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RESUMO

Este estudo teve como objetivos investigar a sintese, a toxicidade in silico e in vivo, e o potencial
efeito vasodilatador, in silico e in vitro de um novo complexo de ruténio, cis-[Ru(bpy)2(2-
MIM)(NO2)]PF6 (bpy = 2,2"-bipiridina e 2-MIM = 2 -metilimidazol) (FOR711A), contendo
um derivado de imidazol. O programa PROTOX-II apresentou uma baixa toxicidade da classe
I1. Citotoxicidade, hepatotoxicidade, imunotoxicidade, mutagenicidade, nefrotoxicidade e
carcinogenicidade foram negativas para FOR711A no programa eMolTox. Uma DLso superior
a 175 mg/kg foi revelada em camundongos Swiss. FOR711A interagiu com sitios do dominio
B1H-NOX de guanilato ciclase soltvel (sGC) reduzida e oxidada, demonstrando distancias de
ligagdo mais curtas a diversos residuos e valores negativos de energia total. A rede biolégica e
a analise molecular de docking mostraram o envolvimento de proteinas vasodilatadoras. O
estudo preditivo revelou refratividade molar (RM): 127,65; Log Po/w = 1,29; area de superficie
polar topoldgica (TPSA): 86,26 A2; massa molar (MM) = 541,55 g/mol; baixa solubilidade, alto
indice de insaturacdo, alta absorcdo gastrointestinal; falha em atravessar a barreira
hematoencefalica e em reagir com as enzimas do citocromo P450 (CYP) CYP1A2, CYP2C19,
CYP2C9, CYP2D6 e CYP3A4. Apds o ensaio HET-CAM, o complexo FOR711A foi
classificado como ndo irritante (N.l.) e seu efeito vasodilatador foi confirmado pela maior
evidéncia de vasos sanguineos ap6s a administracdo e término do periodo de observacao de 5
minutos. Os efeitos vasorelaxantes foram analisados pela curva resposta de concentracdo para
FOR711A (0,01 a 30 umol/L) em anéis adrticos de ratos (n=6) na auséncia ou presenca de
endotélio e foram utilizados diferentes inibidores das vias de vasodilatacdo. O FOR711A foi
capaz de induzir relaxamento total nas preparacdes pré-contratadas com PHE, enquanto nas
preparacdes pré-contratadas com KCL o relaxamento foi parcial e, portanto, menos eficaz. Nas
preparacdes com PHE sem endotélio ocorreu relaxamento total dos anéis adrticos. O
relaxamento induzido por FOR711A foi significativamente reduzido na presencga do inibidor
de ODQ (1H-[1,2,4]-oxadiazolo-[4,3,-a]quinoxalin-1-ona) e parcialmente reduzido na presenca
de L-NAME (éster metilico de Nw-nitro-L-arginina) e hidroxocobalamina. FOR711A
apresentou baixa toxicidade e promoveu efeito vasodilatador pela estimulagdo/ativagdo da sGC
via NO/sGC/cGMP e da espécie parcialmente de NO (NOe) e 6xido nitrico sintase. Assim,
representando um composto em potencial para continuidade em futuros estudos pré-clinicos.

No entanto, os resultados indicam a necessidade de um veiculo para administrag&o oral.

Palavras-chave: complexos de ruténio; oxido nitrico; toxicidade; guanilato ciclase
soltvel; potencial vasodilatador; quimica medicinal.



ABSTRACT

This study aimed to investigate the synthesis, in silico and in vivo toxicity, and the potential
vasodilatory effect, in silico and in vitro, of a new ruthenium complex, cis-[Ru(bpy)2(2-
MIM)(NO2)]PF6 (bpy = 2,2-bipyridine and 2-MIM = 2-methylimidazole) (FOR711A),
containing an imidazole derivative. The PROTOX-II program showed low class Il toxicity.
Cytotoxicity, hepatotoxicity, immunotoxicity,  mutagenicity, nephrotoxicity and
carcinogenicity were negative for FOR711A in the eMolTox program. An LDso greater than
175 mg/kg was revealed in Swiss mice. FOR711A interacted with sites of the B1H-NOX
domain of reduced and oxidized soluble guanylate cyclase (sGC), demonstrating shorter
binding distances to several residues and negative values of total energy. Biological network
and molecular docking analysis showed the involvement of vasodilator proteins. The predictive
study revealed molar refractivity (MR): 127.65; Log Po/w = 1.29; topological polar surface area
(TPSA): 86.26 A2; molar mass (MM) = 541.55 g/mol; low solubility, high unsaturation, high

gastrointestinal absorption; failure to cross the blood-brain barrier and to react with the
cytochrome P450 (CYP) enzymes CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4,

After the HET-CAM assay, the FOR711A complex was classified as non-irritating (N.I.) and
its vasodilating effect was confirmed by the increased evidence of blood vessels after
administration and the end of the 5-minute observation period. The vasorelaxant effects were
analyzed by the concentration response curve for FOR711A (0.01 to 30 pumol/L) in rat aortic
rings (n=6) in the absence or presence of endothelium and different inhibitors of vasodilation
pathways were used. FOR711A was able to induce total relaxation in preparations pre-
contracted with PHE, while in preparations pre-contracted with KCL the relaxation was partial
and therefore less effective. In preparations with PHE without endothelium, there was total
relaxation of the aortic rings. FOR711A-induced relaxation was significantly reduced in the
presence of the ODQ inhibitor (1H-[1,2,4]-oxadiazolo-[4,3,-a]quinoxalin-1-one) and partially
reduced in the presence of L-NAME (No-nitro-L-arginine methyl ester) and
hydroxocobalamin. FOR711A showed low toxicity and promoted a vasodilatory effect by
stimulating/activating sGC via NO/sGC/cGMP and the partially NO species (NOe®) and nitric
oxide synthase. Thus, representing a potential compound for continuity in future pre-clinical

studies. However, the results indicate the need for a vehicle for oral administration.

Keywords: ruthenium complexes; nitric oxide; toxicity; soluble guanylate cyclase;

vasodilator potential; medicinal chemistry.
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1 INTRODUCAO

Nas ultimas décadas, as Doencgas Cardiovasculares (DCV’s) (p. ex. doenga cardiaca
isquémica e acidente vascular cerebral) permanecem em destaque como sendo as principais
causas de mortes no mundo. Cerca de 45% de todas as mortes por Doengas Cronicas N&o
Transmissiveis (DCNT) no mundo, mais de 17 milhdes, séo causadas por DCV, sendo similar
ao observado no Brasil, onde 72% das mortes resultam de DCNT, sendo 30% devidas a DCV
e 16% a neoplasias. Segundo a Organizagdo Mundial de Saide (OMS), mais de 18,6 milhdes
de pessoas morreram por DCV’s por ano, entre as principais causas: tabagismo, diabetes
mellitus, hipertensdo e obesidade, polui¢do do ar e condi¢cbes menos comuns, como doenca de
Chagas e amiloidose cardiaca (WORLD HEALTH ORGANIZATION, 2019; OPAS, 2021).

O oxido nitrico (NO) € uma molécula chave de sinalizacdo que esta envolvida na
regulacdo de uma variedade de processos bioldgicos e fisiologicos em mamiferos. Apresenta
um carater inorganico, gasoso e incolor sendo responsavel por muitas atividades fisioldgicas
intra e extracelulares, além de possuir um comprovado fator de relaxamento do endotélio que é
objeto de muitos estudos atualmente (BONAVENTURA et al., 2004).

A vasodilatacdo mediada pelo NO é intermediada por uma vasta gama de estimulos,
como: estresse de cisalhamento gerado pelo arrasto viscoso de sangue na superficie da célula
endotelial, hormonios circulantes (catecolaminas, vasopressina), constituintes do plasma
(trombina), produtos plaquetarios (5-HT) e mediadores quimicos produzidos localmente
(bradicinina) (KERR; TAM; PLANE, 2011). Este ativa a enzima dependente de heme —
Guanilato Ciclase soluvel (sGC) — nas células musculares lisas vizinhas, levando a formacao
de Monofosfato ciclico de Guanosina (cGMP), que leva ao relaxamento das células musculares
lisas vasculares (CMLV’s) (IGNARRO, 2019).

Segundo a Sociedade Brasileira de Cardiologia (SBC), a ineficiéncia funcional de
NO pode conduzir ao desenvolvimento de diversas doencas: cardiovasculares (p. ex. infarto),
pulmonares (p. ex. hipertenséo pulmonar), disfuncdo endotelial e insuficiéncia renal cronica e
hepatica (SBC, 2018). Também relatado casos de disfuncgéo erétil (EVGENOV et al., 2006).
Na década de 50, os complexos de ruténio foram primeiramente divulgados (DWYER et al.,
1952) e desde entdo tém sido alvo de diversos outros estudos que evidenciam aliberacdo
de NO, tais como, os complexos nitrosilos de ruténio. Estes apresentam varias caracteristicas

quimicas e biologicas atraentes, dentre as quais de liberarem NO por redugdo quimica
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(BONAVENTURA et al., 2004) e por irradiacdo luminosa (FEREZIN et al., 2005; LUNARDI
et al., 2006). Ademais, complexos de ruténio sdo atraentes, também, como potenciais agentes
terapéuticos devido a sua baixa toxicidade (FRICKER et al., 1997; DeLEO; FORD, 2000) e
seu potencial terapéutico, como por exemplos: antitumorais, antimalaricos e como reguladores
da presséo arterial (KARIDI et al., 2006; CAMPELO et al., 2012; EKENGARD et al., 2015).

No que se refere & disfuncdo endotelial, a causa principal é um distarbio da via NO-
sGC-cGMP, embora existam 0s mecanismos subjacentes sendo estes, multifatoriais. Poucos
compostos candidatos a ativacdo ou inibicdo direta dessa via existem; uma vez que muitos
estudos ainda se concentram no desenvolvimento de farmacos doadores de NO, ou em etapas
subsequentes da sua cascata de eventos (como inibidores de Fosfodiesterases - PDEs - ou
moduladores de canais i6nicos).

Assim, o desenvolvimento de novos compostos vasorrelaxantes capazes de ativar
diretamente um alvo definido (sGC) e por vias independentes do NO é uma necessidade médica
importante e inovadora; tendo em vista as limitagcdes dos compostos doadores de NO, tais como
taquicardia reflexa, dependéncia de biometabolismo, liberacdo de compostos tdxicos,
desenvolvimento de tolerancia apds uso prolongado e interac6es ndo especificas do NO com
outras biomoléculas.

O ruténio apresenta diferentes estados de oxidagdo que permitem a ligacdo com
uma grande variedade de ligantes, tais como, substancias biologicamente ativas, ou compostos
gue modulam as propriedades farmacocinéticas ou farmacodindmicas (YAN et al., 2005). A
semelhanca com o ferro permite que o ruténio interaja com moléculas bioldgicas, como a
albumina e a transferrina, que sdo proteinas transportadoras e permitem a distribuicao corporal
(TFOUNI et al., 2012).

A habilidade dos complexos nitrosil-ruténio (RuUNO) tem despertado muito
interesse no estudo de suas propriedades visando uma aplicabilidade clinica. Estes possuem
formas ativas estaveis e de baixa toxicidade em condi¢des fisioldgicas e atuam como captadores
ou liberadores de NO; consequentemente podendo atuar como farmacos no tratamento de
doencas como a hipertenséo arterial sistémica.

A sintese de novos compostos com estabilidade redox e com propriedades
fotofisicas desejaveis tem sido realizada com o uso de compostos derivados do sistema cis-
bisbipiridina de ruténio (I1). A adigdo de ligantes imidazdlicos ao centro metalico desses
compostos tem como objetivo melhorar suas propriedades farmacoldgicas, uma vez que esses
ligantes estdo presentes no grupo farmacoférico de varios farmacos utilizados clinicamente,

como a azatioprina, cimetidina, dacarbazina, eberconazol, megazol, ornitazol, entre outros



(GOUVEIA-JUNIOR, 2017).
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2 OBJETIVOS

2.1 Objetivo Geral

Realizar a sintese, a caracterizagdo, estudos in silico e atividades bioldgicas (in vitro

e in vivo) de um novo nitro complexo de ruténio (FOR711A).

2.2 Objetivos Especificos

v" Descrever a sintese e a caracterizacdo do FOR711A.

v" Realizar previsdo de DL50 e andlise de Citotoxicidade, Hepatotoxicidade, Imunotoxicidade,
Mutagenicidade, Nefrotoxicidade e Carcinogenicidade do FOR711A.

v" Verificar o potencial efeito vasodilatador do FOR711A através da avaliacdo in silico com a
utilizacdo de docking molecular utilizando proteinas do dominio f1 H-NOX da sGC reduzida
e oxidada, NOS1, GUCY1A3 e RSB2.

v" Realizar a previsao das propriedades farmacocinéticas do FOR711A através de simulacdes
computacionais.

v Promover ensaios in vitro do potencial de irritacdo aguda do FOR711A utilizando a
membrana corioalantdica do ovo de galinha (HET-CAM).

v Investigar em ensaios ex vivo o potencial vasorrelaxante do FOR711A e o envolvimento da
vias NO/GCs/GMPc em preparac6es isoladas de aorta de ratos.

v' Avaliar a toxicidade intraperitoneal aguda in vivo promovida pelo FOR711A através da
investigacdo da dose letal mediana (DLso).

v’ Caracterizar as alteracdes morfoldgicas renais e hepaticas desencadeadas pelo FOR711A.



20

3 REVISAO DE LITERATURA

3.1 Mdsculo Liso Vascular

O musculo liso é dividido em dois principais tipos: 0 Musculo Liso Multiunitario
(MLM) e o Mdsculo Liso Unitério (FIGURA 1). As fibras do MLM s&o capazes de se contrair
independentemente das outras e sdo controladas, em grande parte, por sinais neurais. Alguns
exemplos de MLM séo: as fibras musculares lisas do musculo ciliar do olho, a iris do olho e 0s
musculos piloeretores (GUYTON; HALL, 2017; AKATA, 2007).

Figura 1. Masculo liso multiunitario e unitario.
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Fonte: Adaptado de Guyton; Hall (2017).

Células musculares lisas vasculares (CMLV's) sdo fusiformes e compostas por
fibras contrateis pequenas, usualmente com didmetro médio de 5 pm e comprimento de 200
pm. Apresentam grande ntcleo central circundado por um conjunto abundante de complexo
golgiense e reticulo endoplasmatico, com o citosol e a membrana plasmaética se afinando em
direcdo aos polos (GUYTON; HALL, 2017). Este reticulo endoplasmatico compreende cerca
de 5% do volume celular total e foi modificado para permitir a liberagdo e a recaptacio de Ca®"
sendo denominado reticulo sarcoplasmatico (WILSON, 2011). A estrutura dos vasos em forma
de tubo e a disposicdo das células em circunferéncia permite que a luz do vaso reduza no

momento da contragcdo muscular. Esta musculatura é capaz de se manter contraida por longos
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periodos com um baixo consumo energético, o que é fundamental para funcGes vasculares
bésicas tais como, o ténus, permitindo assim o controle da pressdo arterial. A contracao
muscular lisa ocorre em resposta a estimulos elétricos ou quimicos que aumentem a
concentracdo de calcio intracelular, sem que haja necessariamente uma alteracdo do potencial
de membrana (SHIMOKAWA; SATOH, 2014).

A CMLYV é capaz de se contrair em resposta a estimulagdo externa, desempenhando
papel critico na regulacdo das funcBes do sistema cardiovascular, como a manutencdo da
pressdo arterial e a distribuicdo do fluxo sanguineo no organismo (TANG, 2018). A unidade
contrétil deste tipo celular é composta por filamentos finos de actina e filamentos espessos de
miosina (em razdo de 15:1) juntos a corpos densos (POLLARD, 2016). As juncbes de ponta a
ponta que conectam estas células contém juncGes comunicantes que promovem a adesdo das
membranas celulares em multiplos pontos. Estas fazem com que potenciais de acdo ou o simples
fluxo livre de ions sem potenciais de acdo passem de uma fibra para a seguinte, causando
contragdo conjunta, como um sincicio (GUYTON; HALL, 2017).

O potencial de acdo da CMLV é um evento lento e impreciso quando comparado
ao de células do musculo estriado esquelético e cardiaco (RANG et al., 2016). A contratilidade
da CMLV é controlada por mediadores secretados por horménios circulantes, por nervos
simpaticos e pelo endotélio vascular. Esta é regulada pela concentracdo intracelular de Ca?* e
mecanismos de sensibilizacdo a este ion, como o grau de fosforilagdo das proteinas contrateis
(FILO; BOHR; RUEGG, 1965; SOMLYO; SOMLYO, 2003).

Existem diversos tipos de canais para Ca®*, sendo aqueles presentes na membrana
plasmatica, as principais vias pelas quais este ion entra nas CMLV’s. Podem ser citados dois
principais: os canais para Ca2* dependentes de voltagem (VDCC) e os canais para Ca* operados
por receptor (ROCC) (AKATA, 2007a; WEBB, 2003).

Quando ha ativacdo dos VDCCs, ha influxo de Ca?* e contracio da CMLYV,
mecanismo denominado acoplamento eletromecénico. Os principais canais deste tipo sdo os de
longa duracdo ou tipo L (BURDYGA; PAUL, 2012). Para aumentar o influxo de Ca?*, estes
canais podem ser abertos diretamente pela despolarizagdo da membrana através de altas
concentracOes extracelulares de K* ou indiretamente através de alguns agonistas (THAKALI et
al., 2012).

Quando ha ativacdo dos ROCCs por agonistas que ativam receptores na superficie
da membrana, ocorre o influxo de Ca?*, liberagcdo deste ion do reticulo sarcoplasmatico e
contragdo da CMLV. Este mecanismo € denominado acoplamento farmacomecéanico

(BURDYGA,; PAUL, 2012). O principal mecanismo aqui envolvido é relacionado a ativagdo
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da fosfolipase C (PLC) por receptores acoplados a proteina G (GPCRs) e producdo de dois
segundos mensageiros, o trifosfato de inositol (IP3) e o diacilglicerol (DAG). O IP3, entdo, se
difunde para o citosol e abre canais para Ca?* no reticulo sarcoplasmatico, liberando o Ca?*
armazenado (AKATA, 2007a).

Com a elevagdo na concentragéo intracelular de Ca®* devido a estes fatores, ocorre
ativacdo de uma proteina ligante de Ca?* chamada calmodulina (CaM), que se liga a quatro
destes fons. Isto leva a sua alteragdo conformacional e forma o complexo Ca?*- CaM, que
medeia a ativacdo da enzima miofilamentar ligada a actina, a miosina quinase de cadeia leve
(MLCK), ao expor o seu sitio catalitico. Esta, por sua vez, provoca a fosforilagdo da cadeia leve
da miosina (MLC20), um passo critico na contragdo da musculatura lisa. Este evento causa uma
mudanca conformacional na cabeca da miosina e permite a interacdo desta com a actina,
iniciando o ciclo de pontes cruzadas e a contracdo celular (FIGURA 2) (AKATA, 2007a;
VETTERKIND; MORGAN, 2012; WEBB, 2003).

Figura 2. Regulacédo da contracdo do musculo liso.
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Fonte: Adaptado de Cunha (2013).

Legenda: Representacdo esquematica da contracdo do musculo liso. PLC, fosfolipase C; PIP2, fosfatidilinositol
4,5-bifosfato; IP3, inositol 1,4,5-trifosfato; IP3; R, receptor para inositol 1,4,5-trifosfato; CICR, liberacéo de calcio
induzida por calcio; RyR, receptor de rianodina; RS, reticulo sarcoplasmatico; DAG, diacilglicerol; PKC, proteina
quinase C; Cav, canal para calcio sensivel a voltagem; 1[Ca2+]i, aumento da concentrag@o de calcio intracelular;

CaM, calmodulina; MLCK, quinase da cadeia leve de miosina. Fonte: CUNHA, 2013.
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O relaxamento do musculo liso acontece por conta da diminuicdo da concentracdo
de Ca?* intracelular e do aumento da atividade da miosina fosfatase de cadeia leve (MLCP),
responsavel pela desfosforilacdo da MLC20 e a consequente perda da interacdo entre a actina e
amiosina com atenuacao do ciclo de pontes cruzadas. (PFITZER, 2001; SOMLYO; SOMLYO,
2003). A simples remogdo do Ca?* citosolico através da ativacio de Ca?* - ATPases de
membranas plasmaticas (PMCA); trocadores de Na'/Ca** e Ca?*-ATPases de reticulo
sarco/endoplasmatico (SERCA) dependentes de energia; e a ativacdo de canais para K*
presentes na membrana plasmatica ndo causam diretamente o relaxamento, mas interrompem a
fosforilagcéo de MLC20 (AKATA, 2007b; VETTERKIND; MORGAN, 2012; WILSON, 2011).
Diferentes agentes farmacologicos podem inibir, direta ou indiretamente, a entrada celular de
Ca?* por meio de hiperpolarizago através dos VDCCs; ou aumentar a concentracéo intracelular
de nucleotideos ciclicos (AKATA, 2007a, 2007b).

3.2 Endotélio e Tonus Muscular

O endotélio vascular é um revestimento da superficie luminal de todos os vasos
sanguineos, localizado entre a corrente circulatoria e o musculo liso vascular (MEHTA;
MALIK, 2006).

O tecido endotelial, inicialmente, era tido como uma camada de revestimento por
onde substancias eram difundidas, realizando as trocas entre o sangue e as células
circunvizinhas. Hoje, é notéria a participacdo do endotélio no processo de contracdo e
relaxamento do vaso produzindo uma gama de substancias vasoativas como 0s prostandides,
NO, peptideos, fatores de hiperpolarizacao derivados do endotélio, entre outros (CUNHA et al.,
2013).

E reconhecido como um o6rgdo dindmico com funcdes protetoras, sintéticas,
secretoras, metabdlicas e imunoldgicas, como a manutencdo do equilibrio fisiolégico do
microambiente, troca de nutrientes, reacGes de defesa do hospedeiro e vasodilatacéo
(BARBATO; TZENG, 2004; CIBOR et al., 2016).

O endotélio vascular é classificado como um epitélio pavimentoso simples, por
possuir um tUnico estrato de células planas e longas, tendo em média 20 a 40 pum de
comprimento, 10 a 15 um de largura e apenas 0,1 a 0,5 um de espessura, orientadas ao longo
do eixo dos vasos sanguineos. (CAHILL; REDMOND, 2016; SUN et al., 2016). Constituem,
assim, uma barreira fisica ininterrupta entre 0os compartimentos intra e extravascular que ndo

controla apenas o transito de pequenas e grandes moléculas, mas também mantém a estrutura
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da parede vascular (FELETOU; VANHOUTTE, 2006; SU, 2015).

As células endoteliais também se comunicam diretamente com as CMLVs via
juncbes de comunicacdo. Por conseguinte, permitem a propagacao dos estimulos gerados e a
transferéncia ibnica (de Ca?*, por exemplo) ou de pequenas moléculas, como os nucleotideos
ciclicos: cAMP (monofosfato ciclico de adenosina) e cGMP (FELETOU; VANHOUTTE,
2006).

As células endoteliais medeiam funcBes que incluem a manutencdo da fluidez
sanguinea, a regulacédo de inflamacéo e da resposta imune, e a neovascularizacdo. O endotélio
desempenha papel-chave em outros quatro fatores: angiogénese, resposta inflamatdria,
homeostase e tonus vascular (KERR; TAM; PLANE, 2011). Essa camada é suscetivel a
estimulos fisioldgicos como o estresse de cisalhamento, exercido pelo fluxo sanguineo sobre as
células endoteliais, e também a alteragdes quimicas, como variacbes de pH (CAHILL;
REDMOND, 2016; CIBOR et al., 2016).

O endotélio é caracterizado como o 6érgdo mais importante no controle da
homeostasia vascular local (LUSCHER; SEO; BUHLER, 1993; RANG et al., 2016), através da
sintese e secrecdo de diversos fatores vasorrelaxantes, tais como: prostaciclina (PGI2),
prostaglandina E2 (PGE2), peptideo natriurético atrial (ANP), peptideo natriurético C (CNP),
fator de hiperpolarizacao derivado do endotélio (EDHF), peréxido de hidrogénio (H202) e NO;
e de fatores vasoconstritores: tromboxano A2 (TXAZ2), isoprostanos, anions superoxidos,
endotelina-1 (ET-1) e angiotensina Il (Ang II).

