for the most active COX inhibiting compounds
7a-b, 8a-b are presented in Table 9 (for all compounds in Table S5 in the
supplementary data). As is well known, the more negative the binding
free energy AG®, the more stable the formed complex is. The results re-
vealed that the binding free energy for all compounds within the hy-
drophobic cavity in site II (m) of BSA was more negative than that within
the hydrophobic cavity in the site I and site II (1). This indicates that site
IT (m) is favourable. However, the binding in site I is also possible. As
presented in Table 9, the sum of van der Waals energy, hydrogen
bonding energy, and desolvation free energy (AE;) is evidently more
negative than electrostatic energy (AE;). Hence, it can indicate that the
main interactions between studied compounds and BSA are van der
Waals and hydrogen bonding interactions. Our thermodynamic studies
also indicated that van der Waals and hydrogen bonding contributed to
the interaction between BSA and tested compounds. In binding site IT (m)
studied compounds 7a and 7b insert into hydrophobic cavity surrounded

Table 7
Binding and thermodynamic parameters for the binding interaction between compounds 7a-b, 8a-b and BSA.
T logK, n R* AG” AH° AS®
[K] [kJmol = 1] [kJmol ~'] [Jmol 'K~ 1]
7a 303,306,310 6.65 + 0.07 1.13 + 0.01 0.998 —38.64 —-13.40 —310.80
6.45 + 0.14 1.10 + 0.02 0.997
6.13 + 0.18 1.05 * 0.03 0.993
8a 303,306,310 7.20 = 0.10 1.22 = 0.02 0.998 —-41.94 -16.30 —400.73
6.79 + 0.11 1.16 = 0.02 0.998
6.55 + 0.17 1.12 + 0.03 0.995
7b 303,306,310 6.59 + 0.08 1.19 + 0.02 0.998 —37.80 —43.08 —1297.18
5.65 + 0.09 0.98 + 0.02 0.998
4.90 = 0.12 0.86 = 0.03 0.996
8b 303,306,310 558 *= 0.08 098 + 0.08 0.998 -32.15 -19.61 —541.37
5.13 + 0.06 091 + 0.06 0.999
491 + 0.10 0.90 + 0.02 0.996
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Table 8
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Values of calculated a-helix (%) for BSA with the absence and presence of all analysed compounds.

Analysed compound

7a 8a 9a 10a 11a 12a 13a 7b 8b 9b 10b 11b 12b 13b

BSA/analysed compound molar ratio a-helix(%)

1:0 55.66 56.67 56.00 5575 56.32 56.80 57.05 55.96 55.97 55.36 56.67 57.79 57.43 57.21
1:0.5 53.84  55.05 54.69 5425 5447 5518 55.03 5431 5443 5479 5525 55.36 55.59 55.97
11 52.71 54.19 53.88 53.05 53.51 54.45 54.38 53.50 53.82 53.16 54.93 54.60 54.93 55.76
1:2 51.96 53.81 53.58 52.24 52.99 54.48 53.56 52.97 53.34 52.82 53.89 54.37 53.99 54.88
1:3 51.19 53.25 53.03 51.77 52.19 53.66 53.32 52.75 53.29 52.58 52.83 54.23 53.85 54.54
1:4 51.38  53.01 52,14 51.50 5220 5316 5218 5258 5290 5239 5253 53.74 5348  54.04
1:5 50.58 52.84 51,72 5140 5213 5280 51.97 52.05 52.80 52,02 5237 53.64 52.85 53.22
18 50.49 52.83 51.53 51.09 51.70 52.59 51.90 51.77 52.72 51.49 bl.97 53.59 52.38 53.19
1:7 49.75 52.47 51.12 51.06 51.53 52.29 51.71 51.18 52.59 51.31 51.86 53.52 52.11 53.17
1:8 49.71 52.38 50.98 51.04 51.42 52.09 51.36 51.02 52.40 51.26 51.62 53.42 51.86 53.13
1:9 49.45 5229 5086 5099 51.22 51.43 51.33 5052 5232 51.11 51.33 53.26 50.97 53.11
1:10 49.46 52.23 50.31 50.98 51.19 51.30 51.32 50.25 52.15 50.81 50.98 53.24 50.79 53.03

% of a-helix changes

8 9b 10b 1Ib 12b  13b

Ta b

8a 9a 10a lla 12a 13a

Fig. 8. Comparison of changes in a-helix (%) of BSA after adding 10 portions of
each compound analysed.

Table 9
Energies of the binding complexes for 7a-b, 8a-b obtained from molecular
docking.

Binding site  AG [kJmol AE,; [kJmol AE; [kJmol AE; [kJmol
k! =] B R |
7a sitel -8.75 —10.65 —=9.70 —0.96
site II (m) —10.73 —12.81 —11.90 —=0.91
site 1T (1) -6.69 —-8.77 —8.55 -0.22
8a sitel —8.26 —10.34 —9.36 —0.99
site IT (m) —8.90 —10.98 -10.23 -0.75
site II (1) -7.25 —9.34 =9.15 -0.19
7b  sitel —6.61 -9.29 -8.10 -1.19
site II (m) —8.11 —10.80 —10.09 —0.71
site 1T (1) —6.58 -9.26 —9.56 0.29
8b sitel —6.79 —9.48 —8.44 —1.04
site I (m) —9.48 —12.17 —11.41 —0.76
site IT (1) -7.76 —10.45 —-10.37 —0.08

AG” - binding free energy; AE; — intermolecular interaction energy, which is the
sum of van der Waals energy, hydrogen bonding energy, desolvation free en-
ergy and electrostatic energy; AE; — the sum of Van der Waals energy, hydrogen
bonding energy and desolvation free energy; AE; — electrostatic energy

by various kinds of residues (Fig. 9). Hydrogen bonds with Lys211,
Asp323, Arg208, Leu480, Glu353 are formed. In the site I pocket hy-
drogen bonds are also formed. Interactions n-sigma, ni—cation, and other
hydrophobic are observed. Tryptophan residue (Trp-213) is close to
tested compounds. The details are presented in Fig. 9 (for all compounds
in Fig. 84 and S5 in the supplementary data).

3. Conclusions

The present study describes the synthesis of two series of Mannich
base derivatives of pyrrolo[3,4-d]pyridazinone and their biological and
in silico investigations. Title compounds were designed as a new class of
potential cyclooxygenase inhibitors and proved such activity in in vitro
and molecular docking studies. All analysed derivatives 7a,b-13a,b
showed better affinity to the COX-2 isoform and had superior COX-2/
COX-1 selectivity ratio than the reference drug, meloxicam. Some of
them, 10a, 11a, 12a, and 13a,b, appeared to be selective COX-2 in-
hibitors in the executed experiment. These results are in good agree-
ment with molecular docking studies, which confirmed that tested
compounds have a better affinity towards COX-2 than to COX-1 and the
pyrrolo[3,4-d]pyridazinone scaffold takes a position very similar to
that of meloxicam in the active site of the enzyme. In both experiments,
the most active compounds to inhibit COX-1 were 7a,b, and 8a,b. Some
of the newly obtained Mannich bases were able to reduce the levels of
ROS and RNS in performed in vitro tests. What is more, derivatives 7a,b,
8a, 10a,b, 11b, 12a,b-13a,b showed valuable protective properties and
decreased the number of DNA strand breaks caused by intracellular
growth of free radicals. Spectroscopic and molecular docking studies
indicate that all analysed compounds probably form complexes with
bovine serum albumin and bind favourably to site I (m) of BSA. This, in
turn, could suggest a long half-life of the investigated derivatives.
Finally, multiple-criteria decision analysis (MCDA) was carried out
following the weighted sum model (WSM) (Fig. 10). Based on the re-
sults of MCDA, the best biological properties in vitro were demonstrated
by compound 7b and slightly weaker by 7a. Derivatives 10a and 13a,b
seem to be potent and promising as well.

Our research indicates that cyclooxygenase is a potential molecular
target for new drug candidates based on the attractive pyrrolo[3,4-d]
pyridazinone skeleton. As a continuation of this work, we plan further
modifications of these promising structures and other pharmacological
experiments, in an in vivo model, as well. Studies of acute and chronic
gastrotoxicity of these compounds are essential to evaluate their safety.
Such investigations could explain whether Mannich base derivatives of
pyrrolo[3,4-d]pyridazinone could serve as a secure and effective an-
algesic and anti-inflammatory agents.

4. Experimental
4.1. Chemisiry
4.1.1. Instrumentation and chemicals
All chemicals, reagents and solvents used in the current study were

purchased from commercial suppliers. Dry solvents were obtained ac-
cording to the standard procedures. Progress of the reaction was
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Fig. 9. 2D interaction of 7a (top) and 7b (bottom) with BSA in binding site I (left) and site II (right) (green — hydrogen bonds, violet — ni-sigma, orange — s-cation, pink
- other hydrophobic). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

monitored by thin-layer chromatography (TLC) technique on silica-gel-
60-F254-coated TLC plates (Fluka Chemie GmbH) and visualised by UV
light at 254 nm. Chromatographic separations were performed on a
silica gel [Kieselgel 60 (70-230 mesh), Merck] column (CC). The
melting points of synthesised compounds were determined by an open
capillary method on Electrothermal Mel-Temp 1101D apparatus and
were uncorrected. The '"H NMR (300 MHz) and '*C NMR (75 MHz)
spectra were recorded on a Bruker 300 MHz NMR spectrometer in
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DMSO-ds or CDCly using tetramethylsilane (TMS) as an internal re-
ference. Chemical shifts (8) are reported in ppm. The infrared (IR)
spectra were determined on a Nicolet iS50 FT-IR Spectrometer. Samples
were applied as solids and frequencies are reported in cm™'. Mass
spectra were recorded using a Bruker Daltonics Compact ESI-mass
spectrometer. The instrument was operated in positive ion mode.
Analysed compounds were dissolved in a mixture of chloroform and
methanol. Elemental analyses for carbon, nitrogen and hydrogen were

25% [ ]
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e
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Fig. 10. Multiple-criteria decision analysis (MCDA) for results obtained in biological assays. The graph shows the results of the best-performing concentration of each

compound.

13
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run on a Carlo Erba NA-1500 analyser, and obtained results were
within + 0.4% of the theoretical values calculated for corresponding
formulas.

4.1.2. Chemical synthesis
The synthesis protocols and experimental data for compounds 2a
and 2b and all intermediates were previously reported [18,55]

4.1.2.1. General procedure for preparation of methyl ester derivatives (3a,
3b). The appropriate derivative of pyrrolo[3,4-d]pyridazine-1,4-dione
2a or 2b (0.01 mol) and K,CO3 (0.02 mol) were suspended in 50 mL of
acetonitrile in a round bottom flask. Then, methyl chloroacetate
(0.012 mol) was added and the mixture was refluxed for 6 h. After
completion of the reaction (monitored by TLC) the solvent was distilled
off under reduced pressure. Chloroform was added to the crude solid
and filtered, collecting filtrate. The excess solvent was distilled off
under reduced pressure and the residue was purified by CC using ethyl
acetate as an eluent. The fractions containing product 3a (Ry = 0.73) or
3b (Ry = 0.69) were combined and evaporated to give white-yellowish
solid methyl 2-(3,5,7-trimethyl-4-oxo-6-phenyl-pyrrolo[3,4-d]
pyridazin-1-yl)oxyacetate 3a or white solid methyl 2-(6-butyl-3,5,7-
trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetate 3b, which
were used without further purification.

3a: Methyl 2-(3,5,7-trimethyl-4-ox0-6-phenyl-pyrrolo[3,4-d]pyr-
idazin-1-yl)oxyacetate,

Yield: 68.49%; m.p.: 141-144 °C;

FT-IR (selected lines, ymax, cm ~1): 3052, 3002 (C—H arom.), 2953,
2915, 2862 (C—H aliph.), 1749 (C=0), 1435 (C—H aliph.) 1222 (C-0),
'H NMR (300 MHz, CDCly) &: 2.32 (s, 3H, 7-CHs), 2.43 (s, 3H, 5-CHs),
3.55 (s, 3H, 3-CH3), 3.79 (s, 3H, -OCHs), 4.83 (s, 2H, O-CH»-),
7.18-7.21 (m, 2H, ArH), 7.52-7.55 (m, 3H, ArH); '*C NMR (75 MHz,
CDCly) 8:11.4,11.8, 37.1,51.9, 62,5, 108.7,112.1, 124.3 127.8, 129.3,
129.7, 130.5, 136.8, 148.4, 159.4, 169.3; ESI-MS (m/z): calcd. for
Cy5H10N50,4 [L + H] 7: 342.1418; found: 342.1470; Anal. calcd. (%) for

Ci1gH10N304: C:63.33, H:5.61, N:12.31, found: C:62.99, H:5.67,
N:12.37,
3b:  Methyl 2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyr-

idazin-1-yl)oxyacetate

Yield: 61.87%; m.p.: 130-133 °C;

FT-IR (selected lines, Ymaxs cm ™) 2957, 2936, 2871 (C—H aliph.),
1760 (C=0), 1228, 1182 (C—0), 'H NMR (300 MHz, CDCl;) &:
0.94-0.99 (m, 3H, -CH,-CH, CH,-CHs), 1.34-1.42 (m, 2H, —CH,-CH,
CH»-CHj3), 1.59-1.66 (m, 2H, -CH,-CH, CH»-CH3), 2.56 (s, 3H, 7-CH3),
2.68 (s, 3H, 5-CH3), 3.51 (s, 3H, 3-CH3), 3.78 (s, 3H, -OCH3), 3.87-3.93
(m, 2H, -CH,-CH, CH,-CH,), 4.81 (s, 2H, O-CH,-); 'C NMR (75 MHz,
CDCl,) 6: 10.6, 11.1, 13.7, 20.0, 32.3, 37.0, 43.9, 51.9, 62.5, 108.4,
111.9, 122.6, 128.9, 148.3, 159.3, 169.3; ESI-MS (m/z): calcd. for
C16H23N504 [L + H] 7: 322.1761; found: 322.1791; Anal. calcd. (%) for
Ci16H23N304: C:59.80, H:7.21, N:13.08, found: C:59.85, H:7.17,
N:13.20,

4.1.2.2. General procedure for preparation of hydrazide derivatives (5a,
5b). The mixture of adequate methyl ester (3a or 3b) (0.01 mol) and
hydrazine hydrate (98%) (0.1 mol) was refluxed in 50 mL of ethanol for
6 h and left overnight. The next day, the formed precipitate was filtered
off, washed carefully with cold ethanol and dried. The crude product
was purified by recrystallization from ethanol, resulting in a white,
crystalline  solid:  2-(3,5,7-trimethyl-4-oxo0-6-phenyl-pyrrolo[3,4-d]
pyridazin-1-yl)oxyacetohydrazide 5a, or white solid: 2-(6-butyl-3,5,7-
trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetohydrazide  5b,
accordingly.

5a:  2-(3,5,7-Trimethyl-4-oxo0-6-phenyl-pyrrolo[3,4-d]pyridazin-1-
yloxyacetohydrazide,

Yield: 86.59%; m.p.: 188-190 °C;

FT-IR (selected lines, ymax, cm ™ 1): 3316 (NH, NH,), 3253 (NHs),
3049 (C—H arom.), 2950 (C—H aliph.), 1609 (CO-NH), 'H NMR
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(300 MHz, CDCl3) 8: 2.31 (s, 3H, 7-CH3), 2.44 (s, 3H, 5-CHs), 3.57 (s,
3H, 3-CHs), 4.89 (s, 2H, O-CHy-), 7.20-7.22 (m, 2H, ArH), 7.56-7.58
(m, 3H, ArH); '*C NMR (75 MHz, CDCly) & 11.4, 12.1, 37.2, 64.4,
108.5, 112.1, 123.6, 127.7, 129.4, 129.8, 130.9, 136.5, 147.8, 159.2,
169.0; ESI-MS (m/z): caled. for C;7H,oNsOs [L + H]™: 342.1561;
found: 342.1620; Anal. caled. (%) for Cy7H;9Ns05: C:59.81, H:5.61,
N:20.52, found: C:59.56, H:5.29, N:20.37,

5b: 2-(6-Butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)
oxyacetohydrazide

Yield: 82.14%; m.p.: 202-203 °C;

FT-IR (selected lines, ymaw cm ™~ '): 3322 (NH, NHy), 3268, 3208
(NHy), 2935, 2863 (C—H aliph.), 1617 (CO-NH), 'H NMR (300 MHz,
CDCl3) 8: 0.96-1.01 (m, 3H, —-CH,-CH; CH»-CH3), 1.42 (m, 2H, -CH»-
CH, CH,-CH3), 1.66 (m, 2H, -CH,-CH, CH,-CH3), 2.55 (s, 3H, 7-CHa),
2.70 (s, 3H, 5-CH3), 3.55 (s, 3H, 3-CHy), 3.94 (m, 2H, -CH,-CH, CHo-
CHa), 4.88 (s, 2H, O-CH,-); '*C NMR (75 MHz, DMSOd,) 8: 10.1, 10.8,
13.5, 19.4, 31.6, 36.6, 63.4, 107.5, 123.1, 128.4, 147.9, 158.0, 166.6;
ESI-MS (m/z): caled. for CsHy3NsO4 [L + H]': 322.1874; found:
322.1912; Anal. caled. (%) for CisHzsNsO4: C:56.06, H:7.21, N:21.79,
found: C:56.00, H:7.24, N:21.49,

4.1.2.3. General procedure for preparation of 2-thioxo-3H-1,3,4-oxadiazol
derivatives (6a, 6b). The appropriate hydrazide (5a or 5b) (0.01 mol)
and KOH (0.01 mol) were dissolved in ethanol (50 mL) in a round
bottom flask. To this stirring mixture carbon disulphide (0.05 mol) was
added and the whole was refluxed for 5-6 h till evolution of hydrogen
sulfide was ceased. Then, the reaction mixture was cooled, slowly poured
onto crushed ice and acidified with diluted hydrochloric acid. Formed
precipitate was filtered off, washed with cold water, dried and
recrystallized from ethanol giving white solid 3,5,7-trimethyl-6-phenyl-
1-[(2-thioxo-3H-1,3,4-oxadiazol-5-yl)methoxy]pyrrolo[3,4-d] pyridazin-
4-one 6a, or 6-butyl-3,5,7-trimethyl-1-[(2-thioxo-3H-1,3,4-oxadiazol-5-
yl)methoxy]pyrrolo[3,4-d]pyridazin-4-one 6b, respectively.

6a: 3,5,7-Trimethyl-6-phenyl-1-[(2-thioxo-3H-1,3,4-oxadiazol-5-yl)
methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 80.78%; m.p.: 220-222 °C;

FT-IR (selected lines, ymay, em ') 3025 (C—H arom.), 2859 (C—H
aliph.), 1592 (C=S), 'H NMR (300 MHz, DMSOdg) 8: 2.23 (s, 3H, 7-
CHy), 2.32 (s, 3H, 5-CHy), 3.42 (s, 3H, 3-CHs), 5.38 (s, 2H, O-CH,"),
7.40-7.43 (m, 2H, ArH), 7.60-7.62 (m, 3H, ArH); '*C NMR (75 MHz,
DMSOdg) &: 11.0, 11.6, 36.6, 57.2, 107.4, 111.0, 124.1, 127.8, 129.4,
129.8, 130.1, 135.9, 147.3, 157.9, 159.7, 177.9; ESI-MS (m/2): calcd.
for C;gH;7Ns03S [L + H]™: 384.1125; found: 384.1171; Anal. caled.
(%) for CygH,7N503S: C:56.38, H:4.47, N:18.27, found: C:56.46,
H:4.38, N:17.95,

6b:  6-Butyl-3,5,7-trimethyl-1-[(2-thioxo-3H-1,3,4-oxadiazol-5-yl)
methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 82.14%; m.p.: 215-218 °C;

FT-IR (selected lines, ymax, cm 1): 2930, 2860 (C—H aliph.), 1594
(C=9), 'H NMR (300 MHz, DMSOdg) &: 0.88-0.93 (m, 3H, —-CH,-CH,
CH,-CH3), 1.30-1.33 (m, 2H, —CH,-CH, CH,-CH3), 1.58 (m, 2H, ~CH,-
CH, CH,-CH,), 2.49 (s, 3H, 7-CHs), 2.59 (s, 3H, 5-CHs), 3.38 (s, 3H, 3-
CHa), 3.95-3.98 (m, 2H, —-CH,-CH, CH,-CH3), 5.33 (s, 2H, O-CH,-); **C
NMR (75 MHz, CDCl,) &: 10.1, 10.7, 13.5, 19.4, 31.5, 36.5, 43.4, 57.1,
123.9, 129.9; ESI-MS (m/z): caled. for C;¢HzNsOsS [L + H]™':
364.1438; found: 364.1483; Anal. calcd. (%) for C;6H21N505S: C:52.88,
H:5.82, N:19.27, found: C:52.94, H:5.94, N:19.03,

4.1.2.4. General procedure for preparation of Mannich base derivatives of
pyrrolo[3,4-d]pyridazine-1,4-dione (7a,b-13a,b). 37% aqueous
formaldehyde (0.1 mol) was added to the solution of adequate 2-
thioxo-3H-1,3,4-oxadiazole derivative of pyrrolo[3,4-d]pyridazine-1,4-
dione (6a or 6b) (0.01 mol) in ethanol (30 mL). The mixture was stirred
at room temperature (RT) for 30 min. Next, an appropriately
substituted secondary amine was added, and the stirring was
continued for a further several hours at RT. The mixture was left
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overnight. The formed precipitate was filtered off, thoroughly washed
with cold ethanol and purified by crystallization from ethanol.

7a:3,5,7-Trimethyl-6-phenyl-1-[[4-[(4-phenylpiperazin-1-yl)me-
thyl]-2-thioxo-1,3,4-oxadiazol —5-yllmethoxy]pyrrolo[3,4-d]pyr-
idazin-4-one

Yield: 73.39%; m.p.: 189-192 °C;

FT-IR (selected lines, Ymax, cm ™ '): 3055 (C—H arom.), 2924, 2833
(C—H aliph.), 1644 (C=N), 'H NMR (300 MHz, CDCl3) 8: 2.29 (s, 3H,
7-CHg), 2.43 (s, 3H, 5-CH3), 3.44 (m, 8H, CH; - piperazine) 3.58 (s, 3H,
3-CH,), 5.09 (s, 2H, N-CH,), 5.35 (s, 2H, O-CH,), 7.18-7.21 (m, 3H,
ArH), 7.43 (m, 4H, ArH) 7.53-7.55 (m, 3H, ArH); '*C NMR (75 MHz,
CDCly) 8: 11.4, 11.9, 37.1, 49.4, 50.2, 57.0, 70.2, 108.3, 112.0, 116.5,
120.1, 124.3, 127.7, 129.1, 129.3, 129.7, 130.8, 136.6, 147.8, 151.2,
157.6, 159.3, 178.8; ESI-MS (m/z): calcd. for CooHgN;04S [L + H] *:
558.2282; found: 558.2350; Anal. calcd. (%) for CogH31N705S: C:62.46,
H:5.60, N:17.58, found: C:62.20, H:5.50, N:17.41,

7b: 6-Butyl-3,5,7-trimethyl-1-[[4-[(4-phenylpiperazin-1-yl)me-
thyl]-2-thioxo-1,3,4-oxadiazol-5-ylJmethoxy]pyrrolo[3,4-d] pyridazin-
4-one

Yield: 72.21%; m.p.: 196-198 °C;

FT-IR (selected lines, ymay, cm™1): 2943, 2880, 2830 (C—H aliph.),
1620 (C=N), 1551 (C=S), 'H NMR (300 MHz, CDCl5) 8: 0.95-1.00 (m,
3H, ~CH,-CH, CH,-CH3), 1.34-1.42 (m, 2H, ~CH,-CH, CH,-CH3), 1.65
(m, 2H, -CH,-CH, CH,-CH3;), 2.51 (s, 3H, 7-CH3), 2.69 (s, 3H, 5-CHa),
2.97-3.00 (m, 4H, CH; - piperazine), 3.19-3.22 (m, 4H, CH; - piper-
azine), 3.55 (s, 3H, 3-CHz), 3.92 (m, 2H, —-CH,-CH, CH,-CH3), 5.10 (s,
2H, N-CHy), 5.29 (s, 2H, O-CH>), 6.90-6.96 (m, 3H, ArH), 7.24-7.28
(m, 2H, ArH); '*C NMR (75 MHz, CDCls) 8: 10.6, 11.2, 13.6, 20.0, 32.3,
37.0, 43.9, 49.4, 50.2, 56.9 70.3, 108.0, 111.8, 116.4, 120.1, 122.7,
129.1,129.3, 147.8, 151.1, 157.6, 159.2, 178.9 ESI-MS (m/2): calcd. for
Cy7H35N;05S [L + H]*: 538.2595; found: 538.2629; Anal. caled. (%)
for Cy7HasN;053S: C:60.31, H:6.56, N:18.24, found: C:60.02, H:6.80,
N:17.90,

8a: 3,5,7-Trimethyl-6-phenyl-1-[[4-[[4-(p-tolyl)piperazin-1-yl]me-
thyl]-2-thioxo-1,3,4-oxadiazol-5-ylJmethoxy]pyrrolo[3,4-d] pyridazin-
4-one

Yield: 59.68%; m.p.: 172-174 °C;

FT-IR (selected lines, ¥ ax, em™"): 3041 (C—H arom.), 2937, 2826
(C—H aliph.), 1624 (C=N), 1556 (C=S), "H NMR (300 MHz, CDCL,) &
2.28 (s, 3H, 7-CH3), 2.29 (s, 3H, Ar-CH3), 2.43 (s, 3H, 5-CHa),
2.98-3.00 (m, 4H, CH, - piperazine), 3.13-3.14 (m, 4H, CH, - piper-
azine), 3.59 (s, 3H, 3-CHj), 5.09 (s, 2H, N-CHy), 5.33 (s, 2H, O-CHy),
6.81-6.84 (m, 2H, ArH), 7.06-7.09 (m, 2H, ArH), 7.20-7.22 (m, 2H,
ArH), 7.55-7.57 (m, 3H, ArH); '>C NMR (75 MHz, CDCl5) 8: 11.4, 11.9,
20.4, 37.1, 49.9, 50.2, 57.0, 70.3, 108.2, 112.0, 116.8, 127.7, 129.3,
129.6,129.7,130.8, 136.6, 147.9, 158.0, 179.2 ESI-MS (m/2): calcd. for
C3pH33N;058 [L + H]*: 572.2438; found: 572.2513; Anal. caled. (%)
for Ca9H3;N;03S: C:63.03, H:5.82, N:17.15, found: C:62.75, H:5.52,
N:16.87,

8b: 6-Butyl-3,5,7-trimethyl-1-[[4-[[4-(p-tolyl)piperazin-1-yl]Jme-
thyl]-2-thioxo-1,3,4-oxadiazol-5-yllmethoxy]pyrrolo[3,4-d] pyridazin-
4-one

Yield: 85.64%; m.p.: 209-211 °C;

FT-IR (selected lines, ymayx, cm™'): 2943, 2875, 2828 (C—H aliph.),
1619 (C=N), 1551 (C=S), "H NMR (300 MHz, CDCl;) &: 0.96-1.00 (m,
3H, -CH,-CH, CH,-CHs), 1.36-1.44 (m, 2H, -CH,-CH, CH,-CHa),
1.63-1.68 (m, 2H, —-CH,-CH, CH,-CH,), 2.28 (s, 3H, Ar-CH3), 2.52 (s,
3H, 7-CHs), 2.70 (s, 3H, 5-CH3), 2.97-3.00 (m, 4H, CH, - piperazine),
3.13-3.16 (m, 4H, CH; — piperazine), 3.55 (s, 3H, 3-CHs), 3.89-3.95
(m, 2H, —-CH,-CH, CH,-CH3), 5.10 (s, 2H, N-CH,), 5.29 (s, 2H, O-CH,),
6.82-6.85 (m, 2H, ArH), 7.07-7.09 (m, 2H, ArH); '*C NMR (75 MHz,
CDClp) &: 10.6, 11.3, 13.7, 20.0, 20.4, 32.3, 37.0, 43.9, 49.9, 50.2, 56.9
70.2, 108.0, 111.8, 116.8, 122.6, 129.2, 129.7, 147.8, 149.1, 157.6,
159.2, 178.9, ESI-MS (m/z): caled. for CogHazN7OsS [L + HI™:
552.2751; found: 552.2850; Anal. caled. (%) for CagH37N;05S: C:60.96,
H:6.76, N:17.77, found: C:61.21, H:6.99, N:17.40,
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9a: 1-[[4-[[4-(3-Chlorophenyl)piperazin-1-yl]methyl]-2-thioxo-
1,3,4-oxadiazol-5-ylJmethoxy]-3,5,7-trimethyl-6-phenyl-pyrrolo[3,4-d]
pyridazin-4-one

Yield: 57.43%; m.p.: 152-154 °C;

FT-IR (selected lines, Ymax em™1): 3056 (C—H arom.), 2930, 2834
(C—H aliph.), 1645 (C=N), 1596 (C=S), 'H NMR (300 MHz, CDCl) &:
2.26 (s, 3H, 7-CHs), 2.43 (s, 3H, 5-CHs), 2.95-2.97 (m, 4H, CH, - pi-
perazine), 3.17-3.19 (m, 4H, CH, — piperazine), 3.56 (s, 3H, 3-CHj),
5.08 (s, 2H, N-CH3), 5.31 (s, 2H, O-CH;), 6.75-6.85 (m, 3H, ArH),
7.12-7.21 (m, 3H, ArH), 7.54-7.56 (m, 3H, ArH); *C NMR (75 MHz,
CDCls) &: 11.4, 11.9, 37.1, 48.8, 50.0, 57.0, 70.2, 108.2, 112.0, 114,2,
116.8, 119.1, 124.3, 127.7, 129.3, 129.6, 129.7, 130.1 130.8, 134.9
136.6, 147.9, 152.2, 157.7, 159.3, 178.8; ESI-MS (m/z): calcd. for
CagH30CIN;03S [L + H]*: 592.1892; found: 592.1969; Anal. calcd. (%)
for CooH30CIN;03S: C:58.83, H:5.11, N:16.56, found: C:58.61, H:5.30,
N:16.42,

9b:  6-Butyl-1-[[4-[[4-(3-chlorophenyl)piperazin-1-yllmethyl]-2-
thioxo-1,3,4-oxadiazol-5-ylJmethoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]
pyridazin-4-one

Yield: 73.05%; m.p.: 173-175 °C;

FT-IR (selected lines, Ymay, cm™"): 2954, 2838 (C—H aliph.), 1623
(C=N), 1594 (C=S), 'H NMR (300 MHz, CDCl;) 8: 0.95-1.00 (m, 3H,
—CH,-CH, CHy-CHj), 1.33-1.43 (m, 2H, -CH,CH, CH,-CHj),
1.60-1.68 (m, 2H, -CH,-CH, CH,-CHj), 2.51 (s, 3H, 7-CH3), 2.69 (s,
3H, 5-CH3), 2.95-2.98 (m, 4H, CH; - piperazine), 3.18-3.22 (m, 4H,
CHs, — piperazine), 3.54 (s, 3H, 3-CHs), 3.89-3.94 (m, 2H, —-CH,-CH,
CH»-CH3), 5.09 (s, 2H, N-CHz), 5.29 (s, 2H, O-CH>), 6.76-6.86 (m, 3H,
ArH), 7.14-7.19 (m, 1H, ArH); *C NMR (75 MHz, CDCl;) 8: 10.6, 11.2,
13.7, 20.0, 32.3, 37.0, 43.9, 48.8, 50.0, 56.9, 70.2, 107.9, 111.8, 114.3,
116.1, 119.7, 122.6, 129.3, 130.9, 147.7, 152.2, 157.7, 159.2, 178.8;
ESI-MS (m/z): caled. for Cy7H34CIN;05S [L + H]™: 572.2205; found:
572.2314; Anal. caled. (%) for C,;H34CIN;O5S: C:56.68, H:5.99,
N:17.14, found: C:56.90, H:6.24, N:16.83,

10a: 3,5,7-Trimethyl-1-[[4-[[4-(4-nitrophenyl)piperazin-1-yl]Jme-
thyl]-2-thioxo-1,3,4-oxadiazol-5-ylImethoxy]-6-phenyl-pyrrolo[3,4-d]
pyridazin-4-one

Yield: 84.03%; m.p.: 214-217 °C;

FT-IR (selected lines, Ymax, cm™'): 3085 (C—H arom.), 2947, 2915
(C—H aliph.), 1625 (C=N), 1593 (C=S), 'H NMR (300 MHz, CDCl) 5:
2.26 (s, 3H, 7-CHz), 2.43 (s, 3H, 5-CH3), 2.94-2.97 (m, 4H, CH, - pi-
perazine), 3.41-3.43 (m, 4H, CH, - piperazine), 3.55 (s, 3H, 3-CHa),
5.09 (s, 2H, N-CH»), 5.31 (s, 2H, O-CH,), 6.78-6.81 (m, 2H, ArH),
7.18-7.20 (m, 2H, ArH), 7.54-7.56 (m, 3H, ArH), 8.08-8.11 (m, 2H,
ArH); 3C NMR (75 MHz, CDCl;) 8: 11.4, 11.8, 37.1, 47.1, 49.7, 57.0,
70.0, 108.2, 111.9, 112,9, 124.2, 125.9, 127.7, 129.4, 129.8, 130.9,
136.5, 138.7, 147.8, 154.6, 157.7, 159.2, 178.8; ESI-MS (m/2): calcd.
for CaoH30Ng0sS [L + H]™: 603.2133; found: 603.2214; Anal. calcd.
(%) for C,gH3oNgOsS: C:57.80, H:5.02, N:18.59, found: C:57.57,
H:5.20, N:18.30,

10b: 6-Butyl-3,5,7-trimethyl-1-[[4-[[4-(4-nitrophenyl)piperazin-1-
yllmethyl]-5-thioxo-1,3,4-oxadiazol-2-yl]methoxy]pyrrolo[3,4-d]pyr-
idazin-4-one

Yield: 89.74%; m.p.: 204-207 °C;

FT-IR (selected lines, ymax, cm~'): 2945, 2861 (C—H aliph.), 1622
(C=N), 1593 (C=S), '"H NMR (300 MHz, CDCl;) &: 0.94-0.99 (m, 3H,
~CH,-CH, CH,-CHy), 1.37-1.42 (m, 2H, ~CH,-CH, CH,-CHs), 1.63 (m,
2H, —CH,-CH, CH,-CH,), 2.48 (s, 3H, 7-CHs), 2.68 (s, 3H, 5-CH3), 2.97
(m, 4H, CH; - piperazine), 3.44 (m, 4H, CH, - piperazine), 3.54 (s, 3H,
3-CH3), 3.88-3.93 (m, 2H, -CH,-CH, CH,-CH3), 5.09 (s, 2H, N-CHj),
5.28 (s, 2H, O-CH,), 6.79-6.82 (m, 2H, ArH), 8.10-8.13 (m, 2H, ArH);
3¢ NMR (75 MHz, CDCl3) 8: 10.6, 11.2, 13.6, 20.0, 26.9, 32.3, 37.0,
43.9, 47.1, 49.7, 56.9, 70.0, 107.9, 111.7, 112.9, 122.6, 125.9, 129.3,
138.7, 147.7, 154.6, 157.8, 159.1, 178.8; ESI-MS (m/z): calced. for
Ca7H34Ng0sS [L + H1™: 583.2446; found: 583.2559; Anal. calcd. (%)
for C,7H34NgO5sS: C:55.66, H:5.88, N:19.23, found: C:55.90, H:6.10,
N:18.99,
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11a: 3,5,7-Trimethyl-6-phenyl-1-[[4-[[4-(2-pyridyl)piperazin-1-yl]
methyl]-2-thioxo-1,3,4-oxadiazol-5-ylJmethoxy]pyrrolo[3,4-d] pyr-
idazin-4-one

Yield: 54.89%; m.p.: 183-185 °C;

FT-IR (selected lines, ¥max, em™1): 3054 (C—H arom.), 2922, 2838
(C—H aliph.), 1595 (C=S), 'H NMR (300 MHz, CDCl5) &: 2.25 (s, 3H, 7-
CHa), 2.42 (s, 3H, 5-CHs), 2.90-2.93 (m, 4H, CH, - piperazine), 3.53 (s,
3H, 3-CH3), 3.57 (m, 4H, CH; - piperazine), 5.08 (s, 2H, N-CH,), 5.29
(s, 2H, O-CHj), 6.62-6.65 (m, 2H, ArH), 7.18-7.20 (m, 2H, ArH),
7.48-7.55 (m, 4H, ArH), 8.15-8.16 (m, 1H, ArH); '*C NMR (75 MHz,
CDCly) 8: 11.4, 11.8, 37.1, 45.1, 50.1, 57.0, 70.4, 107.2, 108.2, 112.0,
113,4, 124.3, 127.8, 129.4, 129.7, 130.8, 136.6, 137.5, 147.8, 147.9,
157.6, 159.2, 159.3, 178.8; ESI-MS (m/z): caled. for CygH3oNgOsS
[L + H]": 559.2234; found: 559.2310; Anal. caled. (%) for
Ca9H3oNgOsS: C:60.20, H:5.41, N:20.06, found: C:59.88, H:5.50,
N:19.81,

11b:  6-Butyl-3,5,7-trimethyl-1-[[4-[[4-(2-pyridyl)piperazin-1-yl]
methyl]-5-thioxo-1,3,4-oxadiazol-2-ylJmethoxy]pyrrolo[3,4-d] pyr-
idazin-4-one:

Yield: 70.55%; m.p.: 186-188 °C;

FT-IR (selected lines, ¥max, cm™1): 2945, 2845 (C—H aliph.), 1622
(C=N), 1592 (C=S), "H NMR (300 MHz, CDCl,) &: 0.93-0.98 (m, 3H,
—CH,-CH, CH,-CHj3), 1.33-1.41 (m, 2H, -CH,-CH, CH>-CHj),
1.60-1.65 (m, 2H, -CH,-CH, CH,-CHs;), 2.48 (s, 3H, 7-CHj), 2.67 (s,
3H, 5-CH3), 2.90-2.93 (m, 4H, CH, - piperazine), 3.50 (s, 3H, 3-CHa),
3.57 (m, 4H, CH; - piperazine), 3.87-3.92 (m, 2H, -CH,-CH, CH»-CH3),
5.08 (s, 2H, N-CHz), 5.26 (s, 2H, O-CHz), 6.60-6.64 (m, 2H, ArH),
7.45-7.48 (m, 1H, ArH), 8.16-8.17 (m, 1H, ArH); '*C NMR (75 MHz,
CDCly) 8: 10.6, 11.2, 13.7, 20.0, 32.3, 37.0, 43.9, 45.1, 50.0, 56.9, 70.4,
107.2, 107.9, 111.8, 113.5, 122.7, 129.3, 137.5, 147.7, 147.9, 157.6,
159.2, 178.8; ESI-MS (m/z): caled. for CagH3sNgOsS [L + HI':
539.2547; found: 539.2649; Anal. caled. (%) for C36H34Ng05S: C:57.97,
H:6.36, N:20.80, found: C:58.30, H:6.70, N:20.49,

12a: 3,5,7-Trimethyl-1-[[4-(morpholinomethyl)-2-thioxo-1,3,4-0x-
adiazol-5-yllmethoxy]-6-phenyl-pyrrolo[3,4-d]pyridazin-4-one

Yield: 53,94%; m.p.: 189-192 °C;

FT-IR (selected lines, ymax, cm ™ '): 3040 (C—H arom.), 2927, 2855
(C—H aliph.), 1624 (C=N), 'H NMR (300 MHz, CDCl,) &: 2.27 (s, 3H,
7-CHa), 2.43 (s, 3H, 5-CHy), 2.78-2.81 (m, 4H, CH,, - morpholine), 3.58
(s, 3H, 3-CHz), 3.67-3.70 (m, 4H, CH, - morpholine), 4.99 (s, 2H, N-
CHy), 5.31 (s, 2H, O-CHs), 7.18-7.21 (m, 2H, ArH), 7.53-7.56 (m, 3H,
ArH); *C NMR (75 MHz, CDCl3) 8: 11.4, 11.9, 37.1, 50.5, 57.0, 66.7,
70.4, 108.2, 112.0, 124.3, 127.8, 129.4, 129.7, 130.9, 136.6, 147.9,
157.6, 159.3, 178.9; ESI-MS (m/z): calcd. for Ca3Ha6Ng04S [L + H]™*:
483.1809; found: 483.1880; Anal. calcd. (%) for C3HygNg0,4S: C:57.25,
H:5.43, N:17.42, found: C:56.94, H:5.20, N:17.20,

12b:  6-Butyl-3,5,7-trimethyl-1-[[4-(morpholinomethyl)-2-thioxo-
1,3,4-oxadiazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one:

Yield: 33.93%; m.p.: 157-159 °C;

FT-IR (selected lines, ymax, cm ™ 1Y): 2960, 2935, 2875 (C—H aliph.),
1618 (C=N), 1551 (C=S), 'H NMR (300 MHz, CDCl5) &: 0.94-0.99 (m,
3H, —CH,-CH, CH,-CH,), 1.34-1.42 (m, 2H, ~CH,-CH, CH»-CHz), 1.64
(m, 2H, -CH,-CH, CH,-CH3), 2.50 (s, 3H, 7-CH3), 2.68 (s, 3H, 5-CHa),
2.78-2.82 (m, 4H, CH, — morpholine), 3.55 (s, 3H, 3-CH,), 3.67-3.72
(m, 4H, CH; — morpholine), 3.88-3.93 (m, 2H, —CH,-CH, CH,-CH3),
5.00 (s, 2H, N-CH,), 5.28 (s, 2H, 0-CH,); NMR (75 MHz, CDCls) &: 10.7,
11.3, 13.7, 20.0, 32.3, 37.1, 43.9, 50.5, 56.9, 66.7, 70.4, 107.9, 111.8,
122.7, 129.3, 147.8, 157.7, 159.3, 178.9; ESI-MS (m/z): caled. for
C21H30Ng04S [L + HI*': 463.2122; found: 463.2218; Anal. caled. (%)
for Cy1H3oNg04S: C:54.53, H:6.54, N:18.17, found: C:54.90, H:6.80,
N:17.85,

13a: 1-[[4-[[4-(4-Chlorophenyl)-4-hydroxy-1-piperidyl]methyl]-2-
thioxo-1,3,4-oxadiazol-5-yllmethoxy]-3,5,7-trimethyl-6-phenyl-pyrrolo
[3,4-d]pyridazin-4-one

Yield: 69.47%; m.p.: 206-208 °C;

FT-IR (selected lines, ymay, cm ™~ '): 3336 (O—H), 3056 (C—H arom.),
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2048, 2830, 2846 (C—H aliph.), 1554 (C=S), 'H NMR (300 MHz,
CDCl3) 8: 1.62-166 (m, 4H, CH, — piperidine), 2.21 (s, 3H, 7-CH3), 2.34
(s, 3H, 5-CHj), 2.86-2.89 (m, 4H, CH, — piperidine), 3.50 (s, 3H, 3-
CHs), 4.98 (s, 2H, N-CH,), 5.25 (s, 2H, 0-CH,), 7.11-7.14 (m, 2H, ArH),
7.19-7.20 (m, 2H, ArH), 7.31-7.34 (m, 2H, ArH), 7.47-7.49 (m, 3H,
ArH); '3C NMR (75 MHz, CDCl3) &: 11.4, 11.9, 37.2, 38.2, 46.6, 57.2,
70.4, 70.7, 108.3, 112.0, 124.3, 126.0, 127.8, 128.4, 129.4, 129.7,
130.8, 132.8, 136.6, 146.8, 147.9, 157.6, 159.4, 178.7; ESI-MS (m/z):
caled. for CzoH31CINGO4S [L + H]*: 607.1889 found: 607.1978; Anal.
caled. (%) for C3oH3CINgO,4S: C:59.35, H:5.15, N:13.84, found:
C:59.02H:5.40, N:13.50,

13b: 6-Butyl-1-[[4-[[4-(4-chlorophenyl)-4-hydroxy-1-piperidyl]me-
thyl]-2-thioxo-1,3,4-oxadiazol-5-ylJmethoxy]-3,5,7-trimethyl-pyrrolo
[3,4-d]pyridazin-4-one

Yield: 83.05%; m.p.: 202-204 °C;

FT-IR (selected lines, ymax, cm ™~ '): 3318 (O—H), 2961, 2933 (C—H
aliph.), 1607 (C=N), 1545 (C=S), 'H NMR (300 MHz, CDCls) &:
0.94-0.99 (m, 3H, —-CH,-CH, CH,-CH3), 1.34-1.42 (m, 2H, ~CH,-CH,
CH»-CHs), 1.61-1.64 (m, 2H, ~CH,-CHs CH»-CHs), 1.69-1.73 (m, 4H,
CH, - piperidine), 2.51 (s, 3H, 7-CHs), 2.65 (s, 3H, 5-CHj), 2.92-2.95
(m, 4H, CH, - piperidine), 3.53 (s, 3H, 3-CH,), 3.88-3.93 (m, 2H, -CH,-
CH, CH,-CHy), 5.05 (s, 2H, N-CH,), 5.29 (s, 2H, O-CH,), 7.27-7.30 (m,
2H, ArH), 7.38-7.41 (m, 2H, ArH); 13C NMR (75 MHz, CDCl3) &: 10.6,
11.2, 13.7, 20.0, 32.3, 37.1, 38.3, 43.9, 46.7, 57.1, 70.4, 70.7, 108.0,
111.8, 122.7, 126.0, 128.4, 129.3, 132.8, 146.9, 147.8, 157.6, 159.3,
178.7; ESI-MS (m/2): caled. for CogHssCINGO4S [L + H]™': 587.2202;
found: 587.2316; Anal. caled. (%) for C2gHasCINgO4S: C:57.28, H:6.01,
N:14.31, found: C:57.50, H:6.30, N:13.99,

4.2. Biological evaluation

4.2.1. Cell line

Performed in vitro studies were carried out on normal human dermal
fibroblasts (NHDF) obtained from Sigma-Aldrich. In all studies, cells
were seeded at a density of 10,000 cells/well and incubated for 24 h to
regenerate in a CO, incubator.

4.2.2. Medium and culture conditions

The NHDF cells were cultured in a medium recommended for this
cell line - DMEM with 4.5 g/mL glucose without phenol red, which was
supplemented with 10% FBS and 2 mM r-glutamine and 25 pg/mL
gentamicin. NHDF cells were subcultured twice a week with TrypLE.
Cell culture was carried out in conditions of 5% CO,, 37 °C, 95% hu-
midity.

4.2.3. Tested compounds

Tested compounds 7a,b-13a,b were dissolved in DMSO to reach a
final concentration of 10 pM and stored at —20 °C. Before use, the
solution of the compounds was heated at 37 °C, and then samples with 3
different concentrations of compounds were prepared (100 pM, 50 pM
and 10 pM) for each compound. At the highest concentration of each
compound, the DMSO content did not exceed 1%.

4.2.4. Cyclooxygenase inhibition assay

COX peroxidase activity was estimated by colorimetric evaluation of
the occurrence of the oxidized form of N,N,N’,N’-tetramethyl-p-phe-
nylenediamine (TMPD), which is the substrate for many enzymes with
peroxidase activity. The reduction of PGG2 (prostaglandin G2) to PGH2
is caused by the oxidation of TMPD. This, in turn, results in a change in
color measured at 590 nm (Victor2 microplate reader, PerkinElmer
Waltham, MA, USA). The kit provided by the manufacturer includes
150 pL of assay buffer, 10 pL of heme and 10 uL of COX-1 or COX-2. All
samples were made in triplicate, adding 10 pM of the analysed com-
pounds and respectively 10 pM methanol, ethanol and DMSO. Then,
20 pL of TMPD was added to all wells. Finally, arachidonic acid was
added, which activated the reaction lasting for 2 min. After this time,
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TMPD oxidation was determined in a Victor2 microplate reader.

4.2.5. SRB assay

Viability evaluation was performed using the SRB dye, which binds
to proteins and as a result, informs about the amount of cellular protein.
After 24 h of cell regeneration, the SRB assay was carried out. One of
the culture plates was fixed with a cold TCA solution with a final
concentration of 10% w/v for 1 h at 4-8 °C and was a control for cul-
tures incubated for a further 48 h with the tested compounds. The su-
pernatant was then removed from the remaining culture plates, and the
compounds were added and incubated for 48 h in 5% CO;, 95% hu-
midity at 37 ‘C. After this time, culture was also fixed with cold TCA
solution. All plates were washed four times with running water and
dried in air at RT. Afterwards, there was added 0.4% SRB solution in
1% v/v acetic acid for 30 min, which next was rinsed five times with
1% solution of acetic acid. Again, the plates were air-dried at RT, and
then the SRB dye connected to intracellular proteins was dissolved with
10 mM Trizma base for 30 min with stirring on a shaker, and finally, the
absorbance was measured at 540 nm with a Victor2 microplate reader.

4.2.6. DCF-DA assay

2’,7’-Dichlorofluorescein diacetate (DCF-DA) is a fluorescent dye
allowing measurement of free radical levels. After diffusion into the
cells, DCF-DA is deacetylated by esterases to a non-fluorescent com-
pound that next, in the presence of ROS, is oxidised to 2’,7"-dichloro-
fluorescein (DCF). The DCF-DA solution was prepared fresh before use
by dissolving 1 mg of DCF-DA in 2.05 mL of 100% ethanol and diluting
in deionised water to a concentration of 10 pM. The intracellular level
of free radicals was tested in two cases: after intracellular exposure to
exogenous stress caused by reactive oxygen species (ROS) and without
exposure to stress. The exogenous stress was induced with 100 uM Ho04
(hydrogen peroxide), as ROS generator. Solutions were made fresh
before each use in the MEM medium without serum and phenol red.
Properties of the compounds were evaluated in terms of protection
against ROS formation.

After 24 h of cell regeneration, the medium was removed, and so-
lutions of the tested compounds (each at three concentrations: 10, 50
and 100 pg/mL) were added for a further 24 h. After this time, the
solutions were removed, and the cells were exposed for 1 h to oxidative
stress induced by 100 uM H»05 in conditions of 5% CO», 95% humidity,
37 °C. Finally, the DCF-DA solution was added, and cell cultures in-
cubated for a further 1 h. The ROS level was measured after further 1 h
incubation with DCF-DA solution using a Victor2 microplate reader
(Aex = 485 nm, Ao = 535 nm).

4.2.7. Griess assay

The Griess assay allows one to detect the presence of nitrite ions in
solution and was carried out according to the supplier’s protocol. Two
reagents, 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride and
1% sulfanilic acid, were combined in the same volume and mixed im-
mediately before use.

This assay was carried out for two cases, as in the DCF-DA assay —
protective properties against the induction of nitrite ions. The exo-
genous stress was induced with 100 pM H,05.

After cell regeneration and 24 h of incubation with tested com-
pounds, the supernatant solution was removed, and cells were exposed
to exogenous stress (100 uM SIN-1) or incubated only in the medium for
1 h. Then, 150 pL of the solution was transferred to a new plate, and
20 pL of a mixture of Griess reagents and 130 pL of deionised water was
added for 30 min at RT. Nitrite level was measured with Victor2 at a
wavelength of 555 nm.

4.2.8. Fast halo assay

After treatment of the NHDF cell cultures with tested compounds,
the cells were detached from the surface of the multiwell culture plates
using TrypLE solution at a concentration of 0.1% in PBS for 10 min at
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37 °C. The cells were transferred into tubes and trypsin was inactivated
by adding medium with serum. The cells were centrifuged at 1000 x g
for 5 min. The supernatant was then removed, and the cell pellets were
resuspended in PBS, and the cells were again centrifuged under the
same conditions. After removing the supernatant, the cells were re-
suspended at a density of 1000 cells/uL in PBS with Ca** and Mg?*.
The tubes with the cells were placed in a water bath at 37 °C. The cells
were mixed with 1.25% low melting point agarose in PBS. The cells
suspended in agarose solution (100 pL) were placed between slide
coated with agarose (high melting point) and a coverslip. Then, the
slides were put on a cooling block for 10 min to gelify. The coverslips
were removed, and slides were placed in the lysis buffer overnight. The
next day, slides were transferred into alkaline solution (pH = 13.0) for
30 min, and then washed twice for 5 min in neutralising buffer. Finally,
slides were stained using 5 tM DAPI for 20 min and pictures were taken
with a fluorescence microscope.

4.3. Molecular docking

The ground state geometric optimisations were calculated using
density functional theory (DFT) with Becke’s three-parameter hybrid
exchange function with the Lee-Yang-Parr gradient corrected correla-
tion (B3LYP) [76-78] functional in combination with the 6-311 + G
(d,p) basis set. Harmonic vibrational wavenumbers were calculated
using analytic second derivatives to confirm the convergence to minima
in the potential surface. Calculations were carried out using the Gaus-
sian 2016 A.03 software package [79].

The high-resolution crystal structure of COX-1 and COX-2 co-crys-
tallized with meloxicam and crystal structure of BSA were selected for
docking studies (Protein Data Bank, PDB ID: 401%, 4 M11, 3 V03) [80].
The ligand and receptor files were prepared using AutoDock 4.2.6
software and AutoDock Tools 1.5.6. All the ligands and water molecules
were removed, and then polar hydrogen atoms and Kollman charges
were added to the protein structure. To prepare the ligand molecules
partial charges were calculated, nonpolar hydrogens were merged, and
rotatable bonds were assigned.

The interactions with COX-1, COX-2 and BSA were performed using
AutoDock Script downloaded from The Secripps Research Institute
(TSRI). The Lamarckian genetic algorithm was selected for the con-
formational search. The centres of grid boxes for COX-1 and COX-2
were set according to the meloxicam binding site in the crystal structure
401Z, 4 M11. The centres of grid boxes for BSA were set according to
the binding site I phenylbutazone (PDB ID: 2BXC) and site II ibuprofen
(PDB ID: 2BXG) on HSA [70]. The ligand-receptor complexes were
further analysed using Discovery Studio 2016 software.

4.4. Spectroscopic studies

4.4.1. Fluorescence

All the fluorescence measurements were carried out on a Cary
Eclipse 500 spectrophotometer. The interaction between synthesised
compounds and bovine serum albumin (BSA) was studied in pH = 7.4,
and the concentration of BSA was equal to 1.0 x 10° moldm > A
solution of BSA was titrated by successive additions 1.0 x 107
mol dm ~? solution of studied compounds, to give a final concentration
0.2 x 10°-2.0 x 10°® mol dm 2. Fluorescence quenching spectra were
obtained at excitation and emission wavelengths of 280 nm and
290-500 nm, respectively. In both cases, the molar ratio compound/
BSA was 0.1-2.0, with 0.2 steps. All experiments were measured at
three temperatures: 303, 306, and 310 K. Binding site identification
studies were carried out in the presence of the two site markers, phe-
nylbutazone (PHB) and ibuprofen (IBP) as sites I and II markers, re-
spectively. Concentrations of BSA and site markers were set at
1.0 x 10° and 3.0 x 10°® mol dm 3, respectively.
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4.4.2. Circular dichroism

Circular dichroism spectra were made on a Jasco J-1500 magnetic
circular dichroism spectrometer. For all BSA solutions, measurements
were made at RT under simulated physiological conditions at pH 7.4 in
the absence and presence of analysed compounds. 10 mm path length
was used. CD spectra were collected in the range of 200-250 nm at a
scan rate of 50 nm min ' with a response time of 1 s. All spectra were
baseline corrected. The concentrations of BSA and compounds A, B
were 1 x 10° mol dm™2 and 1 x 10® mol dm ™2, respectively.
Experiments were performed for BSA for each analysed compound in
molar ratios from 1:0 to 1:10.

4.5. Statistical analysis

Distribution normality was checked using the Shapiro-Wilk test.
Because of the lack of a normal distribution, the nonparametric Kruskal-
Wallis test was used (with appropriate post-hoc tests). The viability
results obtained in the SRB assay allowed regression analysis to be
performed for all tested compounds and ICsq values to be calculated. All
analyses were performed using Statistica 13.1 software. The sig-
nificance level of p < 0.05 was assumed in all tests. Based on the
performed tests, it was calculated that the power of the test was greater
than 80%. Multiple-criteria decision analysis (MCDA) was carried out
following the weighted sum model (WSM). The weights were chosen
according to the meaning of each biological test.
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Abstract: The long-term use of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) in treatment of
different chronic inflammatory disorders is strongly restricted by their serious gastrointestinal adverse
effects. Therefore, there is still an urgent need to search for new, safe, and efficient anti-inflammatory
agents. Previously, we have reported the Mannich base-type derivatives of pyrrolo[3,4-d]pyridazinone
which strongly inhibit cyclooxygenase, have better affinity to COX-2 isoenzyme and exert promising
anti-oxidant activity. These findings encouraged us to perform further optimization of that
structure. Herein, we present the design, synthesis, molecular docking, spectroscopic, and biological
studies of novel pyrrolo[3,4-d]pyridazinone derivatives bearing 4-aryl-1-(1-oxoethyl)piperazine
pharmacophore 5a,b—6a,b. The new compounds were obtained via convenient, efficient, one-pot
synthesis. According to in vitro evaluations, novel molecules exert no cytotoxicity and act as selective
COX-2 inhibitors. These findings stay in good correlation with molecular modeling results, which
additionally showed that investigated compounds take a position in the active site of COX-2 very
similar to Meloxicam. Moreover, all derivatives reduce the increased level of reactive oxygen and
nitrogen species and prevent DNA strand breaks caused by oxidative stress. Finally, performed
spectroscopic and molecular docking studies demonstrated that new compound interactions with
bovine serum albumin (BSA) are moderate, formation of complexes is in one-to-one ratio, and binding
site IT (subdomain IIIA) is favorable.