Moncada e colaboradores (1976) descobriram a PGI2, inicialmente identificada
como PGX, tornando-se o primeiro fator relaxante derivado do endotélio. E produzida pelas
células endoteliais a partir do &cido aracddnico e causa vasodilatacdo por aumentar os niveis de
CAMP, além de diminuir a agregacao plaquetaria ao ativar a Adenilato Ciclase (AC). Participa
ativamente, em conjunto com o NO, de muitas das funcOes protetoras exercidas pelo
endotélio intacto e exerce potente efeito antiaterogénico, prevenindo a adesdo e a agregacao
plaquetaria (WESTFELT et al., 1995).

A PGE2 ¢ um vasodilatador direto sintetizado pelas células endoteliais dos
microvasos que também inibe a liberac@o de noradrenalina das terminacgdes nervosas simpaticas
e ndo apresenta o efeito plaquetario da PGI12 (RANG et al., 2016).

Os peptideos natriuréticos sdo uma familia de peptideos distintos geneticamente
(CHEN; BURNETT Jr, 2006). O ANP se liga ao Receptor Peptideo Natriurético A (NPR-A),
0 qual apresenta atividade de GC ligado a membrana, e ao estimulé-lo, induz a producdo do
cGMP intracelular, a partir do trifosfato de guanosina (GTP), necessario aos efeitos fisiologicos
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dos mesmos (MORO; LAFONTAN, 2013). Um dos principais efeitos vasculares é o
relaxamento da CMLV e aumento da permeabilidade vascular. Este aumento contribui para a
hipovolemia, promovendo redistribuicdo das proteinas plasmaticas e do fluido do espaco
intravascular para o espaco intersticial (CURRY, 2005).

Peptideos vasoativos, como o CNP, também é secretado pelo endotélio e assim
como a endotelina sdo importantes vasoconstrictores (RANG et al., 2007).

O EDHEF foi descoberto em 1980 por Furchgott e Zawadzki e, posteriormente, foi
associado a inibicdo da proliferacao e migracdo de CMLVs, a adesao leucocitaria e a agregacgéo
plaquetéria, além de mediar o relaxamento da musculatura lisa vascular (FURCHGOTT;
ZAWADZKI, 1980; RANG et al., 2007). O EDHF tem identidade quimica incerta, entretanto,
acredita-se que pode ser: 0 CNP; o sulfeto de hidrogénio (H2S), o Acido Epoxieicosatrienoico
(EET) sintetizado a partir do acido araquidénico por uma isoforma do citocromo P450; uma
propagacao eletrotnica da hiperpolarizacdo do endotélio para a CMLV através de juncoes
intercelulares; ou o K* liberado do endotélio, que hiperpolariza paradoxalmente a CMLV ao
ativar canais KIR (BELTOWSKI; JAMROZ-WISNIEWSKA, 2014; EDWARDS; FELETOU;
WESTON, 2010; CUNHA et al., 2013; ' EMMANUELE et al., 2015; RANG et al., 2016).

As endotelinas sdo uma familia de peptideos, dos quais existem trés membros: ET-
1, ET-2, ET-3 (YANAGISAWA et al, 1988). As células endoteliais produzem
constitutivamente apenas ET-1, um potente vasoconstritor que induz vasoconstricdo de longa
duracdo mais potente inclusive que outros peptideos vasoconstritores, como a Ang Il (KERR;
TAM; PLANE, 2011; MIYAUCHI; SAKAI, 2018).

As espécies reativas de oxigénio (ROS) sdao moléculas que contém O, num estado
altamente reativo com alta capacidade oxidativa. Como exemplos de ROS, podemos citar: 0
radical hidroxil (OH"), o superoxido (O2™) peroxinitrito (ONOO™) e o H,0, (FELETOU;
VANHOUTTE, 2006). Sua formacdo enddgena se inicia pela redugdo incompleta do O:
molecular por enzimas que incluem a xantina oxidase, dxido nitrico sintase (NOS), NADPH
oxidase, monoxigenases do citocromo P450 e enzimas da cadeia respiratéria mitocondrial. A
producdo das ROS se da em condi¢Bes normais e de estresse, como inflamagdo ou lesdo e é
controlada por mecanismos antioxidantes que limitam sua acdo por elimina-las ou repararem
modificagdes oxidativas potencialmente danosas a célula (MIZUNO; JACOB; MASON, 2010).

As substancias antioxidantes que controlam os efeitos celulares deletérios das ROS
sdo: a superoxido dismutase (SOD), catalase e a glutationa peroxidase, o acido ascorbico,
NADPH/NADP* e NADH/NAD" (ANSELM et al., 2007; ANOZIE et al., 2007; CAMPANA
et al., 2009).
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3.2.1 Fisiopatologia da Disfungéo Endotelial

Fisiologicamente, existe um equilibrio entre a liberacdo dos fatores vasoativos que
regulam o tonus vascular e a hemostasia, sendo a producdo dos fatores relaxantes, mais
importante e predominante sobre o efeito dos agentes contrateis. Um complexo evento
fisiopatologico estd envolvido no comprometimento do endotélio que insere tanto o aumento
da ativacdo das células endoteliais como o inicio da disfuncédo dessas células dando origem a
chamada “disfun¢ao endotelial” (CARVALHO et al., 2001; INCALZA et al., 2018).

A disfuncéo endotelial, no que se refere a histologia, é decorrente de uma série de
lesbes causadas pelo estresse de cisalhnamento em todas as camadas do masculo liso vasular
(JIANG et al., 2015).

O dano endotelial é complementar a uma variedade de estimulos, que resulta na
perda da integridade endotelial, disfuncdo da barreira e regulagdes atipicas de vasodilatacdo e
vasoconstric¢do, conduzindo a alterages do ambiente vascular (SUN et al., 2016).

As camadas do musculo liso vascular passam a apresentar alteragdes ultraestruturais
celulares além da perda progressiva de elasticidade (através da permuta entre elastina e
colageno, levando ao enrijecimento da parede vascular). Isto causa remodelamento capilar e
venular com proliferagdo de ceélulas endoteliais, prejudicando a mecénica vascular e
comprometendo a hemodindmica cardiaca e sistémica, que afeta a perfusdo de 6rgaos,
resultando na ocorréncia de eventos cardiovasculares e alta incidéncia de mortalidade (ZHANG
etal., 2017; CASTELLON; BOGDANOVA, 2015; CIBOR et al., 2016).

Dessa forma, a perda da funcdo endotelial é um fator importante em processos
fisiopatoldgicos associados a hipertensdo, insuficiéncias cardiaca e renal, senescéncia,
aterosclerose, sindrome coronariana, coagulacdo intravascular, hiperglicemia, obesidade,
diabetes tipo I e Il, hipercolesterolemia, hiper-homocisteinemia, vasculite, trauma e sepse
(FELETOU; VANHOUTTE, 2006; SUN et al., 2016).

A principal causa da disfungdo endotelial, apesar de outros mecanismos estarem
relacionados, parece ser um distdrbio da via do NO — sGC. Assim, a maioria das doengas
cardiovasculares € acompanhada de disfuncdo endotelial causada pela reducdo da
biodisponibilidade do NO, alem da disfuncdo do toénus simpéatico somados a prépria injdria
vascular (MONICA; BIAN; MURAD, 2016; SCHADE; KOTTHAUS; CLEMENT, 2010),
levando ao acUimulo de fatores vasoconstritores, ateromatosos, pro-coagulantes e pro-
mitogénicos, tais como: ET-1, Ang Il, fator de von Willebrand (VWF), moléculas de adeséo

celular (CAMs), prostanoides, citocinas e ROS (como os anions superoxidos) (PUDDU et al.,
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2000).

Portanto, em sintese, quatro mecanismos estdo envolvidos na disfun¢do endotelial:
a reducdo da sensibilidade do musculo liso vascular ao NO/PGI2 e/ou EDHF; a reducdo na
liberacdo de NO/PGI2 e/ou EDHF; a disfuncdo na via de transducdo de sinais dos fatores
relaxantes endoteliais; e o aumento da producdo de PGH2, TXA2, ET-1 e/ou anions
superdxidos. Esses mecanismos podem ser revertidos através da terapia de reposicdo de NO
(CARVALHO et al., 2001; SCHADE; KOTTHAUS; CLEMENT, 2010).

3.3 Oxido Nitrico

O NO ¢é uma molécula-chave de sinalizacdo de origem enddgena ou exdgena
facilmente difundivel através da membrana plasmatica, responsavel pela regulacdo de diversos
processos enddgenos fisiopatoldgicos, mecanismos fisioldgicos tais como, controle da presséo
sanguinea, neurotransmissdo, resposta imunoldgica, analgesia e acdo antioxidante (CURY et
al., 2011) e pela manutencdo da homeostase vascular nas células endoteliais
(BONAVENTURA et al., 2007; INCALZA et al., 2018; MILLER; MEGSON, 2007). E um
radical livre de curta duracdo, altamente lipossolUvel, que permeia livremente todas as
membranas e reage prontamente com O e outros radicais, como espécies de enxofre e ferro
(IGNARRO, 2019).

Em 1977, o grupo de Ferid Murad demonstrou que NO exdgeno (advindo da
nitroglicerina e do nitroprussiato de sodio) era capaz de ativar a sGC, promovendo
vasorrelaxamento (ARNOLD et al., 1977), visto que o NO enddgeno ainda era desconhecido.
A existéncia da molécula enddgena s6 veio a ser esclarecida em 1980. Robert Furchgott e John
Zawadzki, através de um erro experimental, verificaram que a acdo da acetilcolina — ora
vasoconstritora, ora vasodilatadora — era de relaxamento apenas em vasos gque continham o
endotélio integro (FURCHGOTT; ZAWADZKI, 1980).

A existéncia de um fator relaxante derivado do endotélio (EDRF) foi postulado em
1982, através de diversos experimentos, demonstrou ndo ser um prostanoide, porém, ser
difusivel e dependente de ions de Ca?* (FURCHGOTT, 1983). A partir das evidéncias que o
relaxamento obtido pelo EDRF era seguido de um aumento na concentra¢do de cGMP, sua a¢ao
era inibida pelo azul de metileno e este podia ser destruido por anions superdxidos e outros
radicais livres; foi observado que o EDRF tinha muitas caracteristicas similares as dos
nitrovasodilatadores (HOLZMANN, 1982; IGNARRO et al., 1990).
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Portanto, em 1986, foi proposto por Robert Furchgott e Louis Ignarro que o EDRF
seria 0 NO. O reconhecimento mundial se deu em 1992, quando o NO foi reconhecido como a
“molécula do ano” pela revista Science (GAO, 2010). Posteriormente, em 1998, Robert
Furchgott, Louis Ignarro e Ferid Murad recebem o Prémio Nobel de Fisiologia ou Medicina por
"suas descobertas sobre o Oxido nitrico como uma molécula de sinalizacdo no sistema
cardiovascular” (IGNARRO, 2019).

O NO é uma molécula formada a partir da L-arginina, através de uma reacdo
catalisada por uma familia de enzimas denominadas 6xido nitrico sintase (NOS) que estdo
distribuidas em varios 6rgaos, como coracao, pulmdes e estbmago (AKIMOTO et al., 2000). A
NOS utiliza como substrato o NADPH e o0 O e oxida o grupo guanidina da L-arginina, em
processo que consome cinco elétrons e resulta na formagdo do NO com quantidade
estequiométrica de L-citrulina (Moncada et al., 1991). Diversos cofatores e grupos prostéticos
estdo presentes na atividade da NOS, dentre eles: flavina adenina dinucleotideo (FAD),
flavina adenina monucleotideo (FMN), ferro, zinco e o (6R)-5,6,7,8-tetrahidro-L-biopterina
(BH4) (Knowles; Moncada, 1994; Forstermann et al., 1994; Forstermann; Kleinert, 1995).
Existem trés isoformas de NOS, denominadas de: NOS neuronal (nNOS ou NOSI,
proteina de 150 kDa, codificada pelo gene NOS1), NOS induzivel (iNOS ou NOS2, proteina
de 135 kDa, codificada pelo gene NOS2) e NOS endotelial (eNOS ou NOS3, proteina de 135
kDa, codificada pelo gene NOS3), cada qual codificada por diferentes genes (Stuehr et al.,
2004).

Tanto a eNOS como a nNOS sdo denominadas de NOS constitutivas (CNOS), pois
estdo normalmente expressas nas células e atuam de modo dependente de calcio e de
calmodulina para sua acdo. O NO formado através da eNOS regula o tébnus vascular, previne a
adesdo dos leucdcitos e das plaquetas e desempenha importante papel na regulacdo da
reatividade vascular, no desenvolvimento e na progressdo da aterosclerose, enquanto que o
NO formado a partir da nNOS atua como neurotransmissor e/ou neuromodulador no sistema
nervoso central e no periférico (DIAS; NEGRAO; KRIEGER, 2011; ALDERTON; COOPER;
KNOWLES, 2001; FORSTERMANN; SESSA, 2012; GARCIA; SESSA, 2019).

A identificacdo das isoformas de NOS e a subsequente caracterizagdo dos
mecanismos de ativacao celulares das enzimas possibilitaram tanto a compreenséo de parte das
interacOes fisioldgicas como a compreensdo de parte dos mecanismos de doenca, na qual o NO
esta envolvido (DIAS; NEGRAO; KRIEGER, 2011).

O mecanismo de ac¢éo do NO, de modo geral, envolve a sua ligagdo na por¢éo heme

da sGC, induzindo uma mudanca conformacional que leva a enzima a sintetizar 3°,5’
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monofosfato guanosina ciclico (cGMP) a partir do trifosfato de guanosina (GTP)
(DERBYSHIRE; MARLETTA, 2012). O aumento da concentracdo de cGMP ativa a proteina
quinase G, responsavel pela fosforilagdo e consequente ativacdo dos canais de Katp
(SANTANA et al., 2015; STAURENGO-FERRARI et al., 2013a). (FIGURA 3)

Figura 3. Formagéo do Oxido Nitrico (NO) a partir da ativagio de 6xido nitrico sintase (NOS)

e a ativagdo da Guanilato Ciclase soluvel (sGC).

ppg  Canais ionicos
controlados por cGMP

Fonte: Adaptado de Derbyshire, E.R.; Marletta M.A (2012).
Legenda: Esquema mostrando a formagao do 6xido nitrico (NO) a partir da ativacdo de dxido nitrico sintase (NOS)
e a ativagdo da guanilato ciclase solivel (sGC) a qual converte a guanosina trifosfato (GTP) em guanosina

monofosfato ciclico (cGMP).

3.3.1 Via Guanilato Ciclase — GMP Ciclico — Proteina Quinase G

A GC é encontrada em duas formas principais: particulada ou ligada a membrana
(mGC) e soluvel ou citosolica (sGC) (HARDMAN; SUTHERLAND, 1969; WHITE;
AURBACH, 1969). A proteina foi identificada em meados da década de 1970 com funcéo
enzimatica comum, mas distin¢do quanto a seletividade na ativacdo por ligantes (KIMURA,;
MURAD, 1974).

A mGC ¢ ativada por NPs e por guanilinas que atuam como agonistas para 0s
receptores para peptideos natriuréticos (NPRs) (KUHN, 2004), enquanto a sGC € ativada pelo
NO em concentragdes inferiores a 10 nM (HALL; GARTHWAITE, 2009). Ambas as formas
convertem o GTP em cGMP, um segundo mensageiro importante que estd envolvido em
diversas funcbes do organismo. O acimulo de cGMP regula inimeras fungdes no organismo
tais como: o tbnus dos vasos, a neurotransmissao e as respostas inflamatorias (NAKANE et al.,
1990; BUDWORTH et al., 1999; SCHOSER; BEHRENDS, 2001). Compostos endogenos e
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exogenos, incluindo autacoides, hormonios, neurotransmissores e toxinas produzem respostas
celulares mediadas pela cGMP, que tem diferentes alvos no sistema celular, como canais
ionicos, fosfodiesterase (PDE) ou proteinas quinases (LUCAS et al., 2000) que alteram a
concentracdo intracelular de outros nucleotideos ciclicos (KORKMAZ; KOLANKAYA, 2013).
Duas proteinas quinases dependentes de cGMP foram identificadas: a GKlc, presente em altas
concentragfes no masculo liso, plaquetas, células de Purkinje e cerebelo, e a GKllc, expressa
no intestino delgado, cérebro e cartilagens (PFEIFER et al., 1998). A inativacdo da GKIc em
camundongos abole o relaxamento do musculo liso vascular e cerebral, dependente de
NO/cGMP causando hipertenséo arterial e perda da motilidade (PFEIFER et al., 1998).

A sGC é uma proteina heterodimera de =150 kDa contendo em duas subunidades o
e B com massas moleculares aproximadas de 73 a 82 e =70 kDa, respectivamente, dependendo
da isoforma (al e a2; Bl e P2) (KAMISAKI et al., 1986). O dimero al/B1 ¢é a isoforma
dominante expressa na maioria dos tecidos. Ja a isoforma a2/B1 esta presente em menos tecidos,
mas é altamente expressa no cérebro, coracao, pulmao, baco, célon, utero e placenta (HALL;
GARTHWAITE, 2009). As subunidades sdo divididas em quatro dominios identificaveis:
dominio de ligacdo heme, dominio PAS, dominio de bobina enrolada e dominio ciclase
(FIGURA 4) (MONTFORT; WALES; WEICHSEL, 2017).

Figura 4. Estrutura do dominio guanilato ciclase solavel.

L 67 277 405 470 690
[ =] % |

|
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H-NOX PAS CC Ciclase
Fonte: Adaptado de Montfort; Wales; Weichsel (2017).

Legenda: Limites aproximados para cada dominio na Guanilato Ciclase Soluvel (sGC) para as subunidades al e
B1 da sGC humana. sGC, guanilato ciclase solivel; H-NOX, dominio de ligagdo heme; PAS, dominio Per- ARNT-

Sim; CC, dominio de bobina enrolada.
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O dominio de ligacdo heme foi identificado pela primeira vez como um “dominio
de ligacdo Heme-NO" (HNOB) (IYER; ANANTHARAMAN; ARAVIND, 2003).
Entretanto, H-NOX (“dominio de ligacdo heme-NO-02") ¢ o nome mais comum na maioria
dos bancos de dados de sequéncias (MONTFORT; WALES; WEICHSEL, 2017).

Neste dominio, a subunidade ol tem uma extensdo N-terminal extra com 65
residuos, aparentemente, desordenada intrinsecamente. Nenhuma fungdo foi atribuida a esses
residuos, embora indique que a Ser-64 da proteina humana pode ser um alvo para a fosforilacao
pela proteina quinase G (PKG), que € estimulada pelo cGMP, levando ao feedback negativo
(ZHOU et al., 2008).

A subunidade B tem, em sua extensdo N-terminal, um grupo prostético heme-Fe?*
do tipo-b, essencial para conferir a SGC sensibilidade ao NO; e coordenado atraves do residuo
His-105 em heterodimeros al/Bl. Em estado reduzido, ha um aumento de = 400 vezes na
atividade enzimaética através do processo de S-nitrosilacdo (PAL; KITAGAWA, 2005). Este
processo, também referido por S-nitrosacao, € a ligacdo do NO a um grupo tiol. Esta reacdo é
reversivel e altamente especifica, possivel em concentragdes fisioldgicas de NO e é a chave da
ativacio da sGC (STASCH et al., 2006). O Fe?* central do grupo prostético € harmonizado entre
0s quatro heme-nitrogénios e o ligante axial His-105, construindo um complexo histidil- heme
penta-coordenado. A ligacdo do NO a este complexo causa a formagdo de um intermediario
histidina-heme-NO hexa-coordenado que decai rapidamente em um complexo nitrosil-heme
penta-coordenado (IGNARRO; WOOD; WOLIN, 1982; STAMLER, 1994). Desta forma,
a abertura da ligacdo da histidina ao ferro resulta em uma mudanca conformacional
da sGC, resultando na sua ativagdo (DERAKHSHAN; HAO; GROSS, 2007).

O dominio ciclase de ambas as subunidades € um dominio catalitico que tem apenas
um local para a ligacdo de substrato, mas ndo possui ligantes (ALLERSTON; VON DELFT,;
GILEADI, 2013). Sua atividade catalitica para dominios truncados da ciclase é bastante baixa,
consistente com o desalinhamento dos dominios individuais, levando a sugestdo de que
pequenas alteragcBes nos dominios H-NOX, de bobina enrolada ou PAS podem ter grandes
efeitos sobre as taxas cataliticas. A face "dorsal" deste dominio, que estd longe da bolsa
catalitica, ¢ altamente conservada em al/B1 e pode fornecer uma interface funcionalmente
importante com outros dominios (SEEGER et al., 2014).

A fosforilacdo subsequente a producéo de cGMP é mediada por PKG, que fosforila
proteinas alvos em residuos de serina e treonina. Em células de mamiferos, a PKG apresenta
dois tipos: tipo | e tipo Il (SURKS, 2007). Sendo a PKG | altamente expressa em células

musculares lisas e outros sitios, como plaquetas, pulmao e alguns nacleos cerebrais. Em nivel
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celular, a PKG | esta presente principalmente no citosol, embora esteja associada a membranas
em alguns tipos de células, como as plaquetas (FRANCIS et al., 2005).

A PKG | medeia o relaxamento da musculatura lisa e previne a agregacao
plaquetaria através de uma gama diversa de proteinas alvo, tais como canais para K* de alta
conduténcia ativados por Ca?* (BKCa), RhoA/Rho-quinase (ROCK), receptores de potenciais
transitorios (TRPs), MLCP e Fosfolamban (PLN) com o objetivo de reduzir a concentracdo
intracelular de Ca?* e a sensibilidade dos miofilamentos contrateis ao Ca?*; causando, assim, a
vasodilatacdo (GAO, 2010; LOIRAND; GUILLUY; PACAUD, 2006). A ativacdo cruzada das
proteinas quinases também pode acontecer, na qual o0 cGMP é capaz de modular a ativagao da
proteina quinase A (PKA), bem como o cAMP contribuir para ativacdo da PKG (AKATA,
2007b).

3.4 Farmacos Doadores Diretos e Indiretos de 6xido Nitrico

Compostos liberadores de NO tém sido amplamente utilizados como agentes
terapéuticos e como ferramentas farmacoldgicas, devido a utilidade limitada do gas NO
auténtico e a meia-vida curta deste in vivo (SCHADE; KOTTHAUS; CLEMENT, 2010). Ainda
assim, apesar de um vasto numero de potenciais doadores de NO, poucos sdo usados
clinicamente (PAULO et al., 2014).

Algumas substancias utilizadas para causar o relaxamento da musculatura lisa sao
capazes de doar NO através de mecanismos distintos, gerando moléculas de NO de natureza
diferentes, portanto com propriedades bioldgicas diferenciadas (IGNARRO, 2019).

Alguns exemplos de nitratos que funcionam como doadores diretos de NO:
nitroglicerina (GTN, trinitrato de glicerilo), mononitrato de isossorbida (ISMN), dinitrato de
isossorbida (ISDN), tetranitrato de pentaeritritilo (PETN) e nitroprussiato de sodio (SNP)
(MILLER; MEGSON, 2007). Todos esses farmacos, exceto o SNP, sdo compostos ésteres
organicos com uma porcdo nitrooxi (—O-NO2) e sdo biotransformados para produzir
metabolitos bioativos. Esta bioativacdo causa liberacdo de NO, que desempenhara os efeitos
vasculares previamente descritos (FUNG et al., 1992).

Os nitratos possuem, especialmente, efeitos vasodilatadores nas artérias coronarias
e arteriolas de tamanho grande e médio (> 100 um de didmetro). Esse efeito reduz a tensdo da
parede sistdlica do ventriculo esquerdo por diminuir a pds-carga e, consequentemente, diminui

a demanda miocéardica de O,. Esses compostos também agem na vasculatura coronariana de
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pacientes ateroscleréticos, aliviando a angina pectoris (PARKER; PARKER, 1998).

Os nitratos organicos causam vasodilatagdo por outros mecanismos indiretos,
podendo induzir regulagdo epigenética do relaxamento das CMLVs (DAIBER; MUNZEL,
2015); ou pelo aumento na atividade de histonas acetilases com respostas vasculares
dependentes de GTN, influenciadas pela acetilagdo enzimética de proteinas contrateis
(COLUSSI et al., 2012).

A enzima aldeido redutase mitocondrial presente em grande quantidade no masculo
liso venoso, metaboliza a GTN em NO e possuindo grande potencial venodilatador,
principalmente, nas veias e artérias coronarianas gerando um efeito antiangionoso e uma
reducdo da pré-carga cardiaca. Outros nitratos organicos, como o ISDN, ndo atuam téo
significativamente na agregacdo plaquetaria como o NO. Apesar do efeito potente da
administracdo aguda de nitratos organicos, a infusao continua causa tolerancia, provavelmente
pela producdo de ROS inibindo a enzima aldeido redutase mitocondrial (TARKIN; KASKI,
2016; DIVAKARAN; LOSCALZO, 2017).