Keywords: selective COX-2 inhibitors; double pharmacophore approach; anti-inflammatory activity;
anti-oxidant agents; molecular docking; 1,3,4-oxadiazole; DNA protection

1. Introduction

The prostaglandin-endoperoxide synthase (PGH synthase), more widely known as cyclooxygenase
(COX), is a membrane-bound enzyme that catalyzes the conversion of arachidonic acid into bioactive

Int. J. Mol. Sci. 2020, 21, 9623; doi:10.3390/ijms21249623 www.mdpi.com/journal/ijms
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lipids such as prostaglandins (PGs) and thromboxane (TX) [1-6]. These mediators are essential to
maintain homeostasis and play a crucial role in various pathological conditions such as induction
of pain and control of inflammation. Cyclooxygenase exists in three isoforms that differ from each
other in terms of structure and function [1-4]. A constitutive form of the enzyme, named COX-1,
is expressed in normal cells. It synthesizes PGs involved in the physiological processes related mainly
to the gastrointestinal and cardiovascular systems. For instance, activation of COX-1 in gastric mucosa
leads to prostaglandin I, (PGI,) formation, commonly called prostacyclin, which exerts cytoprotective
effects by increasing secretion of mucus and bicarbonate and improving local blood flow. Prostacyclin
produced in endothelial cells reduces platelet aggregation and causes vasodilation [1-8]. COX-2, on the
contrary, is mostly an inducible form of cyclooxygenase, which level under normal, physiological
conditions, is very low. Its expression immediately increases due to various pro-inflammatory and
pathogenic stimuli. Induction of isoform COX-2 occurs in areas affected by inflammation, infection,
neurodegeneration or cell mutation [1-3,9,10]. Finally, the third isoform named COX-3, a variant of
COX-1, is expressed mainly in the brain and spinal cord [1,2,11].

Both cyclooxygenase isoforms, COX-1 and COX-2, are molecular targets for salicylates and
aspirin-like drugs, more often called presently Non-steroidal and Anti-Inflammatory Drugs (NSAIDs).
It was discovered in 1971 by Vane that popular antipyretic and anti-inflammatory drug—aspirin
diminish prostanoid biosynthesis. Inhibition of COX expressed in malfunctioning tissue affected by
injury or infection results in pain relief and reduction of inflammation. Unfortunately, at the same time,
the decreased level of prostaglandins in normal cells causes dangerous side effects characteristic for
NSAIDs [1-10,12-14].

Non-steroidal and Anti-Inflammatory Drugs, which act as non-selective cyclooxygenase inhibitors
(e.g., Ibuprofen, Diclofenac), are reported to cause different upper and lower gastrointestinal (GI)
adverse effects including dyspepsia, heartburn, ulceration, or bleeding, which are the consequence of
weakened mucosal protection. Moreover, the free carboxylic group, which is characteristic for most
of NSAIDs, is irritating in direct contact with mucosa cells. Those drugs are not ionized in acidic
stomach environment, but get dissociated when got into epithelial cells. The effect of ionic trap is
responsible for topical mucosal damage. Selective COX-2 inhibitors (COXIBs) exert similar analgesic and
anti-inflammatory properties to traditional NSAIDs and, at the same time, show very low gastrotoxicity.
Nevertheless, some gastric complications could occur anyway during therapy with COXIBs because
COX-2 is also, to some extent, engaged in gastroduodenal mucosa defense. Additionally, chronic use
of COXIBs can elevate the risk of serious cardiovascular complications [7-10,12-16].

Severe adverse effects of both non-selective and selective NSAIDs significantly restrict the usage
of these drugs, especially in long-term therapy. Therefore, there is still an urgent prompt for search and
develop new, potent, selective, and primarily safe cyclooxygenase inhibitors, which could be deprived
of side effects distinctive for known NSAIDs [7,8,14,17-19].

Our previous study reported the synthesis and biological evaluatio of several pyrrolo[3,4-d]
pyridazinone derivatives with promising anti-inflammatory and anti-oxidant activity. All designed
compounds efficiently inhibit cyclooxygenase, have a better affinity to isoenzyme COX-2 and show a
superior COX-2/COX-1 selectivity ratio compared to Meloxicam, which was used as the reference drug.
According to a molecular docking study, novel Mannich base-type derivatives of pyrrolo[3,4-d]pyridazinone
take a position in COX'’s active site very similar to Meloxicam [20,21]. In relation to performed
multiple-criteria decision analysis (MCDA), the most potent compound in formerly carried out study
was 6-butyl-3,5,7-trimethyl-1-[[3-[(4-phenylpiperazin-1-yl)methyl]-2-thioxo-1,3,4-oxadiazol-5-ylJmethoxy]
pyrrolo[3,4-d]pyridazin-4-one 1 (Figure 1) [20].
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Figure 1. The structure of the most potent new Mannich base-type derivative of
pyrrolo[3,4-d]pyridazinone.

These findings encouraged us to perform further modifications on the investigated scaffold of
pyrrolo[3,4-d]pyridazin-4-one, based on the structural optimalization of derivative 1 to obtain more
effective molecules.

As was mentioned already, derivatives of pyrrolo[3,4-d]pyridazinone are proved to have
promising analgesic and anti-inflammatory activity (Figure 2, I) [22,23]. We have previously
introduced to the biheterocyclic scaffold of pyrrolo[3,4-d]pyridazinone, the five-membered moiety
of 1,3,4-oxiadiazole-2-thione [20]. This modification was inspired by the fact that in the structure
of selective COX-2 inhibitors—COXIBS, characteristic five-membered heterocyclic rings such as
isoxazole (Valdecoxib) or pyrrazole (Celecoxib) can be distinguished (Figure 2, II) [18]. Moreover,
1,3,4-oxiadiazole-2-thione can serve as a bioisostere of the carboxylic group [17,24-26]. There are
plenty of compounds containing the mentioned ring that lack gastrointestinal toxicity while presenting
promising anti-inflammatory and analgesic activity. Replacement of irritating free carboxylic group
by 1,3,4-oxiadiazole-2-thione moiety in popular NSAIDs, such as Diclofenac or Ibuprofen, allowed
to obtain structures with significantly reduced gastrotoxicity and improved COX-2 affinity (Figure 2,
III) [27,28]. Finally, the current study’s key modification was the introduction to the new derivatives,
the arylpiperazine pharmacophore, through a flexible 2-oxoethyl linker. This structural alteration
closely refers to the theory featured by Dogruer (Figure 2, IV) [29,30]. According to this hypothesis,
the presence of carbonyl moiety in the alkyl chain could enhance the analgesic and anti-inflammatory
activity of new structures.

The design of new class of pyrrolo[3,4-d]pyridazinone derrivatives

i
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Figure 2. The outline of the concept of the uprising of novel pyrrolo[3,4-d]pyridazinone derivatives.

Taking the above into consideration, we can conclude that new pyrrolo[3,4-d]pyridazinone
derivatives were designed and synthesized on the base of the idea of the double pharmacophore
approach. The 1,3,4-oxadiazole-2-thione moiety is one of the most valid in contemporary medicinal
chemistry. Itis present in a great variety of compounds that exert diverse biological activities, including
cyclooxygenase inhibitors, as well [18,19,31,32]. On the other hand, arylpiperazine pharmacophore
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occurs in many potent antinociceptive and anti-inflammatory agents [20,22,23,27-30]. Herein, in the
structure of title compounds, both 1,3,4-oxadiazole, arylpiperazine pharmacophore and flexible
2-oxoethyl linker, proposed by Dogruer [29,30], could be recognized (Figure 2). Hopefully, such a
synthetic approach will result in the obtainment of potent bioactive molecules.

Currently, we present the synthesis, comprehensive in vitro and in silico evaluation of
pyrrolo[3,4-d]pyridazinone derivatives designed as a potential novel class of analgesic anti-
inflammatory agents inhibiting cyclooxygenase. This study’s aim is to determine the impact of
the mentioned elongated 2-oxyethyl linker on the anti-inflammatory and anti-oxidant activity of
new pyrrolo[3,4-d]pyridazinone derived compounds. All performed complex investigations focus on
possibly the most precise explanation of the probable mechanism of action of new molecules. Moreover,
we determine their cytotoxicity and model of interaction with blood proteins.

2. Results and Discussion

2.1. Chemistry

The objective of this study was the design and synthesis of novel pyrrolo[3,4-d]pyridazinone
derivatives. The structures of final compounds 5a,b—6a,b (Scheme 1) were based on already published
in the literature the structure-activity relationships of different analgesic and anti-inflammatory agents
(Figure 2).
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Scheme 1. The synthesis and structures of final pyrrolo[3,4-d]pyridazinone derivatives 5a,b-6a,b.

The first step of the planned synthesis assumed the obtainment of appropriate arylpiperazine
pharmacophores. The alkylation of 1-phenylpiperazine or 1-(2-pyrimidyl)-piperazine with chloroacetyl
chloride led to the formation of 1-(2-chloro-1-oxoethyl)-4-phenylpiperazine 2 and 1-(2-chloro-1-
oxoethyl)-4-(2-pyrimidyl)-piperazine 3, respectively. This stage was performed according to previously
reported protocols [33]. The synthesis of 3,5,7-trimethyl-6-phenyl-1-[(2-thioxo-3H-1,3 4-oxadiazol-5-
yl)methoxy]pyrrolo[3,4-d]pyridazin-4-one 4a and 6-butyl-3,5,7-trimethyl-1-[(2-thioxo-3H-1,3,4-oxadiazol-
5-yl)methoxy]pyrrolo[3,4-d] pyridazin-4-one 4b was carried out also in accordance to our procedure which
has been published already [20]. Scheme 1 presents the synthesis of compounds which have not been
described in the literature yet. All spectroscopic and analytical properties of all afresh received derivatives
were in good agreement with their predicted structures and are summarized in the experimental section
and in Supplementary Data.

The title compounds 5a,b—6a,b were synthesized with satisfactory yield in a convenient way
through the alkylation of key pyrrolo[3,4-d]pyridazinone analogues 4a and 4b with arylpiperazine
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derivatives 2 or 3, respectively. The final reactions were carried out in ethanol in the presence of
sodium ethoxide, which played the role of hydrogen chloride binding factor (Scheme 1). The thin-layer
chromatography technique was used to monitor the progress of the reaction. The precipitated crude
products were filtered off, washed with ethanol, and purified by crystallization from proper solvent.

Due to the occurrence of tautomerism in the 1,3,4-oxadiazole-2-thione ring, the alkylation of
appropriate analogue of pyrrolo[34-d]pyridazinone 4a,b with Suitable 2-chloro-1-oxoethylarylpiperazine
derivative 2, 3 may result in obtainment of a mixture of isomeric N- and S—forms. In the current study,
the applied reagents and reaction conditions allowed the formation of, exclusively, S-isomers 5a,b—6a,b
(Scheme 1). Such a conclusion was drawn based on the analysis of the NMR spectra.

When considering the 13C NMR spectra of compounds 4a,b, the significant peak near
177.89-178.90 ppm, which is typical for carbon atom which forms C=5 bond, can be distinguished.
The lack of this characteristic signal in the '3C NMR spectra of the final structures 5a,b—6a,b
(experimental section and Supplementary Data) indicates that the title compounds were formed
via S-alkylation of 1,3,4-oxadiazole-2-thiole derivatives of pyrrolo[3,4-d]pyridazinone 4a,b (Scheme 1).
This is also confirmed by the presence of characteristic peak near 165.36-165.42 ppm in 3C NMR
spectra of 5a,b—6a,b which can be assigned to carbon C2 in 1,3,4-oxadiazole, which binds sulfur via
single bond.

Continuing the analysis of the 1C NMR spectra of final molecules 5a,b—6a,b we can observe peaks
which are the signals of carbon atoms present in 2-oxoethyl linker. A peak near 164.59-164.81 ppm is
typical for carbonyl (C=0), whereas a signal in the area of 32.32 ppm is assigned to carbon atom 1C
(-CHy-). Furthermore, the presence of an additional two-proton singlet, which appears, depending on
the considering derivative, in the range of 4.33-4.42 ppm in 1H NMR spectra of 5a,b—6a,b could be
equated with methylene group present in 2-oxoethyl linker.

In our former study, the compounds bearing phenylpiperazine moiety (Figure 1) appeared to be
the most potent in performed experiments [20]. That is why we have decided to introduce the same
pharmacophore to one series of novel derivatives. In the second series, a pyrimidine ring is present to
evaluate the impact of this terminal aromatic six-membered ring on new compound activity. Moreover,
the structure of new agents will allow us to estimate the influence of elongated 2-oxoethyl linker and
the substitution of the sulfur atom in 1,3,4-oxadiazole-2-thiol ring on the pharmacological activity of
new pyrrolo[3,4-d]pyridazinone derivatives

The crude intermediate and final products were purified by crystallization from the suitable
solvent. Structures of all newly synthesized derivatives were established and confirmed by
spectroscopic techniques including 'H NMR, 13C NMR, MS, FT-IR, elemental analysis and based on
their physicochemical properties.

2.2. Cyclooxygenase (COX-1, COX-2) Inhibition Studies

2.2.1. In Vitro Cyclooxygenase Inhibition Assay

The tested compounds’ ability to inhibit the activity of COX-1 and COX-2 was assessed by
Cayman’s COX Colorimetric Inhibitor Screening Assay (cat. no. 701050). Each sample was prepared
in triplicate at a concentration of 100 pM. The study started with 2 min incubation at RT, and then
peroxidase activity was measured with Varioskan LUX microplate reader (Thermo Scientific) at a
wavelength of 590 nm. The outcome is shown as the ICsq values, i.e., the concentrations at which a
50% inhibition of enzyme activity appeared for both COX-1 and COX-2. Meloxicam, which shows
better affinity to COX-2 than to COX-1, therefore is used by patients with GI complications, was used
as a reference compound. The results for both enzymes are presented in the table below. The study
showed that the tested structures inhibit the activity of COX-2 enzymes and have no impact on the
COX-1 isoform (Table 1). The most active compound appeared to be 6a, in which 50% inhibition
of COX-2 enzyme activity occurred at the lowest concentration. Taking these results into account,
it is worth emphasizing that both isoforms of cyclooxygenase have slight but important structural
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differences in their active sites. The isoleucine (Ile) residue in position 523 in COX-1 isoform is replaced
by valine (Val) when considering isoform COX-2. Furthermore, in the case of COX-1, in position 434
occurs isoleucine (Ile) and in position 513 histidine (His), while in COX-2 valine (Val) and arginine
(Arg), respectively. Due to these differences, the size of the COX-2 pocket is bigger than that of COX-1,
which allows selective binding of larger molecules [1-5]. In the case of the COX-2 enzyme, investigated
compounds displayed lower activity than the reference.

Table 1. IC5j values determined for COX-1 and COX-2 enzymes; data are presented as mean and SD
(standard deviation).

Cyclooxygenase Inhibition Assay IC50 [uM]

Compound
COX-1 COX-2
5a ND'! 658.7 (15.0)
5b ND! 257.4 (11.3)
6a ND'! 160.2 (6.8)
6b ND' 371.0 (10.1)
Meloxicam 83.7 (1.8) 59.2 (2.4)

1 ND—not detectable at tested concentrations.

When comparing the COX inhibitory activity of new compounds 5a,b—6a,b with previously
reported Mannich base-type derivatives of pyrrolo[3,4-d]pyridazinone [20] we can point out some
important differences between these two series. Most of formerly studied compounds had the affinity
towards both isoenzymes of cyclooxygenase, with superior activity on COX-2, while molecules
described in this manuscript act as selective COX-2 inhibitors. Basing on these findings, and with
reference to investigations performed earlier by Malinka et al. [22,23] we can try to speculate about
some structure—activity relationships in the group of analgesic and anti-inflammatory agents based on
pyrrolo[3,4-d]pyridazinone core.

Malinka et al. reported the synthesis and extensive biological evaluation of new derivatives
of pyrrolo[3,4-d]pyridazinone with promising antinociceptive activity. In the structure of described
compounds, the characteristic arylpiperazine/piperidine pharmacophore can be recognized. It was
attached directly to the pyridazinone core via different flexible linkers such as ethyl, propyl or
2-hydroxypropyl. Despite good pharmacological activity, the exact mechanism of action of these
compounds has not been solved yet [22,23].

Inspired by those results we decided to continue this work and modify the pyrrolo[3,4-
d]pyridazinone scaffold by incorporation of the five-membered 1,3,4-oxadiazole-2-thione moiety
with the hope of receiving potent cyclooxygenase inhibitors with good affinity towards COX-2.
As was mentioned before, we have achieved the intended goal. The 1,3,4-oxadiazole ring is
supposed to enhance COX inhibitory activity of our compounds [20]. When considering derivatives
5a,b—6a,b we can infer that introduction of arylpiperazine pharmacophore via flexible 2-oxoethyl
linker to the pyrrolo[3,4-d]pyridazinone-based 1,3,4-oxadiazole molecules resulted in their COX-2
selectivity. The fact that in the current study we report molecules received by S, not N alkylation of
1,3,4-oxadiazole-2-thiol, could also be significant. Nevertheless, certainly further extensive studies and
subsequent structural modifications of future derivatives are needed, because the increase of selectivity
led to a decrease of activity.

2.2.2. Cyclooxygenase Molecular Docking Study

To estimate the possible binding interactions of synthesized compounds inside the active site of
cyclooxygenase, a molecular docking study was performed. AutoDock software was used. The scoring
function binding free energy (AG®) for interaction with COX-1 for all tested compounds showed a
positive value. This result is in very good correlation with a biological evaluation, which indicated no
activity towards the COX-1. The docking results for interactions with COX-2 are assumed in Table 2.
The AG® is negative for all compounds. The lowest value was found for 6b. For all compounds,
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the sum of van der Waals energy, hydrogen bonding energy, and desolvation free energy (AE;) is more
negative than electrostatic energy (AE3). It indicates that the main interactions are van der Waals and
hydrogen bonding interactions. For 6a and 5b, inhibit constants obtained from molecular docking
showed lower values than for 6b and 5a.

Table 2. Energies of the binding complexes 5a, 6a, 5b, and 6b with COX-2 obtained from
molecular docking,.

AG? [KJmol~1] AE1[kJmol™1] AE2[kJmol 1] AE3[kJmol 1] K;[uM]

5a —20.44 -30.18 -30.43 0.25 285.75
5b -26.75 -39.20 —38.87 -0.33 20.39
6a —-30.54 -40.52 —-40.88 -0.37 4.44
6b —-21.06 —-33.52 -35.69 213 202.61
Meloxicam —34.02 -37.74 -37.32 -0.42 1.09

AG°—binding free energy; AE;—intermolecular interaction energy, which is the sum of van der Waals energy,
hydrogen bonding energy, desolvation free energy and electrostatic energy; AE;—the sum of van der Waals energy,
hydrogen bonding energy and desolvation free energy; AE;—electrostatic energy, Ki—inhibit constans.

Inside the COX-2 active site, no conventional hydrogen bond interaction was found. Hydrophobic
interactions play an important role. The details are presented in Figure 3. The COX ligand binding
site has four specific subdomains: A, B, C, and D. Subdomain A represents the mode of binding of
flurbiprofen; subdomain B represents the mode of binding of Meloxicam and Piroxicam; subdomain C
represents an entrance region of the enzyme binding domain, and subdomain D represents the position
of the residue in position 523 [34]. The size of the COX-2 pocket is bigger than that of COX-1., It allows
the selective binding of larger molecules. The position of studied compounds was found very similar
to Meloxicam (Figure 4).
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Figure 3. 2D interaction plot of 5a, 5b, 6a, 6b with COX-2.
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Figure 4. Docking poses of studied compounds 5a,b-6a,b and Meloxicam (pink) inside COX-2.
2.3. Evaluation of Viability

Dependence between viability and concentration was observed for all investigated compounds
(Figure 5). The study showed that the metabolic activity of 5b and 5a decreases as the concentration
increases, whereas 6a toxicity at 50 uM concentration is higher than at 100 pM, but it is within
experimental error. None of the cases showed a decrease of viability under 30%, indicating a lack of
tested compound cytotoxic potential. Furthermore, 5a and 5b at 10 pM concentration presumably
improve the proliferation of Normal Human Dermal Fibroblasts (NHDF) cells. Merely 6a at 50-100 uM
concentration range revealed mild cytotoxicity of a dozen or so percent.
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Figure 5. Effect of tested compounds on Normal Human Dermal Fibroblasts (NHDF) cells;
metabolic activity measured in MTT assay; Control—cell culture incubated without tested substances;
* p < 0.05—significant difference compared to control.

2.4. Level of Intracellular Reactive Oxygen Species, Nitric Oxide, and DNA Damage

For all tested compounds, a relationship between the level of free oxygen radicals, nitric oxide or
the number of DN A strand breaks and concentration was observed (Table 3). The results showed that
the level of free oxygen radicals after using all tested compounds is the lowest at a concentration of
10 uM. After using compounds 5a, 5b, 6b, a decrease in the level of free oxygen radicals below the
positive control was noticed (cell culture treated with only 100 uM H;O;) in the entire range of tested
concentrations. Compound 6a at concentrations of 50 and 100 uM did not reduce the level of free
oxygen radicals. Regarding the nitric oxide (NO) level, a reduction in NO levels was observed after
incubating the culture with the tested compounds compared to the positive control after incubation
at a concentration of 10 and 50 uM for 6b and 5a, 10 uM for 5b and in the entire concentration range
for 6a. At the same time, a reduction in the amount of DNA strand damage after incubation with the
investigated compounds was demonstrated for all tested concentrations for 6b and 5a, at 10 and 50 uM
for compound 5b and the lowest tested concentration for compound 6a (Scheme 2).
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Table 3. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) scavenging activity of
tested compounds and an impact on the DNA damage (1 = 3); the results were compared to the positive
control and expressed as E/Ej ratios; statistical significance calculated with post-hoc test compared to
control (* p < 0.05; EO—culture incubated with 100 pM H;O, but without test compounds); data are

presented as mean and SEM.

Compound Concentration [uM] ROS RNS DNA Damage
10 —33.1(0.04) * —3.7 (0.03) -68 (0.1) *
5a 50 —34.2 (0.06) * —5.9 (0.02) —47 (0.08) *
100 -28.7 (0.03) * 12.1(0.02) * -38(0.1)*
10 -29.0(0.02) * —6.7(0.03) * —59 (0.08) *
5b 50 -9.7(0.02) * 3.4 (0.04) -12(0.07) *
100 —-0.5(0.04) 9.8 (0.04) 5.7 (0.2)
10 —-7.4(0.03) -11.0(0.07) * -24(0.1)
ba 50 12.3 (0.05) —6.9 (0.05) 26 (0.06) *
100 18.9 (0.06) * —4.1 (0.04) 24 (0.08) *
10 -241(0.05)* -7.9(0.05)* -70 (0.06) *
6b 50 -12.6 (0.04) * —1.4 (0.04) —22(0.09) *
100 -1.8 (0.02) 4.6 (0.02) -9.7(0.1)*

..
..
.-

Scheme 2. Micrographs (60x) of cells showing chromatin relaxation: (A) compound 5a at 10 pM;
(B) compound 5a at 50 uM; (C) compound 5a at 100 uM; (D) compound 5b at 10 uM; (E) compound
5b at 50 uM; (F) compound 5b at 100 uM; (G) compound 6a at 10 uM; (H) compound 6a at 50 uM;
(I) compound 6a at 100 uM; (J) compound 6b at 10 uM; (K) compound 6b at 50 uM; (L) compound 6b
at 100 pM; (N) cell incubated in the complete medium; (M) cell incubated with 100 uM HO; for 1 h.
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Correlation coefficients between the DNA damage assay results and the level of free oxygen
radicals or nitric oxide were calculated (Table 4). In all cases, strong positive correlations were
observed between the levels of reactive oxygen species (ROS) and NO as well as DNA strand breakage.
These results may suggest a strong reparative effect (scavenging of free radicals and repair of DNA
strand breaks) of the tested compounds in a state of increased exogenous stress (incubation of cell
cultures with H,O;), possibly by inhibiting COX-2.

Table 4. Pearson correlation coefficients between DNA damage and ROS or NO levels.

Compound ROS Level vs. DNA Damage NO Level vs. DNA Damage

5a 0.589 0.650
5b 0.998 0.991
6a 0.953 0.888
6b 0951 0.950

2.5. Fluorescence Quenching and Binding Constants

To investigate the binding properties of 5a, 6a, 5b, and 6b to Bovine Serum Albumin,
the fluorescence spectra were recorded in the range of 300-500 nm upon excitation at 280 nm
(both Trp and Tyr residues are excited) and concentration range 0.0-2.0 uM (Figure 6). When different
amounts of tested compounds were titrated, BSA’s fluorescence intensity decreased, suggesting that
all compounds could interact with BSA and quench its intrinsic fluorescence. The presence of 5a, 6a,
5b, and 6b also caused a blue shift in the maximum emission wavelength of protein. It indicates that
BSA’s conformation and the amino acid residues are located in a more hydrophobic environment and
are less exposed to the solvent [35]. Fluorescence quenching and shift of Amax identify interaction with
BSA and suggest the formation of complexes (static quenching). However, it can also be the result of
the collisional encounters (dynamic quenching). To confirm the quenching mechanism and complex
formation, the fluorescence data were further analyzed by the Stern—Volmer equation and dependence
on temperature [36].
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Figure 6. Fluorescence spectra of Bovine Serum Albumin solution in the presence of 5a, 5b and 6a, 6b
(T-294 K, Aex = 280 nm). The concentration of 5a, 5b and 6a, 6b was: 0,0.2,0.4, 0.6,0.8,1.0,1.2, 14, 1.6,
1.8, 2.0 uM.

The fluorescence data were analyzed at three different temperatures, 294, 301, 308 K, using Stern—
Volmer Equation [37] (Equation (S1) in the Supplementary Data) after correction due to the infer filter
effect (Equation (52) in the Supplementary Data). The Stern—Volmer (Ksy) constant was determined
by the linear fitting. The calculated results are collected in Table 5. The Kgy values decreasing with
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increasing temperature, and the quenching rate constant (kq) values are much greater than the value
of the maximum scatter collision quenching constant (2 x 10! dm?®mol~':s7! [38]). It indicated that
the probable quenching mechanism is static rather than dynamic, and it suggested the formation of a
ground-state complex.

Table 5. The Stern-Volmer constant Kgy and the quenching rate constant kg, binding constants Ky,
and number of binding sites n, thermodynamic parameters for the interaction of BSA with studied
compounds at different temperatures.

Quenching Binding Thermodynamic
T Ksy x 10° kq x 10" — K, x 10* AG® AH® AS®

Kl [dm*mol-1] [dm3mol-1s-1] 8K [dmt.mol1] n (Jmol-1]  [kmol-1] [Jmol-1K-1]

294 444 444 5.09 + 0.14 12.30 0.91 £0.02 -29.31 -133.03 —352.78
5a 301 245 445 4.90 + 0.30 7.94 0.92 +0.05

308 2.09 2.09 4.01+013 1.02 0.77 +0.03

294 444 444 5.09 = 0.14 12.30 0.91 0.02 ~29.31 ~133.03 —352.78
5b 301 245 445 490 + 030 7.94 0.92 £ 0.05

308 2,09 2.09 401 +013 1.02 0.77 £ 0.03

294 212 212 4.86 = 0.05 7.24 0.92 £0.01 —27.51 ~108.79 —27643
6a 301 127 117 450 +0.13 3.16 0.89 +0.02

308 113 2.74 3.98 + 0.27 0.96 0.81 £ 0.04

294 2.90 2.90 4.93 +0.07 8.51 0.91 +0.01 -27.37 -77.15 -169.33
6b 301 1.80 1.80 4.41+029 2.57 0.85 + 0.05

308 1.74 443 4314026 2.04 0.84 + 0.04

The binding constants and the number of binding sites were calculated using a double logarithm
regression curve (Equation (S3) in the Supplementary Data). As is shown in Figure 7 there is a good
linear fit for all studied compounds. The calculated results are listed in Table 5. The results showed that
the binding constants indicate values about 10° dm®mol~! at 294 K and decreasing with increasing
temperature. The differences between 5a, 6a, 5b, and 6b compounds are not great. The number of
the binding site is close to 1, shows one-to-one interaction. The interaction of 14 anti-inflammatory
drugs with human serum albumin was investigated by F. Mohammadnia [39]. The binding constants
were found with the range 10> dm?-mol~! (acetaminophen) to 1.88 x 107 dm3.mol~! for Meloxicam.
Therefore, Ky, values of studied compounds show that the interactions with BSA are moderate. Similar
values were obtained for many compounds with biological activity [20,36,40-44].
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Figure 7. Double logarithm regression plots for quenching of BSA by 5a, 5b, 6a, and 6b.
2.6. Site Markers Studies and Molecular Docking

BSA, as well as human serum albumin (HSA), is known to possess two binding sites, which are
situated in subdomains IIA and IIIA [45]. To confirm the binding sites on BSA involved in 5a, 6a, 5b,
and 6b binding, phenylbutazone (PHB) and ibuprofen (IBP) were used as site probes [46]. Binding
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constants were analyzed using Equation (S3) (in the Supplementary Data). Calculated values were
found as 5.50 x 10° (5b), 4.79 x 10° (6b), 4.17 x 10° (5a), 3.24 X 10° (6a). The results show that binding
constant Kb of all tested compounds with BSA in the presence of IBP considerably decline compared to
compound BSA only (Table 5.). In the presence of PHB, Kb value showed smaller difference compared
to no marker: 4.27 x 10* (5b), 3.31 x 10* (6b), 4.07 x 10* (5a), 2.51 x 10* (6a). It can be suggested that
5a, 5b, 6a, 6b mainly bind to the subdomain IIIA of BSA.

The binding interactions between studied compounds and BSA were simulated by the molecular
docking method. The results were presented in Table 6. The results demonstrated that the binding
free energy within the hydrophobic cavity in site II (subdomain IIIA) of BSA was more negative
than that within the hydrophobic cavity in site I (subdomain ITA). It indicates that site II is favorable.
Such outcome is consistent with the results observed in the site marker fluorescence studies. The sum
of van der Waals energy, hydrogen bonding energy, and desolvation free energy (AE;) is more negative
than electrostatic energy (AE3). Hence, it can indicate that the main interactions are van der Waals and
hydrogen bonding interactions. In binding site IITA studied compounds are surrounded by various
kinds of residues (Figure 8). Hydrogen bonds with Arg208 (5a, 5b, 6a, 6b) and Lys211 (6b) are formed.
The m-sigma and other hydrophobic interactions are observed. The details are presented in Figure 8.

Table 6. Energies of the binding complexes BSA with 5a, 5b, 6a, and 6b obtained from molecular docking.

Binding Site  AG° [kJmol-1]  AE; [kJmol-1]  AE; [kJmol-1]  AE; [kJmol-1]

site [ -31.43 —41.42 —40.88 —-0.54
e site I1 —-38.96 —48.94 —48.44 -0.46
site —27.38 —39.83 —38.70 -1.13
i site I —38.87 —51.37 —51.03 -0.33
site -34.73 —44.72 —40.34 -4.39
ba site II —-36.94 —47.10 —44.51 -2.59
éb site I -30.55 —43.01 —38.70 -4.31
site I1 -39.12 -51.62 -49.49 —-0.46

AG°—binding free energy; AE;—intermolecular interaction energy, which is the sum of van der Waals energy,
hydrogen bonding energy, desolvation free energy and electrostatic energy; AE;—the sum of van der Waals energy,
hydrogen bonding energy and desolvation free energy; AEs;—electrostatic energy.

Figure 8. 2D interaction plot of 5a, 5b, 6a, 6b with BSA in the binding site II (subdomain IIIA).
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The interaction forces between a small molecule and protein include hydrogen bond, van der
Waals force, electrostatic and hydrophobic interactions, etc. [47]. The thermodynamic parameters
enthalpy change (AH®), the entropic change (AS°) and free energy change (AG®) were calculated from
Equations (S4) and (S5) in the Supplementary Data. The results are listed in Table 5. We can conclude
that the binding interaction between tested compounds and BSA were spontaneous due to the negative
AG®. Both the AH® and AS° negative values indicate that the main interaction force in the binding
process was van der Waals forces and/or hydrogen bonding interaction.

2.7. Circular Dichroism Spectra

Circular dichroism (CD) spectroscopy is a useful method to determine the secondary structure
changes in the conformation of proteins. It can check the interaction between the protein molecule and
new pharmaceutical compounds [48]. In this study, we had monitored the changes in BSA structure
when four analyzed compounds: 5a, 5b, 6a, and 6b were absent or present in solutions. In all CD
spectra, we observed two negative bands at near 208 nm and 222 nm, typical for the «-helical structure
of the protein (Figure 9). Any changes in this region suggest conformational changes in protein
molecules [49].
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Figure 9. CD spectra of B5A in the absence and presence of all analyzed compounds. BSA to analyzed
compounds molar ratios was changing from 1:0 to 1:10.

Figure 9 shows that we observed the reduction of ellipticity values at 208 nm and 222 nm in
the presence of all analyzed compounds. Any shift of the peaks was not observed. To measure the
observed change size, we calculated the x-helix(%) values after adding every portion of each analyzed
compound (Table 7).
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Table 7. The values of calculated o-helix(%) for BSA with the absence and presence of all
analyzed compounds.

BSA/Analyzed Compound Molar Ratio c-helix(%)
5a 5b 6a 6b
1:0 54.05 53.55 b53.78 53.46
1:0.5 51.08 5215 5277 5245
11 50.51 51.11 51.72 51.83
1:2 4994 5050 51.70 51.26
13 4970 5047 5145 5091
1:4 4962 49.81 5149 5047
1:5 4948 4978 5140 5023
1.6 4885 4951 5028 50.15
1.7 4857 4921 5029  50.10
1:8 4823 4885 5031 4997
1:9 4811 48.06 50.24 4982
1:10 47.59 47.76 5011 49.76

Numbers in bold represent the initial and final values of x-helical content of BSA in carried out experiment.
The content of «-helix can be calculated using Equations (1) and (2) [50]:

. oy —MREgg —4000_
a = helix(%) = 33,000 2000 100% (1)
where MREjqg is the MRE value observed at 208 nm, 4000 and 33,000 is the MRE value of the -form

and random coil conformation cross at 208 nm value of pure a-helix at 208 nm, respectively.

ObservedCD[mdeg]

R 10Cnl @)

C is the molar concentration of BSA, n is the number of amino acid residues 583 for BSA, and 11is
the path length in cm.

The results collected in Figures 9 and 10 and Table 7 show that greater changes of a-helix(%) are
observed in the case of 5b and 5a. The a-helical content of BSA decreased from 53.55% to 47.76% and
from 54.05% to 47.59%, respectively, when BSA to analyzed compounds molar ratio was increasing
from 1:0 to 1:10. The smallest changes were observed after adding 6a to BSA (from 53.78% to 50.11%,
Table 7, Figure 9). Above 1:6 BSA to 6a molar ratio, there was no longer any changes. The greatest
changes in the CD spectra are observed in case of 1:0.5 and 1:1 molar ratios. This result is consistent
with the fluorescence measurements and molecular docking studies, where it was proved that analyzed
compounds can form complexes with BSA in 1:1 ratios. Further changes observed after adding next
portions of analyzed ligands may be caused by the interaction of hydrophobic sites of the protein with
hydrophobic groups in compounds. Changes in the x-helical content of BSA for all four compounds
are compared in Figure 10.

6.46%
A 5.79%

3.70% 3.67%

% of a-helix changes
S
L

5h 6b Sa 6a

Figure 10. Changes in «-helix(%) of BSA after adding 10 portions of the compound—the comparison
for 5a, 5b, 6a, and 6b.
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3. Materials and Methods
3.1. Chemistry

3.1.1. Instrumentation and Chemicals

All chemicals, reagents, and solvents used in the current study were purchased from
commercial suppliers (Chemat, Gdansk, Poland; Archem, Lany, Poland; Alchem, Wroctaw, Poland)
and used without further purification. Dry solvents were obtained according to the standard
procedures. Progress of the reaction was monitored by thin-layer chromatography (TLC) technique
on silica-gel-60-F254-coated TLC plates (Fluka Chemie GmbH) and visualized by UV light at
254 or 366 nm. Chromatographic separations and purifications were performed on a silica-gel
[Kieselgel 60 (70-230 mesh), Merck] column (CC). The melting points of received products were
determined by an open capillary method on Electrothermal Mel-Temp 1101D apparatus (Cole-Parmer,
Vernon Hills, IL, USA) and were uncorrected. The 'H NMR (300 MHz) and 13C NMR (75 MHz)
spectra were recorded on a Bruker 300 MHz NMR spectrometer (Bruker Analytische Messtechnik
GmbH, Rheinstetten, Germany) in CDCl3 or DMSO-d;; using tetramethylsilane (TMS) as an internal
reference. Chemical shifts (8) are reported in ppm. Spectra were recorded and read using TopSpin
3.6.2. Bruker Daltonik, GmbH, Bremen, Germany) The infrared (IR) spectra were determined on
a Nicolet iS50 FT-IR Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Samples were
applied as solids, and frequencies are reported in cm ™. Spectra were read using OMNIC Spectra 2.0
Thermo Fisher Scientific, Waltham, MA, USA) Mass spectra were recorded using a Bruker Daltonics
Compact ESI-mass spectrometer (Bruker Daltonik, GmbH, Bremen, Germany). The instrument was
operated in positive ion mode. Analyzed compounds were dissolved in a mixture of chloroform and
methanol. Elemental analyses for carbon, nitrogen and hydrogen were run on a Carlo Erba NA-1500
analyzer (Thermo Fisher Scientific, Waltham, MA, USA), and obtained results were within + 0.4% of
the theoretical values calculated for corresponding formulas.

3.1.2. Chemical Synthesis

The synthesis protocols and experimental data for derivatives 4a,b and all intermediates were
previously reported[20,33].

General procedure for preparation of title derivatives of pyrrolo[3,4-d]pyridazinone 5a,b—6a,b.

The appropriate derivative of pyrrolo[3,4-d]pyridazinone 4a or 4b (0.001 mol) was suspended in
30mL of anhydrous ethanol in a round bottom flask. Then, the ImL of 1M sodium exthoxide (0.001
mol) and appropriate arylpiperazine derivative 2 or 3 was added, and the mixture was refluxed for
6h. The reaction progress was monitored by TLC. The mixture was left overnight. After cooling, the
precipitate was formed. The solid was filtered off, washed thoroughly with ethanol, and afterwards
purified by crystallization from ethanol.

5a: 3,5,7-trimethyl-1-[[2-[2-0x0-2-(4-phenylpiperazin-1-yl)ethyl]sulfanyl-1,3,4-oxadiazol-5-yl1]
methoxy]-6-phenyl-pyrrolo[3,4-d]pyridazin-4-one
White solid, Yield: 76,91%; m.p.: 186-188 °C
FT-IR (selected lines, yYmax, cm™1): 3067 (C-H arom.), 2916 (C-H aliph.), 1646 (C=N)
1H NMR (300 MHz, CDCly): &= 2.27 (s, 3H, 7-CHj), 2.45 (s, 3H, 5-CHj), 3.19-321 (m, 2H,
CH;-piperazine), 3.22-3.26 (m, 2H, CHj,-piperazine), 3.59 (s, 3H, 3-CHj3), 3.76 (m, 2H, CH;-piperazine),
3.84 (m, 2H, CH;-piperazine), 4.41(s, 2H, S-CH;), 5.49 (s, 2H, O-CHy), 6.95-6.98 (m, 3H, ArH), 7.19-7.22
(m, 2H, ArH), 7.31-7.33 (m, 2H, ArH), 7.54-7.57 (m, 3H, ArH)
13C NMR (75 MHz, CDCl3): 6= 11.41, 11.84, 36.96, 37.10, 42.25, 46.04, 49.45, 49.82, 57.01, 108.42, 112.07,
116.94,124.24,127.79, 129.34, 129.73, 130.74, 136.68, 148.06, 159.32, 163.88, 164.60, 165.43
HR-MS (m/z): caled. for C3pH3a1N7O4S [L+H]*: 586.2243; found: 586.2231; Anal. calcd. (%) for
C30H31N;0,S: C:61.52, H:5.34, N:16.74, found: C:61.81, H:5.19, N:16.50,
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5b: 6-butyl-3,5,7-trimethyl-1-[[2-[2-0x0-2-(4-phenylpiperazin-1-yl)ethyl]sulfanyl-1,3,4-oxadiazol-5-
yllmethoxy]pyrrolo[3,4-d]pyridazin-4-one
Whitish solid, Yield: 69,44%; m.p.: 141-143 °C
FT-IR (selected lines, Ymax, cm™1): 2964, 2925, 2871 (C-H aliph.), 1645 (C=N)
IH NMR (300 MHz, CDCl3): 6= 0.87-0.92 (m,33H, -CH,-CH, CH,-CH3), 1.27-1.39 (m, 2H,
-CH,-CH, CH,-CH3), 1.57 (m, 2H, -CH,-CH,-CH,-CH3), 2.40-2.42 (s, 3H, 7-CH3), 2.60-2.61 (s, 3H,
5-CHj), 3.13 (m, 2H, CH,-piperazine), 3.19 (m, 2H, CHy-piperazine), 3.46-3.47 (s, 3H, 3-CHj),
3.70 (m, 2H,-CH,-CH,-CH,-CHj3;), 3.77-3.83 (m, 4H, CH,-piperazine), 4.33 (s, 2H, S-CHy), 5.36-5.37
(s, 2H, O-CH,), 6.88-6.90 (m, 3H, ArH), 7.19-7.23 (m, 2H, ArH)
13C NMR (75 MHz, CDCl3): 8= 10.65, 11.19, 13.69, 20.04, 32.32, 36.90, 37.02, 42.21, 43.94, 46.02, 49.53,
49.88, 56.93, 108.15, 111.85, 122.59, 129.15, 129.36, 147.95, 159.24, 163.95, 164.61, 165.38
HR-MS (m/z): caled. for CpgHasN7O4S [L+H] : 566.2549; found: 566.2544; Anal. caled. (%) for
CogH35N704S: C:59.45, H:6.24, N:17.33, found: C:59.67, H:6.28, N:17.04,

6a: 3,5,7-trimethyl-1-[[2-[2-0x0-2-(4-pyrimidin-2-ylpiperazin-1-yl)ethyl]sulfanyl-1,3,4-oxadiazol-5-
yl]methoxy]-6-phenyl-pyrrolo[3,4-d]pyridazin-4-one
White solid, Yield: 85,27 %; m.p.: 237-239 °C
FT-IR (selected lines, Ymax, cm™): 3079 (C-H arom.) 2916 (C-H aliph.), 1645 (C=N)
'H NMR (300 MHz, CDCl3): 8= 2.25 (s, 3H, 7-CHj), 2.43 (s, 3H, 5-CH3), 3.58 (s, 3H, 3-CH3), 3.64-3.66
(m,2H, CHj-piperazine), 3.73-3.75 (m, 2H, CHjy-piperazine), 3.84-3.86 (m, 2H, CHj-piperazine),
3.91-3.92 (m, 2H, CH;-piperazine), 4.41 (s, 2H, S-CH3), 5.47 (s, 2H, O-CH}), 6.54-6.58 (m, 1H, ArH),
7.18-7.20 (m, 2H, ArH), 7.53-7.55 (m, 3H, ArH), 8.32-8.34 (m, 2H, ArH)
13C NMR (75 MHz, CDCl3): 6= 11.40, 11.84, 37.09, 37.13, 42.20, 43.33, 43.59, 45.94, 57.01, 108.42, 110.73,
112.07, 124.24, 127.79, 129.34, 129.73, 130.72, 136.68, 148.05, 157.82, 159.31, 161.40, 163.86, 164.78, 165.42
HR-MS (m/z): caled. for CagHagNgO4S [L+H]*: 588.2132; found: 588.2136; Anal. calcd. (%) for
CogH9NyO4S: C:57.23, H:4.97, N:21.45, found: C:56.99, H:4.82, N:21.25,

6b: 6-butyl-3,5,7-trimethyl-1-[[2-[2-0x0-2-(4-pyrimidin-2-ylpiperazin-1-yl)ethyl]sulfanyl-1,3,4-
oxadiazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one
Whitish solid, Yield: 72,47%; m.p.: 198-200 °C
FT-IR (selected lines, Ymax, cm™1): 2954, 2931, 2918 (C-H aliph.), 1640 (C=N)
'H NMR (300 MHz, CDCl;): &= 0.95-1.00 (m, 3H, -CH,-CH, CH,-CHj), 1.35-1.43 (m, 2H,
-CH,-CH,-CH,-CH3), 1.62-1.67 (m, 2H, -CH,-CH, CH,-CHs), 2.50 (s, 3H, 7-CH3), 2.69 (s, 3H, 5-CH3),
3.55 (s,3H, 3-CHj), 3.65-3.69 (m, 2H, CH,-piperazine), 3.74-3.77 (m, 2H, CH,-piperazine), 3.87-3.89 (m,
2H,-CH,-CH,-CH,-CH3), 3,91-3,98 (m, 2H, CH,-piperazine), 4.42 (s, 2H, S-CH>-), 5.45 (s, 2H, O-CHa),
6.57-6.60(t, 1H, ArH), 8.35-8.37 (m, 2H, ArH)
13C NMR (75 MHz, CDCl3): 6= 10.64, 11.19, 13.69, 20.04, 32.32, 37.02, 37.07, 42.18, 43.42, 43.68, 43.94,
45.92,56.94, 108.15,110.69, 111.85, 122.60, 129.13, 147.95, 157.77, 159.24, 161.07, 163.92, 164.81, 165.36
HR-MS (n/z): caled. for CyqHa3NgO4S [L+H]* : 568.2460; found: 568.2449; Anal. calcd. (%) for
CpeH33Ng0,4S: C:55.01, H:5.86, N:22.21, found: C:55.27, H:5.91, N:22.15,

3.2. Cell Line

The study was conducted on a NHDF purchased from Lonza (Basel, Switzerland). These cells
were a regular line of skin fibroblasts obtained from 54-years-old women.

Cells were grown at 37 °C in a humidified 5% CO,/95% air atmosphere incubator and passaged
twice a week.

3.3. Cell Culture Media

The cells were cultured in a Dulbecco Modified Eagle Medium (DMEM) without phenol red,
which was supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1.25 pg/mL
amphotericin B, and 100 ug/mL gentamicin. Prepared culture medium was stored at 4-8 °C until full
exploit, but not longer than a month.
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3.4. Tested Compounds

Investigated derivatives of pyrrolo[3,4-d]pyridazinone were received from the Department of
Chemistry of Drugs at Wroclaw Medical University. The compounds were dissolved with DMSO
to a final concentration of ImM. All prepared stock solutions were left at -20 °C for up to 6 months.
Stock solutions were dissolved in the culture medium to accomplish the final concentrations of 100 pM,
50 uM and 10 puM for each compound.

3.5. Experimental Design

Cells were seeded into 96-well culture plates at a density of 10,000 cells/well, except fast halo assay
(FHA) assay, in which cells were seeded into 24-well culture plates at the density of 25,000 cells/well.
The cells were then allowed to adhere overnight. After this time, the medium was removed, and tested
compounds were added for a further 24 h of incubation in 5% CO,, 95% humidity, 37 °C in MTT assay.
Subsequently, the supernatant was removed, then the cells were washed with PBS, and the MTT assay
was performed. For other assays, in the first step, the cells were incubated with the 100 pM H,O; for
1h, then the supernatant was removed, and the cells were washed, and the cells were treated with
tested compounds for the next 1 h.

The study included 2 control samples. A negative control, used as a reference, was a cell culture
incubated in medium but without tested compounds. The positive control was used in the FHA and
the level of oxygen free radicals and nitric oxide, which was a 1-h incubation of NHDF cells with
100 pM Hp O, without tested compounds.

Cell viability was assessed by metabolic activity in MTT assay, oxygen free radicals in DCE-DA
assay and nitric oxide levels in Griess assay. FHA assay, which was used as well, allowed to estimate the
number of DNA double-strand breaks (DSBs). The Cayman COX Inhibitor Screening Assay measured
COX inhibition activity.

3.6. MTT Assay

The MTT assay was used to estimate the effects of investigated compounds on the metabolic
activity of NHDF cells. The study started with the incubation of a proper cell line with tested
compounds for 24 h at 37 °C. After that, the supernatant was replaced with 1 mg/mL MTT solution
dissolved in MEM and plates were left for 2 h at 37 °C. Subsequently, the medium was removed,
and for the next 30 min, the formazan crystals were dissolving in 100 pl of isopropanol. Absorbance
was measured with Varioskan LUX microplate reader (Thermo Scientific, Waltham, MA, USA) at a
wavelength of 570 nm.

3.7. Level of Reactive Oxygen Species

The DCF-DA assay was used to evaluate the level of ROS. The NHDF cells were cultured with
100 uM H>0; to induce exogenous stress. Then, the solution was removed, cells were washed,
and compounds were added for 1 h, and afterward, the medium was removed. The cells were washed
with PBS, and 25 uM of DCF-DA solution dissolved in MEM without serum and phenol red was
added. At this point, cultures were incubated for 1 h at 37 °C. The level of ROS was determined by
fluorescence excitation at 485 nm and emission at 535 nm using a Varioskan LUX microplate reader
(Thermo Scientific, Waltham, MA, USA).

3.8. Griess Assay

The Griess assay allows the establishment of nitric oxide production in the NHDF cell
line. The Greiss reagent is a 1:1 mixture of 1% sulfanilamide in 5% phosphoric acid and 0.1%
N-(1-Naphthyl)ethylenediamine dihydrochloride had to be prepared promptly before use.

After treatment with 100 uM H, Oy, cell cultures were incubated with tested compounds for 1 h,
and after that, 50 ul of the supernatant solution was moved into a new plate, while 50 ul of a Griess
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reagent was added and then left for the next 20 min at RT, in the darkness. Absorbance was measured
at 548 nm with a Varioskan LUX microplate reader (Thermo Scientific, Waltham, MA, USA).

3.9. Fast Halo Assay

DSBs (DBSBs) in DNA were evaluated via the FHA. After incubating for 24 h with tested
compounds (due to procedures previously described), cells were separated from the plate surface
using TrypLE solution for 3 min. In the next step, cells were moved into the tube to inactivate the
TrypLE solution, an equivalent quantity of medium was added. After cell centrifugation at 1000x g for
5 min and removing the supernatant, the cell pellet was washed using PBS and again centrifuged as
previously. Afterward, the supernatant was removed, and the cells were suspended in PBS within a
density of 1000 cells per 1 pl. In the next step, the tubes filled with cell suspension was placed in a
water bath, and 120 ul of 1.25% low melting agarose in PBS was added. The obtained mixture was
promptly compressed between a coverslip and an agarose-coated slide (high melting point) for 10 min.
After that time, when gel formation on the cooling block was observed, coverslips were removed,
while slides were put in the lysis buffer and left for 24h. The slides were moved afterward into an
alkaline solution (pH = 13) for 30 min and, after that time, put twice in neutralizing buffer to wash.
The slides were colored by 5 tM DAPI within 20 min and promptly evaluated using a fluorescence
microscope. Having taken the photos, the cell nucleus diameter to halo diameter ratio was studied as a
degree of DNA damage.

3.10. Fluorescence Spectroscopic Studies

Spectroscopic fluorescence studies were performed using a Cary Eclipse 500 spectrophotometer
(Agilent, Santa Clara, CA, USA). A concentration of BSA was 5.0 X 1076 mol-dm=3. A solution of
BSA was titrated by successive additions 1.0 x 10~ mol-dm™ solution of studied compounds to
give a final concentration 0.2 X 1076-2.0 x 107® mol-dm™. Experiments were carried out at three
temperatures: 294, 301, and 308 K in pH = 7.4. Quenching spectra were recorded at excitation and an
emission wavelength of 280 nm and 300-500 nm. The molar ratio compound/BSA was 0.1-2.0 with
0.2 steps. Binding site identification studies were indicated in the presence of the two site markers,
phenylbutazone (PHB) and ibuprofen (IBP), as sites I and II markers, respectively. Concentrations of
BSA and site markers were set at 1.0 X 107° and 3.0 x 107® mol dm 3, respectively.

3.11. Molecular Docking

The ground-state structures were calculated using density functional theory (DFT) with Beckes
three-parameter hybrid exchange function with the Lee-Yang-Parr gradient corrected correlation
(B3LYP) [51-53] functional in combination with 6-311+G (d,p) basis set. Calculations were carried out
using the Gaussian 2016 A.03 software package [54]. From the Protein Data Bank (http://www.rcsb.org),
the following crystal structure was selected for docking studies: 401Z, 4M11, 3V03. The ligand and
receptor files were prepared using AutoDock 4.2.6 software and AutoDock Tools 1.5.6. All the ligands
and water molecules were removed, and then polar hydrogen atoms and Kollman charges were added
to the protein structure. To prepare the ligand molecules, partial charges were calculated, nonpolar
hydrogens were merged, and rotatable bonds were assigned. The interactions with COX-1, COX-2
and BSA were performed using AutoDock Script downloaded from The Scripps Research Institute
(TSRI). The centers of grid boxes for COX-1 and COX-2 were set according to the Meloxicam binding
site in the crystal structure 4017, 4M11. The centers of grid boxes for BSA were set according to the
binding site I phenylbutazone (PDB ID: 2BXC) and site II ibuprofen (PDB ID: 2BXG) on HSA [46].
The Lamarckian genetic algorithm was selected for the conformational search. The running times
of the genetic algorithm and the evaluation times were set to 250 and 2.5million, respectively. After
the molecular docking, the ligand-receptor complexes were further analyzed using Discovery Studio
software (http://accelrys.com/).
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3.12. Circular Dichroism

CD spectra were measured on Jasco J-1500 magnetic circular dichroism spectrometer. Spectra were
collected in the range of 205-250 nm at a scan rate speed of 50 nm/min with 1 s response time and 10 mm
path length. All spectra were measured once, each measurement with triple accumulation, and they
were baseline corrected. All measurements for BSA solutions were made at RT under simulated
physiological conditions in pH 7.4 in the absence and presence of analyzed compounds. Phosphate
buffer was the solvent. Concentrations of BSA and analyzed compounds were: 1 x 107 mol/dm?
for BSA and 1 X 1073 mol/dm? for 5b, 6b, 5a, and 6a. Experiments were performed for BSA to each
analyzed compound in molar ratios from 1:0 to 1:10.

3.13. Statistical Analysis

All results are presented as mean + SEM (standard error of the mean) relative to the control
(E/Ep), where E is the culture with the tested substance, and Ej is the negative control (without HyO»
and tested compounds) or positive control (with H,O; but without tested compounds). Statistical
significance was calculated compared to the positive control for DCF-DA, Griess, and FHA assays or
negative control for MTT assay.

The data have a normal distribution, so the ANOVA was used (with Tukey post-hoc tests). The
significance level was set at p < 0.05. The relationship between DNA DSBs and free radical levels was
shown by calculating Pearson correlation coefficients.

4, Conclusions

According to performed experiments, new derivatives of pyrrolo[3,4-d]pyridazinone exert
promising anti-inflammatory and anti-oxidant activity. On the basis of our previous work [20] and
inspired by Dogruer’s theory [29,30], we have decided to introduce the elongated, flexible 2-oxoethyl
linker between 1,3,4-oxadiazole-2-thione ring and arylpiperazine moiety. The design of new compounds
is therefore based on the double pharmacophore approach. We have combined in the structure of final
derivatives the 1,3,4-oxadiazole moiety, which is one of the most important in medicinal chemistry
and arylpiperazine pharmacophore, which can be distinguished in many potent anti-inflammatory
agents [17,18,20,22,27,28,34,55]. Biological evaluation and molecular docking study clearly indicate
that performed structural modification resulted in the good affinity of some of the new compounds
to COX-2 isoenzyme and lack of activity towards COX-1. However, the inhibition activity is lower
than that of Meloxicam, investigated structures take a position in the active site of COX-2 very
similar to that reference drug. Probably, further structural optimization and changes in the type
of arylpiperazine pharmacophore may result in enhanced COX-2 inhibitory activity. Nevertheless,
what is worth to emphasize, the results of the COX Colorimetric Inhibitor Screening Assay stay in
very good correlation with molecular docking. Furthermore, the compound which showed the best
activity towards COX-2 in biological evaluation—éa is characterized by the lowest values of K; when
considering molecular docking study. As was mentioned before, there are slight structural differences
between both cyclooxygenase isoforms, and the binding pocket of COX-2 is bigger than that of COX-1.
It could explain the fact that the introduction of elongated 2-oxoethyl linker results in COX-2 selectivity
of new derivatives. The fact that arylpiperazine pharmacophore is connected with 1,3,4-oxadiazole
ring via sulfur, not nitrogen atom as formerly [20], could also impact the activity and cyclooxygenase
selectivity of new compounds.

Promising anti-oxidant activity of new derivatives may suggest an additional mechanism of action
involved in their anti-inflammatory activity. Needless to say, inflammation is firmly correlated with
oxidative stress, and both processes can potentiate one another. In inflammatory cells, an excessive
amount of ROS can be stated. This, in turn, promotes oxidative stress, which can cause oxidative
damage, and in consequence, potentiate inflammation [56-58]. Therefore, the ability of scavenging
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free radicals and DNA protection properties can be very useful in the context of therapy of different
inflammatory disorders.