O SNP, por sua vez, é um sal de sodio solGvel em agua composto por Fe?
complexado com NO e cinco anions cianeto. Inicialmente descoberto em 1849 (PLAYFAIR,
1849), teve seu primeiro uso clinico como vasodilatador arterial e venoso em animais em 1928
(JOHNSON, 1928). No organismo, também funciona como pro-farmaco, reagindo com grupos
sulfidrila em eritrdcitos, albumina e outras proteinas para liberar o NO (IVANKOVICH,;
MILETICH; TINKER, 1978).

O SNP é o nitrato de maior relevancia clinica. O efeito hemodindmico deste
farmaco é causar dilatacdo arterial e venosa, reduzir a pds-carga, diminuir as pressdes de
enchimento ventricular, reduzir a pressdo arterial sistémica e aumentar o débito cardiaco, sem
reducdo significativa da frequéncia cardiaca. Assim, sua utilizacdo principal se encontra na
medicina de emergéncia e cuidados intensivos em situacBes como: crises hipertensivas,
insuficiéncia cardiaca, cirurgia cardiaca, cirurgia vascular, cirurgia pediatrica e outras
aplicacBes agudas (HOTTINGER et al., 2014; SCHADE; KOTTHAUS; CLEMENT, 2010).

Para tratamento da hipertensdo pulmonar o proprio NO pode ser utilizado de
maneira inalatoria, assim como nos casos de hipoxemia aguda e reanimagao cardiopulmonar.
Porém, o NO reage com o Oz formando diéxido de nitrogénio (NO-), que é um irritante
pulmonar, além disso, o0 NO pode induzir a formacao de metemoglobina, molécula que possui
Fe®*" no lugar de Fe?* culminando na no ligacdo ao O,. Dessa forma, durante a administragio
de NO inalado, os niveis de NO, e metemoglobina devem ser monitorados (HOTTINGER et
al., 2014).
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Os diazeniodiolatos (NONOatos) sdo outra classe de doadores de NO que tem sua
atividade bioldgica correlacionada com a quantidade de NO liberada (KEEFER, 2003).
NONOatos carregam um grupo [N(O-)N=0] em um aduto nucleofilo, geralmente uma amina,
e se decompde-se espontaneamente em solucdo a pH fisioldgico e temperatura para liberar o
NO (MILLER; MEGSON, 2007). Além disso, por manipulagdes estruturais, essa classe pode
ser projetada para entrega direcionada de NO e para conjugar outras moléculas terapéuticas
para aumentar seu potencial terapéutico (SAAVEDRA et al., 1999).

Os S-nitrosotidis (RSNOs), como a S-nitrosoglutationa (GSNO) e a S-
nitrosohemoglobina, também sdo doadores considerados como excelente fonte de NO
(MILLER; MEGSON, 2007). S&o adutos de R—SH e NO que, sob certas condicGes (presenca
de ions metalicos de transicdo, agentes redutores e enzimas, luz, calor e pH), decompdem-se
para liberar o NO (SINGH et al., 1996). Os RSNOs endogenos, como a GSNO, sdo distribuidos
nas hem@cias, plasma e outros tecidos em diferentes concentracdes (BRYAN et al., 2004).

As terapias baseadas em RSNO exibem efeitos fisiolégicos muito semelhantes
aquelas relacionadas ao NO (AL-SA’DONI; FERRO, 2004). Entretanto, podem ser
consideradas mais eficientes devido a sua capacidade de liberacdo duradoura de NO (e, por
consequéncia, maior tempo de vasodilatacdo); como também pela capacidade transnitrosadora
(por sofrer trans-S-nitrosilagdo com outros grupos tiol) mais facil dos RSNOs (ALENCAR et
al., 2003; MILLER; MEGSON, 2007).

Os nitritos organicos por sua vez ndo induzem a tolerancia apresentada pelos
nitratos, mas também necessitam de ativacdo metabdlica, apesar da enzima responsavel ainda
ndo ter sido identificada (TARKIN; KASKI, 2016).

A combinacdo de nitritos organicos, como o nitrilo de amila, em conjunto com
inibidores de fosfodiesterase, como a sildenafila, que inibe a fosfodiesterase 5, prolongando a
acdo do GMPc induzido pelo NO, pode causar uma hipotensao letal, dessa forma os nitritos
vém sendo substituidos pelos nitratos, também por ser de mais fécil administracdo (TARKIN;
KASKI, 2016; SCHADE; KOTTHAUS; CLEMENT, 2010).

3.5 Estimuladores e Ativadores da Guanilato Ciclase Soluvel

Ha mais de duas décadas, foi iniciada por cientistas da Bayer HealthCare AG uma
pesquisa de substancias que poderiam induzir um aumento na sintese de NO e, assim, estimular

a sGC em células endoteliais suinas; utilizando estudos que envolviam a medicdo dos niveis de
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cGMP por radioimunoensaio (EVGENOV et al., 2006).

Ao longo do tempo, foram desenvolvidas duas classes diferentes de compostos:
estimuladores de sGC heme-dependentes, podendo agir de forma sinérgica com o NO
enddgeno, sensibilizando a sGC para baixos niveis de NO, ou estimulando diretamente a forma
nativa da enzima mesmo na auséncia do NO e ativadores de sGC heme-independentes que
atuam apenas na forma inativa da sGC, livre do grupamento heme, ou seja, a enzima podera
funcionar mesmo quando o NO néo possuir mais efeito (Follmann et al., 2013; Dasgupta et al.,
2015). Estes vém apresentando efeitos protetores em varios modelos experimentais de doencas
cardiovasculares (STASCH et al., 2002; BOERRIGTER et al., 2003; DUMITRASCU et al.,
2006) e renais (WANG et al., 2005; KALK et al., 2006), bem como em pacientes com
hipertensdo pulmonar (GRIMMINGER et al., 2009; GHOFRANI et al., 2010).

3.5.1 Estimuladores da sGC

Os estimuladores de sGC sensibilizam a enzima sGC a responder aos baixos niveis
de NO estabilizando o complexo nitrosil-heme e assim mantendo a enzima em sua configuracéo
ativa (EVGENOQV et al., 2006). Eles se ligam a um local especifico na sGC para estabilizar o
complexo nitrosil-heme da sGC reduzida e assim, aumentar a sensibilidade ao NO. Além disso,
eles potencializam a sinalizacdo NO-sGC, de modo que uma concentracdo submaxima de NO
atinja a ativacdo maxima de sGC (XIAO et al., 2019).

Alguns exemplos de estimuladores de sGC, tais como: riociguat (BAY 63-2521),
vericiguat (BAY 102-1189), oliniciguat e praliciguat (IW-1973), YC-1, BAY 41-2272, BAY
41-8543, CMF-1571 e A-350619, tém um duplo papel de acdo, pois estimulam diretamente a
forma reduzida da enzima tornando-a mais sensivel ao NO ou agem sinergicamente com baixos
niveis de NO para aumentar a sensibilidade reduzida da enzima. Eles restauram a via do NO-
sGC sensibilizando e estabilizando a sGC e melhorando a geracdo de cGMP (STASCH et al.,
2002; XIAO et al., 2019).

Os estimuladores de sGC dependem da presenca da porcdo prostética heme
reduzida (Fe?*) ativando enzimas sinérgicas fortes quando combinadas com NO e/ou o CO.
(SCHMIDT et al., 2009).

O YC-1 foi o primeiro composto desta classe a ser produzido (KO et al., 1994).
Liga-se a um sitio alostérico separado no grupo prostético heme-Fe?* da sGC e ativa a enzima

independentemente do NO (HOENICKA et al., 1999), aumentando os niveis intracelulares de
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cGMP (MULSCH et al., 1997). Assim, mesmo com uma quantidade reduzida de NO, devido a
forte estabilizagdo do complexo nitrosil-heme, a atividade de sGC é potencializada cerca de 10
vezes pela ligagcdo de YC-1 (RUSSWURM et al., 2002). Adicionalmente, o0 YC-1 inibe as PDEs
metabolizadoras de cGMP (GALLE et al., 1999).

Em vérios estudos, o0 YC-1 demonstrou inibir a agregacdo plaquetéria por elevagao
de cGMP, causando fosforilacdo da fosfoproteina estimulada por vasodilatador (Wu et al.,
1995; 1997; Ko et al., 1994; Friebe et al., 1998; Becker et al., 2000) e induz relaxamento
concentracdo-dependente em anéis de aorta de rato (MULSCH et al., 1997). Desse modo, 0
YC-1 tem um potencial importante no tratamento de uma variedade de doencas vasculares,
incluindo hipertensdo, trombose, reestenose pos-angioplastia e disfuncéo erétil. Além disto, é
utilizado como “esqueleto” para a sintese de novos farmacos capazes de superar o seu indice
de ativacdo, como 0 BAY 41-2272 (STASCH; HOBBS, 2009).

O BAY 41-2272 tem a¢Oes semelhantes quando comparado ao YC-1, mas possui
especificidade aprimorada a sGC e poténcia vasodilatadora de duas a trés vezes maior que a do
seu precedente (STASCH et al., 2001; STRAUB et al., 2001). Produz potente relaxamento in
vitro de artérias, artérias coronarias e veias e reduz a pressao arterial média em modelos animais
hipertensos, aumentando a sobrevida desses animais sendo um potencial candidato para o
tratamento de doencas cardiovasculares (EVGENOV et al., 2004) e apresenta atividade
antiplaquetéria (STASCH et al., 2001). Em diferentes preparacfes vasculares e ndo vasculares,
incluindo aorta de coelho (PRIVIERO et al., 2005), artéria mesentérica (TEIXEIRA et al.,
2006a) e artéria basilar de ratos (TEIXEIRA et al., 2006b) e corpo cavernoso de coelho e
humano (BARACAT et al., 2003) o BAY 41-2272 causa repostas relaxantes potentes, as quais
sdo parcialmente reduzidas na vigéncia de inibicdo da GCs. A inibicdo do estresse oxidativo
melhora o efeito vasodilatador deste farmaco em animais espontaneamente hipertensos,
sugerindo uma ferramenta terapéutica alternativa para a hipertensdo se administrada com
compostos antioxidantes (PRIVIERO et al., 2009).

3.5.2 Ativadores da sGC

Os ativadores da sGC, tais como 0 BAY 58-2667, BAY 60-2770 e HMR-1766, séo
classificados como NO- e heme-independentes, e ativam a enzima preferencialmente quando o
jon ferro do grupamento heme encontra-se no estado oxidado (Fe®**) ou mesmo ausente
(MARTIN et al., 2010; PANKEY et al., 2011).
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O desenvolvimento de ativadores de sGC independentes de NO foi iniciado em
2002. O cinaciguat (BAY 58-2667) foi o primeiro ativador de sGC NO-independente que
apresentou caracteristicas diferentes de qualquer um dos conhecidos estimuladores de sGC
heme-dependentes (GUR; KADOWITZ; HELLSTROM, 2010).

O BAY 58-2667 é um agente protétipo que ativa a sGC na faixa nanomolar e produz
um efeito aditivo, ndo sinérgico, quando combinado a doadores de NO (SCHMIDT et al., 2003).
Este composto ativa a SGC, mesmo se 0 Fe?* do grupo heme estiver oxidado (Fe**) ou ausente,
ao se ligar a bolsa de ligacdo do heme na subunidade da sGC de forma a ativar a enzima
(ROTHKEGEL et al., 2006), ativando a PKG Il (SALLOUM et al., 2012). Assim, causa
vasorrelaxamento e diminui a pressdo arterial média, a pressdo arterial pulmonar, a pressdo
atrial direita e tem um perfil hemodinamico semelhante ao da nitroglicerina (STASCH et al.,
2002).

Varios estudos foram realizados utilizando BAY 58-2667. Kalk e colaboradores
(2006) utilizaram o referido farmaco em tratamento de ratos com nefrectomia, em que
efetivamente diminuiu a pressdo sanguinea, reduziu a hipertrofia ventricular esquerda e
desacelerou a progressao da doenca renal, apenas usando como alvo terapéutico a sGC oxidada.
Em outro estudo, que abordou a hip6tese de que o cinaciguat poderia oferecer protecdo contra
isquemia/reperfusdo no coracao, foi observado em coelhos que o pré- tratamento reduziu em
63% e 41% o tamanho do infarto e reperfusdo, respectivamente, enquanto em camundongos
reduziu 80% e 63%. Também mostrou que cinaciguat aumentou a atividade da PKG miocardial
e reduziu a necrose e apoptose dos cardiomiocitos, provando que esta droga pode fornecer
protecdo contra isquemia/reperfusdo no coragdo (SALLOUM et al., 2012).

Vandendriessche e colaboradores (2013) demonstraram em camundongos que 0
poOs-tratamento com cinaciguat para choque endotdxico ap6s 8 horas do quadro pode proteger
contra letalidade. A protecdo foi relacionada com diminuicdo da hipotermia, dos niveis de IL-
6, apoptose dos cardiomidcitos e mortalidade. A estabilizacdo da sGC com o cinaciguat
preveniu a mortalidade quando dada na janela certa de tratamento, o que provavelmente
depende da quantidade de sGC oxidada. Com esse estudo a equipe pode especular que,
considerando o papel central da sGC em varias vias requeridas na homeostase
microcirculatdria, o cinaciguat auxilia as fungdes dos orgéos religando as vias de comunicagéo
entre 0S mesmos.

Melhora da disfuncéo cardiaca em ratos diabéticos tipo 1 (MATYAS et al., 2015).
Também pode inibir a degradacdo da subunidade B livre de heme (GUR; KADOWITZ;
HELLSTROM, 2010).
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Possui aplicabilidade terapéutica bem definida em pacientes com doenca cardiaca
(NEMETH et al., 2016), nefropatia (CZIROK et al., 2017), osteoporose (JOSHUA et al., 2014).

3.6 Metalofarmacos: Aspectos Quimicos e Perspectivas Terapéuticas

Os metalofarmacos sdo farmacos que possuem, em sua estrutura, um ou mais
elementos metalicos. Esta classe de medicamentos possui aplicacdes em diferentes tipos de
tratamentos, como cancer, problemas cardiovasculares e parasitoses. A cisplatina, por exemplo,
é um importante metalofarmaco antitumoral (TUREL, 2015).

A quimica inorganica medicinal representa um campo do conhecimento
relacionado a aplicacdo da quimica inorganica no diagnostico ou terapéutica de doencas
(MJOS; ORVIG, 2014), sendo ainda considerada, por muitos, uma jovem disciplina das
ciéncias naturais; ndo obstante ao uso historicamente comprovado de metais em pocoes
farmacéuticas, que remontam as antigas civilizagdes do Egito, Mesopotamia, india e China
(THOMPSON; ORVIG, 2006).

Em 1912, Paul Ehrlich publicou resultados sobre um dos primeiros metalofarmacos
terapéuticos, o “Composto 606” ou Salvarsan. Este seria um agente antimicrobiano a base de
arsénio desenvolvido de uma mistura de compostos de 3-amino-4- hidroxifenil-arsénico sendo
eficaz contra a bactéria causadora da sifilis (EHRLICH; BERTHEIM, 1912).

Ao longo do século XX, surgiram outras descobertas de agentes importantes, como
o0 antineopléasico cisplatina em 1965 (ROSENBERG; VANCAMP; KRIGAS, 1965). Além
disso, o Salvarsan foi capaz de fornecer uma demonstracgéo eficaz para a teoria da “bala magica”
(“magic bullet”), que seriam compostos que apresentariam seletividade por certos tecidos ou
patdgenos agindo assim diretamente no agente causador sem danificar o hospedeiro, sendo
criado o conceito fundamental da quimioterapia moderna (FRICKER, 2007; LLOYD et al.,
2005).

No final do século XX, a descoberta da participagdo do NO em varios processos
fisiolégicos e fisiopatologicos, levou a estudos com doadores de NO, desenvolvidos para
suprimir a deficiéncia de NO derivado do endotélio em pacientes com riscos cardiovasculares.
Devido as limitagcbes do NO de origem enddgena (meia-vida curta), compostos capazes de
modular a via NO/GCs/GMPc sdo valiosos agentes terapéuticos e ferramentas farmacoldgicas.
Neste contexto, estdo os doadores diretos de NO (SNP, NONOates, S-Nitrosotiois), 0s
moduladores e os substratos da oxidonitrico sintase (NOS). Assim, complexos nitrosilos

metalicos, como o SNP, foram desenvolvidos visando a compreensdao dos aspectos
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fundamentais do NO e da sua atividade bioldgica para potenciais aplicagcdes. Atualmente,
percebe-se um aumento nas publica¢Ges de potenciais substancias capazes de atuar na via do
NO, sejam elas organicas ou derivadas de metais (FRICKER, 2007; PRIVIERO; WEBB, 2010).
Complexos de ferro também possuem importantes atividades farmacologicas, como o citrato
de ferro, utilizado para o tratamento de anemia; derivados ferrocenil, farmacos utilizados para
o tratamento de cancer de mama, e nitroprussiato de sédio, um importante vasodilatador
(ABBASPOUR; HURRELL; KELISHADI, 2014; SOUTHAM et al., 2017).

O grupo de Roy e colaboradores (1994) ja demonstravam interesse em compostos
quimicos que possam servir de veiculo para a liberagdo de NO nos sistemas bioldgicos. Esses
compostos devem apresentar algumas propriedades caracteristicas, como ser de fécil
preparacdo em uma forma pura e estavel, de preferéncia um soélido, gerar NO quantitativamente
e seus produtos de degradacdo devem ser inertes e atoxicos. Dentre os compostos amplamente
estudados, que séo capazes de liberar NO, estdo os complexos nitrosilos de ruténio.

O ruténio é o elemento com a maior capacidade de formar complexos nitrosilados,
além de apresentar baixa toxicidade e efeitos reguladores da pressdo arterial, antitumorais e
antimalaricos (ALVES, 2018).

No inicio do século XXI, houve o rapido avanco no desenvolvimento de novos
farmacos inorganicos ou metalo-organicos. Este avanco rapido nos ultimos anos foi ilustrado
pelo crescente nimero de publicacBes na area, patentes, encontros cientificos, bem como
novos compostos aprovados ou em estagio avancado de pesquisa clinica (DABROWIAK,
2009; FRICKER, 2007; GIELEN; TIEKINK, 2005).

A maioria dos farmacos atualmente no mercado é de origem organica ou biolégica.
Apesar do pequeno nimero de metalofarmacos disponiveis, essa categoria tem se desenvolvido
rapidamente com diversas ideias inovadoras, sendo claramente identificado como um campo
promissor (BRUIININCX; SADLER, 2008; FRICKER, 2007; HAMBLEY, 2007; MEGGERS,
2009), principalmente, devido as caracteristicas estruturais que podem ser construidas em torno
de um ion metélico. Estas quando comparadas as possibilidades de pequenas moléculas
organicas e bioldgicas, parecem quase nulas (HAMBLEY, 2007; MJOS; ORVIG, 2014).

Farmacos contendo ions metalicos possuem caracteristicas termodindmicas e
cinéticas particulares e uma geometria diversa do espaco 3D a seu favor. Além de formas
lineares, geometrias planar, quadradas e tetraédricas das moléculas orgénicas; podem ser
criadas formas piramidais, trigonais bipiramidais e octaédricas (e geometrias maiores para ions
metalicos maiores), todas de tremenda importancia para processos bioldgicos. Mesmo com esta

complexidade estrutural, os complexos de ligante metalico ainda sdo bastante pequenos e leves
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em comparacdo com algumas moléculas orgénicas bioldgicas macrociclicas (MEGGERS,
2007; MJOS; ORVIG, 2014).

O proprio ion metalico orquestra a coordenacdo do ligante de acordo com
configuracBes 3D precisas. Com sua quimica redox ajustada, o ion metalico pode participar de
reacOes bioldgicas redox; e metais de transi¢cdo, como ruténio ou ferro, que tém multiplos
estados de oxidacdo estaveis, oferecem potencial catalitico. Todos esses componentes
customizaveis criam possibilidades indefinidas para complexos de ligante metalico com
propriedades novas e sem precedentes (BRUIJNINCX; SADLER, 2008; MEGGERS, 2009;
MJOS; ORVIG, 2014).

3.6.1 Complexos de Ruténio

O ruténio é um metal raro com namero atdmico 44 e esté localizado no grupo 8 e
quinto periodo da tabela periédica. O ruténio compde o grupo dos metais de transi¢do possuindo
assim, diferentes estados de oxidacdo; destes, apenas trés deles (+2, +3 e +4) sdo
biologicamente acessiveis (BRABEC; KASPARKOVA, 2018).

Os diferentes estados de oxidagdo permitem a ligacdo com uma grande variedade
de ligantes que podem ser outros farmacos ou substancias biologicamente ativas, ou ainda
compostos que modulam as propriedades farmacocinéticas ou farmacodinamicas. A
semelhanca com o ferro permite que o ruténio interaja com moléculas bioldgicas, como a
albumina e a transferrina, que sdo proteinas transportadoras e permitem a distribuicao corporal
(YAN et al., 2005).

Os complexos de ruténio foram primeiramente divulgados na década de 50
(DWYER et al., 1952) e desde entdo tém sido alvo de diversos outros estudos que evidenciam
a liberacdo de NO, assim como a baixa toxicidade e seu potencial terapéutico como
antitumorais, antimalaricos e como reguladores da pressao arterial (KARIDI et al., 2006,
CAMPELO etal., 2012; TFOUNI et al., 2012; EKENGARD et al., 2015).

Derivados de ruténio com ligantes piridinicos mostram uma ampla diversidade de
aplicacdes. Esses ligantes mostram uma estabilizacdo satisfatéria do centro metalico, assim
como um aumento da funcéo redutora (CRAVER et al., 2010; CAO; ZHENG; CHEN, 2015;
ZENG et al., 2016).

Os ligantes imidazolicos, apesar de sua estrutura simples, também tém sua

importancia em relagdo aos demais radicais. O ruténio é o elemento com a maior capacidade de
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formar complexos nitrosilados, além de apresentar baixa toxicidade e efeitos reguladores da
pressdo arterial, antitumorais e antimalaricos (ALVES, 2018). Atualmente a aplicacdo
medicinal desses compostos ¢é bastante variada atuando como antineoplasicos, antifungicos,
antiparasitarios (tais como, Trypanosoma cruzi, Leishmania major e Leishmania amazonensis),
antihistaminicos, antineuropéticos, bactericidas (por exemplo, Gram-positivas -
Staphylococcus aureus; e Gram-negativas - Escherichia coli e Pseudomonas aeruginosas),
anti-inflamatorios, antivirais, anti-hipertensivos e gastroprotetores (ANDERSON; LONG,
2010; EBEL et al., 2012; ZHANG et al., 2014; SANTANA et al., 2019; DE SOUZA et al.,
2006; LI; COLLINS; KEENE, 2015). (FIGURA 5)

Figura 5. Compostos imidazélicos conhecidos.
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Fonte: Adaptado de GOUVEIA-JUNIOR (2017).

Um estudo anterior com o FOR811A mostrou que este composto foi capaz de
relaxar a musculatura lisa brénquica, em um modelo de asma em camundongos, assim como
reduziu os niveis de IL-4 (COSTA, 2018). Outra pesquisa observou o efeito protetor do
FOR811A na funcdo renal em modelo de lesdo por isquemia reperfusdo, além de efeito
antioxidante e anti-inflamatorio (ALVES, 2018).

Em uma pesquisa com os complexos FOR011B e FOR811B foi evidenciado
alteracbes em parédmetros da hemodindmica renal como: diminuigdo do ritmo de filtracéo

glomerular, aumento do fluxo urinario, diminuicdo do clearence osmolar dos transportes totais
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e proximais de eletrolitos. Somado a isso, 0 FOR811B também mostrou efeito protetor na lesdo
induzida por isquemia/reperfuséo renal (SILVA, 2018).

Os complexos de ruténio bipiridinicos em modelo in vivo de hiperalgesia mecéanica,
demonstram potencial analgésico pela ativacdo de canais de potassio sensiveis a ATP,
semelhante a morfina e diclofenaco (STAURENGO-FERRARI et al., 2013b). Este mesmo
composto foi testado por Pavanelli e colaboradores (PAVANELLI et al., 2011b) que
comprovaram 0 aumento da sobrevida de camundongos infectados com Paracoccidioides
brasiliensis, com aumento dos niveis de IL-10 e reducdo dos niveis de TNF-a. Dessa forma, a
utilizacdo de ligantes piridinicos e imidazélicos em compostos de coordena¢do, como 0s
complexos de ruténio, podem indicar novas opgoes terapéuticas.