Finally, both molecular docking study and spectroscopic investigations indicate that title
compounds bind to BSA in a moderate manner and form complexes in a one-to-one ratio. According to
performed experiments, investigated derivatives interact with BSA by means of complex formation.
The favorable binding site of BSA is the hydrophobic cavity in site II (subdomain IIIA). According to
CD results, the compounds 5a,b caused greater changes of x-helix(%), which may suggest stronger
binding of derivatives bearing phenylpiperazine pharmacophore. Such a result may indicate the
potential long half-life on title compounds in vivo.

Summarizing, novel derivatives of pyrrolo[3,4-d]pyridazinone exert satisfactory anti-inflammatory
and anti-oxidant activity. All compounds present selective inhibition activity towards COX-2
isoenzyme in both biological and molecular docking studies. Moreover, investigated structures
possess the ability to scavenge reactive oxygen and nitrogen species. Such properties make the novel
pyrrolo[3,4-d]pyridazinone derivatives the promising agents in the context of the development of new
potent and safe analgesic and anti-inflammatory drug-candidates.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/24/9623/s1.
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Abstract: Regarding that the chronic use of commonly available non-steroidal and anti-inflammatory
drugs (NSAIDs) is often restricted by their adverse effects, there is still a current need to search for
and develop new, safe and effective anti-inflammatory agents. As a continuation of our previous
work, we designed and synthesized a series of 18 novel N-substituted-1,2,4-triazole-based derivatives
of pyrrolo[3,4-d]pyridazinone 4a-c-9a-c. The target compounds were afforded via a convenient way
of synthesis, with good yields. The executed cell viability assay revealed that molecules 4a-7a, 9a,
4b-7b, 4¢c-7c do not exert a cytotoxic effect and were qualified for further investigations. According
to the performed in vitro test, compounds 4a-7a, 9a, 4b, 7b, 4c show significant cyclooxygenase-2
(COX-2) inhibitory activity and a promising COX-2/COX-1 selectivity ratio. These findings are
supported by a molecular docking study which demonstrates that new derivatives take position in
the active site of COX-2 very similar to Meloxicam. Moreover, in the carried out in vitro evaluation
within cells, the title molecules increase the viability of cells pre-incubated with the pro-inflammatory
lipopolysaccharide and reduce the level of reactive oxygen and nitrogen species (RONS) in induced
oxidative stress. The spectroscopic and molecular modeling study discloses that new compounds
bind favorably to site II(m) of bovine serum albumin. Finally, we have also performed some in
silico pharmacokinetic and drug-likeness predictions. Taking all of the results into consideration, the
molecules belonging to series a (4a-7a, 9a) show the most promising biological profile.

Keywords: cyclooxygenase; 1,2,4-triazole; pyridazinone; SAR; molecular docking; anti-inflammatory
activity; antioxidant activity; ADME

1. Introduction

The inflammatory response that leads to homeostasis restoration is provoked by
various exogenous and endogenous harmful stimuli and inducers, such as injury, tissue
malfunctioning or infection. Its course, purpose and aftermath depend on the trigger. Char-
acteristic symptoms that occur in inflamed areas are edema, reddening, hypersensitivity
and often pain, which plays an important warning and protective role and promotes the
organism’s reflex and behavioral response to minimize the effects of tissue damage. The
inflammation is a complicated process coordinated by a great variety of mediators whose
expression and complex network of relationships are still not satisfactorily understood. Nu-
merous proinflammatory mediators of different origins could be divided into the following
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groups: vasoactive amines, vasoactive peptides, fragments of complement components and
lipid mediators, such as eicosanoids, cytokines, chemokines and proteolytic enzymes. A
lot of those aforementioned agents, besides affecting the target cells and tissues, could also
induce the production of other elements. The best possible understanding and explanation
of the mechanisms responsible for inflammatory mediators” expression, action and mutual
dependence is essential in the effective management of different inflammatory diseases.
Suitable pharmacological treatment and natural tissue healing processes cause acute pain
and inflammation to disappear after some days. Nevertheless, the lack of or ineffective
pharmacotherapy may trigger dangerous pathophysiological changes, which lead to the
evolution of chronic inflammation and pain syndrome [1-5].

Most drugs commonly used in the treatment of pain and inflammatory disorders
act as, mainly non-selective, inhibitors of both isoforms of cyclooxygenase (COX) and
belong to a varied and spacious group of medicines named as non-steroidal and anti-
inflammatory drugs (NSAIDs) [6-10]. The analgesic, antipyretic and anti-inflammatory
effects associated with the administration of these medicaments are related to the reduc-
tion of COX-dependent prostaglandins (PGs) production, which belong, alongside with
leukotrienes and lipoxins, to the above-mentioned group of eicosanoids [4-10]. Because
PGs, except for the mediation of inflammation, play a crucial role in homeostasis mainte-
nance and exert a protective effect, e.g., in the gastrointestinal and cardiovascular system,
such decreased COX activity may also lead to dangerous side effects [6,7,11-15]. Usually,
in patients receiving NSAIDs, adverse effects related to the gastroduodenal tract, such as
heartburn, dyspepsia, stomach ache or even ulceration, may occur [11-14]. Initially, it was
believed that a constitutive isoform named COX-1 is engaged in various physiological
processes, while the development of pain and inflammation is under control of the media-
tors produced by the inducible form—COX-2 [6-10,13,15]. However, the introduction of
selective COX-2 inhibitors—COXIBs, which were supposed to spare gastric mucosa, have
quickly disproved this theory. Although any significant harmful impact of COXIBs on the
gastrointestinal tract has not been noticed, the therapy with those drugs has been shown to
carry a serious risk of hazardous cardiovascular incidents, which can even lead to patient
death. Consequently, some COXIBs have been withdrawn from the market, and among
them, the case of Rofecoxib became the most shameful [11-17].

Therefore, there is still a current need to search for and develop new, safe and efficient
analgesic and anti-inflammatory compounds, since severe adverse effects often restrict
the long-term usage of already known and available NSAIDs [11-14]. New drug candi-
dates with potential application in the treatment of various inflammatory disorders can
be received either through the structural alteration of already known NSAIDs, such as Di-
clofenac [18], Naproxen [19], Celecoxib [20], Ibuprofen [21], or by developing fully novel classes
of cyclooxygenase inhibitors. When considering the design of new anti-inflammatory
agents, one of the most popular and effective synthetic approaches in contemporary medic-
inal chemistry relies on replacing the free carboxylic group with different bioisosteric
five-membered heterocyclic rings, such as 1,3,4-oxadiazole [18-22], 1,3-thiazole [23-25],
pyrazole [26,27] or 1,2 4-triazole [28-33]. According to the leading investigations, such
a strategy can be successfully applied to modify widespread used NSAIDs and other
promising compounds not introduced in the market yet. As a result, potent cyclooxygenase
inhibitors with an improved affinity towards COX-2 isoform and reduced gastrotoxicity
can be received [18,19,22,23,30,31].

In our former studies, we have reported the synthesis and comprehensive biologi-
cal evaluation of new 1,3,4-oxadiazole-based derivatives of pyrrolo [3,4-d]pyridazinone
designed as a new class of COX inhibitor. The investigated compounds exerted promis-
ing in vitro cyclooxygenase inhibitory activity and acted as specific or selective COX-2
inhibitors. It is worth emphasizing that each examined molecule showed a superior COX-
2/COX-1 selectivity ratio than Meloxicam, which was used as a reference drug. These
findings were supported by the results of molecular docking studies, which revealed
that tested 1,3,4-oxadiazole derivatives of pyrrolo[34-d]pyridazinone take place in the
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active site of cyclooxygenase very similar to that of Meloxicam [34,35]. Subsequently, the
most potent molecules have been investigated in vivo. It has been demonstrated by the
enzyme-linked immunosorbent assay (ELISA) tests that the measured concentrations of
inflammatory mediators—prostaglandin E; (PGE;) and myeloperoxidase (MPO) in mice
serum—were decreased after the application of our derivatives. Moreover, the macro- and
microscopic histopathological assessment of gastric mucosa proved that novel compounds
caused negligible stomach lesions andno histopathological changes were observed. These
results confirmed the safe gastric profile of investigated molecules [36].

Encouraged by those promising results, we have decided to modify the structure of
the above-mentioned derivatives by replacing the 1,3,4-oxadiazole with 4-substituted-1,2,4-
triazole pharmacophore to obtain even more effective compounds. The introduction of
this five-membered ring was inspired by the leading research described in the most recent
literature [28-33]. The 1,2,4-triazole is an important moiety present in numerous potent
bioactive molecules with a wide range of therapeutic applications [28-32]. It also acts as
a valuable building block used in the design and synthesis of promising analgesic and
anti-inflammatory agents, especially those with a good affinity towards an inducible COX-
2 isoform [28,30-32]. Needless to say, different five-membered heterocycles serve as the
structural core of the previously mentioned selective COX-2 inhibitors—COXIBs [17,20,25].
Considering that the binding pocket of COX-2 isoenzyme is bigger than that of COX-
1 [6-10], we expect that the presence of expanded 4-substituted-1,2,4-triazole residues will
enhance the COX-2 selectivity of titled compounds.

In summing up, here we report herein the design, synthesis and complex in vitro
and in silico investigations of a new series of 4-substituted-1,2,4-triazole-based derivatives
of pyrrolo[3,4-d]pyridazinone. First of all, we have determined the cytotoxic effect of
the new compounds. After excluding toxic derivatives from further studies, we have
defined the potential affinity and binding mode of the novel structures to both isoforms of
cyclooxygenase. The investigations were carried out using in vitro enzymatic assay and
computational studies, as well. Afterwards, have we estimated the antioxidant activity of
the title compounds. Finally, the interaction binding manner of novel 1,2,4-triazole-based
derivatives of pyrrolo[3,4-d]pyridazinone with bovine serum albumin (BSA) has been
established. All of the performed experiments focused on the most precise determination
of the possible mechanism of action and pharmacokinetic properties of new molecules and
their potential application in the treatment of inflammatory disorders.

2. Results
2.1. Chemistry

The aim of the present study was the design and synthesize a new series of N-
substituted-1,2,4-triazole derivatives of pyrrolo[34-d]pyridazinone. Scheme 1 presents all
of the performed chemical modifications and structures of novel molecules (each new com-
pounds’ structural formula is also presented in Table S1 in Supplementary Data). The thin
layer chromatography (TLC) technique was used to monitor the progress of the reaction.
The structure and purity of all of the new derivatives were established and confirmed based
on the spectra analysis: 'H and 13C nuclear magnetic resonance (NMR), Fourier transform
infrared (FT-IR), electrospray ionization mass spectrometry (ESI-MS). All of the analytical
and spectroscopic properties of every newly obtained compound were in good agree-
ment with their predicted structures. The Experimental Section and Supplementary Data
provide detailed information concerning the analytical and spectroscopic data, reactants,
solvents and reactions environment. The synthetic pathway and structure of the starting
molecule 2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetohydrazide
1 has already been published in our previous paper [34].
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Scheme 1. Synthesis of the intermediates 2a-c-3a-c and the title compounds 4a-c-9a-c. Reagents and reaction conditions:
(a) N substituted isothiocyanate, ethanol, reflux, 0.5-2 h; (b) I. 5% NaOH (aq), reflux, 2 h; II. Cooling, crushed ice, stirring,
acidification with 7.5% HCI; (c) 37% HCHO, 4 aryl piperazine derivative, methanol, RT 5 h; (d) C;H50ONa, 1 (2-chloro-1-
oxoethyl)-4-aryl piperazine derivative, ethanol, reflux, 5 h.

The first step of the current synthesis relied on forming adequate N-substituted-
(aminothioxomethyl)hydrazides 2a-c. The aforementioned hydrazide 1 was refluxed in
ethanol in the presence of the appropriate N-substituted isothiocyanate for 30 to 120 min.
The mixture was then cooled down, and the formed precipitate was filtered off, washed
thoroughly with ethanol and purified by crystallization from this solvent. Compounds
2a-c were obtained with a good to excellent yield (up to 94%). Their formation was
confirmed by spectral analysis. When considering the 'H NMR spectra of molecules 2a-c,
a characteristic peak of protons linked to N1, N2 and N3 nitrogens of thiosemicarbazide
moiety were recorded as three singlets in the range of  7.89-10.18 ppm. The methylene
group connecting the pyrrolo[3,4-d]pyridazinone core and hydrazine residue appears
as two proton singlets within § 4.70-4.76 ppm in the '"H NMR and as a signal about &
63.74-63.84 ppm in the 13C NMR spectra, respectively. Moreover, in the >C NMR spectra
of compounds 2a-c, a signal near § 182 ppm is assigned to the carbon atom forming the
C=S bond. Finally, in both the H and 3C NMR spectra of structures 2a-c, new peaks
characteristic for the methyl group in series a and phenyl or 4-methoxyphenyl substituent
in series b and ¢ can be distinguished.

Subsequently, the synthesis of key 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone
3a-c was carried out. First, compounds 2a-c underwent alkaline cyclization by refluxing in
a 5% aqueous sodium hydroxide solution for about 2 h. Then, the reaction mixture was
poured onto crushed ice and acidified with 7.5% hydrochloric acid solution, affording the
corresponding N-substituted-1,2,4-triazoles 3a-c. Finally, the formed white or yellowish
precipitate of compounds 3a-c was filtered off, washed with cold water and recrystallized
from a proper solvent. In reference to the NMR spectra of structures 3a-c, the change in
the chemical shift of the signal of methylene linker can be easily observed. The signal of
the protons of this group is shown at 8 5.12-5.30 ppm in the "H NMR, while the signal of
a carbon atom is recorded about & 57.85-58.09 ppm in the '3C NMR spectra, accordingly.
Moreover, the presence of the distinctive peak near & 168.04-169.12 ppm in the '*C NMR
spectra, which is identified with the triazole carbon forming C=5S bond, alongside with the
signal characteristic for a NH proton observed in the range of § 13.82-14.04-ppm in the 'H
NMR spectra may suggest that derivatives 3a-c occur in the thione form.
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The final stage of the planned synthesis relied on the formation of titled N-substituted-
1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone 4a-c-9a-c. As it has already been
mentioned, the concept of their structure was inspired by the leading literature data and
our own previous investigations. As it was depicted on Scheme 1, the final molecules
4a-c-9a-c could be divided into two series.

Compounds 4a-c-6a-c are the new Mannich base-type derivatives of pyrrolo[3,4-
d]pyridazinone based 1,2,4-triazoles. These molecules were obtained via an effective and
convenient one-step reaction, carried out at room temperature. The corresponding deriva-
tive 3a-c was stirred with the appropriate 4-aryl piperazine derivative and formaldehyde in
methanol for several hours and left overnight. The distinctive two-proton singlet in the 1H
NMR spectrum observed about 6 5.15-5.29 ppm. The signal at around & 69.39-69.66 ppm in
the 1>C NMR spectrum clearly indicates the creation of the methylene linker, characteristic
for Mannich bases. What is obvious, in both the 'H and *C NMR spectra of compounds
4a-c-6a-c, are the signals assigned to aryl piperazine pharmacophore have been recorded.

On the other hand, the structure of the final compounds 7a-c-9a-c was inspired by the
pharmacophore theory featured by Dogruer [37]. Therefore, in the case of these derivatives,
the 4-aryl piperazine moiety is connected with a five-membered 1,2,4-triazole ring via
a flexible 2-oxoethylene linker. First of all, suitable 2-chloro-1-oxoethylaryl piperazine
derivatives were afforded according to the synthetic protocols which have already been
reported [38]. Due to the occurrence of possible tautomerism in the mentioned five-
membered ring, the alkylation of 1,2,4-triazole analogue of pyrrolo[3,4-d]pyridazinone
3a-c with 2-chloro-1-oxoethylaryl piperazine derivative may result in the formation of
a mixture of N- and S-isoforms. Based on our former study, we have engaged the same
synthetic conditions [35]. Therefore, the title compounds 7a-c-9a-c were obtained by
refluxing the 4-substituted-1,2,4-triazole derivatives of pyrrolo[3,4-dJpyridazinone 3a-c
with the appropriate 2-chloro-1-oxoethylaryl piperazine for several hours in ethanol in the
presence of sodium ethoxide (Scheme 1). The crude products were filtered off, washed
thoroughly with ethanol and purified by crystallization from this solvent. The lack of
characteristic peak in the '3C NMR spectra observed about & 169.72-170.78 ppm, which
was assigned to a carbon atom, forming a C=5 bond (Experimental Section, Supplementary
Data), strongly suggests that the final compounds 7a-c-9a-c were formed via S-alkylation
of 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone 3a-b (Scheme 1). This claim is
supported by the presence of a distinctive signal shown near  152.25-152.62 ppm in the
13C NMR spectra of 7a-c-9a-c, which can be identified with carbon atom C3 in 1,2,4-triazole
ring binding sulphur atom via a single bond (Ar-C-5-CHj). Furthermore, a peak recorded
about b 165.49-165.72 ppm is typical for carbon atoms in carbonyl moiety (C=0). On the
other hand, the signal which occurs near & 41.98-42.23 ppm is assigned to carbon atom
C1 (-CH;-) of the 2-oxoethylene linker. Moreover, the two-proton singlet in the range
of & 4.37-4.42 ppm in the 'H NMR spectra of 7a-c-9a-c is assigned with the protons of
carbon atom C1 in the mentioned linker. More detailed information is provided in the
Experimental Section and Supplementary Data.

2.2. Evaluation of Viability

To estimate the effect of the new compounds on normal cells, a 3-(4, 5-Dimethylthiazol-
2-y1)-2, 5-diphenyltetrazolium bromide (MTT) test was performed according to ISO 10993
part 5 Appendix C. The percentage of survival and the assessment of changes in the
morphology of normal human dermal fibroblasts (NHDF) after contact with the tested
compounds are presented in Table 1. The derivatives with 4-phenylpiperazine moiety,
4a-c and 7a-c and compounds 5a, 6a, 9a, did not reduce the viability of NHDF cells below
70% in the tested concentration ranges. In the case of these molecules, no significant
differences in cell survival were observed at a concentration of 100 pM. However, NHDF
cell survival after 24-hour incubation was less than 50% for compounds 8a, 8b, 8¢, 9b and
9¢, and the concentration at which 50% cell survival was observed has been calculated
for these molecules. Therefore, these derivatives were excluded from further experiments.



Int. J. Mol. Sci. 2021, 22, 11235

6 of 37

Furthermore, due to the low level of cytotoxicity (less than 30% of dead cells compared to
the control—culture without test compounds in a complete medium only), the theoretical
ICsp values for compounds 5b, 6b, 5¢ and 6¢ were calculated. In all of the cases, it was
noted that an increase in cell viability was observed at the reduced concentration (10 and
50 uM).

Table 1. The cell viability [ICsy (SEM) n = 3] and the evaluation of the morphology of cells treated with the tested compounds.

1Cs¢ [uM] Cell Morphology in Culture
4a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
5a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
6a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
7a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
8a 35.60 (4.46) many granules, cells shrunken, cell lysis was observed
9a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
4b Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
granularities were observed in 3-5 fields of view from 10 analyzed fields, cells with an elongated shape
5b  200.00 (7.05) Sy 7
characteristic of fibroblasts
granularities were observed in 3-5 fields of view from 10 analyzed fields, cells with an elongated shape
6b 156.25 (6.70) i ’
characteristic of fibroblasts
7b Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
8b 22.72 (2.25) many granules, cells shrunken, cell lysis was observed
9b 30.80 (3.04) many granules, cells shrunken, cell lysis was observed
4c Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
granularities were observed in 3-5 fields of view from 10 analyzed fields, cells with an elongated shape
5¢ 166.67 (3.35) - .
characteristic of fibroblasts
granularities were observed in 3-5 fields of view from 10 analyzed fields, cells with an elongated shape
6c 103.89 (2.75) .. :
characteristic of fibroblasts
7c Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
8¢ 18.97 (1.84) many granules, cells shrunken, cell lysis was observed
9¢c 28.56 (4.59) many granules, cells shrunken, cell lysis was observed

Note: Cytotoxic compounds which were excluded from further investigations are marked in red.

On the microscopic image, few granules were observed in the NHDF cells in the tested
concentration range for the compounds 4a-7a, 9a, 4b, 7b, 4c and 7c. Cell shrinkage and
separation from the surface of the culture wells were not observed. These changes were
classified according to the criterion of grade 1—low toxicity. Similar changes in the cell
morphology were observed in the systems containing 100 pM for 5b, 6b and 5¢. In this
case, a slightly greater number of endoplasmic granules were observed without any effect
on the cell contraction. In this case, low toxicity was considered as well.

With reference to derivative 6¢ at a concentration of 100 M, the cells in the range of
10-15% contracted and detached from the medium. The appearance of fine granules inside
the cytoplasmic cells was observed. However, at the reduced concentration of the tested
compounds from individual endoplasmic pellets, a culture density comparable to that of
the control culture was observed. Cell lysis was not observed. Regardless of the tested
derivatives, there was no significant change in the NHDF cells compared to the control.

2.3. Cyclooxygenase (COX-1, COX-2) Inhibition Studies
2.3.1. In Vitro COX Inhibition Assay

Inhibition of COX-1 and COX-2 activity of the tested compounds was assessed after
2 min incubation at 100 uM concentration using the Cayman’s COX Colorimetric Inhibitor
Screening Assay Kit (Cat # 701050). The ICs values and the COX-2/COX-1 selectivity
ratios were calculated for each investigated and reference compound (Meloxicam, Celecoxib
and Diclofenac). The results are shown in Table 2. The derivatives 4a-7a, 9a, 4b, 7b and 4c
revealed COX-2 inhibitory activity comparable to Meloxicam. Four of the studied molecules:
5a, 7a, 4b and 7b, also inhibited the constitutive isoform COX-1, but this activity was
significantly lower. Compounds 5b, 6b, 5¢-7¢ did not exert any cyclooxygenase inhibition
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profile in the performed in vitro investigations. The analysis of these data allows us to
conclude that the derivatives of series a, with methyl substituent in the 1,2,4-triazole ring,
demonstrate possibly the best COX inhibitory activity. Better affinity towards COX-2 can be
explained by the bigger binding pocket of that isoenzyme. Large and expanded molecules,
like those from series b and ¢, with aryl substituent in the 1,2,4-triazole moiety, revealed
poor or no inhibitory activity towards COX.

2.3.2. Molecular Docking Study

The molecular docking analysis was carried out to explore the binding interactions of
the tested compounds inside the active site of cyclooxygenase. The binding free energy
(AG"®) for the interaction with COX-1 for all of the studied compounds showed positive
value. The energies obtained for the interactions with COX-2 are presented in Table 3.
The AG® is negative for all of the compounds from series a, and for 4b, 7b and 4c. The
lowest value was found for compounds number 4 in each series (4a-c). The energies AE,,
AEj indicate that the main interactions are van der Waals and hydrogen bonding. The
size of the COX-2 pocket is bigger than COX-1, which allows for the selective binding of
larger molecules. However, the analyzed compounds are relatively large, especially the
compounds from the b and ¢ series, with phenyl and 4-methoxyphenyl rings. It can make
some difficulties in the efficient docking to even COX-2.

Table 2. The IC5y [uM] values determined for COX-1 and COX-2.

ICsp [uM] (SD) COX-2/COX-1
Compound COX-1 COX-2 Selectivity Ratio
4a NA 45.24 (0.018) #
5a 95.75(0.1) 48.24 (0.04) 0.50
6a NA 43.85 (0.035) =
7a 70.96 (0.2) 48.48 (0.037) 0.68
9 NA 42.64 (0.015) -
4b 79.47 (0.06) 47.83 (0.039) 0.60
5b NA NA -
6b NA NA =
7b 86.30 (0.005) 49.79 (0.001) 0.58
4c NA 48.50 (0.027) -
5¢ NA NA -
6c NA NA -
7c NA NA =
Meloxicam 83.7 (0.03) 59.2 (0.06) 0.71
Celecoxib 56 (0.1) 0.30 (0.08) 0.005
Diclofenac 3.5(0.04) 16.6 (0.03) 474

Note: Data are shown as standard deviation (SD), NA stands for “not applicable”.

Inside the COX-2 active site, some hydrogen bonds interactions were found, especially
for the compounds belonging to series a: SER530, TYR355, ARG120, SER120. Moreover, var-
ious kinds of 7 interactions are observed. The details are presented in Figures 1-3. In addi-
tion, the position of the studied compounds was found very similar to Meloxicam (Figure 4).
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Figure 1. Two-dimensional interaction plot of 4a-7a, 9a with COX-2.

2.4. Anti-Inflammatory and Antioxidant Activity within Cells

The titled N-substituted-1,2,4-triazole derivatives of pyrrolo|3,4-d]pyridazinone were
further evaluated for their anti-inflammatory potential in NHDF cells pre-incubated with
the proinflammatory agent lipopolysaccharide (LPS) at a concentration of 50 pg/mL.

The NHDF cell line was firstly treated with LPS for 24 h to induce inflammation. Then,
the culture was washed and incubated with the test compounds for 24 h at a concentration
range of 10-100 pM. All of the tested molecules increased the cell viability compared to the
positive control (except 5¢ and 6c in the concentration range of 50-100 uM). This fact can
suggest that the investigated derivatives could probably exert a good ability to reduce cell
inflammation (Figure 5). For the remaining tested compounds, the increase in the activity
of mitochondria was statistically significantly higher than in the positive control. At the
same time, compounds 6a and 9a showed a greater increase in mitochondrial activity than
the negative control in the entire range of the tested concentrations.
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Table 3. Energies of the interactions of the tested compounds with COX-2 were obtained from the
molecular study.

AG? [kJmol~1]  AFE; [kJmol-1] AE; [kJmol-1]  AE;3 [kJmol~1] K; [uM]

4a —22.57 —33.81 —34.52 0.75 109
5a -15.38 —27.84 —28.67 0.84 2010
6a —23.28 —34.48 —35.44 0.96 83
7a —11.32 —23.83 —23.83 0.00 10,250
9a —21.02 —33.48 —33.41 —0.16 206
4b —20.40 —32.85 —34.36 1.50 226
5b 11.60 —2.17 —3.89 1.76 -
6b 13.29 —0.83 —0.25 1.08 -
7b —5.93 —19.64 -19.10 —0.84 90,800
4c —8.07 —21.82 —23.24 1.42 38,200
5¢ 29.63 14.67 11.87 2.71 -
6c 52.36 36.65 35.44 1.21 -
7c 6.18 —8.78 —8.66 —-0.12 -
Meloxicam —34.02 —37.74 —37.32 —0.42 1.09
Celecoxib -30.17 —36.40 —36.11 —0.08 513
Diclofenac —29.59 —35.82 —30.18 —5.63 6.50

Notes: AG"—binding free energy; AE;—intermolecular interaction energy, which is the sum of van der Waals
energy, hydrogen bonding energy, desolvation free energy and electrostatic energy; AE;—the sum of van der Waals
energy, hydrogen bonding energy and desolvation free energy; AEz—electrostatic energy, K;—inhibit constants.
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Figure 2. Two-dimensional interaction plot of 4b-7b with COX-2.
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Figure 4. Docking poses of 4a (green), 4b (red), 4c (blue) and Meloxicam (pink) inside COX-2
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Figure 5. Impact of investigated compounds on NHDF cells after incubation with 50 ug/mL LPS measured through

MTT assay; # p < 0.05—significant difference compared to the control with 50 ug/mL LPS and without compounds;

* p < 0.05—significant difference compared to a negative control without 50 ug/mL LPS and compounds.

Needless to say, such factors like hypoxia or inflammation can increase the intracel-
lular level of reactive oxygen and nitrogen species (RONS). As a consequence, oxidative
and /or nitrosative stress can develop in inflamed tissue [39]. According to many studies,
the aforementioned processes often co-exist and potentiate one another [39,40]. Being
aware that there is an increased level of free oxygen radicals and nitric oxide (NO) in
inflammation, we evaluated whether the tested compounds exhibit antiradical activity in
the dichlorofluorescin diacetate (DCF-DA) and Griess assays and assessed the levels of
reactive oxygen species (ROS) and NO, respectively (Figure 6A,B).

The dependence on the concentration of the new derivatives of pyrrolo[3,4-dlpyridazinone
and their antioxidant activity has been demonstrated in the executed experiments (Figure 6).
The higher the concentration of the tested compound, the stronger the scavenging of oxy-
gen free radicals has been noticed. All of the tested compounds statistically significantly
decreased the level of ROS as compared to the positive control. Moreover, the derivatives
6a and 9a scavenged oxygen free radicals to the level of the negative control in the whole
range of the tested concentrations. At the same time, all of the examined molecules showed
a statistically significant reduction in the NO level, as compared to the positive control.
Compound 9a was the only one that lowered NO levels to negative control levels over the
whole range of the investigated concentrations.

2.5. Structure-Activity Relationship Study

When considering the composition of 18 title compounds reported in this paper, we
can point out three characteristic and variable structural elements which could have the
impact on the toxicity and the biological activity of the investigated derivatives (Figure 7).
The first one is the substituent in position 4 in the 1,2 4-triazole ring. We have introduced
there residues of a different size and character. Based on this structural element, we
have divided title compounds into three main series: (a) with methyl group, (b) with
phenyl ring and (c) with 4-methoxyphenyl moiety. The second one is the aryl piperazine
pharmacophore—being more precise, the substituent or its lack in its phenyl ring. In this
case, we can also demonstrate three groups of compounds. The first one is those with
unsubstituted phenylpiperazine moiety (4a-c, 7a-c). In the second class (5a-c, 8a-c) we
can distinguish the derivatives with the trifluoromethyl group in position 3. On the other
hand, compounds 6a-c, 9a-c possess a substituent completely different in the size and
electronic character—a methyl residue in position 4 of phenyl ring. Finally, when taking
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into consideration the way in which the aryl piperazine pharmacophore is linked with
1,2,4-triazole moiety, we can divide the target compounds into two groups. Mannich base-
type derivatives are the first one (4a-c-6a-c), while the second one consists of structures
with flexible oxoethylene linker (7a-c-9a-c) received via S-alkylation of 1,2,4-triazole.
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Figure 6. Impact of investigated compounds on NHDF cells after incubation with 50 ug/mL LPS; (A) DCE-DA assay and
(B) Griess assay; # p < 0.05—significant difference compared to the control with 50 pg/mL LPS and without compounds;
* p < 0.05—significant difference compared to a negative control without 50 pg/mL LPS and compounds.

When analyzing the results of the cell viability evaluation, we can see that there is
a significant relationship between the structure and cytotoxicity of the titled compounds.
First of all, in every series, a, b and ¢ molecules with unsubstituted phenylpiperazine,
that is 4 and 7, appeared to be non-toxic. On the contrary, all of the derivatives with
both the trifluoromethyl group and oxoethylene linker (8a-c) caused cell lysis. Such an
effect was also observed in the case of compounds possessing 4-methylphenylpiperazine
pharmacophore connected via the oxoethylene group with 1,2,4-triazole, which are 9b and
9c. Continuing our considerations, it is worth noticing that the data shown in the Table 1
clearly indicate that out of six compounds from series a (methyl residue in 1,2,4-triazole),
as many as five derivatives (4a-7a, 9a) did not reveal a cytotoxic effect at all. Therefore, the
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presence of a small substituent in that place appear to be the most favorable. Moreover,
Mannich base derivatives (4a-c-6a-c) were found to be less toxic than compounds with
oxoethylene linker (7a-c-9a-c).

4a-c-6a-c
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Figure 7. The concept of design and synthesis of target N-substituted-1,2,4-triazole-based derivatives of pyrrolo[3,4-

d]pyridazinone.

We can assume that the introduction of a large substituent into position 4 of 1,2,4-
triazole ring, with the simultaneous presence of substituted aryl piperazine pharmacophore,
leads to an increase of cytotoxicity, which may be caused by large molecular weight. In
this case, the nature and size of the residue in the triazole ring seems to be substantial.
The compounds with a small methyl group in the position 4 of 1,2,4-triazole ring and/or
unsubstituted phenylpiperazine pharmacophore did not affect the cell viability at all (except
8a). Summing up, the cytotoxic effect grew up alongside with increased molecular weight
and the size of molecule. Derivatives 8a-c, 9b-c were excluded from further investigations.

Considering COX inhibition studies, derivatives 5b, 6b, 5c-7¢, did not show any
activity in in vitro assay and their binding free energy (AG®) for interaction with both of the
isoenzymes presented positive values. Thus, a large substituent in 1,2,4-triazole ring led to a
decrease in the biological activity. From series b and ¢ only 4b, 7b and 4c revealed potential
COX inhibition. Compounds 4a-7a, 9a demonstrated good cyclooxygenase inhibitory
activity, especially towards COX-2 isoform (Table 2). It is worth to mention, that 5a, 7a, 4b
and 7b inhibited also COX-1 isoform in vitro, but it was not confirmed by the results of the
molecular docking studies. Moreover, the ICs, values of active compounds determined
for both COX-1 and COX-2 were very similar to that defined for Meloxicam. Taking into
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consideration the results obtained in in vitro COX inhibition assay and in the molecular
docking studies, the most promising appeared to be derivatives from series a.

Analyzing the result of performed in vitro anti-inflammatory and antioxidant activ-
ity evaluation within cells, we did not notice such meaningful differences between the
investigated compounds. All of the derivatives exerted a good ability to reduce induced
inflammation, except 5¢ and 6¢. Once more, structures which belong to series a turned out
to be the most potent.

Taking all of the above into account, we can suppose that the nature of aryl piperazine
pharmacophore and the linker had the main impact on the compounds’ toxicity. On the
other hand, the substituent in the position 4 of 1,2,4-triazole had the influence on both the
cytotoxicity and the COX inhibitory activity.

Our consideration concerning the structure-activity relationships in the group of the
investigated target molecules are summarized in Figure 8.
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Figure 8. The structure-activity relationships in the group of investigated molecules.

2.6. Bovine Serum Albumin (BSA) Ligand-Binding Assay

The interaction of new compounds with blood proteins affects their pharmacokinetics
in vivo. Therefore, we have performed experiments which were aimed at the estimation
of the binding mode of the target compounds with the bovine serum albumin (BSA).
Its structure is very similar to human serum albumin (HSA), and therefore can be used
instead of human protein, especially since the costs of the application of bovine protein
are significantly lower [41,42]. The mature BSA protein consists of 583 amino acids and
is formed by 3 homologous domains, I, IT and III, which in turn are composed of 2 sub-
domains: A and B [42]. Aromatic and heterocyclic ligands can bind to hydrophobic cavities
in the subdomains ITA and IITA [41]. The molecular interaction between new ligands and
bovine serum albumin can be monitored by optical techniques such as circular dichroism
(CD), FT-IR, ultraviolet—visible (UV-vis) or fluorescence spectroscopy [43].

2.6.1. Fluorescence Quenching of BSA, Binding Constants, Thermodynamic Studies

In this study, we checked the binding properties of the analyzed compounds to bovine
serum albumin (BSA). Due to this, the fluorescence spectra were recorded in the range
of 300-500 nm upon excitation at 280 nm, where both Trp and Tyr residues are excited,
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and concentration range 0.0-2.0 uM (Figure 9). After the addition of each portion of the
analyzed compound, the fluorescence intensity of BSA decreased. It suggests that all
compounds could interact with BSA. The analyzed compounds can interact with BSA
in two ways: forming a complex (what means static quenching) or due to collisions
between molecules (dynamic quenching). The analysis by the Stern—Volmer equation, in
dependence on temperature, can explain which way of interaction is observed in the case
of our compounds [44].

The Stern—Volmer Equation (1) [45] at three different temperatures 297, 303, 308 K,
was used for all of the fluorescence data after correction due to the infer filter effect (2):

(Aex+Aem)
Feorr = Fops10 Z (1)

where, Feorr and Fpg are the corrected and observed fluorescence intensities, respectively.
Aex and Aem are the absorbance values at excitation and emission wavelengths, respectively.

"0 1 ki) = 1+ Ksy @
where Fj and F are the steady-state fluorescence intensities at the maximum wavelength in
the absence and presence of quencher, respectively, kq the quenching rate constant of the
biomolecule, Ty the average lifetime of the biomolecule, [Q] is the quencher concentration
and Ky is the Stern—Volmer constant.

The Stern—Volmer (Kgy) constant was determined by linear fitting. The calculated re-
sults are collected in Table 4. When the temperature increases, the Kgy values also decrease.
Furthermore, the quenching rate constant (kq) values are much greater than the value of
the maximum scatter collision quenching constant equal to 2 x 10'0 dm®-mol~"'-s~! [46].
Thus, all of the above indicate that the static quenching mechanism is more probable than
dynamic and suggests forming the ground-state complex.

A double logarithm regression curve (3) was used to calculate the binding constants
and the number of binding sites:

¥y —F

log = logK}, + nlog[Q)] 3
where Fj and F are the steady-state fluorescence intensities at the maximum wavelength in
the absence and presence of quencher, respectively, [Q] is the quencher concentration.

Figure 10 shows a good linear fit for all of the studied compounds. The results listed
in Table 4 made visible that the binding constants indicate values of about 10° dm?-mol
at 297 K and decrease in higher temperatures. Similar values were obtained for many
biologically active compounds [44,47-51]. Thus, the number of binding sites is close to 1
for all of the studied compounds, which means a one-to-one interaction.

Small molecules can interact with proteins in various ways, such as a hydrogen bond,
van der Waals force, electrostatic and hydrophobic interactions, etc. [52]. The values of the
thermodynamic parameters, enthalpy change (AH®), the entropic change (AS®) and free
energy change (AG®), indicate the manners of these interactions.

The thermodynamic parameters were calculated from Equations (4) and (5):

AH AS
IOgKb = —ﬁ + T (4)
AG = AH' —TAS = —RTInK, (5)

where K, is the binding constant, R is the universal gas constant.

The results are listed in Table 4. The negative AG® values indicate that the interaction
between BSA and the analyzed compounds was spontaneous. Simultaneously, the AH®
and AS° also had negative values. Due to this, it can be concluded that van der Waals
forces and/or hydrogen bonds were the main interaction types in the binding process.
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Figure 9. Fluorescence spectra of BSA solution in the presence of studied compounds (T-297 K,
Aex = 280 nm). The concentration of derivatives from series a, b and c increased gradually as follows:
0,02,04,0.6,08,1.0,12,14,1.6,1.8,2.0 uM.

2.6.2. Circular Dichroism Spectra

Circular dichroism spectroscopy is a good method to determine the changes in the
secondary structure in the conformation of proteins and to check if the analyzed compounds
can interact with protein molecules [53]. In this study, we investigated the changes in the
structure of BSA when all of the analyzed compounds were absent or present in solutions.
Two negative bands characteristic for BSA, at near 208 nm and 222 nm, were observed in
all of the CD spectra (Table 56 in Supplementary Data), which is typical for the «-helical
structure of the protein. Any changes in this region mean conformational changes in
protein molecules [54]. On the CD spectra shown in Table S6, a reduction of ellipticity
values at 208 nm and 222 nm after adding every portion of the analyzed compounds can
be seen. The loss in the a-helix(%) was observed. The content of the a-helix was calculated
using Equations (6) and (7):

—MRE;3ps — 4000

o —helix(%) = —33500 2000

100% (6)



Int. J. Mol. Sci. 2021, 22, 11235 17 of 37

where MRE»qg is the MRE value observed at 208 nm, 4000 and 33,000 is the MRE value

of the 3-form and random coil conformation cross at 208 nm value of pure a-helix at

208 nm, respectively.

ObservedCD[mdeg] @)
10Cnl

where C is the molar concentration of BSA, n is the number of amino acid residues, which

is 583 for BSA, 1 is the path length in cm [55].

MRE =

Table 4. The Stern—Volmer constant Ksy and the quenching rate constant kg, the binding constants K}, and number of binding
sites n and the thermodynamic parameters for the interaction of BSA with studied compounds at different temperatures.

Quenching Binding Thermodynamic

T Kev x 10° kq x 1013 Lok Ky x 104 n AG° AH° AS°
[K] [dm®*mol 1] [dm®mol-1.s-1] 8% [dm®mol 1] [kJmol-1] [kJmol-1] [Jmol 1K-1]
297 0.82 0.82 495+ 0.09 8.91 1.00 + 0.02

4a 303 0.56 0.56 4.65 £ 0.09 447 0.98 £ 0.02 —28.20 —95.14 —225.40
308 0.24 0.24 435 +0.27 2.24 0.99 £0.05
297 0.89 0.89 491 £0.14 8.13 0.99 £ 0.02

5a 303 0.97 0.97 4.74 + 0.04 5.50 0.96 + 0.01 —28.20 —95.17 —225.50
308 0.80 0.80 4.30 £ 0.07 2.00 0.89 £ 0.01
297 0.51 0.51 469 £0.13 490 0.99 £ 0.02

6a 303 0.40 0.40 427 +0.14 1.86 0.94 + 0.02 -27.07 —186.69 —537.43
308 0.14 0.14 3.51 +0.22 0.33 0.89 + 0.04
297 0.66 0.66 4.67 + 0.07 4.68 0.97 +0.01

7a 303 0.27 0.27 4.09 £ 0.20 1.23 0.94 £ 0.03 —26.89 —222.14 —657.43
308 0.10 0.10 3.26 +0.21 0.99 0.87 + 0.04
297 1.71 1.71 491 + 0.05 490 0.94 + 0.01

9a 303 0.48 0.48 4.52 +0.09 1.86 0.97 +0.02 —27.89 —108.40 —271.08
308 0.20 0.20 4.23 £0.18 0.33 0.98 £ 0.03
297 1.76 1.76 4.82 +0.20 6.61 0.92 +0.03

4b 303 0.97 0.97 447 +0.22 2.95 0.91 + 0.03 —27.75 —156.84 —434.67
308 0.42 0.42 3.82 £0.20 0.61 0.86 + 0.02
297 1.72 1.72 4.76 +0.12 5.75 0.92 + 0.02

5b 303 0.97 0.97 422 £0.13 1.66 0.93 £ 0.02 —26.92 —131.53 —352.20
308 0.25 0.25 3.94 + 0.17 0.87 0.92 + 0.03
297 1.78 1.78 491 +0.15 8.13 0.95 + 0.02

6b 303 0.52 0.52 432 £0.12 2.09 0.93 + 0.02 —27.90 —167.25 —469.18
308 0.48 0.48 3.86 £ 0.06 0.72 0.90 £0.01
297 3.07 3.07 497 +0.17 9.33 0.91 + 0.03

7b 303 1.95 1.95 453 +0.16 3.39 0.87 + 0.02 —28.36 —142.60 —384.65
308 0.78 0.78 4.07 £0.10 117 0.86 £ 0.02
297 0.59 0.59 4.82 £0.19 561 1.01 £ 0.03

4c 303 0.24 0.24 437 £0.40 2.34 0.99 £ 0.08 —27.44 —135.07 —362.40
308 0.37 0.37 3.97 £0.12 0.93 0.90 £ 0.02
297 0.81 0.81 497 +0.18 9.33 1.01 4+ 0.03

5¢ 303 0.60 0.60 451 £0.10 3.24 0.95 £ 0.02 —28.29 —136.72 —365.09
308 0.36 0.36 411 £0.13 1.29 0.92 £ 0.02
297 2.68 2.68 498 +0.12 9.55 0.92 + 0.02

6c 303 0.76 0.76 4.61 + 0.03 4.07 0.95 + 0.01 —28.34 -111.23 —279.08
308 0.31 0.31 4.28 +0.12 1.91 0.96 + 0.02
297 2.37 2.37 4.97 +0.20 9.33 0.93 + 0.03

7c¢ 303 1.03 1.03 4.53 £0.10 3.39 0.92 £ 0.02 —28.48 —162.47 —451.14

308 0.41 0.41 3.94 +£0.18 0.87 0.88 = 0.03
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Figure 10. Fluorescence spectra of BSA solution in presence of studied compounds (T-297 K, Aex
= 280 nm). The concentration of a, b and ¢ was as follows: 0, 0.2, 0.4, 0.6,0.8, 1.0, 1.2, 1.4, 1.6, 1.8,
2.0 uM.

The reduction in the a-helical contents of BSA is observed in the presence of all of
the analyzed compounds. The changes after adding every portion of analyzed ligands
are presented in Table 5. The observed changes ranged from 2.72% for 7a to 5.88% for
7b (Figure 11). Thus, CD studies showed that all of the analyzed compounds could interact
with BSA, which agrees with the fluorescence spectroscopy.

Table 5. The values of the calculated o-helix(%) for BSA with the absence and presence of all analyzed compounds.

BSA/Analyzed
Compound o-Helix [%]
Molar Ratio
4a 5a 6a 7a 9a 4b 5b 6b 7b 4c 5¢ 6¢ 7c

1:0 51.83 5215 5193 5159 5190 51.08 5280 5244 5287 5270 5310 5349 5277
1:0.5 51.35 5152 5128 5049 50.79 5140 51.05 5189 51.78 5264 5224 5241 52.07
1:1 51.16 5062 50.74 49.99 50.74 5048 50.86 4981 5175 5Hle66 5249 51.81 51.22
1:5 49.80 5026 4959 4879 4976 49.74 5121 49.15 4992 51.10 5036 50.74 50.31
1:10 48.09 4756 4745 48.87 4694 47.00 4853 4766 4699 4745 5012 48.01 48.19

2.6.3. Fourier Transform Infrared Spectroscopic Measurements

The interaction of BSA with a series of investigated compounds was evaluated by
analyzing changes in the protein secondary structure. The backbone conformation of BSA
is related to the shape and intensity variation of the Amide I bond (C=O—stretching)
and Amide II bond (C-N—stretching coupled with N-H bending) detected in the range
1700-1600 cm ™! [56]. Shi et al. mention that the Amide I bond is more sensitive than the
Amide IT bond for changes in the secondary structure [42]. The major signals found for
free BSA: 1658 cm ! and 1550 cm ! are related to the x-helix structure and contribution
of 53.8% (Table 6). It corresponds well with the CD measurements. The second large
share has the B-sheet structure, which accounts for 29.2% and manifests as 1638 cm !,
1630 cm ™! and 1618 cm ! peaks (Table 6, Table S7a). For all of the measurement BSA-
compound complexes, it was observed that there was a tendency to decrease the intensity
of the 1650 cm ™! and 1545 cm ™! signals with an increase of the compound concentration
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(Table S8 in Supplementary Data). This clearly proves that all of the presented compounds
interact with BSA, and binding to a protein is demonstrated by changing its secondary
structure. A reduction in the a-helix structures in BSA was observed for all of the studied
compounds after binding them to the protein. These results are in good agreement with
fluorescence and CD spectroscopy. The majority of the changes were exhibited in It is with
good correspondence the 5b, 5¢, 6b, 6¢ and 7c compounds. Moreover, the certain losing
B-sheet structure occurred, especially for the 5¢, 6¢ and 7c. These findings correspond to
a rise in the percentage of p-turn and B-antiparallel in the secondary structure of BSA.
Moreover, the higher contribution of disordered random coil stood out in the samples
containing 5¢, 6¢ and 7c.

6 - 5.88%

5.48%

] 5.25%

5 4.96% .
. :
_ 4.59%, 100 . 4.58%
27%
o 08%FiE
3.74%
3 2.98%
2.72%

2 I
1
0

4a 5a 6a 7a 9a 4b 5b 6b Tb 4c 5¢ 6¢ Tc

Figure 11. The comparison of changes in the x-helix(%) of BSA after adding 10 portions of each
analyzed compound.

2.6.4. Site Markers Studies and Molecular Docking

In the BSA molecule, there are two binding sites situated in subdomains ITA and
IIA [57]. To confirm the binding sites where the analyzed compounds can be bound,
Phenylbutazone (PHB) and Ibuprofen (IBP) were used as site probes [58]. Equation (3) was
used to analyze the results here. The obtained results are collected in Table 7. The values
of Ky, of all of the tested compounds with BSA in the presence of IBP and PHB decline
compared to compounds without BSA (Table 7). However, in the case of the values with
PHB, the differences are smaller than in the case of IBP. Therefore, the results suggest that
all of the studied compounds mainly bind to subdomain IIIA of BSA.
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Table 6. Secondary structure of free BSA and BSA-drug complexes at pH = 7.5 calculated from Amide

Ibond obtained by FT-IR.

Compound  «-Helix [%] pB-Sheet[%] p-Turn[%] B-Anti[%] Random-Coil [%]

Free—BSA 53.8 292 6.6 1.6 8.8
4a—BSA 50.2 16.5 11.8 11.8 9.7
5a—BSA 50.4 16.5 8.9 154 8.8
6a—BSA 50.3 17.8 4.9 19.5 7.5
7a—BSA 51.7 17.1 8.5 15.6 71
9a—BSA 51.8 16.2 5.8 18.4 7.8
4b—BSA 50.2 14.3 11.7 16.4 7.4
5b—BSA 49.7 13.8 13.7 12.5 10.3
6b—BSA 49.8 124 12.3 13.4 121
7b—BSA 51.5 14.2 15.6 9.9 8.8
4c—BSA 50.1 17.3 13.2 8.3 11.1
5c—BSA 49.1 6.1 16.4 3.6 24.8
6c—BSA 499 5.6 18.8 41 21.6
7¢—BSA 48.3 6.6 18.6 4.2 223

Table 7. The binding constant of the studied compounds with BSA in the presence of site markers Phenylbutazone (PHB) and

Ibuprofen (IBP) at 297 K.

Site Site Site
Marker logKy, Marker logKs, Marker logKy,
- 495 + 0.09 - 4.82 +0.20 - 482 +0.19
da BSA + IBP 3.50 +0.07 4b BSA + IBP 3.554+0.19 4c BSA + IBP 3.30 + 0.08
BSA + PHP  4.54 + 0.05 BSA + PHP  4.55 £ 0.07 BSA + PHP 4.57 +£0.12
- 491 £0.14 - 4.76 +0.12 - 497 £ 0.18
5a BSA + IBP 3.60 = 0.09 5b BSA + IBP 3.45 £+ 0.05 5¢ BSA + IBP 3.27 £ 0.09
BSA +PHP 4.36 £ 0.07 BSA + PHP 425+ 0.13 BSA + PHP  4.58 4 0.05
- 469 +0.13 - 491 4+ 0.15 - 498 +0.12
6a BSA + IBP 340 + 0.11 6b BSA + IBP 3.60 +0.12 6¢c BSA + IBP 3.68 + 0.06
BSA + PHP 4.10 £ 0.09 BSA + PHP 446 +0.15 BSA + PHP  4.63 + 0.05
- 4.67 £+ 0.07 - 497 £0.17 - 497 +0.20
7a BSA + IBP 3.37 £ 0.09 7b BSA + IBP 3.20 4+ 0.08 7c BSA + IBP 3.50+0.14
BSA + PHP  4.20 £ 0.11 BSA + PHP  4.39 + 0.07 BSA + PHP  4.58 4 0.09
- 491 £0.05
9a BSA + IBP 3.50 + 0.09
BSA + PHP  4.55 4+ 0.10

The binding interactions between the tested compounds and BSA were studied by
the molecular docking method. The simulated results were listed in Table 8. The results
revealed that the binding free energy for all of the compounds within the hydrophobic
cavity in site II (m) of BSA was more negative than that within the hydrophobic cavity
in site I and site II(1). This indicates that site II (m) is favorable. The value of electrostatic
energy (AEj3) is much less than AE;. It can indicate that the main interactions are van
der Waals and hydrogen bonding interactions. The position of the compounds with
the lowest binding free energy from all of the studied series in site II (m) compared
to Ibuprofen is shown in Figure 12. The compounds are surrounded by various kinds
of residues (Figure 13). Hydrogen bonds with Arg208, Leu326, Leu346 are formed. The

m-sigma and other hydrophobic interactions are observed.
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Table 8. Energies of the binding complexes BSA with studied compounds obtained from molecu-
lar docking.

Binding Site  AG° [kJmol~1]  AE; [kJmol~1]  AE; [kJmol~1]  AE;3 [kJmol—1]

site T —31.02 —42.22 —37.66 —4.56

4a site TT(m) —40.08 ~51.33 —46.73 —4.60
site TI(l) —27.42 —38.66 —39.88 121

site T —29.93 4238 —39.00 —3.38

5a site TI(m) —38.22 —50.74 —46.89 —3.85
site T1(1) —28.88 —41.38 —42.38 1.00

site | —30.18 —42.79 —38.67 —410

6a site TT(m) —38.03 —49.28 —46.48 —2.80
site TI(1) —31.30 —42555 —43.72 117

site T —30.51 —43.01 —42.93 —0.04

7a site II(m) —35.69 —48.20 —47.36 —0.84

site TI(1) —28.55 —41.04 —40.38 —0.67

site T —31.06 —43.55 —43.35 021

9a site TTI(m) —35.44 —47.95 —47.19 —0.76

site T1(1) ~25.16 —37.62 —37.12 —0.50

site | —35.53 —47.98 —44.02 —4.01

b site TI(m) —41.17 —53.62 —50.20 —343
site TI(l) —25.37 —37.87 —38.03 0.20

site I —32.02 —45.73 —41.05 —4.68

5b site II(m) —39.54 —53.30 —50.95 —230
site TI(1) —30.47 —44.18 —45.06 0.84

site T —33.56 —46.02 —41.08 422

6b site IT(m) —41.17 —53.63 —51.00 —2.63

site TI(1) —28.30 —40.76 —39.67 ~1.08

site I ~29.30 —43.01 —42.64 —0.37

7b site TT(m) —39.67 —53.38 —52.83 —055
site TI(1) —2357 —37.28 —37.57 0.29

site I —34.48 —48.19 —43.76 —443

4c site TI(m) —38.79 ~52.50 —49.87 —2.63
site TI(1) —28.34 —45.01 —43.09 1.08

site T —31.51 —46.48 —42.18 —426

5¢ site II(m) —42.48 —57.81 —54.88 —2.93
site TI(1) —22.40 —37.37 ~39.17 1.80

site T —31.77 —45.48 —42.39 —3.09

6¢ site TTI(m) —37.20 —50.91 —47.82 —3.09

site I1(1) —24.03 —37.75 —36.12 ~1.63

site T —27.21 —42.17 —41.08 —~1.09

7c site II(m) —38.12 —53.08 —52.37 —0.71
site TI(1) —33.89 —48.86 —48.91 0.05

AG°—binding free energy; AE;—intermolecular interaction energy, which is the sum of van der Waals energy,
hydrogen bonding energy, desolvation free energy and electrostatic energy; AE;—the sum of van der Waals
energy, hydrogen bonding energy and desolvation free energy; AEz—electrostatic energy.

2.7. In Silico Pharmacokinetic and Druglikeness Prediction

The derivatives 4a-7a, 9a, 4b-7b, 4c-7c were predicted for their possible pharmacoki-
netic (absorption distribution metabolism excretion; ADME) and drug-likeness proper-
ties using the SWISSADME server (http:/ /www.swissadme.ch/index.php, accessed on
9 September 2021). The simulated results concerning the physicochemical features in the
context of the Lipinski’s rule of five (Ro5) [59] are presented in the Table 9. The compounds
4a-6a, 4b and 6b meet the conditions of the Ro5, and therefore are supposed to show good
oral bioavailability and membrane permeability. These findings are supported by the
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results collected in Table 10. Most of the investigated molecules are predicted to be highly
absorbed through the gastrointestinal (GI) tract. On the other hand, none of them are
expected to cross blood-brain barrier (BBB). The water solubility was found to be rather

poor (Table 10).

Table 9. Predicted physicochemical properties of studied compounds using SWISSADME server.

Physicochemical Properties—Lipinski’s Rule of Five (Ro5)

Compound #H-Bond #H-Bond Log Py st 3

Acceptors Donors (MLOGP) MW [g/mol] #Violations

4a 5 0 2.88 550.72 1

5a 8 0 3.36 618.72 1

6a 5 0 3.07 564.75 1

7a 6 0 2.99 578.73 2

9a 6 0 3.18 592.76 2

4b 5 0 3.89 612.79 1

5b 8 0 4.35 680.79 2

6b 5 0 4.08 626.81 1

7b 5 0 3.99 640.80 2

4c 6 0 3.58 642.81 2

5¢ 9 0 4.03 710.81 2

6¢ 6 0 3.76 656.84 2

7c 7 0 3.68 670.82 2

Table 10. Predicted ADME parameters of studied compounds using SWISSADME server.
Pharmacokinetics
Compound - —
GI Absorption ~ BBB Permeant  P-gp Substrate Water Solubility

4a High No Yes Moderately soluble

5a High No Yes Poorly soluble

6a High No Yes Moderately soluble

7a High No Yes Poorly soluble

%a High No Yes Poorly soluble

4b High No Yes Poorly soluble

5b Low No Yes Poorly soluble

6b High No Yes Poorly soluble

7b Low No Yes Poorly soluble

4c High No Yes Poorly soluble

5¢ Low No Yes Poorly soluble

6c High No Yes Poorly soluble

7c Low No Yes Poorly soluble

According to the results presented in Table 11, the derivatives 4a-6a, 4b, 6b not only do

not violate the Lipinski’s rule of five, but also fulfill the descriptors of Veber’s rule [59,60].

This factors, alongside with the promising bioavailability score and calculated values of
topological polar surface area (TPSA) (<140 A?) [61], can suggest that our compounds
could be easily transported through biological membranes.
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Table 11. Predicted drug-likeness properties of studied compounds using SWISSADME server.