A escolha ou o desenvolvimento de metodologias analiticas sdo essenciais para o
estudo de novos farmacos. Tais métodos analiticos garantem a identificacdo e quantificacdo do
analito de interesse, bem como garantem o controle de qualidade de substancia ativa ou forma
farmacéutica (SILVA et al., 2009).

A partir desses dados, novos estudos vém objetivando a pesquisa farmacoldgica
com compostos de ruténio, assim como outras pequenas moléculas que apresentem
propriedades quimicas e farmacoldgicas biologicamente utilizaveis (GOUVEIA-JUNIOR,
2017).

3.7 Ensaios in silico

3.7.1 Biologia de Sistemas e suas principais ferramentas

A Biologia de Sistemas, também chamada de Biologia Sistémica, envolve o estudo
de redes génicas, proteicas, metabdlicas e assim por diante, de modo a compreender 0s
principios de funcionamento de sistemas bioldgicos complexos. Esses estudos podem focar
tanto em pequenos subcircuitos de uma rede de sinalizagdo ou em redes em larga escala,
formadas por proteomas inteiros, gerando uma quantidade massiva de dados que s6 pode ser
analisada, em um tempo plausivel, através de ferramentas biocomputacionais. A Biologia de
Sistemas comeca com um fendmeno biologico complexo, visando um arcabouco explicativo
simples e légico, evidenciando o mecanismo por tras da ocorréncia dos eventos que compdem
o fendmeno estudado, de modo a gerar um conjunto de dados capaz de descrever processos

biologicos e identificar interaces entre seus componentes (MILANI, 2014). A Biologia
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Sistémica ndo é a antitese do reducionismo, que, por sua vez, é uma abordagem para 0
entendimento da complexidade através do estudo especifico de suas partes. Muitas vezes 0s
componentes individuais de um evento ja foram descritos atraves de abordagens reducionistas
e é sobre essa fundacdo que a abordagem sistémica se apoia. As propriedades de sistemas
complexos sdo diferentes das propriedades de proteinas individuais. Essas propriedades,
chamadas emergentes, séo o objeto de estudo da Biologia Sisttmica (FERRELL, 2009).

3.7.1.1 Redes de interacdo proteica

O estudo das redes bioldgicas celulares é um dos métodos utilizados na Biologia de
Sistemas, onde o sistema € representado por grafos, em que 0s nds representam os elementos
do sistema conectados por arestas. Assim, nas redes de interacdo proteica, 0s nds representam
as proteinas, engquanto as arestas a interacdo dessas proteinas (VERLI, 2014).

As redes de proteinas sdo ideais para servir como andaimes ou filtros para
integracéo de dados adicional, para visualizacéo e para descoberta molecular, sendo essenciais
para as ciéncias da vida moderna. Redes de proteinas sdo usadas para aumentar o poder de
descoberta de conjuntos de dados barulhentos por 'suavizacdo de rede' (CUN; FROHLINCH,
2013; HOFREE et al., 2013), ajudam a definir a eficiéncia de medicamentos por 'medidas de
proximidade entre drogas e doencas' baseadas em rede (GUNEY et al., 2016), ajudam a
interpretar os resultados das telas de associacdo do genoma (HILLENMEYER et al., 2016; LEE
et al., 2011) e permitem a descoberta de novos atores moleculares por meio do conceito de
‘culpa por associacdo’ (FURLONG, 2013; TIAN et al., 2008).

3.7.1.2 Ferramentas da Biologia Sistémica

A ferramenta Cytoscape (SMOOT et al., 2011) permite a visualizacdo de redes
bioldgicas e a integracdo de dados a essas redes. Cada rede pode ser constituida por itens como
genes, proteinas, celulas, pacientes etc. Cada item € representado por um nd e as interagdes
entre elas sdo representadas por arestas. Dados externos podem ser integrados a cada no e aresta
através de atributos, que mapeiam informagdes como niveis de expressdo génica ou funcgdes
proteicas. Os valores de atributos podem ser usados para controlar aspectos visuais dos nos e
arestas (ex.: formato, cor, tamanho etc.), a0 mesmo tempo em que permitem buscas complexas,

0 estabelecimento de filtros e outras analises (MILANI, 2014).
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O recurso STRING (SZKLARCZYK et al., 2019), acronimo de Search Tool for the
Retrieval of Interacting Genes/Proteins, é um banco de dados que generaliza 0 acesso a
informacdo sobre interacBes entre proteinas, integrando interagdes conhecidas e preditas
oriundas de diversos bancos de dados de Biologia Molecular. Ao receber uma proteina ou um
conjunto delas como input, 0 STRING busca pelas relagfes documentadas presentes em seu
banco de dados. O resultado oferecido é um mapa contendo nos representando a(s) proteina(s)
de 15 interesse e algumas proteinas com as quais existem relacGes estabelecidas, estas ultimas
representadas por tracos unindo os nos. Cada traco possui uma cor especifica, indicando a
natureza da interacdo, que pode ser uma ou mais dentre as seguintes: fusdes génicas;
coocorréncia entre genomas; co-expressdo; conjunto de dados experimentais/bioquimicos;

associacdo em bancos de dados curados; presenca em resumos do PubMed (MILANI, 2014).

3.7.2 ADMET

Atualmente a pesquisa e o desenvolvimento farmacéutico representam um
investimento de alto risco que se caracteriza por um processo complexo, incluindo selecéo de
doencas, identificacdo de alvos, descoberta e otimizacdo de ensaios pré-clinicos e clinicos.
Embora milhGes de compostos ativos ja foram encontrados, o nimero de novos medicamentos
aprovados ndo aumentou drasticamente nos dltimos anos (Mullard, 2014; Mullard, 2017
Fordyce et al., 2015). Durante os processos de descoberta e desenvolvimento de drogas que
consomem tempo e recursos, um grande nimero de estruturas moleculares é avaliado de acordo
com parametros muito diversos, a fim de orientar a selecdo de quais produtos quimicos
sintetizar, testar e promover, com o objetivo final de identificar aqueles com a melhor chance
de se tornar um medicamento eficaz para os pacientes (DAHLIN et al., 2015). As moléculas
devem apresentar alta atividade bioldgica juntamente com baixa toxicidade. Igualmente
importante é 0 acesso e a concentracdo no alvo terapéutico do organismo. A maneira tradicional
de considerar a farmacocinética (ou seja, o destino de um composto terapéutico no organismo)
é decompor os varios efeitos que afetam o0 acesso ao alvo em pardmetros individuais (DAINA
etal., 2017).

Além das questbes ndo técnicas, as deficiéncias de eficicia e seguranca podem
explicar a principal estagnacdo que estd relacionada em grande parte as propriedades de
absorcéo, distribuicdo, metabolismo e excrecdo (ADME) e varias toxicidades (T). A ADME
cobre as questdes farmacocinéticas que determinam se um medicamento chegara a proteina

alvo no corpo, e quanto tempo vai ficar na corrente sanguinea. Avaliacao paralela da eficiéncia
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e propriedades biofarmacéuticas de candidatos a medicamentos foi padronizado e exaustivo
estudos de processos ADMET séo hoje rotineiramente realizados na fase inicial da descoberta
de medicamentos para reduzir a taxa de atrito. Isso ocorre porque a maioria das falhas de ensaios
clinicos ocorreu devido a problemas de ADMET, ndo por falta de eficacia. Como esse € 0 ponto
mais caro para uma falha, pesquisas relacionadas ao ADMET podem economizar muito tempo
e dinheiro se puderem desviar até mesmo uma falha de ensaio clinico (Cheng et al., 2013; Wang
etal., 2015).

A identificacdo de caracteristicas de absorc¢éo, distribuicdo, metabolismo, excrecao
e toxicidade (ADMET) desempenha um papel vital em todas as fases de descoberta e
desenvolvimento de farmacos (GUAN et al., 2019). Modelos in silico relacionados a ADMET
sdo comumente usados para fornecer uma triagem rapida e preliminar das propriedades
cinéticas de alguma molécula antes que os compostos sejam investigados in vitro. A maioria
das falhas em ensaios clinicos sdo devidos a problemas de ADMET e néo de eficacia (DONG
etal., 2018). A toxicidade continua sendo um grande obstaculo, com uma taxa de perda de 40%
entre 0s novos compostos identificados (SCHYMAN et al., 2017).

Atualmente, existem vérias ferramentas computacionais gratuitas e comerciais para
prever propriedades ADMET sendo capazes de prever propriedades fisico-quimicas,
permeabilidade gastrointestinal, permeabilidade da barreira hematoencefalica, ligacdo a
proteinas plasmaticas, afinidade por proteinas transportadoras, depuracdo metabdlica, potencial
para inibir ou induzir enzimas metabolizadoras de drogas (especialmente CYPS) e geracdo de
metabolitos reativos (RAUNIO, 2011; EKINS; MESTRES; TESTA, 2007)

A ferramenta da web SwissADME é um sistema altamente eficaz na predicéo
ADME de diversas moléculas que tem acesso gratuito a um conjunto de modelos preditivos
rapidos, porém robustos, para propriedades fisico-quimicas, farmacocinética, semelhanca com
drogas e compatibilidade com a quimica medicinal, entre os quais métodos proficientes
internos, como o BOILED-Egg, iLOGP e Radar de Biodisponibilidade. Promove servigos e
recursos de bioinformatica para cientistas no mundo todo (DAINA et al., 2017; Ndombera;
Maiyoh; Vivian, 2019).

O ProTox-11 € um servigo web que incorpora similaridade molecular, farmacoforos,
propensdes de fragmentos e modelos de aprendizado de maquina para a previsao de varios
endpoints de toxicidade; tais como toxicidade aguda, hepatotoxicidade, citotoxicidade,
carcinogenicidade, mutagenicidade, imunotoxicidade, vias de resultados adversos (Tox21) e
alvos de toxicidade (BANERJEE et al., 2018).
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3.7.3 Docking Molecular

Docking molecular é um método computacional utilizado no desenho de farmacos,
cujo principal objetivo é a predicdo do modo e intensidade de interacdo, em termos de
conformacao e energia, entre um receptor e um ligante em que nos permite descobrir e otimizar
novas moléculas que apresentem afinidade de ligacdo para determinado alvo (PATEL et al.,
2017).

Os métodos de docking molecular, a partir de algoritmos de busca, nos fornecem o
“encaixe” ou interacdo entre o receptor e o ligante, que sdo avaliadas a partir de uma funcgéo
escore, que ird ordenar e ranquear todas as conformacdes obtidas, da melhor a pior interacéo.
O “’encaixe” molecular é frequentemente utilizado em quimica computacional para acelerar a
descoberta de medicamentos em estagios iniciais. Muitas simulacbes moleculares sdo
realizadas para selecionar o candidato farmacoldgico certo. (SERRANO et al., 2020).

Docking molecular é capaz de predizer a afinidade de ligacdo do composto na
formagdo de um complexo estavel com a proteina, buscando uma orientagdo no sitio ativo,
preferencialmente de energia minima. Essa interacdo proteina-ligante engloba diversos tipos de
interacdes nao covalentes como: interacdes de hidrogénio, hidrofdbicas, de van der Waals e
ligages idnicas (MAGALHAES et al., 2007; FERREIRA et al., 2015).

As etapas do docking molecular, consistem na preparacdo da estrutura 3D da
proteina-alvo, na preparacdo dos ligantes, na estimativa da energia de ligacdo do complexo
proteina-ligante e na anéalise dos resultados (TRIPATH; KRISHNA, 2017).

Um método docking necessita de dois componentes principais: um algoritmo de
busca e uma funcdo de avaliagdo de energia. A habilidade de lidar com a flexibilidade
intrinseca do sistema e descrever corretamente a energia de interacdo entre receptor-ligante é
critica. Além disso, é necessario a estrutura tridimensional do receptor e da estrutura do ligante
(VAKSER, 1993; HUEY et al., 2007).

Atualmente, existem diversas metodologias e pacotes disponiveis para estudos de
docking que fornecem predicGes, com bom desempenho e rapidez, além de baixo custo
computacional como o pacote Autodock (tools, Vina e 4.2), Discovery Studio e GLIDE (SILVA,
2019).

O AutoDock Vina disp6e de um algoritmo genético Lamarckiano, que utiliza de
um modelo fisico aproximado para avaliar as possiveis conformagdes do complexo proteina-
ligante. Este utiliza o método de grid no qual uma regido determinada previamente € construida,

onde em cada ponto, s&o pré calculadas e armazenadas as interacGes repulsivas e atrativas, que
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serdo utilizadas no célculo final da energia de interacdo entre o ligante e o receptor. O autogrid,
programa utilizado pelo autodock para definir os mapas de grid é bastante util, definindo a
regido da proteina a ser analisada quando ocorrer a interacdo do ligante e a macromolécula
(MORRIS et al.,1996). A conformacdo com melhor interacdo, ou seja, que apresente 0 menor
valor de escore de energia de ligacdo, é o modo de interacdo preferencial deste ligante no
receptor alvo estudado (GUEDES; MAGALHAES, 2014).

O campo de forca é avaliado através de pontuac@es das interacfes calculadas em
funcdo da energia livre de ligacdo, composta por termos de energia termodinamicamente
significativos, ou seja, termo de energia intermolecular e termo de energia de torgdo. O termo
de energia de ligacdo intermolecular inclui as contribuicdes da interacdo de van der Waals,
ligacGes de hidrogénio, potencial eletrostatico e energia de dessolvatacdo na interacdo proteina-
ligante (HUEY et al., 2007). O termo energia de torcao incorpora a energia livre liberada devido
as ligaces rotacionais presentes no ligante (SRIRAMULLU; WU; LEE, 2020).

3.8. Teste HET-CAM

O ensaio do uso da membrana cdrio-alantdide de ovo fecundado de galinha (HET-
CAM) surgiu na década de 1980 (LUEPKE, 1985) sendo inicialmente introduzido no meio
cientifico como teste toxicoldgico para se obter informacfes sobre embriotoxicidade,
teratogenicidade e toxicidade sistémica, incluindo imunopatologia e as vias metabdlicas
(LUEPKE; KEMPER, 1986). O teste inicia com o0s ovos fecundados sendo colocados em uma
chocadeira com temperatura por volta de 37 ° C e umidade controlada durante 8 dias, em seu 9°
dia eles sdo transferidos para uma incubadora para serem abertos no dia seguinte e realizar o
experimento. Técnicas como essa sdo aplicadas em diversos setores industriais, principalmente
no setor farmacéutico. Se pensarmos no quao laborioso € a preparacao de testes toxicoldgicos
em animais, além do tempo gasto para com eles — visto que pode demorar de 14 dias até mesmo
6 meses, dependendo do tipo de toxicidade estudada. Testes rapidos podem facilitar e agilizar
as analises (ICCVAM, 2010). Apesar desse teste demonstrar potencializar os resultados e serem
mais qualitativos que quantitativos, ainda assim podem conferir e garantir seguranca na
utilizacdo destas substancias testes, caso ndo apresentem hemorragia, coagulacao, irritagdo ou
lise de vasos, por exemplo (DA NOBREGA et al., 2009; MCKENZIE et al., 2015).

Atualmente, em alguns paises membros da Comunidade Européia, tais como,

Franca e Alemanha, o teste HET-CAM ¢ aceito pelas autoridades regulatérias como método
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usado no desenvolvimento de produtos cosméticos (LIEBSCH; SPIELMANN., 2002). Pode-se
dizer que os ensaios in vitro, por serem sistemas mais simples e mais facilmente controlaveis,
apresentam algumas vantagens com relacdo ao sistema in vivo. Geralmente, sdo mais sensiveis,
reprodutiveis, rapidos, econdmicos, produzem uma quantidade menor de residuos e alguns
estdo sujeitos a automacdo (RENZI; LUCCHELLI, 1993). No caso especifico do método HET-
CAM, este apresenta vantagens como: ¢ um modelo relativamente simples, rapido e de baixo
custo que permite a triagem de um grande nimero de amostras farmacoldgicas em um curto
espaco de tempo; ndo requer procedimentos administrativos para obtencdo de aprovacdo do

comité de ética para experimentacdo animal (RIBATTI, 2016).

3.9 Métodos Alternativos a Utilizacdo de Animais de Laboratdrio

A utilizacdo anual de animais de laboratorio nas pesquisas é especulatdrio, mas na
ultima estimativa oficial realizada pelo governo dos Estados Unidos, estima-se que a pesquisa
utiliza aproximadamente um milhdo de exemplares anualmente. Entretanto, vale ressaltar que
os Estados Unidos ndo adicionam ao calculo estimativo camundongos, ratos e aves, caso
considerassem o valor estimado chega proximo de 17 milhdes (CAZARIN et al., 2004).

A utilizacdo de animais para o desenvolvimento de analises in vivo é, ainda, etapa
fundamental em muitos estudos cientificos. Eles sdo utilizados na investigacdo da resposta
dos organismos Vvivos e de seus diferentes e complexos sistemas frente a estimulos conduzidos
experimentalmente (BARRE-SINOUSSI; MONTAGUTELLI, 2015). Isso porque muitas
pesquisas necessitam do uso de modelos animais para possibilitar o conhecimento de reagdes
inesperadas que possam ocorrer a partir de intervenc@es terapéuticas, oriundas das interacdes
fisioldgicas, por exemplo (DI SANTO; APETRELI, 2017).

O uso de biomodelos em atividades de ensino e pesquisa é pautado em preceitos
éticos e legais. Em relacdo aos preceitos éticos, um dos pilares é o Principio dos 3 Rs: refine,
reduce e replace, proposto por Russel e Burch (1992). Neste principio, eles abordam sobre o
refinamento — refine — das técnicas empregadas, visando minimizar o sofrimento animal e as
perdas desnecessarias; a reducao — reduce — do namero de animais, sendo indicada a utilizacédo
apenas da quantidade necessaria para a obtencdo de resultados confidveis; e a substituicdo —
replace — dos animais por métodos alternativos, sempre que possivel.

Relativo as questdes legais, 0 Conselho Nacional de Controle de Experimentagdo
Animal (CONCEA) foi criado pela Lei Arouca, que estabelece critérios para o uso cientifico de

animais no pais. E um 6rgdo com carater normativo, deliberativo, consultivo e recursal, que
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coordena o uso pedagdgico e experimental de animais no Brasil e é vinculado ao Ministério da
Ciéncia, Tecnologia e Inovagées — MCTI1 (BRASIL, 2009).

Antes da promulgacao da legislacao brasileira referente aos animais de laboratdrio,
0 seu uso para fins educacionais e cientificos era citado no ambito nacional apenas em lei que
dispde sobre sancdes penais e administrativas derivadas de condutas prejudiciais e lesivas ao
meio-ambiente, na qual é estabelecido que incorre nas penas de deten¢do e multa quem executa
procedimento doloroso e cruel, ainda que com finalidade de ensino ou pesquisa, quando
existirem recursos alternativos (BRASIL, 1998).

Nesse contexto, quando se trata de métodos alternativos ao uso de animais, o Brasil
segue avancando no sentido de desenvolver e validar técnicas que possam substituir por
completo a aplicacdo de animais em diversos testes ou reduzir e refinar a sua utilizacdo. O
CONCEA possui a Camara Permanente de Métodos Alternativos ao Uso de Animais e, além
desta Camara, hé no pais a Rede Nacional de Métodos Alternativos (RENAMA) e o Brazilian
Center for the Validation of Alternative Methods (BraCVAM). Juntos, CONCEA, RENAMA
e BraCVAM regulam e coordenam o desenvolvimento e a validacdo dos métodos alternativos
no ambito nacional (MORETTO; STEPHANO, 2019).

O interesse por métodos alternativos cresce dentro da prépria comunidade cientifica
na tentativa de diminuir o nimero de animais utilizados em experimentacéo e também reduzir
0 custo dos experimentos, pois animais utilizados em pesquisa precisam ser acondicionados,
alimentados e mantidos nas melhores condi¢des de saude e higiene possivel, caso contrario ndo
podem ser utilizados para propoésitos cientificos (OTA, 1986; HARTUNG, 2011).

A utilizacdo desses metodos alternativos tornou-se essencial, uma vez que
permitem a reducdo do numero de animais utilizados em experimentos laboratoriais, melhorias
em procedimentos toxicoldgicos menos dolorosos ou estressantes para os animais submetidos
a testes, ou a substituicdo de testes em animais por testes in vitro e ex vivo ou sistemas in silico
(KANDAROVA; LETASIOVA, 2011).

O empenho atual para o desenvolvimento e a divulgacdo de metodologias
alternativas no Brasil, inicia de principios que visam incentivar a perseveranca na busca por
alternativas para a substituicdo dos biomodelos; a veracidade em usar modelo animal vivo
apenas quando ndo houver método alternativo que possibilite a sua substituicdo; e a
responsabilidade em conhecer metodologias alternativas desenvolvidas em outras instituicbes
para o ensino (CONCEA, 2016).
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3.10 Toxicidade

O surgimento e a utilizacdo de novos farmacos exigem conhecimento acerca de
diversas propriedades da molécula, como caracteristicas fisico-quimicas, farmacocinética,
farmacodinamica e seus efeitos enddgenos (BOSQUESI et al., 2008). O desenvolvimento de
um efeito tdxico causado por um farmaco envolve inimeros fatores que podem ser genéticos,
nutricionais ou patologicos, e influenciam a intensidade e gravidade da resposta toxica. Os
medicamentos, de modo geral, sdo substancias toxicas ao organismo, a depender da dose. A
quantidade de substancia administrada é o fator determinante entre o efeito terapéutico e o efeito
toxico (SALEEM et al., 2017).

A toxicidade e a seguranca de uma determinada substancia quimica estdo
relacionadas com sua concentracdo e tempo de permanéncia e/ou exposicao, devendo 0s testes
de toxicidade ser realizados de forma padronizada e em condicdes replicaveis. Além das
interacbes com medicamentos e/ou alimentos, possiveis reacGes adversas inerentes as
preparacdes vegetais podem depender de caracteristicas do paciente como género, idade e
estado nutricional, por exemplo (BALBINO; DIAS, 2010).

Quando se avalia a toxicidade de uma substancia, busca-se predizer efeitos nocivos
gue a mesma possa desencadear ao ser humano quando administrada em suas diversas vias e 0s
modelos animais, cerca de 30 a 40% destes sdo os mais utilizados para esse proposito. Os
testes toxicoldgicos permitem a avaliacdo de parametros como altera¢fes de massa corporal,
consumo de agua e ragdo (JAHN; GUNZEL, 1997), condi¢Ges anatomopatoldgicas dos 6rgaos,
pardmetros bioquimicos e hematoldgicos e influéncia na reproducdo (REBOREDO et al.,
2007).

O grau de toxicidade também ¢é bastante influenciado por outros fatores como o
tempo de exposicdo a substancia, e a via de administracdo ou de exposicdo. Substancias
administradas por via intravenosa podem desencadear um efeito toxico bem mais intenso que
substancias administradas por via oral, pois nesta ultima, a substancia sofre metabolismo de
primeira passagem, o que reduz a sua disponibilidade e, consequentemente, o seu efeito;
diferentemente da via intravenosa, na qual a substancia cai diretamente na circulagéo sistémica,
prontamente disponivel. Acerca do tempo de exposicao, a toxicidade pode ser classificada como
aguda, na qual geralmente a exposi¢do ocorre em dose Unica e por até 24 horas; subaguda,
quando ocorre exposicao repetida por 1 més ou menos; subcronica, que ocorre com exposi¢des
repetidas por mais de 1 més até 3 meses; e cronica, que é desenvolvida apds um periodo de

exposicdo maior que 3 meses até 1 ano (LIMA; 2019).
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De modo geral, a toxicologia envolve varios ramos, como: toxicologia clinica,
toxicologia forense, toxicologia ambiental, toxicologia ocupacional, toxicologia alimentar,
toxicologia de medicamentos, toxicologia analitica, entre outros. A toxicologia clinica tem
como objeto de estudo a acdo de substancias quimicas nos organismos Vivos e visa investigar e
identificar os efeitos toxicos desencadeados por drogas nos sistemas biolégicos. Além disso, a
toxicologia também objetiva avaliar os riscos associados a determinadas substancias quimicas,
bem como condicBes de exposicdo a essas substancias, natureza da exposicdo, ocorréncia,
mecanismos e fatores de risco envolvidos (COSTA et al., 2008).

Nesse contexto, a exposicdo a substancias toxicas, incluindo diversos farmacos, se
tornou uma causa frequente de surgimento de diversos processos patol6gicos no organismo
humano. A avaliacdo toxicologica de um novo farmaco é essencial para garantir a sua seguranca
e possibilitar o uso na terapéutica. Existem inimeros ensaios que permitem a avaliar o perfil de
toxicidade de um determinado composto, séo eles: Ensaio de toxicidade por dose Unica; Ensaio
de toxicocinética; Ensaio de toxicidade por dose repetida; Ensaio de toxicidade por dose sub-
aguda; Ensaio de toxicidade por dose cronica; Ensaio de genotoxicidade; Ensaio de
carcionogenicidade; Ensaios de imunotoxicidade, entre outros (LAVANDEIRA, 2014).