Drug-Likeness

Chmpound Lipinski Veber Bioavailability Score  TPSA [A?]
4a Yes, 1 violation Yes 0.55 110.37
5a Yes, 1 violation Yes 0.55 110.37
6a Yes, 1 violation Yes 0.55 110.37
7a No, 2 violations  No, 1 violation 0.17 128.61
9a No, 2 violations  No, 1 violation 0.17 128.61
4b Yes, 1 violation Yes 0.55 110.37
5b No, 2 violations  No, 1 violation 0.17 110.37
6b Yes, 1 violation Yes 0.55 110.37
7b No, 2 violations  No, 1 violation 0.17 128.61
4c No, 2 violations  No, 1 violation 0.17 119.60
5¢ No, 2 violations  No, 1 violation 0.17 119.60
6¢ No, 2 violations  No, 1 violation 0.17 119.60
7c No, 2 violations  No, 1 violation 0.17 137.84

3. Materials and Methods
3.1. Chemistry
3.1.1. Instrumentation and Chemicals

All of the chemicals, solvents and reagents used during chemical synthesis, purifica-
tion and other experiments were delivered by commercially available suppliers (Alchem,
Wroclaw, Poland; Chemat, Gdarisk, Poland; Archem, Lany, Poland) and were used without
further purification. Dry solvents were received according to the standard procedures. The
reaction progress was monitored using the thin-layer chromatography (TLC) technique on
silica-gel-60-F254-coated TLC plates, which were observed in UV light at 254 or 366 nm.
The melting points of all of the new compounds were determined on the Electrothermal
Mel-Temp 1101D apparatus (Cole-Parmer, Vernon Hills, IL, USA) using the open capillary
method and were uncorrected. The 'H NMR (300 MHz) and *C NMR (75 MHz) spectra
were recorder on the Bruker 300 MHz NMR spectrometer (Bruker Analytische Messtechnik
GmbH, Rheinstetten, Germany). The samples were dissolved in CDCL3 or DMSO-dg,
and tetramethylsilane (TMS) was used as an internal reference. Chemical shifts (8) were
reported in ppm. The infrared (IR) spectra were determined on the Nicolet iS50 FT-IR
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The samples were applied as
solids, and the frequencies were reported in cm 1. Mass spectra (MS) were recorded using
the Bruker Daltonics Compact ESI-Mass Spectrometer (Bruker Daltonik, GmbH, Bremen,
Germany), operating in the positive ion mode. The analyzed compounds were dissolved
in a methanol-chloroform mixture. All of the new reported derivatives were determined
to have purities of >95% by the above-mentioned methods, unless stated otherwise.

3.1.2. Chemical Synthesis

The synthesis protocols and experimental data for compound 1 and all of the interme-
diates have already been reported [34].

General Procedure for Preparation of N-Substituted(aminothioxomethyl)hydrazide
Derivatives of Pyrrolo[3,4-d]pyridazinone (2a-c)

The 2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetohydrazide
1 (0.001 mol) was suspended in anhydrous ethanol (25 mL), and the mixture was heated
under reflux until the hydrazide dissolved completely. Then, the appropriate N-substituted
isothiocyanate (0.0011 mol) was added, and the reflux was continued for a further 0.5-2 h
till the product precipitated. Finally, the mixture was cooled down, and the solid was fil-
tered off, thoroughly washed with ethanol and purified by crystallization from this solvent.
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2a:1-[[2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetylJamino]-3-
methyl-thiourea

Yield: 87.56%; m.p.: 207-209 °C;

FT-IR (selected lines, Ymax, cmfl): 3263 (N-H), 2960, 2937, 2875 (C-H aliph.), 1698
(C=0), 1372 (C=S), 1231 (C-0), 'H NMR (300 MHz, DMSO-d;) §: 0.88-0.93 (m, 3H, -CH,-
CH; CH2-CH3), 1.27-1.35 (m, 2H, -CH,-CH;y CHz-CH3), 1.57 (m, 2H, -CH,-CH, CH»-CH3),
2.51 (s, 3H, 7-CHj3), 2.58 (s, 3H, 5-CH3), 2.85 (s, 3H, N-CH3), 3.38 (s, 3H, 3-CH3), 3.94-3.99
(m, 2H, -CH,-CH, CH,-CHs), 4.70 (s, 2H, O-CH;-); 7.88 (s, 1H, NH), 9.31 (s, 1H, NH), 9.96
(s, TH, NH); 13C NMR (75 MHz, DMSO-d;) é: 10.65, 11.33, 13.99, 19.91, 31.27, 32.06, 37.04,
63.74, 108.00, 111.23, 123.58, 129.07, 148.57, 158.46, 167.62, 182.59; MS (ESI-MS) (11/z): calcd.
for C17H¢NgO3S [L+H]*: 395.1860; found: 395.1839.

2b:1-[[2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetyl]Jamino]-3-
phenyl-thiourea

Yield: 89.88%; m.p.: 214-216 °C;

FT-IR (selected lines, Ymax, cm™1): 3323, 3237 (N-H), 3049 (C-H arom.), 2961, 2938,
2876 (C-H aliph.), 1689 (C=0), 1360 (C=S); 'H NMR (300 MHz, DMSO-d;) &: 0.88-0.93 (m,
3H, -CH,-CH, CH,-CHj3), 1.28-1.35 (m, 2H, -CH,-CH, CH,-CH3), 1.58 (m, 2H, -CH,-CH,
CH,-CH3), 2.53 (s, 3H, 7-CH3), 2.58 (s, 3H, 5-CH3), 3.36 (s, 3H, 3-CHj3), 3.94-3.99 (m, 2H,
-CH,-CH; CHy-CHa), 4.77 (s, 2H, O-CHy-); 7.16-7.18 (m, 1H, Ar-H), 7.30-7.42 (m, 4H,
Ar-H), 9.56 (s, 1H, NH), 9.71 (s, 1H, NH), 10.18 (s, 1H, NH); 13C NMR (75 MHz, DMSO-dj)
6: 10.65, 11.36, 13.99, 19.91, 32.06, 37.03, 63.84, 108.01, 111.25, 123.57, 125.64, 128.56, 129.09,
139.50, 148.57, 158.46; MS (ESI-MS) (11 /z): caled. for CopHpgNgO3S [L+H]*: 457.2016; found:
457.1985.

2¢:1-[[2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d[pyridazin-1-yl)oxyacetyl]amino]-3-
[(4-methoxy)phenyl]-thiourea

Yield: 94.12%; m.p.: 217-219 °C;

FT-IR (selected lines, ymax, cmfl): 3321, 3219 (N-H), 3051 (C-H arom.), 2957, 2872,
2836 (C-H aliph.), 1678 (C=0), 1348 (C=S); 'H NMR (300 MHz, DMSO-d;) &: 0.88-0.93 (m,
3H, -CH,-CH; CH,-CH3), 1.28-1.35 (m, 2H, -CH;-CH; CH,-CHj3), 1.58 (m, 2H, -CH>-CH3
CH,-CHs), 2.53 (s, 3H, 7-CHj3), 2.58 (s, 3H, 5-CH3), 3.36 (s, 3H, 3-CHj), 3.73 (s, 3H, O-CH3),
3.94-3.97 (m, 2H, -CH,-CH, CH,-CH3), 4.76 (s, 2H, O-CH,-); 6.87-6.90 (m, 2H, Ar-H),
7.22-7.25 (m, 2H, Ar-H), 9.44 (s, 1H, NH), 9.61 (s, 1H, NH), 10.14 (s, 1H, NH); 13C NMR
(75 MHz, DMSO-dg) &: 10.65, 11.35, 13.99, 19.91, 32.06, 37.03, 55.67, 63.84, 108.02, 111.25,
113.78 123.57,127.77, 129.08, 132.31, 148.59, 157.32, 158.46, 167.69; MS (ESI-MS) (in/z): calcd.
for Ca3H3gNgO4S [L+H]*: 487.2122; found: 487.2087.

General Procedure for Preparation of 4-Substituted-2H-1,2,4-triazole Derivatives of
Pyrrolo[3,4-d]pyridazinone (3a-c)

The appropriate N-substituted-(aminothioxomethyl)hydrazide derivative of pyrrolo
[3,4-d]pyridazinone (2a-c) (0.0001 mol) was dissolved in a 5% aqueous solution of sodium
hydroxide (25 mL), and the mixture was stirred and refluxed for about 2-3 h. Afterward,
it was poured onto crushed ice and carefully acidified to pH 2-3 with 7.5% hydrochloric
acid (aq), resulting in the formation of a white or yellowish solid of adequate 4-substituted-
1,2,4-triazole derivative (3a-c). Finally, the afforded precipitate was filtered off, washed
with ice-cold water and recrystallized from ethanol.

3a:6-butyl-3,5,7-trimethyl-1-[(4-methyl-3-thioxo-2H-1,2,4-triazol-5-yl)methoxy]pyrrolo
[3,4-d]pyridazin-4-one

Yield: 83.12%; m.p.: 117-120 °C;

FT-IR (selected lines, Ymax, cm™1): 3425 (N-H), 3120, 3050 (C-H arom.), 2935, 2871(C-H
aliph.), 1544 (C=N), 1340 (C=S); 'H NMR (300 MHz, DMSO-dj) 5: 0.86-0.91 (m, 3H, -CHS,-
CH2 CHz-CH3 ), 1.26-1.33 (rn, 2H, -CH2-CH2 CHZ'CHg), 1.56 (Il'l, ?_H, -CHz-CHz CHZ'CH?,),
2.42 (s, 3H, 7-CH3), 2.57 (s, 3H, 5-CH3), 3.40 (s, 3H, 3-CHs), 3.50 (s, 3H, triazole-N-CH3),
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3.92-3.97 (m, 2H, -CH,-CH, CH,-CHj), 5.30 (s, 2H, O-CH,-), 13.82 (s, 1H, NH); 13C NMR
(75 MHz, DMSO-d;) 5: 10.64, 11.18, 13.97, 19.89, 30.65, 32.01, 37.03, 43.83, 58.09, 107.62,
111.18, 123.42, 129.38, 148.07, 148.89, 158.40, 168.05; HR-MS (ESI-MS) (111/z): caled. for

Ci7H24NgO,S [L+H]*: 377.1754; found: 377.1736.

3b:6-butyl-3,5,7-trimethyl-1-[ (4-phenyl-3-thioxo0-2H-1,2 4-triazol-5-yl)methoxy]pyrrolo
[34-d]pyridazin-4-one

Yield: 81.69%; m.p.: 123-125 °C;

FT-IR (selected lines, Ymax, cm~1): 3414 (N-H), 3037 (C-H arom.), 2957, 2928, 2871
(C-H aliph.), 1543 (C=N); "H NMR (300 MHz, DMSO-d;) &: 0.86-0.91 (m, 3H, -CH,-CH,
CH;-CHjy), 1.24-1.31 (m, 2H, -CH;-CH; CH,-CH3), 1.53 (m, 2H, -CH;-CH, CH,-CH3),
2.25 (s, 3H, 7-CH3), 2.53 (s, 3H, 5-CH3), 3.32 (s, 3H, 3-CH3), 3.88-3.93 (m, 2H, -CH,-CH,
CH,-CHj3), 5.12 (s, 2H, O-CH,-); 7.45 (m, 5H, Ar-H), 14.04 (s, 1H, NH); 1*C NMR (75 MHz,
DMSO-dg) 5:10.59, 11.20, 13.97, 19.86, 31.97, 36.95, 43.76, 57.85, 107.38, 111.05, 123.31, 128.28,
129.19, 129.69, 129.91, 133.86, 147.76, 148.60, 158.28, 168.90; MS (ESI-MS) (m/z): calcd. for
CarHagNeO,S [L+H]*: 439.1911; found: 439.1874.

3c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-thioxo-2H-1,2,4-triazol-5-yl1]
methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 84.49%; m.p.: 129-131 °C;

FT-IR (selected lines, Ymax, cm~1): 3414 (N-H), 3041 (C-H arom.), 2956, 2931, 2872
(C-H aliph.), 1543 (C=N);'H NMR (300 MHz, DMSO-dg) &: 0.87-0.92 (m, 3H, -CH,-CH,
CH,-CHj), 1.31 (m, 2H, -CH,-CH, CH,-CHa), 154 (m, 2H, -CH,-CH, CH,-CHa), 2.29
(s, 3H, 7-CH3), 2.54 (s, 3H, 5-CH3), 3.31 (s, 3H, 3-CH3), 3.74 (s, 3H, Ar-O-CH3) 3.92 (m,
2H, -CH,-CH, CH,-CHj), 5.12 (s, 2H, O-CH,-); 6.96-6.99 (m, 2H, Ar-H), 7.31-7.34 (m, 2H,
Ar-H), 13.99 (s, 1H, NH); 13C NMR (75 MHz, DMSO-d¢) 5:10.59, 11.20, 13.98, 19.88, 31.99,
36.95, 43.78, 55.84, 57.85, 107.46, 111.06, 114.79, 115.18, 123.34, 126.32, 129.19, 129.54, 129.97,
147.83, 148.88, 158.29, 160.13, 169.12; MS (ESI-MS) (m/z): caled. for C13HagNgO3S [L+H]™:
469.2016; found: 469.1976.

General Procedure for Preparation of Mannich Base-Type Derivatives of
Pyrrolo[3,4-d]pyridazinone (4a-c-6a-c)

Aqueous formaldehyde of 37% (0.01 mol, ~1mL) was added to the solution of ade-
quate 4-substituted-1,2,4-triazole derivative of pyrrolo[3,4-d]pyridazinone (3a, 3b or 3c)
(0.001 mol) in methanol (30 mL). The mixture was stirred at room temperature (RT) for
30 min. Subsequently, a corresponding aryl piperazine derivative (0.0015 mol) was added,
and the stirring was continued for a further several hours at RT. The mixture was left
overnight. The formed precipitate was filtered off, thoroughly washed with cold methanol
and purified by crystallization from methanol.

4a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-2-[ (4-phenylpiperazin-1-yl)methyl]-3-thioxo-
2H-1,2 4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 72.35%; m.p.: 186-188 °C;

FT-IR (selected lines, Ymax, cm ™ 1): 3019 (C-H arom.), 2962, 2937, 2874 (C-H aliph.),
1549 (C=N) 1272 (C=S); '"H NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-
CH3), 1.34-1.41 (m, 2H, -CH,-CH, CH,-CHs), 1.60-1.66 (m, 2H, -CH,-CH, CH,-CHj),
2.43 (s, 3H, 7-CHs), 2.68 (s, 3H, 5-CHs), 2.98-2.99 (m, 4H, CH,—piperazine), 3.18-3.19
(m, 4H, CHy—piperazine), 3.57 (s, 3H, 3-CHj3), 3.67 (s, 3H, triazole-N-CH3), 3.94-3.97 (m,
2H, -CH,-CH, CH,-CHy), 5.21 (s, 2H, N-CH,-N) 5.31 (s, 2H, O-CH,-); 6.82-6.91 (m, 3H,
Ar-H), 7.22-7.27 (m, 2H, Ar-H); 3C NMR (75 MHz, CDCls) §: 10.65, 11.30, 13.69, 20.04,
31.69, 32.32, 37.05, 43.99, 49.29, 50.42, 57.54, 69.49, 108.05, 111.84, 116.32, 119.89, 122.24,
129.10, 129.43, 146.76, 147.95, 151.28, 159.17, 169.74; HRMS (ESI-MS) (m1/z): calcd. for
CogH3sNgO,S [L+H]*: 551.2911; found: 551.2894.
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5a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-2-[[4-[3-(trifluoromethyl)phenyl]piperazin-1-
yllmethyl]-3-thioxo-2H-1,2 4-triazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 64.84%; m.p.: 198-200 °C;

FT-IR (selected lines, Ymax, cmfl): 2963, 2935, 2876, 3843 (C-H aliph.), 1650 (C=N), 1242
(C=S); "TH NMR (300 MHz, CDCl3) &: 0.94-0.98 (m, 3H, -CH,-CH, CH,-CHj3), 1.34-1.41 (m,
2H, -CH,-CH; CH;-CH3), 1.60-1.63 (m, 2H, -CH,-CHy CH>-CH3), 2.42 (s, 3H, 7-CH3), 2.68
(s, 3H, 5-CHs), 2.96-2.99 (m, 4H, CH,—piperazine), 3.22-3.25 (m, 4H, CH,—piperazine),
3.57 (s, 3H, 3-CH3), 3.67 (s, 3H, triazole-N-CH3), 3.87-3.92 (m, 2H, -CH,-CH, CH;-CH3),
5.21 (s, 2H, N-CH>-N) 5.31 (s, 2H, O-CH3-); 7.01-7.07 (m, 3H, Ar-H), 7.30-7.35 (m, 1H,
Ar-H); *C NMR (75 MHz, CDCl3) &: 10.65, 11.27, 13.67, 20.04, 31.71, 32.32, 37.04, 43.99,
48.77,50.23, 57.51, 69.39, 108.05, 111.83, 112.39, 115.99, 118.93, 12221, 129.45, 129.56, 131.22,
131.64, 146.84, 147.91, 151.32, 159.16, 169.78; MS (ESI-MS) (i1/z): caled. for CagH37F3NgO2S
[L+H]*: 619.2785; found: 619.2748.

6a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-2-[[4-[(4-methyl)phenyl]piperazin-1-ylJmethyl]-3-
thioxo-2H-1,2,4-triazol-5-ylJmethoxy|pyrrolo[3,4-d]pyridazin-4-one

Yield: 68.98%; m.p.: 181-183 °C;

FT-IR (selected lines, ymax, cm™1): 2962, 2933, 2878, 2855, 2826 (C-H aliph.), 1633
(C=N), 1248 (C=S); 'H NMR (300 MHz, CDCl5) §: 0.94-0.98 (m, 3H, -CH,-CH, CH,-CH3),
1.34-1.42 (m, 2H, -CH,-CH,; CH,-CHj3), 1.63 (m, 2H, -CH,-CH, CH,-CH3), 2.26 (s, 3H,
Ar-CHj), 243 (s, 3H, 7-CH3), 2.67 (s, 3H, 5-CH3), 2.99 (m, 4H, CH,—piperazine), 3.15
(m, 4H, CH,—piperazine), 3.57 (s, 3H, 3-CH3), 3.67 (s, 3H, triazole-N-CH3), 3.87-3.92 (m,
2H, -CH,-CH, CH,-CH3), 5.21 (s, 2H, N-CH;-N) 5.31 (s, 2H, O-CH3-); 6.85 (m, 2H, Ar-H),
7.05-7.08 (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3) §: 10.66, 11.33, 13.70, 20.05, 20.44
31.70, 32.33, 37.06, 43.99, 50.34, 57.54, 69.43, 108.04, 111.82, 112.26, 116.81, 122.26, 129.41,
129.67, 146.77, 147.95, 159.18, 169.72; MS (ESI-MS) (m/z): caled. for Co9H4oNgO,S [L+H]™:
565.3068; found: 565.3019.

4b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-2-[ (4-phenylpiperazin-1-yl)methyl]-3-thioxo-
2H-1,2 4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 69.02%; m.p.: 129-131 °C;

FT-IR (selected lines, Ymax, cm~1): 2932, 2828 (C-H aliph.), 1543 (C=N), 1269 (C=S);
TH NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-CH3), 1.36-1.38 (m, 2H,
-CH,-CH; CH;-CH3), 1.61 (m, 2H, -CH»-CH,; CH,-CHj3), 2.34 (s, 3H, 7-CHj3), 2.65 (s, 3H,
5-CHs), 3.06 (m, 4H, CH,—piperazine), 3.22 (m, 4H, CHy—piperazine), 3.46 (s, 3H, 3-
CHa), 3.84-3.89 (m, 2H, -CH,-CH, CH,-CHj3), 5.16 (s, 2H, N-CH,-N)) 5.30 (s, 2H, O-CH,-);
6.87-6.94 (m, 3H, Ar-H), 7.24-7.29 (m, 2H, Ar-H) 7.39 (m, 2H, Ar-H); 7.45-7.46 (m, 3H,
Ar-H); 13C NMR (75 MHz, CDCly) §: 10.62, 11.23, 13.71, 20.03, 32.31, 36.97, 43.92, 49.36,
50.52, 57.09, 69.64, 108.05, 111.74, 116.39, 119.98, 122.18, 127.67 129.13, 129.63, 130.03, 133.80
146.79, 147.81, 151.31, 159.11, 170.52; MS (ESI-MS) (m/z): calcd. for C33H4oNgO,S [L+H]™:
613.3068; found: 613.2995.

5b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-2-[[4-[3-(trifluoromethyl)phenyl]piperazin-1-
ylJmethyl]-3-thioxo-2H-1,2 4-triazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 65.29%; m.p.: 118-120 °C;

FT-IR (selected lines, Yimax, cm™1): 2935, 2872, 2850 (C-H aliph.), 1268 (C=S); ITH NMR
(300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH; CH,-CH3), 1.33-1.40 (m, 2H, -CH,-CH,
CH;-CH3), 1.59-1.61 (m, 2H, -CH,-CH, CH,-CH3), 2.33 (s, 3H, 7-CH3), 2.65 (s, 3H, 5-CHj),
3.05-3.07 (m, 4H, CH,—piperazine), 3.24-3.26 (m, 4H, CH,—piperazine), 3.46 (s, 3H, 3-
CH3), 3.84-3.89 (m, 2H, -CH,-CH, CH,-CHj3), 5.16 (s, 2H, N-CH»-N) 5.30 (s, 2H, O-CH;-);
7.04-7.09 (m, 3H, Ar-H), 7.32-7.39 (m, 3H, Ar-H); 7.46-7.48 (m, 3H, Ar-H); 3C NMR (75
MHz, CDCl3) &: 10.62, 11.20, 13.69, 20.02, 32.31, 36.96, 43.92, 48.84, 50.34, 57.08, 69.54,
108.01, 111.72,112.44, 116.01, 119.00, 122.15, 126.08, 127.65, 129.15, 129.60, 129.66, 130.07,
131.23, 131.65, 133.75, 146.87, 147.78, 151,37, 159.09, 170.52; MS (ESI-MS) (m/z): caled. for
C34H30F3NgO,S [L+H]*: 681.2942; found: 681.2864.
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6b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-2-[[4-[ (4-methyl)phenyl]piperazin-1-yl]
methyl]-3-thioxo-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-d|pyridazin-4-one

Yield: 61.74%; m.p.: 108-111 °C;

FT-IR (selected lines, ymax, cm~1): 2959, 2935, 2860, 2832 (C-H aliph.), 1618 (C=N),
1234 (C=S); "H NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-CHj3), 1.36—
1.38 (m, 2H, -CH,-CH, CH,-CHj3), 1.61 (m, 2H, -CH,-CH, CH»-CHs), 2.27 (s, 3H, Ar-CH3),
2.34 (s, 3H, 7-CHs), 2.66 (s, 3H, 5-CHj), 3.07 (m, 4H, CHy—piperazine), 3.18 (m, 4H,
CH;—piperazine), 3.46 (s, 3H, 3-CHj3), 3.84-3.90 (m, 2H, -CH,-CH; CH;-CH3), 5.16 (s,
2H, N-CH;-N) 5.30 (s, 2H, O-CHj-); 6.86 (m, 2H, Ar-H), 7.06-7.09 (m, 2H, Ar-H); 7.39
(m, 2H, Ar-H), 7.45-7.46 (m, 3H, Ar-H); *C NMR (75 MHz, CDCls) §: 10.63, 11.26, 13.71,
20.04, 32.32, 36.97, 43.92, 50.47, 57.09, 69.60, 108.02, 111.74, 116.84, 122.20, 127.68 129.11,
129.64, 129.69, 130.02, 133.80, 146.80, 147.81, 159.11, 170.52; MS (ESI-MS) (m/z): calcd. for
C34HyNgO,S [L+H]*: 627.3224; found: 627.3176.

4c:6-butyl-1-[[4-(4-methoxyphenyl)-2-[(4-phenylpiperazin-1-yl)methyl]-3-thioxo-2H-1,
2,4-triazol-5-yl]Jmethoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]pyridazin-4-one

Yield: 71.07%; m.p.: 169-170 °C;

FT-IR (selected lines, ymax, cm™1): 2961, 2933, 2860, 2838 (C-H aliph.), 1651 (C=N);
'H NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-CH3), 1.34-1.41 (m, 2H,
-CHy-CHj; CH»-CH3), 1.62 (m, 2H, -CH,-CH, CHy-CHj3), 2.36 (s, 3H, 7-CHs), 2.66 (s, 3H,
5-CH3), 3.05-3.07 (m, 4H, CHy—piperazine), 3.20-3.22 (m, 4H, CH,—piperazine), 3.47
(s, 3H, 3-CH3), 3.81 (s, 3H, O-CH3) 3.85-3.90 (m, 2H, -CH,-CH; CH,-CHj3;), 5.15 (s, 2H,
N-CH,-N) 5.29 (s, 2H, O-CH,-); 6.84-6.95 (m, 5H, Ar-H), 7.24-7.28 (m, 4H, Ar-H); 1*C NMR
(75 MHz, CDCl3) 6: 10.62, 11.26, 13.72, 20.05, 32.33, 36.97, 43.94, 49.36, 50.52, 55.51, 57.11,
69.66, 108.08, 111.74, 114.83, 116.39, 119.97, 122.19, 126.21 129.13, 147.11, 147.88, 151.31,
159.11, 160.48, 170.75; HRMS (ESI-MS) (111/z): caled. for C34H4;NgO3S [L+H]™: 643.3173;
found: 643.3194.

5¢:6-butyl-1-[[4-(4-methoxyphenyl)-2-[[4-[3-(trifluoromethyl)phenyl]piperazin-1-yl]
methyl]-3-thioxo-2H-1,2,4-triazol-5-ylJmethoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]
pyridazin-4-one

Yield: 59.73%; m.p.: 163-165 °C;

FT-IR (selected lines, yYmax, cm™1): 2964, 2935, 2870, 2840 (C-H aliph.), 1650 (C=N),
1248 (C=S); '"H NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH>-CHj), 1.34~
1.41 (m, 2H, -CH,-CH;, CH;-CHj3), 1.62 (m, 2H, -CH;-CH; CH,-CH3), 2.36 (s, 3H, 7-CHj3),
2.66 (s, 3H, 5-CH3), 3.04 (m, 4H, CH,—piperazine), 3.24-3.26 (m, 4H, CH,—piperazine),
3.47 (s, 3H, 3-CH3), 3.81 (s, 3H, O-CH3), 3.85-3.90 (m, 2H, -CH,-CH, CH;,-CHj3), 5.15 (s, 2H,
N-CH,-N) 5.29 (s, 2H, O-CH,-); 6.92-6.95 (m, 2H, Ar-H), 7.04-7.09 (m, 3H, Ar-H), 7.29-7.37
(m, 3H, Ar-H); 13C NMR (75 MHz, CDCl3) &: 10.61, 11.20, 13.68, 20.03, 32.32, 36.95, 43.93,
48.83, 50.34, 55.51, 57.10, 69.57, 108.09, 111.75, 112.42, 114.84, 116.04, 118.98, 122.15, 126.18,
128.83, 129.14, 129.59, 131.24, 147.18, 147.85, 151.37, 159.09, 160.51, 170.78; HRMS (ESI-MS)
(m/z): caled. for CzsHy1 F3NgOs3S [L+H]*: 711.3047; found: 711.3031.

6c:6-butyl-1-[[4-(4-methoxyphenyl)-2-[[4-[(4-methyl)phenyl]piperazin-1-ylJmethyl]-3-
thioxo-2H-1,2 4-triazol-5-ylImethoxy]-3,5,7-trimethyl-pyrrolo[3 4-d]pyridazin-4-one

Yield: 74.21%; m.p.: 151-153 °C;

FT-IR (selected lines, Ymax, e~ 1): 2958, 2934, 2860, 2837 (C-H aliph.), 1651 (C=N),
1247 (C=S); TH NMR (300 MHz, CDCls) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-CHj3), 1.36—
1.41 (m, 2H, -CH,-CH, CH,-CHj3), 1.62 (m, 2H, -CH,-CH; CH>-CH3), 2.27 (s, 3H, Ar-CH3),
2.37 (s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.07 (m, 4H, CH;—piperazine), 3.17 (m, 4H, CH—
piperazine), 3.47 (s, 3H, 3-CH3), 3.81 (s, 3H, O-CH3) 3.85-3.90 (m, 2H, -CH,-CH;, CH;-CH3),
5.15 (s, 2H, N-CH,-N) 5.29 (s, 2H, O-CH,-); 6.85 (m, 2H, Ar-H), 6.92-6.95 (m, 2H, Ar-H),
7.07-7.09 (m, 2H, Ar-H), 7.25-7.29 (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3) 5: 10.63, 11.28,
13.72, 20.05, 20.46, 32.33, 36.97, 43.94, 50.43, 55.51, 57.11, 69.61, 108.08, 111.74, 114.82, 116.86,
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117.24,122.21,126.22, 128.85, 129.10, 129.71, 147.12, 147.88, 159.11, 160.48, 170.75; HRMS
(ESI-MS) (1m1/z): caled. for CasHygNgO3S [L+H]*: 657.3330; found: 657.3316.