Além da avaliacdo da mortalidade, a analise toxicoldgica pode ser complementada
pela avaliacdo de alteracbes em &rgdos e em parametros bioquimicos e fisioldgicos.
Adicionalmente, a triagem comportamental permite avaliar se uma determinada droga modifica
a atividade cerebral, através do registro de alguns sinais ou alteragcdes de condutas apresentados
pelos animais (ALMEIDA, 2011).

O estudo de toxicidade oral com exposi¢do continua as substancias (doses repetidas)
é utilizado para mimetizar a forma mais comum de exposi¢do humana (CAMPOS; AMARAL,
2009).

O estudo de toxicidade em doses repetidas é conduzido de acordo com protocolo n°
407 da OECD, sendo realizado com grupos de dez animais, para roedores, utilizando machos e
fémeas. A duracdo do tratamento com a substancia-teste depende do tempo de uso proposto,
variando até quatro semanas (BRASIL, 2014; OECD, 2008). Durante o periodo do teste sdo
avaliados sinais clinicos gerais, alteracGes comportamentais, de peso corporeo e consumo de
agua e racao. Ao final devem ser avaliados parametros hematologicos, bioquimicos, analises
macroscopicas, histopatologicas dos 6rgéos e tecidos selecionados e o peso dos 6rgédos (OECD,
2001; OECD, 2008; BRASIL,2014) genotoxicidade; Ensaio de carcionogenicidade; Ensaios de
imunotoxicidade, entre outros (LAVANDEIRA, 2014).

Em estudos toxicologicos, a DL50 é extremamente importante para avaliar a
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letalidade causada pela substancia estudada. Este parametro € bastante utilizado em
farmacocinética, estudos pré-clinicos, estudos clinicos e na pratica médica, e é analisado de
acordo com o peso do organismo, dessa forma, expressa-se em miligramas da substancia
quimica por massa do organismo estudado em quilogramas (COSTA et al., 2008).

O termo “dose letal” esta relacionado a quantidade da substancia que foi absorvida
pelo organismo, e por isso, é um parametro que varia de acordo com a via de administracdo da
droga. Quando a substéncia € administrada por vias nas quais a droga esta prontamente
disponivel na circulacdo sisttmica, como a via intravenosa, a DL50 serd menor, pois uma dose
menor da droga é capaz de provocar a morte de metade da populagdo estudada. Em
contrapartida, quando a substancia é administrada por vias que reduzem a biodisponibilidade
da droga, como a via oral, na qual ocorre metabolismo de primeira passagem hepatico, a DL50
sera maior, pois sera necessaria uma dose maior da droga para causar a morte de metade da
populagéo estudada, quando se compara com a via intravenosa (COSTA et al., 2008).

O potencial de toxicidade ou de letalidade de drogas pode ser avaliado a partir de
ensaios toxicoldgicos que investigam a toxicidade sistémica aguda de substancias quimicas, o
que permite classificar e rotular apropriadamente essas substancias de acordo com o grau de
toxicidade. Os estudos de toxicidade aguda sistémica também sdo importantes para identificar
os efeitos tdxicos desencadeados pela droga em 6rgdos especificos, além de fornecer dados
sobre a farmacocinética e a relacdo dose-resposta. Além disso, em estudos toxicoldgicos
também € possivel se obter informacdes acerca do mecanismo de acdo tdxica da droga,
diagnostico e tratamento das reagdes toxicas, estabelecimento de um esquema de doses para
estudos posteriores, dados comparativos da toxicidade entre substancias da mesma classe, e
avaliacdo de testes alternativos ao uso de animais em procedimentos experimentais
(VALADARES, 2006).
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Abstract: This study aimed to investigate the synthesis and potential vasodilator effect of a
novel ruthenium complex, cis-[Ru(bpy)2(2-MIM)(NO2)]PFs (bpy = 2,2’-bipyridine and 2-
MIM = 2-methylimidazole) (FOR711A), containing an imidazole derivative via an in silico
molecular docking model using 1 H-NOX (Heme-nitric oxide/oxygen binding) domain
proteins of reduced and oxidized soluble guanylate cyclase (SGC). In addition, pharmacokinetic
properties in the human organism were predicted through computational simulations and the
potential for acute irritation of FOR711A was also investigated in vitro using the hen’s egg
chorioallantoic membrane (HET-CAM). FOR711A interacted with sites of the f1 H-NOX
domain of reduced and oxidized sGC, demonstrating shorter bond distances to several residues
and negative values of total energy. The predictive study revealed molar refractivity (RM):
127.65; Log Po/w = 1.29; topological polar surface area (TPSA): 86.26 A2; molar mass (MM)
= 541.55 g/mol; low solubility, high unsaturation index, high gastrointestinal absorption;
toxicity class 4; failure to cross the blood-brain barrier and to react with cytochrome P450
(CYP) enzymes CYP1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4. After the HET-CAM
assay, the FOR711A complex was classified as non-irritant (N.1.) and its vasodilator effect was
confirmed through greater evidence of blood vessels after the administration and ending of the
observation period of 5 minutes. These results suggest that FOR711A presented a potential
stimulator/activator effect of sGC via NO/sGC/cGMP. However, results indicate it needs a
vehicle for oral administration.

Keywords: Chemical characterization; Ruthenium complexes; In silico modeling; Soluble

Guanylate Cyclase; Vasodilation; Chorioallantoic membrane.
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1 INTRODUCTION

Ruthenium complexes have been widely used as potential therapeutic agents in
several medical applications [1], such as oncology [2,3], angiology [4,5], ophthalmology [6],
microbiology [7,8] and parasitology [9]. Among these, cardiology is the most frequent area,
considering that hypotensive [10,11] and vasodilator effects [1] provide therapeutical options
for treatment of arterial hypertension [12,13]. On the other hand, ruthenium-based nitro
compounds are still little studied regarding their pharmacological potential. Recently, Lopes
and coauthors reported the synthesis of the complex cis-[Ru(NO2)(bpy)2(5NIM)]PFs (5NIM =
5-nitroimidazole), which presented significant antioxidant and potential anti-inflammatory
activities [14]. In addition, experiments involving vascular reactivity demonstrated that cis-
[Ru(bpy)2(py)NO-](PFe) (RuBPY) (py = pyridine), promoted aortic relaxation [15],
hypotension and vasodilation of coronary and basilar arteries [16], and the mesentery artery
[17]. RuBPY seems to promote vasorelaxation via soluble Guanylate Cyclase (sGC) activation,
which is initiated by nitric oxide (NO) produced through reduction of the nitrite moiety. These
findings evidence that nitro complexes can be efficient sources of NO functioning by a distinct
mode from the nitrosyl complexes, a well-studied class of NO donors.

NO is a molecule produced endogenously through the conversion of L-arginine to
L-citrulline by an enzyme produced in the endothelium, the nitric oxide synthase (NOS), which
presents three isoforms, named: neuronal, endothelial, and inducible [18]. It regulates the
degree of muscular contraction of vascular smooth muscle cells mostly by stimulating sGC to
produce cyclic guanosine monophosphate (cGMP) [19]. This is the second messenger involved
in several intracellular events, such as calcium reuptake and opening of potassium channels,

leading to vascular relaxation [20].
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Proteins from B1 subunit H-NOX (Heme-Nitric oxide and Oxygen) domain of the
reduced and oxidized forms of sGC were selected as possible targets and were categorized as
signaling proteins [21]. These biological targets were considered as modulators of sCG. In its
N-terminal, this chain presents a ferrous b-type heme prosthetic group that provides sensitivity
of sGC to NO, capacitating it to perform the S-nitrosation process [22].

In the perspective of biotechnological application, we aimed to study the ruthenium-
based complex containing an imidazole derivative, cis-[Ru(bpy)2(2- MIM)(NO2)]PFs
(FOR711A) (2-MIM corresponds to 2-methylimidazole) (1), concerning its synthesis,
pharmacodynamic and pharmacokinetic behavior in an in silico model, respectively, with the
use of molecular docking against f1 H-NOX domain proteins of the reduced and oxidized forms
of sGC and by simulations of absorption, distribution, metabolism, excretion, and toxicity

(ADMET). In addition, irritation effect was analyzed in vitro.

PFg
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2 METHODS

2.1 Chemicals

The precursor cis-[RuClx(bpy)2]-2H20 was synthesized as described elsewhere
[23]. All other chemicals were purchased from Tedia (USA) or Sigma-Aldrich (USA) in
analytical grade. The ultrapure water (resistivity >18.2 MQ.cm at 25 °C) used in all experiments
was obtained using a Direct-Q-3/UV system (Millipore, USA).

2.2 Physical Measurements

Absorption spectra in the UV-Vis region were measured using a Hewlett-Packard
model 8453 spectrophotometer (USA) equipped with a quartz cuvette. Fourier transform
infrared (FTIR) measurements were done in a KBr dispersed pellet in the spectral range of 4000

to 400 cm™, using an infrared spectrophotometer ABB Bomem FTLA 2000-102 (USA).

Mass spectral data were recorded on Agilent G1956B LCMS system with 1100
Series HPLC (LC-MSD) operating in the positive mode ESI(+)-MS and using a range of m/z
100 to 1000 Dalton. *H NMR spectra were obtained in the designated solvents on a Bruker 300
MHz spectrometer (USA). Elemental analysis was performed using a Perkin EImer 2400 Series
Il Elemental Analyzer (USA).

2.3 Synthesis

The complex cis-[Ru(bpy)2(2-MIM)(NO)]PFs (FOR711A) was prepared
according to the following procedure: 200 mg (0.384 mmol) of cis-[RuClz(bpy)2]-2H20 was
dissolved in 20 mL of 50% aqueous ethanol solution and maintained under stirring and reflux
during 20 min. Then, 34.7 mg (0.422 mmol) of 2-methylimidazole dissolved in 1 mL of water
were added and the mixture was allowed to react in the previous conditions for 60 min and then,
29.1 mg (0.422 mmol) of NaNO dissolved in 1 mL of water were added. After 2 h, the
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resulting solution was cooled down, concentrated by rotary evaporation and 200 mg of NH4PFe
previously dissolved in water was added.

The red precipitate was collected by filtration, washed with water, and dried under
vacuum. Yield: 49%. Elemental analysis: Found: C, 34.35; H, 2.76; N, 11.67%. Calcd. for
C24H22FsN702PRuU): C, 34.63; H, 2.78; N, 11.78%. MW = 686.5 g mol™. NMR: *H NMR (500
MHz, Acetone-de) 6 11.66 (s, 1H), 10.40 (s, 1H), 8.85 (d, J = 5.6 Hz, 1H), 8.64 (d, J =8.1
Hz, 1H), 8.60 (d, J = 8.2 Hz, 1H), 8.53 (dd, J = 12.4, 8.1 Hz, 2H), 8.24 — 8.16 (m, 2H), 8.08
—7.95 (m, 4H), 7.95 — 7.87 (m, 2H), 7.76 (t, J = 6.7 Hz, 1H), 7.40 (t, J = 6.6 Hz, 1H), 7.30
(dd, J = 7.7, 5.6 Hz, 1H), 7.00 (d, J = 1.8 Hz, 1H). FTIR: vma/cm™ 3146 (NH), 3113 (CH),
1468 (CC), 1329 (NO), 1308 (NO), 840 (PF), 554 (PF). ESI-MS-(+): (Calcd. found, m/z)
459.997, 460.034, ([M — 2-MIM — PFe]*); 542.087, 542.035, ([M — PFg]™).

2.4  Partition coefficient (log P)

Partition coefficient was determined by the shake-flask methodology as described
previously [24]. Briefly, the complex was dissolved in aqueous phosphate buffer (10 mM, pH
7.4) and the initial concentration was measured spectrophotometrically (ca. 30 puM). This
solution was mixed with an equal volume of n-octanol (previously saturated with PBS for 24
h) and shaken for 1 h using an automated shaker and allowed to stand for 1 h. Aliquots from
the aqueous phase were extracted and analyzed by UV-vis spectroscopy to determine the
amount of the metal complex in this solution. The concentration in the n-octanol layer was
calculated by the difference of the concentration found in the aqueous layer and expressed as

log P, where: log P = log ([Ru]octanol/[RU]water).

2.5 DFT calculations

The compound geometry was optimized at the density of functional theory (DFT)

level. Calculations were executed with Gaussian 09 program package, Revision A.02
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(Gaussian, Inc., Wallingford, CT, USA) [25] using B3LYP functional [26,27]. The LANL2DZ
relativistic effective core potential basis [28] set was used for the Ru atom and the 6-311G(d,p)
basis [29] set was used for the lighter atoms (H, C, N, O). The absence of imaginary frequencies
in vibrational analysis calculations confirmed that all optimized structures were in minimum
potential energy.

The TD-DFT (time-dependent density functional theory) approach was employed
to investigate the electronic properties of the complex. UV-vis spectrum was simulated in
acetonitrile, using the polarizable continuum model (PCM) [30]. Molecular orbital percentual
composition, UV-vis spectra and assignment of electronic transitions were extracted from
output files through Multiwfn [31] and GaussSum 3.0 [32] software.

2.6 Molecular Docking

The optimized structure of the ruthenium complex FOR711A obtained through
DFT calculations was used as input for all docking simulations. The structures of protein targets

were obtained from Protein Data Bank (https://www.rcsb.org/). The reduced form of the 1

H-NOX domain of sGC (PDB 2009) protein structure was identified as “Crystal structure of
the H-NOX domain from Nostoc sp. PCC 7120 [33]. The oxidized form of the same domain
(PDB 3L6J) was identified as “Structure of cinaciguat (BAY 58-2667) bound to nostoc H-NOX
domain” [34]. Code HEX® 8.0.0 [35] set for OPLS Minimisation was used for the docking
simulations. The grid box was centered in all the protein and defined with the following
dimensions: 152Ax152A x152A. The location and geometry with the lowest total free energy
was considered when results were evaluated. Ligand interactions with amino acid residues were
visualized with UCSF Chimera® 1.13.1 [36] and Discovery Studio Visualizer [37] software.


https://www.rcsb.org/
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2.7 ADMET insilico

SwissADME (http://www.swissadme.ch/) was used for the predictive study of

pharmacokinetic properties of the ruthenium complex at pH 7.4 [38] . Simulations of ADMET
were performed. This test includes the analysis of absorption and permeability of the drug
candidate by the partition coefficients (Log P) and topological polar surface area (TPSA) to
evaluate the permeation capacity of biological membranes [39], as well as the behavior in
aqueous medium and bioavailability of FOR711A ruthenium complex through the rules
established by Lipinski, Veber, Ghose, Egan and Muegge [40-44]. Toxicity parameters of the

ruthenium complex were evaluated online with ProTox-1l (http://tox.charite.de/protox_11/).

2.8 Hen's Egg Test on Chorioallantoic Membrane (HET-CAM)

Fertilized eggs were placed in an incubator (Model IP35D, Premium Ecol6gica®)
with controlled temperature at 37°C and relative humidity of 80%. On the 9th day, eggs were
transferred to a CO; incubator (Model MCO-17AC, Sanyo Scientific®) in 50mL plastic cups in
the hatching position for the next day. The eggshell around the air chamber was removed to
expose the shell membrane. This was removed carefully, exposing the chorioallantoic
membrane (CAM), to which 200 uL of NaOH (0.1M) (positive control), NaCl (0.9%) (negative
control) and FOR711A (100 uM) solutions were added and observed for any potential irritating
effect (hemorrhage, coagulation, or vascular lysis) during 5 min. In this period, each of these
events were registered with the exact time and the irritation score formula was used to analyze
results (Table 1).

Table 1. Results of HET-CAM using irritation score (IS). H: hemorrhage; L: cell lysis; C:
coagulation; sec: initial time of each event; 5: hemorrhage constant that must be multiplied by

the time in seconds at which the effect started; 7: constant of vascular lysis that must be
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multiplied by the time in seconds at which the effect started. 9: Coagulation constant that

must multiply the time in seconds that it occurred. Reference: adapted from Luepke [74].

Irritation response

0 to 0.9: Non-irritant

1 to 4.9: Slight irritant

5 to 8.9: Moderate irritant
9 to 21: Severe irritant

IS calculation method

Calculation of the IS by applying the following equation:

c (301 — secH) +7 (301 — secL) +9 <301 — secC)
300 300 300

Times should be replaced by the time (in seconds) at which each effect
started.

3 RESULTS

3.1 Synthesis and Characterization

Synthesis of the FOR711A complex was achieved through the reaction of the

precursor cis-[Ru(bpy)2Cl2]-2H20 with equimolar amounts of the ligands 2-methylimidazole

and NaNO2. Mass spectrometry confirmed the formation of the desired product, where the

spectrum (Figure S1) showed a signal with m/z equal to 459.997 u and 542.087 u. Such values
are compatible with the fragments [Ru(bpy)2NO2]" (theoretical 460.034 u) and [Ru(bpy)2(2-

MIM)NO2]* (theoretical 542.035 u), respectively, agreeing with the proposed structures. 1H

NMR spectroscopy was also used in this characterization and unidimensional and COSY

spectra are displayed in Figures S2 and S3. The number of observed signals suggests both 2,2°-

bipyridine moieties are non-equivalent, demonstrating the retention of the cis configuration in

the final product. In addition, characteristic signals of the ligand 2- methylimidazole were
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readily identified in 11.7 ppm (amine proton) and 7.0 ppm (aromatic proton).

Vibrational and electronic spectroscopy measurements were carried out together
with theoretical simulations allowing a better understanding of the complex spectroscopic
features. The Density Functional Theory (DFT) approach was used for both geometry
optimization and electronic and vibrational spectra calculation of FOR711A.

Figure S4 presents the experimental and calculated FTIR spectra for the complex
cis-[Ru(bpy)2(2-MIM)(NO2)]PFs. Empirical and theoretical data agreed adequately, although
the former was obtained in KBr disks whereas the latter was simulated in vacuum and
considering the structure in the absence of the counterion. Some bands corresponding to
characteristic vibrations can be highlighted, for example, the v(N-H) attributed to the signal in
3146 cm™, agrees with the presence of the imidazolic group in the coordination sphere.
Considering that the nitrite ion shows active vibrations in the infrared, the bands at 1329 and

1308 cm™ were attributed to asymmetrical and symmetrical N-O stretching frequencies,
respectively. Such values are in concordance with similar nitrito-ruthenium (Il) complexes
reported previously [45]. Moreover, bands at 840 and 554 cm™ can be assigned to the
characteristic vibrational modes of the P-F bond, confirming the presence of the counterion

hexafluorophosphate. Finally, several bands, with mild and strong intensity, found between

1400 and 1600 cm™" are mostly related to C-C and C-N stretching frequencies of the aromatic
rings, as expected for the ligands 2,2’-bipyridine and 2-methylimidazole.

Figure S5a shows the electronic spectrum for the complex FOR711A obtained in
acetonitrile solution together with the TD-DFT calculated spectrum. Both spectra are quite
similar (deviations between experimental and theoretical Amax values were lower than 0.1 eV),

evidencing that the theoretical approach was successful in predicting the electronic transitions
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of interest. In the UV region of the spectrum, mild and strong absorption bands were observed
in 242 and 292 nm. The TD-DFT simulations (Figure S5b) suggest those bands originate from
intra-ligand transitions (IL) centered in the 2,2’-bipyridine groups. On the other hand, the low
energy band with maximum absorption in 477 nm can be assigned to a metal-ligand charge
transfer (MLCT) involving ruthenium d= to 2,2’-bipyridne n* orbitals. Such findings are similar
to other polypyridinic-ruthenium (1) complexes with analogous structures [46, 14]. A complete
list of electronic transitions together with their respective DFT-supported assignments is
presented in Table S1.

In addition to those measurements, the stability of the metal complex in buffered
solution was accessed. A solution of the metal complex in PBS buffer pH=7.4 was prepared
and monitored any UV-Vis spectroscopy changes during 12 hours. Fortunately, after this time
we did not observe any spectroscopic changes, supporting no structural modifications occurred

(Figure S6). This result is important to assure all further studies are done with the same species.

3.2 Molecular Docking

Initially, the reduced form of f1 H-NOX domain of sGC enzyme was selected,
generating the docking and binding site of this target with the ligand, FOR711A, (Figures 1A,
1C) as well as the NO-independent heme-dependent sGC stimulator (BAY 41-2272) (Figures
1B, 1D). Total energy values for the most stable conformations of the FOR711A complex and
BAY 41-2272 were -333.8 kcal.mol™* and -901.6 kcal.mol, respectively.
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Figure 1. Interaction complex of 1 H-NOX domain of reduced sGC with ligands FOR711A
(A) and BAY 41-2272 (B). Map of hydrophobic interactions of ligands FOR711A (C) and
BAY 41-2272 (D) in the f1 H-NOX domain of reduced sGC.
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The interactions between residues in the reduced form of B1 H-NOX domain of
sGC and the ligands FOR711A and BAY 41-2272 were determined (Table 2). Greater
interaction of BAY 41-2272 in comparison to ligand FOR711A was observed. The ruthenium
complex presented three hydrogen bonds composed of one strong interaction with Glu121 (2.45
A) and two average intensity interactions with residues Asp102 (3.26 A) and GIn114 (3.42 A).
In addition, four hydrophobic interactions with residues were observed. The ligand FOR711A
is closer (less than 4 A) to the residues of the catalytic site, demonstrating shorter distances
from residues in comparison to BAY 41-2272 (higher than 9 A), which couples in another
region of the enzyme, such as residues Arg168 and Glu169.
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Table 2. Distances (A) between residues of the binding site of p1 H-NOX domain of reduced

sGC and ligands FOR711A and BAY 41-2272.

Ligand Receptor Interaction Distance (A)
FOR711A Aspl102 Hydrophobic 3.77

Alal19 Hydrophobic 3.85

Glul21 Hydrophobic 2.93

Glul21 Hydrophobic 3.34
BAY 41-2272 Argl68 Hydrophobic 3.66

Glul69 Hydrophobic 3.88

Glul69 H-Bond 2.22

Then, the oxidized form of Bl H-NOX domain of sGC enzyme was selected,

generating docking and binding site of this target with the ligand FOR711A (Figures 2A and
2C) and the NO-independent heme-dependent sGC activator BAY 58-2667 (Cinaciguat)
(Figures 2B and 2D). Total energy values for the most stable conformations of complex
FOR711A and BAY 58-2667 were -349.8 kcal.mol™* and -388.2 kcal.mol™, respectively, which

were similar values.
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Figure 2. Interaction complex o 1 H-NOX domain of oxidized sGC with ligands FOR711A
(A) and BAY 41-2272 (B). Map of hydrophobic interactions of ligand 711A (C) and map of H-
Bond interactions of ligand BAY 58-2667 (D) in the f1 H-NOX domain of oxidized sGC.
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After the coupling simulations, the ligand FOR711A presented three hydrophobic
interactions with residues Glu99 and Glu121 of the active site of BAY 58-2667. The FOR711A
ligand presented closer distances to those of BAY 58-2667 in some residues of the catalytic
site, such as Ala42 and Glul21 (Table 3).
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Table 3. Distances (A) between residues of the binding site of p1 H-NOX domain of
oxidized sGC and ligands FOR711A and BAY 41-2272.

Ligand Receptor Interaction Distance (A)

FOR711A Glu99 Hydrophobic 3.06
Gluil21l Hydrophobic 3.45
Gluil21l Hydrophobic 3.80
Ala224 Hydrophobic 3.79

BAY 58-2667 Ala4?2 Hydrophobic 3.46
Glu99 Hydrophobic 3.05
Glul21 Hydrophobic 2.99
Glu99 H-Bond 3.05
Glu99 H-Bond 3.57
Asn103 H-Bond 3.57
GInl114 H-Bond 2.29

3.3 Predictive study of pharmacokinetic properties

The generated physicochemical parameters composed a databank that may be used
in molecular docking tests, which resulted from the calculated values RM = 127.65, TPSA =

86.26 A2 and octanol-water partition coefficient (Log Po/w) = 1.29 (Figure 3).
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Figure 3. Predicted partition coefficient (Log P) of FOR711A.

logP value

iLOGP XLOGP3 WLOGP MLOGP SILICOS-IT

The rules established by Lipinski, Veber, Ghose, Egan and Muegge were used to
define the drug-like standards of FOR711A. The MM value (541.55 g/mol) violated the rule of
Lipinski (MM > 500 g/mol) and Ghose (MM > 480 g/mol). However, none of the other rules

were violated (Table 4).

Table 4. Drug-like physicochemical properties of FOR711A.