General Procedure for Preparation of S-Substituted Derivatives of
Pyrrolo[3,4-d]pyridazinone (7a-c-9a-c)

The appropriate 4-substituted-1,2,4-triazole derivative of pyrrolo[3,4-d]pyridazinone
(3a, 3b or 3c) (0.001 mol) was suspended in 30 mL of anhydrous ethanol in a round bottom
flask. Next, the 1 mL of 1M sodium ethoxide (0.001 mol) and the appropriate 2-chloro-1-
oxoethyl aryl piperazine derivative was added, and the mixture was refluxed for 4-6 h.
TLC monitored the reaction progress. After the completion of synthesis, the mixture
was cooled, and the precipitate was formed. Finally, the solid was filtered off, washed
thoroughly with ethanol and, afterward, purified by crystallization from this solvent.

7a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-3-[2-0x0-2-(4-phenylpiperazin-1-yl)ethyl]
sulfanyl-2H-1,2,4-triazol-5-yllmethoxy [pyrrolo[3,4-d]pyridazin-4-one

Yield: 62.52%; m.p.: 183-184 °C;

FT-IR (selected lines, Ymax, cm™1): 3054 (C-H arom.), 2961, 2922, 2873 (C-H aliph.),
1639 (C=0), 1268 (C=S); "H NMR (300 MHz, CDCl3) §: 0.93-0.98 (m, 3H, -CH,-CH, CH,-
CH3), 1.33-1.41 (m, 2H, -CH,-CH, CH,-CH3), 1.59-1.62 (m, 2H, -CH,-CH, CH,-CHj3), 2.41
(s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3), 3.17-3.19 (m, 2H, CH,—piperazine), 3.23 (m, 2H, CH,—
piperazine), 3.57 (s, 3H, 3-CH3), 3.66 (s, 3H, triazole-N-CH3), 3.78 (m, 4H, CH,—piperazine),
3.86-3.91 (m, 2H, -CH,-CH; CH,-CHj3), 4.38 (s, 2H, 5-CH3) 5.44 (s, 2H, O-CH>-); 6.92-6.94
(m, 3H, Ar-H), 7.28-7.31 (m, 2H, Ar-H); '*C NMR (75 MHz, CDCl3) &: 10.64, 11.21, 13.68,
20.04, 30.54, 32.32, 36.57, 37.02, 42.21, 43.93, 46.11, 49.33, 49.74, 57 45, 108.27, 111.86, 116.80,
120.80, 122.29, 129.19, 129.29, 148.33, 151.80, 152.30, 159,19, 165.55; HRMS (ESI-MS) (m/z):
caled. for CogH3zgNgO3S [L+H]": 579.2860; found: 579.2843.

8a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-3-[2-0x0-2-[4-[3-(triflouromethyl)phenyl]
piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-d] pyridazin-4-one

Yield: 56.41%; m.p.: 201-202 °C;

FT-IR (selected lines, Ymax, cm~1): 2964, 2934, 2919 (C-H aliph.) 1226 (C=S); THNMR
(300 MHz, CDCl3) 8: 0.93-0.98 (m, 3H, -CH,-CH, CH,-CH3), 1.33-1.41 (m, 2H, -CH,-CH;
CH3-CHj3), 1.59-1.62 (m, 2H, -CH,-CH;, CH>-CH3), 2.42 (s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3),
3.23 (m, 2H, CHy—piperazine), 3.31 (m, 2H, CH,—piperazine), 3.57 (s, 3H, 3-CHj3), 3.68
(s, 3H, triazole-N-CHj3), 3.80-3.84 (m, 4H, CHy—piperazine), 3.86-3.91 (m, 2H, -CH;-CH,
CH,-CH3), 4.41 (s, 2H, S-CH;) 5.44 (s, 2H, O-CH;-); 7.08-7.16 (m, 3H, Ar-H), 7.35-7.41
(m, 1H, Ar-H); 13C NMR (75 MHz, CDCl3) 6: 10.64, 11.22, 13.68, 20.04, 30.68, 32.32, 36.56,
37.02,42.01, 43.94, 45.90, 48.85, 49.21, 57.33, 108.21, 111.83, 112.97, 117.10, 119.54, 122.29,
129.25, 129.79, 131.43, 131.85, 148.26, 150.69, 151.83, 152.31, 159,17, 165.51; MS (ESI-MS)
(m/z): caled. for C3gHzyF3NgOs3S [L+H]™: 647.2734; found: 647.2680.

9a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-3-[2-0x0-2-[4-[4-(methyl)phenyl]piperazin-1-yl]
ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 59.49%; m.p.: 190-191 °C;

FT-IR (selected lines, Ymax, cm™1): 2960, 2919, 2851 (C-H aliph.), 1643 (C=0) 1227
(C=S); 'TH NMR (300 MHz, CDCl3) &: 0.93-0.98 (m, 3H, -CH,-CH, CH,-CHj3), 1.34-1.41 (m,
2H, -CH,-CH, CH,-CH3), 1.62 (m, 2H, -CH,-CH, CH,-CH3), 2.27 (s, 3H, Ar-CHg), 2.41
(s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3), 3.11 (m, 4H, CH,—piperazine), 3.57 (s, 3H, 3-CH3),
3.66 (s, 3H, triazole-N-CH3), 3.78 (m, 4H, CHy—piperazine), 3.86-3.91 (m, 2H, -CH,-CH;
CH,-CHj3), 4.38 (s, 2H, S-CH,) 5.44 (s, 2H, O-CH,-); 6.86 (m, 2H, Ar-H), 7.08-7.11 (m, 2H,
Ar-H); 13C NMR (75 MHz, CDCl3) &: 10.64, 11.22, 13.68, 20.04, 20.45 30.54, 32.32, 36.67,
37.03, 42.26, 43.93, 46.16, 49.88, 50.27, 57.46, 108.28, 111.87, 117.14, 122.29, 129.19, 129.81,
148.33, 151.84, 152.29, 159,19, 165.50; MS (ESI-MS) (m/z): caled. for C3gH49NgO3S [L+H]":
593.3017; found: 593.3092.
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7b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-3-[2-0x0-2-(4-phenylpiperazin-1-yl)ethyl]
sulfanyl-2H-1,2 4-triazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 53.83%; m.p.: 126-128 °C;

FT-IR (selected lines, Ymax, cm™1): 3053 (C-H arom.), 2929, 2871 (C-H aliph.), 1636
(C=0); 'TH NMR (300 MHz, CDCls) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-CH3), 1.33-1.41 (m,
2H, -CH,-CH; CH;-CH3), 1.59-1.61 (m, 2H, -CH,-CHy CH>-CH3), 2.33 (s, 3H, 7-CH3), 2.66
(s, 3H, 5-CHs), 3.17 (m, 2H, CHy—piperazine), 3.23 (m, 2H, CH,—piperazine), 3.46 (s, 3H,
3-CHj3), 3.78 (m, 4H, CHy—piperazine), 3.84-3.89 (m, 2H, -CH,-CH; CH;-CH3), 442 (s, 2H,
5-CHy) 5.31 (s, 2H, O-CH3-); 6.89-6.94 (m, 3H, Ar-H), 7.29-7.34 (m, 4H, Ar-H), 7.44-7 .46 (m,
3H, Ar-H); 13C NMR (75 MHz, CDCl3) &: 10.61, 11.19, 13.70, 20.04, 32.32, 36.32, 42.18, 43.87,
46.13, 49.26, 49.72, 56.94, 108.24, 111.78, 116.76, 120.72, 122.21, 126.65, 129.27, 12991, 130.21,
132.60, 148.15, 150.76, 152.28, 159,13, 165.54; MS (ESI-MS) (1m/z): caled. for C34HioNgO3S
[L+H]*: 641.3017; found: 641.2935.

8b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-3-[2-0x0-2-[4-[3-(triflouromethyl)phenyl]
piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-d] pyridazin-4-one

Yield: 60.84%; m.p.: 141-143 °C;

FT-IR (selected lines, yYmax, cm~1): 3053 (C-H arom.), 2959, 2930, 2872 (C-H aliph.),
1635 (C=0); 'H NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH;-CHj), 1.33-
1.40 (m, 2H, -CH>-CH; CH,-CH3), 1.59-1.61 (m, 2H, -CH;-CHy CH>-CH3), 2.33 (s, 3H,
7-CH3), 2.65 (s, 3H, 5-CH3), 3.22 (m, 2H, CHy—piperazine), 3.30 (m, 2H, CH,—piperazine),
3.45 (s, 3H, 3-CH3), 3.81-3.84 (m, 4H, CHy—piperazine), 3.86-3.89 (m, 2H, -CH,-CH;
CH;,-CH3), 4.39 (s, 2H, S-CH3) 5.31 (s, 2H, O-CH;-); 7.06-7.15 (m, 3H, Ar-H), 7.31-7.35 (m,
2H, Ar-H), 7.37-7.40 (m, 1H, Ar-H), 7.44-7.46 (m, 3H, Ar-H); 13C NMR (75 MHz, CDCly) &
10.61, 11.18, 13.69, 20.03, 32.31, 36.02, 36.94, 41.98, 43.87, 45.92, 48.76, 49.17, 56.92, 108.21,
108.23, 111.78, 112.93, 116.94, 119.44, 122.20, 125.95, 126.64, 128.92, 129.76, 129.92, 130.25,
131.43, 131.86, 132.57, 148.13. 150.85, 152.34, 152.34, 159.13, 165.65; MS (ESI-MS) (m/z):
caled. for C35H39F3NgO3S [L+H]*: 708.2891; found: 708.2827.

9b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-3-[2-0x0-2-[4-[4-(methyl)phenyl | piperazin-1-yl]
ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 55.89%; m.p.: 129-131 °C;

FT-IR (selected lines, Ymax, cm™1): 2958, 2925, 2870 (C-H aliph.), 1639 (C=0); 'H NMR
(300 MHz, CDClg) 8: 0.94-0.99 (m, 3H, -CH,-CH, CH,-CHz), 1.35-1.38 (m, 2H, -CH,-CH,
CH,-CHj), 1.61 (m, 2H, -CH,-CH, CH,-CHj), 2.28 (s, 3H, Ar-CHg), 2.33 (s, 3H, 7-CHs),
2.65 (s, 3H, 5-CH3), 3.11-3.16 (m, 4H, CHpy—piperazine), 3.45 (s, 3H, 3-CHs), 3.76 (m, 4H,
CH,—piperazine), 3.84-3.89 (m, 2H, -CH,-CH, CH,-CHj3;), 4.41 (s, 2H, 5-CH,) 5.31 (s,
2H, O-CH,-); 6.83-6.86 (m, 2H, Ar-H), 7.08-7.11 (m, 2H, Ar-H), 7.33-7.34 (m, 2H, Ar-H),
7.43-7.46 (m, 3H, Ar-H); 13C NMR (75 MHz, CDCls) 5:10.60, 10.98, 11.19, 13.69, 20.02, 20.43,
32.31, 36.39, 36.94, 42.23, 43.87, 46.17, 49.81, 50.28, 56.94, 108.25, 111.78, 117.111, 122.21,
126.76, 127.16, 128.89, 129.78, 129.90, 130.19, 130.36, 132.61, 133.46, 148.16, 148.65, 152.25,
159.13, 165.49; MS (ESI-MS) (m/z): calcd. for C35HypNgO3S [L+Nal*: 677.2993; found:
677.2945.

7¢:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-[2-ox0-2-(4-phenylpiperazin-1-yl)
ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 59.71%; m.p.: 150-152 °C;

FT-IR (selected lines, Ymax, cm™1): 3060, (C-H arom.), 2957, 2929, 2871 (C-H aliph.),
1640 (C=0), 1271 (C=S); "H NMR (300 MHz, CDCl3) &: 0.94-0.99 (m, 3H, -CH,-CH, CH,-
CH3), 1.36-1.39 (m, 2H, -CH,-CH; CH>-CHj), 1.61 (m, 2H, -CH,-CH, CH,-CH3), 2.36
(s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.16 (m, 2H, CHy—piperazine), 3.23 (m, 2H, CH,—
piperazine), 3.47 (s, 3H, 3-CH3), 3.78 (m, 4H, CH,—piperazine), 3.81 (s, 3H, O-CHj3),
3.84-3.89 (m, 2H, -CH,-CH, CH,-CH3), 4.40 (s, 2H, 5-CH>) 5.28 (s, 2H, O-CHj-); 6.89-6.94
(m, 5H, Ar-H), 7.21-7.31 (m, 4H, Ar-H); '*C NMR (75 MHz, CDCl3) &: 10.62, 11.23, 13.71,
20.05, 32.32, 36.22, 36.95, 42.16, 43.89, 46.12, 49.25, 49.72, 55.59, 56.94, 108.29, 111.78, 114.99,
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116.75, 120.71, 122.23, 124.91, 127.97, 128.87, 129.28, 148.24, 150.76, 152.55, 153.09, 159,13,
160.71, 165.58; HRMS (ESI-MS) (m/z): calcd. for C35HyNgO4S [L+Na]*: 693.2942; found:
693.2956.

8c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-[2-0x0-2-[4-[3-(triflouromethyl)
phenyl]piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[3,4-
dlpyridazin-4-one

Yield: 69.10%; m.p.: 114-117 °C;

FT-IR (selected lines, Ymax, cm™1): 2959, 2929, 2871 (C-H aliph.), 1644 (C=0); 'H NMR
(300 MHz, CDCls) 4: 0.94-0.99 (m, 3H, -CH,-CH,; CH,-CHj3), 1.33-1.41 (m, 2H, -CH,-CH;
CHj3-CH3), 1.62 (m, 2H, -CH>-CH, CH>-CH3), 2.36 (s, 3H, 7-CHj3), 2.66 (s, 3H, 5-CH3), 3.22
(m, 2H, CH,—piperazine), 3.29 (m, 2H, CH,—piperazine), 3.46 (s, 3H, 3-CH3), 3.81 (s, 3H,
0O-CH3), 3.84 (m, 4H, CHy—piperazine), 3.86-3.89 (m, 2H, -CH,-CH; CH>-CH3), 4.37 (s,
2H, 5-CH;) 5.28 (s, 2H, O-CHy-); 7.89-6.92 (m, 2H, Ar-H), 7.05-7.14 (m, 3H, Ar-H), 7.21-7.24
(m, 2H, Ar-H), 7.35-7.40 (m, 1H, Ar-H); 13C NMR (75 MHz, CDCl3) 5: 10.59, 11.21, 13.69,
20.03, 32.32, 35.86, 36.94, 41.98, 43.88, 45.92, 48.72, 49.14, 55.57 56.92, 108.30 111.79, 112.88,
114.99, 116.87, 119.39, 122.21, 124.91, 127.97, 128.90, 129.75, 131.42, 131.84, 148.22, 150.89,
152.62, 152.91, 159.12, 160.74, 165.72; HRMS (ESI-MS) (m/z): calcd. for C3gHy1 F3NgO4S
[L+Na]*: 761.2816; found: 761.2812.

9c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-[2-ox0-2-[4-[4-(methyl)pheny]]
piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-ylJmethoxy]pyrrolo[34-d] pyridazin-4-one

Yield: 67.44%; m.p.: 119-121 °C;

FT-IR (selected lines, ymax, cm™1): 3052, 3002 (C-H arom.), 2957, 2922, 2871 (C-H
aliph.), 1643 (C=0); 'H NMR (300 MHz, CDCl3) 8: 0.94-0.99 (m, 3H, -CH,-CH, CH>-CH3),
1.34-1.41 (m, 2H, -CH,-CHy CHy-CHj3), 1.59-1.61 (m, 2H, -CH,-CH, CH>-CHz), 2.28 (s,
3H, Ar-CH3), 2.36 (s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.10 (m, 2H, CHy—piperazine), 3.16
(m, 2H, CHy—piperazine), 3.46 (s, 3H, 3-CHj3), 3.78 (m, 4H, CH,—piperazine), 3.81 (s, 3H,
0-CHj3), 3.84-3.89 (m, 2H, -CH,-CH, CH>-CH3), 440 (s, 2H, 5-CH3) 5.28 (s, 2H, O-CH;-);
6.83-6.2 (m, 4H, Ar-H), 7.08-7.11 (m, 2H, Ar-H), 7.21-7.24 (m, 2H, Ar-H); 13C NMR (75
MHz, CDCl3) $:10.61, 11.22, 13.69, 20.04, 20.44, 32.32, 36.28, 36.95, 42.22, 43.88, 46.18, 49.81,
50.29, 55.58, 56.94, 108.30, 111.79, 114.99, 117.10, 122.22, 124.94, 127.97, 128.87, 129.79, 130.35,
148.24, 148.66, 152.54, 153.11, 159.13, 160.72, 165.54; HRMS (ESI-MS) (m/z): calcd. for
C36Hy4NgO4S [L+H]*: 685.3279; found: 685.3246.

3.2. Biological Evaluation
3.2.1. Cell Line and Conditions

Normal human dermal fibroblasts (NHDF) were purchased from Lonza and used
in bioassays between 7-12 passages. The cells were incubated in 5% CO,, 95% humidity
at 37 °C with morphology and confluence assessments twice weekly using EVOS FL
microscopy. The cells were passaged with TrypLE solution when the cell confluence was
greater than 70%. The cells were transferred to a tube and centrifuged at 1000 g for 5 min.
Then, the supernatant was removed, and the cells were resuspended in a fresh medium,
and the number of cells was counted using the Burcher chamber. Finally, the cells were
plated on the assay plates or reduced by about half and placed back in the culture flasks.
The NHDF cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) without
phenol red supplemented with 10% fetal bovine serum (FBS), 2 mM ultra-glutamine and
2 ug/mL gentamicin and streptomycin. The medium was stored at 4-8 °C for one month
or until used.

3.2.2. Tested Compounds

The tested compounds were dissolved in dimethyl sulfoxide (DMSO) to form 10 mM
stock solutions which were stored at —20 °C. These compounds were thawed immedi-
ately before the preparation of the bioassay concentrations. The concentration range of
10-100 uM was used, so the DMSO concentration did not exceed 1% at the higher concen-
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tration tested. The bioassay concentrations were prepared in DMEM without phenol red,
which was supplemented as a medium for traditional cultures, but with a reduced amount
of FBS to 5%.

3.2.3. Cyclooxygenase Inhibition Assay

The cyclooxygenase (COX) inhibition was evaluated using a ready-to-used test from
the Cayman company. In this study, the only 100 uM concentrations that were tested, each
in triplicate, for the obtained results were calculated ICsp—concentration, which inhibited
activity of COX-1 or COX-2 about 50% compared to 100% activity of these enzymes. In
these studies, Meloxicam, Diclofenac and Celecoxib were used as reference compounds.

3.24. MTT Assay

The assessment of cell viability after 24-hour incubation with the test compounds
was performed according to ISO 10993 Part 5 Appendix C. The cells were seeded at
10,000 cells per well and left in a CO, incubator overnight to allow the cells to adhere.
Non-adherent cells were removed with the medium, and freshly prepared concentrations
of test compounds were added for 24 h. During the last hour of 24-hour incubation, the
cells were assessed microscopically according to the ISO 10,993 scale for cytotoxicity. The
medium with the compounds was replaced with a 1 mg/mL MTT in phosphate buffered
saline (PBS) for 2 h at 37 °C. The solution was then gently removed and the purple crystals
dissolved in isopropanol, and the absorbance was measured at 570 nm with a VirusScan
microplate reader.

3.2.5. Anti-Inflammatory and Antioxidant Activity

To evaluate the anti-inflammatory and antioxidant activity of the tested compounds,
the MTT, DCE-DA and Griess assays were performed. In the first assay, the NHDF cells
were seeded at a density of 10,000 cells per well, and in the other assay, 40,000 cells per
well. After the cells adhered overnight, the supernatant with the non-adherent cells was
replaced with 50 pg/mL lipopolysaccharide (LPS) for 24 h. Next, the cells were washed,
and freshly prepared concentrations of the test compounds were added for 24 h. Then,
the culture plate was washed for MTT assay, and the procedure described in Section 3.2.4.
was used. To evaluate the free radicals scavenging of tested the compounds, the 50 uL
supernatant was transferred to a new plate. The rest of the supernatant was removed and
25 uM of DCF-DA solution in MEM without phenol red was added for 1 h at 37 °C to
measure the reactive oxygen species (ROS) and into collected supernatant 50 uM mixture
reagent A and reagent B in a volume ratio 1:1 for 20 min at RT in the dark to measure the
nitric oxide (NO). The ROS was measured at 498 nm excitation and 535 nm emission, and
NO at 548 nm using a VirusScan microplate reader.

3.3. Molecular Docking

The structure optimization was performed using the DFT/B3LYP method combined
with the 6-311+G (d,p) basis set. From the Protein Data Bank (http://www.rcsb.org,
accessed on 1 May 2021), the following crystal structure was selected for the docking
studies: 401Z, 4M11, 3V03. The ligand and receptor files were prepared using AutoDock
4.2.6 software and AutoDock Tools 1.5.6. All of the ligands and water molecules were
removed, and then polar hydrogen atoms and Kollman charges were added to the protein
structure. To prepare the ligand molecules, the partial charges were calculated, non-polar
hydrogens were merged, and rotatable bonds were assigned. The interactions with COX-1,
COX-2 and BSA were performed using AutoDock Script downloaded from The Scripps
Research Institute (TSRI). The centers of the grid boxes for COX-1 and COX-2 were set
according to the Meloxicam binding site in the crystal structure 401Z, 4M11. The centers of
the grid boxes for BSA were set according to the binding site I phenylbutazone (PDB ID:
2BXC) and site II [buprofen (PDB ID: 2BXG) on HSA [58]. The Lamarckian genetic algorithm
was selected for the conformational search. The running times of the genetic algorithm



Int. J. Mol. Sci. 2021, 22, 11235

33 0f 37

and the evaluation times were set to 100 and 2.5million, respectively. After the molecular
docking, the ligand-receptor complexes were further analyzed using Discovery Studio
software (http:/ /accelrys.com/, accessed on 1 May 2021).

3.4. Spectroscopic Studies
3.4.1. Fluorescence

The spectroscopic fluorescence studies were performed using a Cary Eclipse 500 spec-
trophotometer (Agilent, Santa Clara, CA, USA). A concentration of BSA was
1.0 x 10°® mol-dm 3. A solution of BSA was titrated by successive additions of
1.0 x 1073 mol-dm 2 solution of the studied compounds to give a final concentration
0f 0.2 x 1076-2.0 x 107% mol-dm 2. Experiments were carried out at three temperatures:
297, 303, and 308 K in pH = 7.4. The quenching spectra were recorded at excitation and
an emission wavelength of 280 nm and 300-500 nm. The molar ratio compound /BSA
was 0.1-2.0 with 0.2 steps. Binding site identification studies were indicated in the pres-
ence of the two site markers, Phenylbutazone (PHB) and Ibuprofen (IBP), as sites I and II
markers, respectively. Concentrations of BSA and site markers were set at 1.0 x 107¢ and
3.0 x 107% mol-dm~3, respectively.

3.4.2. Circular Dichroism

Circular dichroism (CD) spectra were measured on the Jasco J-1500 magnetic circular
dichroism spectrometer. All of the measurements for the BSA solutions in the absence and
presence of the analyzed compounds were made at room temperature under simulated
physiological conditions in pH 7.4, in phosphate buffer as a solvent. The CD spectra were
collected in the range of 205-250 nm at a scan rate speed of 50 nm min~!, with a response
time of 15, 10 mm path length, and were baseline corrected. The concentrations of BSA and
the analyzed compounds were 1 x 107¢ mol-dm 3 and 1 x 10~® mol-dm™?, respectively.
BSA performed experiments on each analyzed compound in molar ratios: 1:0, 1:0.5, 1:1, 1:5
and 1:10.

3.4.3. FT-IR Measurement

Infrared spectra were recorded on the Nicolet iS50 FT-IR (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a deuterated triglycine sulphate (DTGS) detector and
KBr beam splitter. The spectra were obtained at room temperature using the attenuated
total reflectance (ATR) method. The spectral data were recorded within 4000 to 600 cem !
with resolution 4 cm~?! and 100 scans were averaged for each spectrum.

Bovine serum albumin (Sigma Aldrich) was dissolved in an aqueous solution contain-
ing phosphate buffer (pH = 7.5) (Sigma Aldrich) to obtain 0.02 mol-dm™~! concentration.
The concentration of the studied compounds was 0.01 mol-dm~! andsolutions were pre-
pared in methanol (Chempur). The 200 uL solution of BSA was mixed with the appropriate
amount of the compounds solution to achieve 0.25, 0.50, 0.75 and 1.0 molar ratio and 10 uL.
of mixture was dropped on the crystal to register a spectrum.

The analysis of the secondary structure was proceeded by Omnic 9.3.30 (Thermo
Fisher Scientific Inc.) software. The analysis of the FT-IR spectra was evaluated by the Byler
and Susi procedure [56]. After normalization of each spectrum, the fragment with the peak
1650 cm™! was extracted, and a second derivate was made. The major peaks are character-
istic for the c-helix (1660-1650 cm 1), B-sheet (1640-1610 cm™1), f-turn (1691-1680 cm 1),
B-antiparallel (1660-1650 cm 1) and random coil (1650-1640 cm 1) [56,62-64]. The self-
deconvolution and curve-fitting by Gaussian function allowed for us to determine the
intensity and total area under peaks. The calculation of the percentage of area peaks
corresponds with the contribution of the type of structure.

3.5. Statistical Analysis

The biological results are shown again as the mean 4 SD of the ICsj in the cyclooxy-
genase inhibition assay and the E/Ey ratio in the remaining assays. E is the mean result for
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the compounds tested, and Ej is the mean result for the controls. For the viability assay,
Ej cells were incubated only with a medium without the test compounds. In assessing
the anti-inflammatory activity of the tested compounds, cells treated with only 50 ug/mL
LPS were controls. The statistical analyses were performed using the Statistica program.
One-way ANOVA and Tukey post-hoc analysis were calculated. The p-value was set at 0.05.

4. Conclusions

The present paper describes the design, synthesis and complex biological, computa-
tional and also spectroscopic studies of novel, three series of N-substituted-1,2,4-triazole-
based derivatives of pyrrolo[3,4-d]pyridazinone. The structures of the title compounds
were inspired by the results of our previous investigations and most recent literature re-
ports. Their formation relied on the molecular hybridization of the biheterocyclic scaffold of
pyrrolo[3,4-d]pyridazinone, N-substituted-1,2 4-triazole moiety and aryl piperazine phar-
macophore (Scheme 1, Figure 7). Our goal was to receive potent anti-inflammatory agents
with possibly the best affinity towards an inducible COX-2 isoform. The evaluation of the
viability revealed that five compounds 8a-c, 9b, 9c cause cell lysis and were excluded from
further examination. The results of in vitro COX inhibition assay indicate that molecules
4a-7a, 9a, 4b, 7b and 4c have good, comparable to Meloxicam, inhibitory activity towards
COX-2 isoenzyme and are characterized by a promising COX-2/COX-1 selectivity ratio.
Moreover, derivatives 4a, 6a, 9a and 4c acted as selective COX-2 inhibitors. These findings
were supported by the results of the molecular docking studies, according to which, new
molecules take position in the active site of COX-2 very similar to Meloxicam and did not
show an affinity to COX-1 isoform. What is more, the potential good anti-inflammatory and
antioxidant activity of the examined derivatives was confirmed in the performed in vitro
evaluation within cells. As it has already been stated, all molecules bind and interact with
serum albumin, which is the most abundant protein in blood. Some of them, especially
those belonging to series a, exert promising and beneficial properties in the executed in
silico ADME prediction.

Taking the above information into account, we can summarize that title N-substituted-
1,2,4-triazole-based derivatives of pyrrolo[3,4-d]pyridazinone can serve as promising and
valuable structures in the development of novel anti-inflammatory agents. Undoubt-
edly, further, extended investigations, especially in vivo experiments, concerning these
compounds are necessary. Moreover, based on the described biological, computational,
structure-activity relationship (SAR) and ADME study, we are going to perform rational
structural modifications of the reported derivatives in order to receive a new series of
potent and effective molecules.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /article/
10.3390/1jms222011235/s1: The structures of all reported compounds 2a-c-9a-c (Table S1), the H
and *C NMR (Table S2), ESI-MS (Table 53), FT-IR (Table S4), spectra of reported derivatives. Molec-
ular formula strings (CSV) (Table S5). BSA binding interactions—CD spectra (Table S6), FT-IR
spectra (Tables 57 and S8).
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