PROPERTY VALUE
Formula C24H22N7O2Ru
Molar Mass 541.55 g/mol
C sp3 fraction 0.04

Number of rotatable bonds 2

Number H donors 1

Number of H acceptors 2
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Molar refractivity 127.65
Topological surface 86.26 A2
Log Po/w (XLOGP3) 4.68
Log Po/w (WLOGP) 5.26
Log Po/w (MLOGP) -0.47

The results of water solubility (Log S) that characterize the behavior of FOR711A
in water were the following: Log S (ESOL) = -6.65 (poorly soluble), following an order of
molar concentration = 2.26e-07 mol/L and common water concentration = 1.23e-04 mg/mL,;
Log S (Ali) = -6.22 (poorly soluble), following an order of molar concentration = 6.04e-07
mol/L and common concentration = 3.27e-04 mg/mL; Log S (SILICOS-IT) = -2.18 (slightly
soluble), molar concentration of 6.56e-03 mol/L and common concentration = 3.55e+00
mg/mL.

Figure 4 illustrates the radar of oral bioavailability of FOR711A, where the pink
colored zone indicates the ideal physicochemical properties for the compound to perform
pharmacological activity in the human organism, while the red indicator marks the specific
index of each property for the tested compound. When the indicator is in the pink zone, the
compound may be considered viable for oral administration. Concerning FOR711A, the test
indicated unviability in this aspect due to its high index of unsaturation (96%), low solubility
and MM > 500 g/mol.



71

Figure 4. Oral bioavailability radar of FOR711A.
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The analysis of FOR711A pharmacokinetics revealed that the molecule has high
gastrointestinal absorption and cannot pass through the blood-brain barrier (BBB). These
characteristics may be observed in the BOILED-Egg map generated by the test, which shows
the absorption of FOR711A by the gastrointestinal tract (HIA) (white area) and the permeability

in BBB (yellow area), based on Log P and TPSA values that are absorption and permeability
indicators (Figure 5).
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Figure 5. BOILED-EGG map, gastrointestinal absorption and hematoencephalic
permeability via absorption and permeability describers.
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The possible interaction targets between the compound and some enzymes of
cytochrome P450 were evaluated, where FOR711A did not react with the main cytochrome
enzymes CYP1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4.

The possible toxic effects of FOR711A oral administration were identified through
the acute toxicity test in a short absorption period (i.e. less than 24 h after the administration of
the compound). The predicted value for LD50 of FOR711A was 1000 mg/kg, which classifies
it in toxicity class 4 (300 < LD50 < 2000) and may be harmful if directly ingested. The acute
toxicity test is based in a dataset of toxic fragments of molecules with properties that are similar
to the sampled molecule and that have known LD50 values from tests performed in rats. The
similarity of the compound’s toxic fragments with registries in the database was 37.5%, and a
precision ellipse of 23% was identified. Hence, the molecule does not present a predicted
dosage value in other LD50 tests found in the database (2319.9 mg/kg) (Figure 6).
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Figure 6. Distribution of FOR711A dosage in relation to toxic fragments in databank.
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The results obtained in the CAM irritation test after 5 min demonstrated that
FOR711A complex did not present irritating potential (Table 5). FOR711A complex presented
a vasodilator effect, which was observed due to the greater evidence of blood vessels after the

application of the drug and at the end of the observation period of 5min (Figure 7).

Figure 7. Time progression of effects by NaCl 0.9% (negative control), NaOH 0.1 M (positive
control) and FOR711A 100 uM in the chorioallantoic membrane of hen’s egg at 0 (T0), 30
(T30) and 300 (T300) seconds.
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4. DISCUSSION

The compound cis-[Ru(bpy)2(2-MIM)NO2]PFs was designed as a potential drug
candidate based on the interesting pharmacological properties of similar compounds
described by Lopes and coauthors [14, 47, 48]. Those polypyridinic ruthenium (I1) complexes
containing an imidazole moiety showed excellent biocompatibility and promising therapeutic
effect using in vitro and in vivo models for studies involving inflammation, vasorelaxation
and asthma, for example [14, 47, 48]. On the other hand, the number of studies investigating
their biological targets is still limited, which directed this study towards an in silico approach.
The synthesis of the FOR711A complex was carried out through a one-pot double substitution
reaction starting from the precursor cis-[Ru(bpy)2Cl2]-2H20. This strategy allowed the
preparation of the desired compound in good yield and purity, as demonstrated by elemental
analysis results. Spectroscopic characterization provided findings that agree with the
proposed structure. *H NMR and electronic spectroscopy in the UV-vis region data
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evidenced the coordination of the ligands and the retention of the cis isomery, as well as the
+2 redox state of the metal center. Vibrational spectroscopy in the infrared region, on the other
hand, showed that the nitrite moiety is coordinated through the nitrogen atom, based on the
characteristic stretching frequencies that were observed [49]. All these observations were
supported by DFT calculations.

The potential sGC stimulator or activator effect of the protein targets was evaluated
computationally through molecular docking. According to description by Weichsel [21], both
targets represent different forms of f1 H-NOX domain of sGC, where this chain presents a b-
type prosthetic heme-Fe?* group in its N-terminal. This characteristic confers sensitivity to NO,
capacitating sGC to perform the S-nitrosation process [22, 50]. Hence, the first coupling of
FOR711A complex with the reduced form of the enzyme (PDB: 2009) was performed [33], a
possible target for the drug class known as sGC stimulators. Afterwards, the complex was
coupled with the oxidized form of the enzyme (PDB: 3L6J), a possible target of sGC activators
[34].

Evaluating the distances between FOR711A and the residues in the binding site of
the reduced protein revealed that it was closer (less than 4 A) to the catalytic sites, such as
Aspl02 and Glul2l, demonstrating strong bonds to these amino acids. In addition, we
identified shorter distances from residues in comparison to BAY 41-2272 (greater than 9 A),
and binding was found to be in another enzyme site, such as Arg168 and Glul69. The sGC
activators, such as cinaciguat and ataciguate, supposedly occupy the heme cavity of sGC after
the processes of oxidation and heme loss, stimulating the activity and reducing proteasome
degradation [51-53]. Cinaciguat assumes a heme-type conformation with its two carboxylated
substitutes in a similar manner to the two heme propionates in the native structure. The oF-
helix, which contains the proximal histidine, occupies a conformation that occurs in the NO-

activated sGC, justifying the cinaciguat role as a SGC activator [34].
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Evaluating the distances between ligand and residues in the binding site of the
oxidized protein revealed that the FOR711A compound presented short distances (less than 4
A) between ligands and the residues Glu99 and Glu121. The ligand FOR711A presented shorter
distances in comparison to BAY 58-2667 in some residues of the catalytic site, such as Glu99
and Glu121, which indicates the potential activator effect of SGC by the ruthenium complex.
Then, a possible favorable energetic interaction between ligand and protein target was evaluated
to elucidate the molecular reasons that are responsible for the pharmacological potency of this
complex. Hence, the Gibbs free energy of binding, which measures the amount of energy that
must be added to a bond for it to happen, was calculated.

When bonded to the reduced sGC, BAY 41-2272 presented an energy value, almost
three times more negative than FOR711A, indicating a stronger interaction in comparison to
the compound. Concerning the interaction energy to oxidized sGC, the activator BAY 58-2667
presented an energy value relatively close to the FOR711A compound. This data, in addition to
the results of distances between residues in the binding site of the complex and the reduced and
oxidized forms of the protein, suggests a potential activator effect of sGC by the ruthenium
complex.

Several pharmaceutical companies are interested in the development of predictive
models (in silico) of ADMET that may aid researchers in selecting promising candidates, which
constitutes essential parameters for the development and optimization of new medicines. The
pharmaceutical industry invests substantially in the development of new assays and the
improvement of testing capacity, seeking the effective integration of ADMET models in silico,
in vitro and in vivo, which creates a current paradigm for the production and development of
drugs [54, 55].

The RM was calculated to characterize the level of lipophilicity of R-groups from

FORT711A for future studies of structural modification in the development of new analogs of
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the compound. This property indicates the tendency of a compound to lose its lateral R-chain
to water in a biological medium (approximately, pH 7.0). The calculated value of FOR711A
indicates a high level of lipophilicity in its lateral chains, which occurs due to the high degree
of unsaturation of R-groups linked to the central ruthenium [56-58].

In the rational planning of drugs, it is possible to describe the permeable behavior
of the compound in the lipid bilayer of biological membranes, where most of the drug reactions
occur, through calculation of TPSA. The ability to cross these biological membranes grows in
an inverse proportion to the TPSA value. Compounds with values lower than 140 A2 have
greater permeability degree. The FOR711A attends well to this parameter, indicating a
moderate permeability and tendency of crossing biological membranes [59].

Log Po/w is a parameter used to describe the absorption and elimination behavior
of bioactive drugs and to measure the affinity of a molecule to nonpolar environments,
considering that most drugs are predominantly hydrophobic and are absorbed gradually by the
lipid bilayer of biological membranes [60]. The ideal absorption parameter of a drug is
considered when 1<Log P<5, indicating that the chemical species in its fundamental conditions
is not very lipophilic [61]. Based on a databank of experiments performed with other chemical
species of similar physicochemical properties, LogP in ADMET test was calculated with
methods iLOGP, XLOGP3, WLOGP, MLOGP, SILICOS-IT [62-64] and with consensus log
Po/w, which is the average value of predictions. Our experimental measurement of LogP for
FOR711A provided a value of -0.49, indicating a moderately hydrophobic compound. This
value is remarkably close to the one predicted by MLOGP (- 0.47, table 4) indicating this one
being with the best parameters for this calculation. We should remind that the large difference
of the predicted values may be due to the more complicated calculation using large molecules
including ones with multiple charges as FOR711A.
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Nonetheless, these values are still suitable for orally administered drugs. In their
study, Lipinski and coauthors [65] report that some limitations regarding the MLOGP
topological method are reported in the literature. He also reports that the algorithm makes it
problematic to predict the solubility of a candidate for a complex drug, where a simple sum of
structural contributions is not enough. The author also cites the greater accuracy of algorithms
such as CLOGP, analogous to the atomistic method of WLOGP in this prediction. Thus, the
same is expected for the discrepancy between the topological methods of the SILICOS-IT
program and the atomistic method of the XLOGP3 program, embedded in the SwissADME
server as solubility and lipophilicity prediction algorithms.

Concerning the active principle and bioavailability of FOR711A, according to the

parameters of Lipinski's rule-of-five [41], the compound is drug-like, despite presenting a

violation of the rule due to MM > 500 g/mol. The compound attends to the parameters of

MLOGP <4.15; H, N or O acceptors < 10; H, NH or OH donors < 5. Considering Ghose’s rule
[40], a compound presents bioavailability for oral administration when 160 < MM < 480;

-0.4 <WLOGP <5.6; 40 <RM < 130; 20 < atoms < 70. Thus, in this rule, FOR711A presented
violation. In addition to the MM of the compound, Veber and Egan’s rules [44, 40] emphasize
the permeability and absorption indexes, and FOR711A did not present an escape to these rules,
considering that it presents rotatable bonds < 10 and TPSA < 140 according to the rule of Veber
[44], and WLOGP < 5.88 and TPSA < 131.6 according to the rule of Egan [40]. Considering
Muegge’s observations [43], which are more comprehensive in terms of physicochemical
properties, a compound presents oral bioavailability when 200 < MM < 600;

-2 < XLOGP < 5; TPSA < 150; number of rings < 7; number of carbons > 4; number of
heteroatoms > 1; number of rotatable bonds < 15; H acceptors < 10 and H donors < 5, to which
FOR711A did not present violations. Besides all of this, we should remind metallocompounds

can use heavy atoms such as ruthenium, which may easily violate one.
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Lipinsky’s rules (MW < 500 g/mol). However, other authors have supported this
issue may not consist in a true violation of Lipinsky’s rules, whereas molecular volume should
be a better alternative parameter for metallodrugs instead [66].

The results of the oral bioavailability test of FOR711A suggest that the compound
is not viable for oral administration and indicates that this drug needs to be coupled with a
vehicle for oral administration [61]. For the definition of FOR711A behavior in aqueous
medium, the water solubility, or Log S, was calculated according to the solubility scale
(insoluble < Log S -10 < poorly soluble < Log S -6 < moderately soluble < Log S -4 < soluble
< Log S -2 < very soluble < Log S 0 < highly soluble) [61]. Besides, the calculated Log S
(ESOL) value and Log S (Ali) value classifies the compound as poorly soluble [64,67,68].

Moreover, the molecule presented high gastrointestinal absorption due to the
elevated lipophilicity level, which means that the compound is slowly dissolved in the
gastrointestinal liquid [69] and belongs to the 98% group of compounds that do not pass through
the BBB, responsible for protecting the central nervous system [70]. The acute toxicity test in
silico showed that FOR711A is possibly harmful if ingested. However, this needs to be
evaluated in vivo and through other routes of administration.

These pharmacokinetic characteristics of FOR711A were evaluated according to
Log P and TPSA values, indicators of absorption and permeability [59]. Concerning the
biotransformation or metabolization related behaviors, the possible interaction targets of the
compound with some enzymes of the cytochrome family (CYP) P450, which are responsible
for metabolic activity and drug absorption, were identified. FOR711A does not react with the
main enzymes of CYP 450: CYP1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4. This can
reduce the risks of drug interactions between drugs that act on these enzymes. However, also

indicates possible prejudice to metabolism and excretion of the compound (FOR711A)
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resulting in toxicity, for example due as accumulation of residues in the arterial and intestinal
lumens or to be substrate of P-glycoprotein (P-gp) [71,72].

In the last decades, there has been great investment in the development and
validation of alternative in vitro methods, which aim to predict the responses to ocular irritation
that are observed in Draize test [73,74,75]. In addition, HET-CAM provides data related to
vascular events, including hyperemia, hemorrhage, and coagulation, and it imitates the eye
membrane, the conjunctiva [75]. This test aims to evaluate semi quantitatively the irritating
potential of a chemical product on the CAM of an embryonated hen’s egg through the
observation of irritating effects on the surface of this membrane after the application of the pure
or diluted chemical compound [76, 77].

The HET-CAM is a rapid, simple, and easily executable methodology with relative
low-cost that does not cause suffering to animals. Brazilian laws do not mention any ethical
aspects of using chicken embryos. However, based on other countries with worldwide known
ethical concerns that use this model in their experiment, the chicken embryo is not considered
a live animal until the 17" day of development [78]. In our results, no irritation was identified.
In addition, the presence and increased diameter of small blood vessels suggest a possible
vasodilator effect of FOR711A. This finding may be explained by the result obtained in silico,
which demonstrates high affinity of total energy values between FOR711A and the reduced and
oxidized forms of the sGC and potential effect in modulation via NO/sGC/cGMP.

The FOR711A complex presented a basic structure of the ruthenium metallic
nucleus, the 2,2’-bipyridine, the 2- methylimidazole and the addition of a nitrite anion (NO>").
This anion was present in the complex ion cis-[Ru(NO2)(bpy)2(py)]* (RUBPY) previously
studied by Pereira and coauthors [15] for vasorelaxant effects. Some studies demonstrated these

same effects in other ruthenium complexes, such as Silva and coauthors [79] who
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studied the compounds cis-[Ru(phen)2(NO)(tu)]** and cis-[Ru(phen)2(NO)(tbz)]** and
evidenced promising vasodilator effects. In addition, Silveira [80] identified the same type of
potential in the complexes cis-[Ru(bpy)2(2-MIM)2]** (FOR011AA), cis-[Ru(bpy)2(2-
MIM)(NO2)]" (FOR711A), cis-[Ru(bpy)2(2-MIM)CI]* (FOR011A) and cis-[Ru(bpy)2(2-
MIM)(NO)]** (FOR811A). The two last previously mentioned compounds acted via NO- sGC-
cGMP and on potassium channels, which were evidenced through in vitro and in silico assays.
In addition, a recent study involving a ruthenium-based NO acceptor, cis-
[Ru(bpy)2(ImN)(NO)]J** (FOR0811), demonstrated vasodilator effect in aortic rings of rats via
sGC-cGMP [81].

5. CONCLUSION

The new ruthenium-based complex containing an imidazole derivative (FOR711A)
was capable of binding to B1 H-NOX domain sites of reduced and oxidized sGC, demonstrating
short binding distances to several residues and negative values of total energy. The compound
did not present viability for oral administration due to the high unsaturation index, demonstrated
by the lipophilicity, leading to high gastrointestinal absorption and failure to cross the blood-
brain barrier. In addition, it presented low solubility, which indicates that the drug needs to be
coupled to a vehicle for oral administration. The vasodilator effect promoted by FOR711A in
CAM blood vessels is related by the potential sGC activator effect and role via NO/sGC/cGMP.
These results suggest that the compound has for pharmacological applicability in vivo
vasodilator assays, requiring more detailed biological studies to elucidate its mechanism of

action.
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Figure S6. Monitoring the metal complex (ca. 30 uM) stability in 10 mM PBS buffer
pH 7.4 by UV-Vis spectroscopy
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Table S1. TD-DFT calculations to the vertical singlet transitions for complex
FOR711A.

Excited E y) f Major Contribution Character
States (eV) (nm)
1 2.54 488  0.0011 HOMO—LUMO (81%) MLCT
2 2.60 477  0.0123 HOMO—LUMO+I1 (66%) MLCT
5 2.85 434 0.1044 HOMO-2—LUMO (60%) MLCT
18 3.81 325 0.0175 HOMO—LUMO+5 (40%) MLCT
19 3.82 324  0.0367 HOMO-2—LUMO+2 (14%) MLCT
HOMO—-LUMO+5 (12%)
35 4.43 280 0.1780 HOMO-7—LUMO+1 (34%) IL
36 4.44 279  0.0543 HOMO-3—LUMO+2 (55%) MLCT
38 4.48 277 0.2882 HOMO-7—LUMO (22%) IL
HOMO-6—LUMO+1 (14%)
40 4.55 272 0.1897 HOMO-8—LUMO+1 (38%) LLCT
52 5.09 244  0.0491 HOMO-7—-LUMO+2 (44%) IL
55 5.14 241 0.0182 HOMO-7—LUMO+2 (20%) IL

HOMO-6—LUMO+2 (18%)
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HIGHLIGHTS

1. FOR711A is cis[Ru(bpy)2(2-MIM)(NO2)]PF6 (bpy = 2,2’-bipyridine, 2-MIM

= 2-methylimidazole).

2.FOR711A has a LD50 > 175 mg/kg in swiss mice

3.FOR711A promoted vasodilator effect by stimulation/ activation of Soluble Guanylate
Cyclase

4. FOR711A binding affinity to NOS1, GUCY1A3 e RSB2 selected by biological network
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Abstract: Nitric oxide donors (NOD) induce vascular relaxation in normotensive and
hypertensive rats. Our previous study showed in silico and in vitro a vasodilator effect of a
ruthenium complex-based NOD, cis- [Ru(bpy)2(2-MIM)(NO2)]PF6 (bpy = 2,2" -bipyridine
and 2-MIM = 2-methylimidazole), containing an imidazole derivative (FOR711A). The aim
was investigating the toxicity and the ex-vivo effect and mechanism of vasodilator in
normotensive Wistar rats (250-300 g). PROTOX-11 program showed a low toxicity of class Il1.
Cytotoxicity, Hepatotoxicity, Immunotoxicity, = Mutagenicity, Nephrotoxicity and
Carcinogenicity was negative to 711A in the eMolTox program. A LD50 more than 175 mg/kg
was revealed in swiss mice. Vasorelaxant effects were analyzed by performing concentration
response curve to FOR711A (0,01 a 30 umol/L) in rat aortic rings (n=6) in the absence or
presence of endothelium and different inhibitors of the vasodilation pathways were used.
FOR711A was able to induce total relaxation in preparations pre-contracted with PHE, while
in preparations pre-contracted with KCL the relaxation was partial and therefore less effective.
In preparations with PHE devoid of endothelium, total relaxation of the aortic rings occurred.
FOR711A-induced relaxation was significantly reduced in the presence of the ODQ inhibitor
(1H-[1,2,4]-oxadiazolo-[4,3,-a]quinoxalin-1-one) and partially reduced in the presence of L-
NAME (Nw-nitro-L-arginine methyl ester) and hydroxocobalamin. Biological network and
docking molecular analysis showed the involvement of vasodilator proteins. Finally, FOR711A
presented low toxicity and promoted vasodilator effect by stimulation/ activation of Soluble
Guanylate Cyclase and the parliament NO species (NO®) and nitric oxide synthase. Thus,
representing a potential drug for continuity in future preclinical studies.

Keywords: Ruthenium complexes; In silico modeling; vasorelaxant; biological network.
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1 INTRODUCTION

Cardiovascular disease (CVD) presents high prevalence rates and is currently the
leading cause of death worldwide. According to the World Health Organization (WHO), CVD
are responsible for approximately 17.9 million deaths around the world due to heart attack and
strokes. One third of these deaths occur prematurely with people younger than 70 years old
(WHO, 2021).

The endothelium plays a key role in the synthesis of nitrous oxide (NO), which is
responsible for the regulation of arterial pressure and vascular functions. Hence, endothelium
dysfunction is a major factor in physiopathological associated with, for example, hypertension,
cardiac insufficiency, atherosclerosis, coronary syndrome, type | and Il diabetes,
hyperhomocysteinemia and vasculitis (Sun et al., 2016; Kumar; Dey; Kundu, 2020).

The applicability of Ruthenium complexes in these cases would be associated with
the release of nitrous oxide (NO) and involves several medical fields, such as parasitology
(Sanchez-Delgado et al., 1996), microbiology (Yang; Liao; Fu, 2018), oncology (Zhang and
Sadler, 2017; Lin et al., 2018), angiology (Hsia et al., 2017; Jayakumar et al., 2018),
ophthalmology (Thangavel et al., 2019) and cardiology with hypotensive (Munhoz et al., 2012;
Rodrigues et al., 2012) and vasodilator (Paulo et al., 2012) effects, providing a therapeutic role
against arterial hypertension (Prasad; Pathak; Panday, 2012; Agelis et al., 2012).

However, concerning pharmacological potential, ruthenium-based nitro
compounds are scarcely investigated. Currently, Lopes et al. reported the synthesis of cis-
[Ru(NO2)(bpy)2(5NIM)]PFs (bpy = 2,2’-bipyridine and 5NIM = 5-nitroimidazole) complex,
which presented significant antioxidant and potential anti-inflammatory effects (Sasahara et al.,
2020). In addition, other studies involving vascular reactivity demonstrated that cis-

[Ru(bpy)2(py)NO2](PFs) (RUBPY) (py = pyridine) promoted aortic relaxing (Pereira et al.,
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2011), hypotension and vasodilation of coronary, basilar (Pereira et al., 2017) and mesenteric
arteries (Araujo et al., 2019).

Our previous study has shown in silico and in vitro a potential vasodilator effect of
a nitrous oxide donor in a ruthenium complex, cis-[Ru(bpy)2(2-MIM)(NO2)]PFs (bpy = 2,2' -
bipiridina e 2-MIM = 2-metilimidazol), containing an imidazole derivative (FOR711A). Hence,
this study aimed to investigate the toxicity, effect and vasodilator mechanism of the FOR711A

organometallic complex in aorta isolated from normotensive rats.

2 METHODS

2.1 Compound preparation

The cis-[Ru(bpy)2(2-MIM)(NO2)]PFs (FOR711A) complex was synthetized in the
Laboratory of Bioinorganic (LABIO) (Department of Organic and Inorganic Chemistry,
Federal University of Ceard, Fortaleza, Ceard, Brasil) as described by Oliveira Neto et al.

(2022).

2.2 Animals

All of the animals used in this study were maintained in polypropylene boxes with
controlled room temperature (22 + 2 °C), light hours (light/dark cycles of 12/12 hours),
humidity and air circulation, and free access to standard feed and water. The experiments were
conducted in the Center of Research and Drug Development of the Federal University of Ceara
(NPDM-UFC). All of the recommendations provided by National Council for the Control of
Animal Experimentation (CONCEA) and the Brazilian College of Animal Experimentation
(COBEA) were followed. The methodology used in the experiments was approved by the Ethics

Committee for the Use of Animals (CEUA-NPDM).
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In this study, female Swiss mice weighing between 17 and 22g were provided by
the bioterium in NPDM-UFC and used for the toxicity experiments (authorization number
13010819-0). For the vascular reactivity tests, Wistar rats weighing between 250 and 300g

(age 8 to 10 weeks) were used (authorization number 06010819-0).

2.3 Toxicity of FOR711A

2.3.1 In silico toxicity

The toxicity of FOR711A molecule was evaluated with prediction tools PROTOX-
Il (Banerjee et al., 2018) and eMolTox (Ji et al., 2018), using canonic smile code for the
identification of the compound. Oral acute toxicity was determined via toxicity class and DLsg
in Protox-1l. The eMolTox was used to evaluate Prediction accuracy, Cytotoxicity,
Carcinogenicity, Hepatotoxicity, Immunotoxicity, Mutagenicity and Nephrotoxicity based on
the complete structure of FOR711A and its fragments (2-metilimidazol; 2,2'-Bipiridine;

nitrogen dioxide).

2.3.2 Up-and-down protocol of acute toxicity

The oral via of administration is the standard according to directive 425 of OECD
(OECD, 2022) for the execution of up-and-down procedure for oral acute toxicity. However, in
this study the administration was adapted to intraperitoneal as previous results indicated that
oral administration was not viable, in addition to low solubility, indicating the need for a vehicle
for oral administration (de Oliveira Neto et al., 2022). Following the recommendations in this
protocol, doses were determined using Acute Oral Toxicity 425 (AOT425) software. After
selecting the initial dose, subsequent doses were determined according to the physical response

of the animal to the previous dose. Therefore, an up-and-down scheme of dose administration
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was applied according to one of the stop criteria (when 3 animals survived a higher dose or, in
reverse, when 3 animals survived a lower dose, and three animals die with a higher subsequent
dose). Based on this premise, the software provides an estimated DLso of the studied substance.

After administering the dose, animals were observed after 5, 15, 30 and 60 minutes.
Then, after 24h and every 48 hours for a total of 14 days, animals were analyzed for the presence
of indicative signs of toxicity, pain, or stress. At the end of the experiment, animals were
anesthetized with ketamine (80mg/Kg) and xylazine (10mg/Kg) for the blood collection for
biochemical analysis (urea and creatinine following manufacturer’s recommendations,
Bioclin), and organ sampling (kidney and liver) for histological analysis (common light

microscopy).

2.4 In vitro study of the vasodilator effect of FOR711A

2.4.1 Solutions and drugs

The following drugs and reagents were used in the in vitro study NaCl, KClI,
MgSQ4, CaCl,, KH2PO4, NaHCO3, glucose, phenylephrine, acetylcholine, hydroxocobalamin
(HCOB), L-cysteine, No  -Nitro-L-arginine  methyl-ester ~ (L-NAME), 1H-
[1,2,4]oxadiazole[4,3-a]quinoxaline-1-one (ODQ), tetraethylammonium (TEA), glibenclamide
(GLIB), 4- aminopyridine (4-AP). For the in vivo study, sodium chloride (NaCl) and dimethyl
sulfoxide (DMSO) were used. All of these substances contained analytical purity grade and
were acquired from Sigma-Aldrich Co. (St. Louis, EUA). In addition, urea (Uréia CE) and

creatinine (Creatinina K) kits from Labtest®, Brazil, were used.
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2.4.2 Organ bath protocol

Rats were anesthetized with ketamin (80 mg/kg, i.p.) and xylazine (8 mg/kg, i.p.),
and euthanized by exsanguination. Thoracic aorta was immediately removed and immersed in
modified Krebs-Henseleit solution (MKHS) (Composition (mM): NaCl 118; KCI 4.7; MgSOa4
1.2; CaClz 2.5; KH2PO4 1.2; NaHCOs 25; glucose 11, pH = 7.4) at room temperature for the
removal of connective tissue and section of 4 segments of 5mm length. Samples were then
submitted to organ bath in 10mL chambers filled with MKHS for 37°C and oxygenated with
carbogen (gas mixture of 95% of O and 5% COy). Basal tension applied to aortic rings was
adjusted periodically to 10 milinewtons (mN) (Khanna et al., 2011). Hence, tissue stabilization
was initiated for 60 min and bath fluid was renewed every 15min. After the stabilization period,
each aortic ring was tested for viability (Yildiz et al., 2015). Isometric tension of the
experiments was evaluated by a force transducer (MLT0201, ADInstruments, Spain) with
signal amplified (Quad Bridge Amp, ML224, ADInstruments, Australia) and transmitted to a
digital-analogical converter (Power Lab®, ML8661P, 4130, ADInstruments, Australia) for time
recording of the tension through a signal acquisition and processing software (LabChart® 8.0.1
for Windows, ADInstruments, Australia).

In order to evaluate endothelial integrity, maximum contractility was assessed with
the hypertonic increase of K+ concentration for 60mmol/L of the extracellular solution in the
bath. A contraction of at least 70% of the basal value was necessary for considering a ring viable
(Chen et al., 2009). Then, each ring was washed with MKHB four times and after 5min,
endothelial viability was evaluated through contraction with phenylephrine (PHE, 1 umol/L),
followed by relaxing by the addition of acetylcholine (ACh, 10 pmol/L) in chambers
(Bonaventura et al., 2011). Preparations were considered with viable endothelium when

relaxing value was equal or greater than 80% of the contraction value (Celloto et al., 2011).
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2.4.3 Effect of FOR711A in aortic rings pre-contracted with PHE or KCI

To verify the relaxant effect of FOR711A, rat aortic rings were used (n=6, where n
means the number of aortic segments with used tissue) pre contracted with PHE (1 pmol/L)
(Chen et al., 2009) and KCI (60 mmol/L) in viable endothelium. As the experiment progressed,
rising and cumulative concentrations of the metal compound (0.01 to 30 pumol/L) were added

aiming to provide maximum relaxation of the aortic tissue.

2.4.4 Analysis of vascular endothelium in vasorelaxant mechanism of FOR711A in PHE-
precontracted preparations

Aortic rings with naked endothelium (n=6), which was removed physically with the
aid of a metallic clip wire by rolling (20 repetitions) the artery in a Petri dish (Bonaventura et
al., 2011). This step was considered effective when Ach relaxing of less or equal to 10% was
identified during the viability test (Chen et al., 2009). The following formula was used: [%
relaxing = (PHE maximum contraction - Ach maximum relaxing/PHE maximum contraction —
PHE basal tension) x 100]. In this manner, whole and nude preparations were precontracted
with PHE (1 pmol/L) and the cumulative curve of response concentration was analyzed with

FOR711A (0.01 to 30 pmol/L).

2.4.5 Characterization of the possible mechanism of action of FOR711A in PHE-
precontracted preparations

After the evaluation of the potential for vasorelaxation of FOR7111, vascular
reactivity studies were performed for the characterization of their mechanisms of action. In
these experiments, aortic rings with intact endothelium were used (n=6). During 30min, one of
the following antagonists/blockers were used in the incubation: hydroxocobalamin (HCOB)

(100 umol/L), NO scavenger in the free-radical form (NO"); L-cysteine (3 mmol/L), a selective
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scavenger of nitroxyl ions (NO°); L-NAME (100 umol/L), non-selective inhibitor of nitric oxide
synthase isoforms (NOS); ODQ (10 umol/L), selective inhibitor of sGC; tetraethylammonium
(TEA) (10 mmol/L), non-selective blocker of K* channels; glibenclamide (GLIB) (10 pumol/L),
selective blocker of K* channels activated by ATP (Katp); 4-aminopyridine (4-AP) (1 mmol/L),
selective blocker of voltage-dependent K™ channels (Kv) (Boillot et al., 1995; Pino; Feelisch,
1994; Bonaventura et al., 2006; Lunardi, 2007; Campana; Braga; Cortes, 2009; Pinto et al.,
2009; Pereira et al., 2013; Rameshrad et al., 2016; Cabral, 2016). Then, all of the above-
mentioned preparations were stimulated with PHE (1 umol/L) and effect-concentration curves

were elaborated for FOR711A (0.01 a 30 pumol/L).

2.5 Statistical analysis

In each result, “n” represents the number of experimental observations (aortic rings)
in each group. Charts were elaborated from average values of the magnitude of the vasodilator
effect (expressed in percentage in relation to the contraction induced by PHE or KCI) calculated
for each concentration of the substance (after log base 10 transformation concentrations in
molar, mol/L). These were used as base for the construction of a concentration-response curve
(CRC) from a non-linear regression analysis according to the following sigmoidal equation: y
= Bottom + (Top — bottom/1 4 10(09EC50-x) = 5) \where y corresponds to the average response
(relaxing effect), x is the decimal log of concentration, bottom is the minimal response and top
IS maximum response. The constant s is the slope factor and was fixated in 1 in all of the
analyses, which corresponds to a standard CRC. Values of CEso (concentration value that
produces 50% of maximum or semi-maximum response), along with the respective confidence
intervals of 95% (CI 95%) were calculated from regression curves. Maximum effect (Emax)

was defined as the maximum response provided by a given substance or compound association.
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Data were presented as average * average standard deviation and statistical significance was
considered when the probability of occurrence of null hypothesis was less than 5% (p < 0.05).

Comparisons between treatment groups were performed with the use of Student t
test for independent samples, while comparisons between more than two groups were
performed with one-way ANOVA associated to tukey post-test for multiple comparisons.
Software GraphPad Prism® 8.0.1 (GraphPad Software, EUA) was used for statistical analysis

and graph elaboration.

2.6 Network of biological interactions
Data of biological processes for relaxation of vascular smooth muscle, vasodilation,
regulation of muscle contraction, regulation of arterial pressure and diameter of blood vessel

was obtained from platform amiGO 2 (http://amigo.geneontology.org/amigo) and evaluated in

String 11.0 platform (Szklarczyk et al., 2019) with the aim to find main targets. A network
prioritization was generated and validated with web Server GENEMANIA (Warde-Farley et

al., 2010).

2.7 Molecular docking

The design for ligand FOR711A was performed in software Avogadro 1.2
(Hanweel et al., 2012) and pre-optimized with force field MMFF94s (Halgren, 1996). For final
geometrical optimization, the method of density functional theory (DFT) with functional
correlation B3LYP (Beck, 1993) and base 6-311 ++ G (2d, p) present in GAMESS package
(Barca et al., 2020).

The structures of results from the biological network (NOS1, PRKG1,

GCH1,RGS2) were obtained from Protein Data Bank -PDB (https://www.rcsb.org/) using x-

ray diffraction technique with values between 1.20 —3.00 A (PDB: 4NOS; 4R4L; 1GTP; 2AFO0,


http://amigo.geneontology.org/amigo
https://www.rcsb.org/
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respectively). The macromolecule GUCY1A3 was obtained with homology construction
technique by SWISS-MODEL (Waterhouse et al., 2018) and UNIPROT
(https://www.uniprot.org/) with structural similarity values of 99.77% in relation to the 6JT2
structure. The validation of GUCY1A3 was verified with ERRAT (Colovos; Yeates, 1993),
PROVE (Pontius et al., 1996) and PROCHECK (Laskowski et al., 1993).

Molecular docking simulations were performed using AutoDock tools (ADT) v4.2
for the preparation of ligands and targets, and AutoDock 4.2.6 for calculation (Morris et al.,
2009). The affinity of bond and interactions between residue were used to determine the best
molecular interactions. Results were visualized using ADT and Discovery Studio v4.5 (Biovia,

2020).

3. RESULTS

3.1 Toxicity

The LDsg value of 210 mg/kg was obtained from PROTOX-II. Considering that
FORO711A is formed by a new class of drugs with metal and organic components, the similarity
value with other structures was bellow 30% with accuracy prediction of 12% due to the novel
form of structure. Data from eMolTox obtained from evaluating the full structure of FOR0711A
was negative for cytotoxicity, hepatotoxicity, immunotoxicity, mutagenicity, nephrotoxicity,
and carcinogenicity. However, when evaluating structural fragments, the predictor exhibited
results of 0.711% (confidence) for possible nephrotoxicity and 0.921% for carcinogenicity for

the 2,2-bipyridine fragment.

3.2 LDsoof FOR711A
The initial dose of 10mg/kg was selected based on previous studies performed by

our research party (unpublished data). The following doses were determined by software
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AOT425: 10mg/kg; 28mg/kg; 70mg/kg and 175mg/kg. Doses were prepared according to
animal weight using 0.9% sodium chloride (NaCl) and 3% dimethyl sulfoxide (DMSO)
solutions in relation to the total solution that needed to be prepared in a total volume of 0.5mL
in all of the animals. The results showed that FOR711A was not lethal in the highest dose used
(175mg/kg). Hence, the estimated LDso was higher than 175mg/kg.

For comparison of toxicity signs, two animals were used as control. One was treated
with 0.9% NaCl solution (saline control) and the other with 0.9% NaCl + DMSO solution
(DMSO control). The behavioral pattern was observed after the administration of each dose as
well as saline and DMSO controls to verify the presence or absence of indicative signs of
toxicity. The saline control group did not present physiological/behavioral alterations
suggestive of toxicity in any point after administration. On the other hand, DMSO control group
presented lethargy 30min after administration. A concentration value of 3% DMSO is the
maximum value allowed for in vivo administration and is frequently used in scientific research
(Melo et al., 2008).

Behavioral alterations were observed (motor activity, behavior, tremors, seizures,
lethargy, sleep) or systemic (skin and fur, eyes, respiratory system, circulatory system,
autonomous and central nervous system), which suggested pain or stress. During the
experiment, vasodilation was observed in the first and second highest doses (175 mg/kg and 70
mg/kg), while agitation was observed in initial doses (10 mg/kg and 28 mg/kg). In addition,
itch was observed in all of the doses with the exception of 70mg/kg; lethargy and tremors was
present only in animals with the highest dose. At the end of 14 days, after the administration of
FORT711A, the animal treated with the dose of 10 mg/kg lost 9.7% of body weight and 73.1%
weight loss was observed with the dose of 28mg/kg. Meanwhile, animals treated with doses of

70 mg/kg and 175 mg/kg presented weight loss of 57.9% and 27.4%, respectively. Hence, the
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highest body weight variation was observed in the animal that was administered 70mg/kg and
the lowest was found with dose 28mg/kg.

Biochemical dosages demonstrated a small increase in urea levels (Control: 46
mg/dL; FOR711A 10 mg/Kg: 52mg/dL; FOR711A 28 mg/Kg: 62 mg/dL; FOR711A 70 mg/Kg:
61 mg/dL; FOR711A 125 mg/Kg: 62.3 mg/dL; with the respective increases of 13%, 34.8%,
32.6% and 35.5%). After the second dose, 28 mg/kg), FOR711A may have caused alteration of
the kidney function, which would not be dose-dependent, considering that there was not a
considerable variation in urea levels between doses. Considering the serum creatinine levels,
results were within normal levels (0.3mg/dL).

Saline and DMSO control groups did not present histological kidney alterations.
However, DMSO control group presented moderate hydropic degeneration in the liver, which
was used as reference for histological analyses. In kidneys, light vascular congestion was
observed in the highest dose (175mg/kg) and moderate in the others. Edema, and discrete (doses
10mg/kg and 28mg/kg) and moderate (doses 70mg/kg and 175mg/kg) hemorrhage was
observed in addition to the presence of hydropic degeneration after the 28mg/kg dose. Discrete
atrophy and glomerular proliferation was observed in all doses with the exception of the lowest
dose (10mg/kg) where it was absent. The liver analyses revealed the presence of discrete edema
in the two highest doses as well as hydropic degeneration. Hemorrhage was not observed with

any dose. Concerning hydropic degeneration, it was observed following the 70mg/kg dose.

3.3 Vasodilator effect of FOR711A in aortic rings pre-contracted with PHE and KCI and
intact endothelium (e*)

FOR711A presented a dose-dependent vasodilator effect in aortic rings with intact
endothelium that were precontracted with PHE and KCI. The CEso was significantly lower in

e* aortic preparations precontracted with PHE 0.1683 pmol/L (0.121 to 0.234 pmol/L) in
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comparison to samples precontracted with KCI 2.058 pmol/L (1.237 to 3.406 pmol/L).
Meanwhile, Emax Was significantly higher in preparations precontracted with PHE 113.755 +

2.208% in comparison to samples precontracted with KCI 76.497 £ 3.608% (Figure 1A).

3.4 Vasodilator effect of FOR711A in aortic rings with intact (e*) and naked endothelium
(e) precontracted with PHE

There was no significant alteration in relaxation induced by FOR711A in aortic
preparations precontracted with PHE according to CEso 0.1683 pmol/L (0.121 to 0.234
pmol/L), Emax 113.755 + 2.208% and CEso 0.2438 pmol/L (0.1692 to 0.3496 pmol/L), Emax

121.888 + 3.219%, with e* and e” respectively (Figure 1B).

3.5 Vasodilator effect of FOR711A in aortic rings with intact (e*) and naked (e’)
endothelium precontracted with KCI

There was no significant alteration in CEso for aortic preparations precontracted
with KCI, which provided the following results 2.058 umol/L (1.237 to 3.406 umol/L) and
1.569 pmol/L (0.581 to 4.338 umol/L), respectively with e* and e". Emax Of preparations with e*
(76.497 + 3.608%) was significantly lower in comparison to e Emax (136.307 + 15.027%)

(Figure 1C).

3.6 Role of radical NO scavenger (NO*®) and nitroxyl ions (NO") in the vasodilator effect
of FOR711A in aortic rings precontracted with PHE.

In FOR711A preparations containing HCOB, the CEsp of 7.301 umol/L (5.585 to
9.681 umol/L) was significantly higher in comparison to preparations that were precontracted
with PHE only with FOR711A (Control), CEso 0.1683 pmol/L (0.121 to 0.234 pmol/L), while

Emax value (116.4 £ 2.755%) of HCOB was not statistically significant in comparison to control,
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Emax 113.755 £ 2,208% (Figure 2A). Preparations containing L-cysteine presented CEsg 0.2784
pmol/L (0.1978 to 0.3911 pmol/L) and Emax 116.956 = 3.831% and were not statistically
different than control CEsp 0.1683 pmol/L (0.121 to 0.234 pmol/L) and Emax 113.755 £ 2.208%

(Figure 2B).

3.7 Role of e-NOS in the vasodilator effect of FOR711A in aortic rings precontracted with
PHE

In FOR711A preparations that contained L-NAME, values of CEsg 0.519 pmol/L
(0.416 to 0.649 pmol/L) and Emax 118.400 £ 1.068 % were significantly higher than control

CEs00.1683 pmol/L (0.121 to 0.234 pmol/L) e Emax 113.755 £ 2.208% (Figure 2C).

3.8 Role of sGC in the vasodilator effect of FOR711A in aortic rings precontracted with
PHE

In FOR711A preparations that contained ODQ, values of CEsp 2.644 pmol/L (1.277
to 5.952 umol/L) were significantly higher when compared to control, CEso 0.1683 pmol/L
(0.121 to 0.234 umol/L). However, Emax results in preparations of the group containing ODQ

(69.370 £ 5.511%) was significantly lower than control (113.755 * 2.208%; Figure 2D).

3.9 Role of selective blockers of Kate, Kv and nonselective blockers of K* channels in the
vasodilator effect of FOR711A in aortic rings precontracted with PHE

In FOR711A preparations that contained TEA, CEsp 0.678 umol/L (0.390 to 1.171
pumol/L) was significantly higher than control, 0.168 umol/L (0.121 to 0.234 pmol/L).
Meanwhile, Emax 112.798 + 5.937% did not presente significant alteration when compared to
control, 113.755 + 2.208% (Figure 3A). In FOR711A preparations containing GLIB, values of

CEsp 0.112 pmol/L (0.072 to 0.172 pmol/L) and Emax 108.665 £+ 2.550% did not present
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significant alterations in comparison to control, CEso 0.168 pmol/L (0.121 to 0.234 umol/L)
and Emax 113.755 £ 2.208% (Figure 3B). FOR711A preparations containing 4AP presented
values of CEso 0.388 pmol/L (0.236 to 0.637 pumol/L) that were significantly higher than
control, 0.168 pumol/L (0.121 to 0.234 pumol/L). However, Emax 115.582 + 4.646% was not

significantly different than control, 113.755 + 2.208% (Figure 3C).

3.10 Biological network

The result of the full biological network exhibited 422 nodes with 2680 interaction
edges and PP1 enrichment p-value of 3.59e°%°. The network formed with the main proteins were
GCH1 — GTP cyclohydrolase 1; RGS2 — regulator of G-protein signaling 2; GUCY1A3 —
guanylate cyclase 1, soluble, alpha 3; NOS1- nitric oxide synthase 1; PRKG1- cGMP-
dependent protein kinase 1. The prioritized network is displayed in Figure 4.

This set of proteins play important roles in the process of vasorelaxation by the
metal compound. Some of these are exhibited in the searching process, such as vascular smooth
muscle relaxation, vasodilation, regulation of muscle contraction, regulation of arterial pressure
and diameter of blood vessels, and others such as NO biosynthetic process, negative regulation
of arterial pressure, blood coagulation, guanylate cyclase activity and positive regulation of
blood vessel diameter.

The network that was generated in GENEMANIA platform showed compatibility
with processes exhibited in STRING network. All of these processes may be related with the
activity of the FOR711 molecule. Hence, molecular docking demonstrated molecular

interactions with each of the selected proteins.
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3.15 Molecular docking

Figure 5 displays the result of molecular docking between FOR711A and the
selected targets in the prioritized network of protein-protein interaction.

The binding affinity of molecular docking for compound FOR711A in software
Autodock 4.2.6 presented results of -5.11 kcal/mol for GCH1, -6.39 kcal/mol for RGS2, -7.98
kcal/mol for GUCY1A3, -8.27 kcal/mol for NOS1 and -5.83 kcal/mol for PRKG1. Considering
the highest binding affinity (A <-6 kcal/mol), the NOS1, GUCY1A3 and RGS2 structures were
selected for evaluation of molecular interactions of FOR711A with macromolecule residues.

The interactions between FOR711A and NOS1 (Figure 6A) showed 2 hydrogen
(ARG199, TRP372); 2 pi-Sulfur (CYS200, MET355); 2 pi-Alkyl (CYS200, PRO350); 2 pi-
Sigma (2 VAL352); 1 pi-Anion (GLU377) and 1 pi-pi T-shaped bonds. As for GUACY1A3
(Figure 6B), 2 hydrogen (CYS192, LYS160); 4 pi-Alkyl (PRO268, LYS160, 2 ILE371) and 1
pi-Sigma (ILE371) bonds were obtained. RGS2 results (Figura 6C) revealed 1 hydrogen
(ALA95); 8 pi-Alkyl (2 ALA95, 2 MET70, ALA99, LYS71 PRO72, LEU198); 1 carbon

hydrogen (MET70) and 1 pi-sigma (ALA96) bonds.

4. DISCUSSION

The in silico predictive value of LDso for FO711A in 210m/kg obtained from
ProTox-II software attributed a toxicity class 3 (50 < LD50 < 300), indicating toxicity if
ingested. There are six classes of toxicity defined by the Globally Harmonised System Of
Classification and Labelling of Chemicals (GHS) according to the LDso levels of 5, 50, 300,

2000 and 5000 mg/kg of body weight (Drwal et al., 2004; Banerjee et al., 2018).

When the eMolTox was used for the evaluation of the full structure of the
compound, no alteration was found concerning the evaluated parameters of cytotoxicity,

hepatotoxicity, immunotoxicity, mutagenicity, nephrotoxicity, and carcinogenicity, indicating
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absence of toxicity. Considering that the FOR711A compound has metal bonds, which are
considered to be of low stability, the toxicity of the organic and inorganic groups was also
evaluated, since these fragments may be generated after molecule dissociation. Nephrotoxicity
and carcinogenicity was identified and attributed to the 2,2 bipyridine fragment of the
FOR711A structure (Grady et al., 1976). However, this group remained stable in the molecular
docking evaluation with no risk of chemical dissociation and isolated interactions with residues

of the tested proteins.

In the up-and-down protocol for acute toxicity, there was animal survival when it
received the highest dose of 175mg/kg in accordance with the stop criteria and determined DLsg
> 175 mg/kg given that the compound presented limited solubility and permeability. Acute
toxicity studies are important to classify and label adequately substances according to the
toxicity degree and providing information related to pharmacokinetics and dose-response ratio
(Saleem et al., 2017). Interestingly, a similar DLso was obtained in silico. This finding
reinforces the use of these tools as substitutes to the in vivo method of toxicity evaluation further
stimulating alternative methods to animal experimentation, which is more effective

economically in terms of time and cost-benefit (Seo et al., 2022).

Similar to the in vivo toxicity results presented in this study, Barbosa e Silveira-
Lacerda (2013) evaluated the cis-[Ru(C202)(NH3)4]2 compound and observed that lower
doses (3 mg/Kg, 10 mg/Kg and 30 mg/Kg) did not present characteristic signs of acute toxicity.
However, the highest dose (300 mg/Kg) generated signs, such as palpebral ptosis, loss of
response to touch and pressure of tail and, eventually, tremors, seizures, loss of reflexes,
decrease in motor activity and bloody secretion in the mouth with a 50% lethality rate in the
first 24h and liver spots observed in the macroscopic analysis of internal organs. In FOR711A
results, low doses (10 mg/kg and 28 mg/kg) caused agitation and itch (except for dose

70mg/kg), while the highest dose (175 mg/kg) provoked lethargy and tremors.
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Concerning the body weight variation of animals treated with FOR711A, there was
decrease with low doses (10 mg/Kg and 28mg/Kg) and increase in high doses (70mg/Kg and
175mg/kg) with greater variation in 70mg/kg dose. In intoxication studies, body weight
variation is an important aspect to evaluate the occurrence of toxic effect of a given substance
in a living organism (Barbosa, 2014), especially if the loss was greater than 10% of the initial
weight (Oliveira et al., 2013). In this study, the 28mg/kg dose of FOR711A caused a loss of <
5% of the initial weight. However, Kifayatullah et al. (2015) reported that body weight
variations are not always linked to toxicity and may occur as a normal physiological response
of the animal to the treatment to which it is being submitted to. In this case, animal manipulation
and the administration of drugs are stress-inducing factors that may alter appetite and decrease

feed intake.

A study developed by Pavan et al. (2013) evaluated the acute oral toxicity of
ruthenium compounds [Ru(pic)(dppb)(bipy)]PFe (SCAR1), [Ru(pic)(dppb)(Me-bipy)]PFe
(SCAR2), [Ru(pic)(dppb)(phen)]PFes (SCAR4), cis-[Ru(pic)(dppe)2]PFe (SCARS5), cis-
[RuClz(dppb)(-bipy)] (SCARG6) and [Ru(pic)(dppe)(phen)]PFs (SCAR7) in comparison to
rifampicin in the treatment of Mycobacterium tuberculosis. They concluded that SCARL,
SCAR4 and SCAR6 compounds presented low toxicity and are less toxic than rifampicin.
However, SCAR2, SCAR5 and SCAR7 compounds were more toxic than rifampicin and still
presented lower toxicity than some other second line drugs, such as amikacin and capreomycin,
demonstrating therapeutic safety of orally administered ruthenium compounds. The low
toxicity of ruthenium compounds is attributed to their capacity to imitate iron and bind to its

transport proteins, such as transferrin, lactoferrin and albumin (Miserachs et al., 2015).

In biochemical dosages, discrete elevation of urea levels was identified after the
second dose (28mg/kg) in comparison to control group. This may indicate initial alteration of

kidney function, which would not be dose-dependent, since there was no variation of urea
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values in higher doses. According to the reference value of Castello Branco et al. (2011),
creatinine values for Swiss female mice varies between 0.3 and 1.2 mg/dL and all of the results

remained within this range of normality.

The kidney and liver histological alterations that were found in this study were not
identified by Mello-Andrade et al (2018). The authors found that [Ru(L-Met)(bipy)(dppb)]PFs
(RuMet), where Met = L-methionine and [Ru(L-Trp)(bipy)(dppb)]PFs (RuTrp), L-Trp = L-
tryptophan compounds did not cause alteration in kidney and liver samples of mice, in addition

to low oral acute toxicity levels in zebrafish and Swiss mice models.

The cis-[Ru(bpy)2(2-MIM)NO;]PFs, FOR711A, compound presents the same
synthetic route as cis-[Ru(bpy)2(2-MIM)(NO)](PF6)3, (FOR811A) (Gouveia Junior et al.,
2017). There are reports that FOR811A in participating in interesting pharmacological
activities, such as nephroprotection (ALVES, 2018), anti-inflammatory (Carvalho et al., 2022),
bronchodilator (Costa et al., 2021) and vasodilator (Silveira, 2019). These polypyridine
ruthenium (1) complexes that contain imidazole fraction show promising therapeutic effects,
especially in the cardiovascular system (Candico et al., 2015). Hence, FOR711A represents a

potential pharmacological tool in vasodilation.

Concerning the potential vasorelaxant effect of the compound, precontracted
preparations treated with FOR711A demonstrated a dose-dependent relaxation in aorta of
normotensive rats with greater efficacy and higher CEso values in preparations with PHE. In
this case, induced tonic contraction involves activation of the phospholipase C (PLC) with
synthesis of inositol triphosphate (IP3) and diacylglycerol (DAG), resulting in the increase of
cytosolic concentration of Ca?* (Andrade et al., 2016). In addition to this effect, PHE promotes
reductive effect in some NO donor compounds that need chemical reduction (Bonaventura et

al., 2004). The results of PHE-precontracted preparations demonstrated that possibly there is
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not the need of reductive effect of the molecule on FOR711A for the NO donation to the
vascular smooth muscle cells, considering that vasorelaxation also occurred in KCI preparations
in corroboration with Silveira (2019). By investigating the cis-[Ru(bpy)2(py)NO2](PFe)
(RuBPY) compound, which also presents a nitrite group in its chemical structure, similar results

were obtained by Pereira et al. (2011).

Results obtained with preparations of aortic with intact (¢*) and (e?) naked
endothelium precontracted with PHE showed that the removal of endothelium did not alter
significantly the relaxation induced by FOR711A, which proves the absence of influence of the
endothelium for the relaxation. In a recent study, Costa et al. (2020) investigated the
hypertensive properties of cis - [Ru(bpy)2ImN(NO)]** (FOR0811) in normotensive and
hypertensive rats with chronic NO deficit. The results indicated that the vasorelaxant effect
induced by the compound was not modulated by any substance derived from the endothelium,

since its removal did not alter the concentration-response curve of FOR0811.

Aiming to investigate which NO forms are involved in the relaxation induced by
FOR711A, we performed two different blocks adding hydroxocobalamin or L-cysteine. No
differences were found, in either preparation, in the vasodilator response of the compound in
comparison to control. However, while CEso of preparations with L-cysteine presented only a
discrete reduction, preparations that were preincubated with hydroxocobalamin reduced its
CEso with a significant difference when compared to preparations without the scavenger. In this
manner, these results suggest that FOR711A induces a liberation of a radical species (NO«), but
its nytroxil ion form (NO-) does not participate in the vasorelaxant effect since preparations
containing L-cysteine did not present significant results. Hence, we can infer that FOR711A
also promotes vasorelaxation of aortic rings via the activation of NO/GCs/GMPc pathway. This
corroborates with the findings of Pereira et al. (2013), who described similar results when

studying the metal compound cis-[RuNO2(bpy)2(py)] (RUBPY) and observed that aorta
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relaxation of rats involves only the species (NO-). Costa et al. (2020) also observed the sole

involvement of the species (NO¢) with compound cis-[Ru(bpy)2(ImN)(NO)]3+ (FOR0811).

Results related to the participation of NO using L-NAME revealed that there was a
dislocation of CCE in FOR711A to the right indicating a concentration-dependent reduction of
CEsp of the compound and that this inhibitor did not affect Emax in comparison to control. Hence,
this suggests that FOR711A may act partially through the stimulation of NO production by
endothelial cells stimulating the production of endogenous NO that acts increasing sGC activity
to produce GMPc leading to the activation of PKG which phosphorylates several cellular
proteins decreasing the concentration of cytosol Ca?* causing vasodilation (Lunardi, 2009). The
production of NO in endothelium as well as its modulation capacity is described in several
studies in which endothelial nitric oxide synthase (e-NOS) is key for maintaining vascular
homeostasis for the production of NO (M6nica; Bian; Murad, 2016). In addition, understanding
the mechanisms of its activity may lead to the development of new therapies, mostly used for

the hypertension and arteriosclerosis (Santiago et al., 2000).

The reduction of CEsg caused by L-NAME is considered low in comparison to
other blockers which promote considerably superior reduction. Hence, we can infer that e-NOS
participates in the mechanism of action, but it is not the main mechanism of vasorelaxation

promoted by FOR711A.

The results related to the participation of NO using ODQ in vasorelaxation
produced by FOR711A showed a dislocation of CCE to the right demonstrating a severe
concentration-dependent reduction of CEspas well as a significant reduction in Emax but without
abolishing full relaxation. Its inhibitory effect occurs due to changes in the oxidation state of

sGC heme portion without adverse effects on its catalytic activity (Zhao et al., 2000).
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Despite its interference in the heme-dependent process of the protein, ODQ
continue to be the most selective and potent inhibitor available for sGC without activating NO
or the activity of NOS or adenylate cyclase (AC) (Feelisch et al., 1999). These results
corroborate with previous studies that used trans-[RuCl([15]aneNs)NO]?>* (15-ANE)
(Bonaventura et al., 2006) and in preparations without endothelium containing cis-
[Ru(bpy)2(py)NO2](PFs) (RuBPY), a compound that possibly promotes vasorelaxation through
the activation of sGC initiated by NO produced by the reduction of the nitrite portion by its
therapeutic implications, hypotensive and vasorelaxant effects in aorta, coronaries and basilar
arteries (Pereira et al., 2011; Pereira et al., 2017; Aradjo et al., 2019). On the other hand, the
relaxant activity of FOR0811 was abolished when the heme site of GCs was inhibited by ODQ
suggesting that the activation of the heme site of GCs is the key-event triggered by FOR0811
to induce vasorelaxation (Costa et al., 2020). These findings demonstrated that nitro complexes
can be effective sources of NO while functioning in a different manner than nitrosyl complexes,

a well-known class of NO donors (de Oliveira Neto et al., 2022).

Preparations preincubated with TEA presented increase in CEso and discrete
reduction of Emax, Similar to the complex FOR811A as described by Silveira (2019). In
preparations preincubated with GLIB there was no significant alteration in CEso or Emax, and in
the latter a discrete loss was identified. In preparations preincubated with 4-AP we observed an
increase in CEso with discrete increase in Emax. The investigation of potassium channel
participation did not present statistically different Emax value in comparison to control.
However, CEso for TEA and 4-AP presented significant difference. We propose that FOR711A
may also act through potassium channels, but more tests with more specific blockers are needed
to test this hypothesis. Several studies have investigated the effect of these blockers in
ruthenium complexes, such as Kinoshita et al. (1999) with 3-(2-hydroxy-1-methyl-2-nitrous-

hydrazine)-N-methyl-1-propanamine;  Bonaventura et al. (2004) with trans-
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[RuCI([15]aneNs)NO]?>* (15-ANE); Lunardi et al (2007) with cis-[Ru(Cl)(bpy)2(NO)]

(RUNOCL).

Considering the in silico tests, initially the biological network was formed by
GCHl1proteins (responsible for the protection against cell death by ferroptose) (Kraft et al.,
2020); RGS2 (acts facilitating vascular relaxation and g-protein regulation mechanisms) (Osei-
Owusu et al., 2012); GUCY1A3 (promotes relaxation of smooth muscle cells acting as
receptors for NO) (Kessler et al., 2017); NOS1 — nitrous oxide synthase 1 (promotes protective
effect in myocardial infarction) (Burger et al., 2009), learning and memory (Weitzdoerfer et al.,
2004), muscle dystrophy (Percival et al., 2010) and atherosclerosis (Kuhlencordt et al., 2006)
and PRKG1 (mediates vasodilation in response to cGMP synthesis induced by NO)

(Schwaerzer et al., 2019) following molecular docking of FOR711A with targets.

NOS1, GUCY1A3 and RGS2 structures present the highest degree of connection
in relation to processes vasodilation and vasoconstriction. Hence, these were selected for the
evaluation of molecular interaction with FOR711A. The molecular bonding potential of
FOR711A was verified, demonstrating bonding affinity values of molecular docking of the
compound considering that the lower the free binding energy, the more favored is the
interaction. Greater affinity for bonding (A < -6 kcal/mol) with NOS1, GUCY1A3 and RGS2
structures with the following values -8.27 kcal/mol, -7.98 kcal/mol and -6.39 kcal/mol, were
selected for molecular interaction of FOR711A with residues of macromolecules. All of these
interactions showed capacity of FOR711A for donating NO™and forming stable bonds with
residues of proteins. Corroborating with ex vivo findings in which FOR711A promoted
vasodilator effect by stimulating/activating sGC, in addition to the partial participation of NO
species (NOe) and nitrous oxide synthase, and with our previous results using irritation test

using the hen’s egg chorioallantoic membrane (HET-CAM), where we observe that FOR711A
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promoted the occurrence and increased diameter of small blood vessels (de Oliveira Neto,

2022).

These findings demonstrated that the metal compound presented several hydrogen,
pi-Sigma and mostly pi-Alkyl bonds, which are found in alicyclical chains of the ligand
structure. The formation of a ligand-protein complex depends of the great affinity and
specificity for the bond, which results from intermolecular interactions, such as van der Waals
forces, hydrophobic interactions, ©-x, ionic interactions, covalent bonds and hydrogen bonds
(Guryanov, Fiorucci, Tennikova, 2016). The latter are the strongest bonds among the non-
covalent interactions. Hence, in a intramolecular level, these are responsible for the

maintenance of stability of bioactive conformation of macromolecules (Dunn, 2010).

5. CONCLUSION

The novel organometallic ruthenium-based complex containing nitrite (FOR711A)
presented low toxicity and promoted vasodilator effect by stimulating/activating sGC in
addition to the partial participation of the NO species (NO*®) and nitrous oxide synthase. Thus,

it presents a promising perspective for the continuation of pre-clinical studies.
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FIGURES AND LEGENDS

Figure 1A. Concentration-response curves of aortic ring preparations precontracted with PHE
or KCI with intact endothelium. Figure 1B. Concentration-response curves of aortic ring
preparations precontracted with PHE with intact (e+) and naked (e-) endothelium. Figure 1C.
Concentration-response curves of aortic ring preparations precontracted with KCI with intact

(e+) and naked (e-) endothelium. Data expressed as mean + EPM, n=6. *Significant difference
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between values in logCEsxo of two groups (p<0.05). #Significant difference between Emax values
of two groups (p<0.05).

Figure 2A. Concentration-response curves of aortic ring preparations precontracted with PHE
of control (FOR711A) and HCOB (FOR711A + HCOB). Figure 2B. Concentration-response
curves of aortic ring preparations precontracted with PHE of control (FOR711A) and L-
Cysteine (FOR711A + L-Cis). Figura 2C. Concentration-response curves of aortic ring
preparations precontracted with PHE of control (FOR711A) and L-NAME (FOR711A + L-
NAME). Figura 2D. Concentration-response curves of aortic ring preparations precontracted
with PHE of control (FOR711A) and ODQ (FOR711A + ODQ). Data expressed as mean *
EPM, n=6. *Significant difference between values in logCEso of two groups (p<0.05).
#Significant difference between Emax values of two groups (p<0.05).

Figure 3A. Concentration-response curves of aortic ring preparations precontracted with PHE
of control (FOR711A) and TEA (FOR711A + TEA). Figura 3B. Concentration-response
curves of aortic ring preparations precontracted with PHE of control (FOR711A) and GLIB
(FOR711A + GLIB). Figura 3C. Concentration-response curves of aortic ring preparations
precontracted with PHE of control (FOR711A) and 4AP (FOR711A + 4AP). Data expressed as
mean £ EPM, n=6. *Significant difference between values in logCEsg of two groups (p<0.05).
#Significant difference between Emax values of two groups (p<0.05).

Figure 4. IPP network of 5 nodes (macromolecules) previously selected due to their great
number of biological processes for the biological compression of the arterial relaxation step.
Figure 5. Graphical representation of the bonding affinity (kcal/mol) of molecular docking
between ligand FOR711A and targets GCH1, RGS2, GUCY1A3, NOS1 and PRKG1 calculated

by software ®AutoDock Vina.
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Figure 6. Bidimensional/tridimensional representation of the molecular coupling between
FOR711A and docking targets. (A) interaction with NOS1. (B) Interaction with GUCY1A3.

(C) Interaction with RGS2.
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Figure 1A. Concentration-response curves of aortic ring preparations precontracted with PHE
or KCI with intact endothelium. Figure 1B. Concentration-response curves of aortic ring
preparations precontracted with PHE with intact (e+) and naked (e-) endothelium. Figure 1C.
Concentration-response curves of aortic ring preparations precontracted with KCI with intact
(e+) and naked (e-) endothelium. Data expressed as mean + EPM, n=6. *Significant difference
between values in logCEsxo of two groups (p<0.05). #Significant difference between Emax values

of two groups (p<0.05).
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Figure 2A. Concentration-response curves of aortic ring preparations precontracted with PHE of control (FOR711A) and HCOB (FOR711A +
HCOB). Figure 2B. Concentration-response curves of aortic ring preparations precontracted with PHE of control (FOR711A) and L-Cysteine
(FOR711A + L-Cis). Figura 2C. Concentration-response curves of aortic ring preparations precontracted with PHE of control (FOR711A) and L-
NAME (FOR711A + L-NAME). Figura 2D. Concentration-response curves of aortic ring preparations precontracted with PHE of control
(FOR711A) and ODQ (FOR711A + ODQ). Data expressed as mean + EPM, n=6. *Significant difference between values in logCEso of two groups
(p<0.05). #Significant difference between Emax values of two groups (p<0.05).
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Figure 3A. Concentration-response curves of aortic ring preparations precontracted with PHE
of control (FOR711A) and TEA (FOR711A + TEA). Figura 3B. Concentration-response
curves of aortic ring preparations precontracted with PHE of control (FOR711A) and GLIB
(FOR711A + GLIB). Figura 3C. Concentration-response curves of aortic ring preparations
precontracted with PHE of control (FOR711A) and 4AP (FOR711A + 4AP). Data expressed as
mean + EPM, n=6. *Significant difference between values in logCEso of two groups (p<0.05).

#Significant difference between Emax values of two groups (p<0.05).
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Figure 4. IPP network of 5 nodes (macromolecules) previously selected due to their great number of biological processes for the biological

compression of the arterial relaxation step.
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Figure 5. Graphical representation of the bonding affinity (kcal/mol) of molecular docking between ligand FOR711A and targets GCH1, RGS2,

GUCY1A3, NOS1 and PRKG1 calculated by software ®AutoDock Vina.
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Figure 6A. Bidimensional/tridimensional representation of the molecular coupling between FOR711A and docking targets. Interaction with

NOSL1.
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Figure 6B. Bidimensional/tridimensional representation of the molecular coupling between FOR711A and docking targets. Interaction with

GUCY1AS.
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Figure 6C. Bidimensional/tridimensional representation of the molecular coupling between FOR711A and docking targets. Interaction with

RGS2.
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6 CONCLUSOES

FOR711A apresentou um potencial efeito estimulador/ativador da sGC, agindo de
forma parcial através da doacdo de NO ao endotélio sendo, sua atuacdo pela via
NO/GCs/GMPc, com um indicativo de necessidade de acoplamento a um veiculo para consumo
por via oral.

FOR711A mostrou-se ser promissor para continuidade em estudos pré-clinicos e/ou
farmacologicos, por apresentar menor letalidade por via intraperitoneal e menor dano em nivel

renal e hepatico.
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7 CONSIDERACOES FINAIS E PERSPECTIVAS FUTURAS

Com base nos resultados promissores do FOR711A no que se refre a baixa
tocicidade (in silico e in vivo) somado ao potencial efeito vasodilatador tendo acéo sobre as vias
do NO-sGC-cGMP in silico e in vitro, pode-se inferir um importante avango na farmacologia
cardiovascular.

Esse trabalho indica uma perspectiva para o aprimoramento dessa molécula com
projecdo de alternativa terapéutica para diversas doengas, especialmente aquelas responsaveis
pela disfuncéo endotelial.

Torna-se importante a continuidade dos estudos relacionados ao FOR711A

utilizando outras vias em diversas finalidades terapéuticas.
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APENDICE A — FOLHA DE APROVACAO DA COMISSAO DE ETICA NO USO DE
ANIMAIS DO NUCLEO DE PESQUISA E DESENVOLVIMENTO DE
MEDICAMENTOS DA UNIVERSIDADE FEDERAL DO CEARA (CEUA-NPDM-
UFC)

UNIVERSIDADE FEDERAL DO CEARA
FACULDADE DE MEDICINA \
NUCLEO DE PESQUISA E DESENVOLVIMENTO DE NEDM
MEDICAMENTOS - NPOM iV
COMISSAO DE ETICA NO USO DE ANIMAIS - CEUA ST e

CERTIFICADO

Centificamos que 8 proposts intitulada *AVALIAGAO DA TOXICIDADE AGUDA DE SEIS COMPLEXOS
DE RUTENIO FOR711A, FORBI1A, FORD11A, FORDI1AA, FORS11B E FORD11B EM
CAMUNDONGOS SWISS", registrada com o prolocolo 1301081940, sob & responsabildade ce Roberta
Jeane Bezerra Jorge ¢ Danilo Galviio Rocha que envolve & produgdo, manutengdo ou utizagso de
animais pertencentes 8o flo Chordasta, subfilo Ver (¢ r ) Dara fins de pasguss
cientifica (ou ensino) - encontra-se 0e Acordo COM 0F PrACRtos d& Lei n° 11,704, de 8 de cutubeo de 2008,
do Decreto n® 6590, ¢e 15 de jubo de 2008, @ com as normas ediadas pelo Consslho Nacions! de
Corrole de Expecmantaclo Anmal (CONCEA), fol APROVADA pels Comissho de E8ca no Uso de
Animais (CEUA) do Nickeo de Pesguss ¢ De dvimeanio de Med: % (NPOM) de Universdade
Faderal do Cesrd, na reunifio de 19/ 08 / 2016

Wa hersby cardfy that the project entied * ACUTE TOXICITY EVALUATION OF SIX RUTHENIUM
COMPLEXES FORT11A, FORB11A, FORD11A, FORO11AA, FORB1 1B AND FOR0118 IN SWISS MICE™,
dentfiec by the prolocol rumber 13010818.0, and conducted by Roberta Jeane Bezerrs Jorge and
Danilo Galviic Rocha which involves te production, maintenancs of use of animals belonging 1 the filo
Chordata, sub-verteb Veriabests pl bumans), for e purpose of sciemific research (or tesching) -
"in dance with the pr of the Law numbar 11,794, from October Bth, 2008, of Decree number
6,895, from July 15th, 2000, and with the reguiations ssued by the National Coundl for the Control of
Anime Expanmentaton (CONCEA), was APPROVED by the Etics Commitlee an Animal Use (CEUA)
trom the Centar for Research and Development of Medicines (NPDM) of the Federal University of Cenrd, in
@ meeling of 06 / 18/ 2016,

Finaddace 1( _JEnsimg | X ) Pesguisa Clentifica —
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Local do expenmento Blotéro do NPDM
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APENDICE B — FOLHA DE APROVAGAO DA COMISSAO DE ETICA NO USO DE
ANIMAIS DO NUCLEO DE PESQUISA E DESENVOLVIMENTO DE
MEDICAMENTOS DA UNIVERSIDADE FEDERAL DO CEARA (CEUA-NPDM-
UFC)

UNIVERSIDADE FEDERAL DO CEARA
FACULDADE DE MEDICINA 3
MUCLED DE PESQUISA E DESENVOLVIMENTO DE NEDM
MEDICAMENTOS - NPOM L
COMISSAD DE ETICA MO LUS0 DE ANIMAIS - CELA —

CERTIFICADD

Certificamos que a proposta intitulada *AVALIAGAD DOS EFEITOS DO COMPLEXO DE RUTEMIO CIS-
[RINBPY)2{2-MIM(NOZ][+FORT114) WA REATIVIDADE VASCULAR E MOS PARAMETROS
HEMOI Of DE RATOS 105, regsirada com o 2 pobocolc 001081940, =ob &
responsabiidade de Roberta Jeane Bozema Jorge & Danilo Galvio Roocha que envolve a produgda,
mareiengdo ou uliizagdo de animais pertencentes a0 fio Chordata, subfio Veriebrata (excelo fumanos),
para fins de pespusa cientifica jou ensing) = enconfra-se de acorda com os preceiios da Lel n® 11,794, de
B de ouwutro de 2008, do Decreto n® BBESG, de 15 de julo de 2008, & com as nomas ediadas peo
Consslho Macional de Controls de ExpEnmeniaao Animal (CONCEA), foi APROVADA pela Comissio de
Elica na Uso de Animais {CEL) do Mdcleo de Pesquisa e Desenvokamenio de Mesdcamensos [NPDRM )
da Universidade Federal do Ceard, na rewrido de 19 709 / 2019,

We hersby ocerity thal the ecl enited = AVALIATION OF THE RUTHEMIUM COMPLEX CIS-
[RINBPY)2{2 MM N0+ | 18) M VASCULAR REACTIVITY AND HEMODYMAMICS
PARAMETERS OF RATS", idenafied by the proloool number 0800819-0, and conducled by Roberta
Jeang Begorra Jorge and Danilo Galvao Rocha which imvolves the production, mainienance or use of
animais befonging fo the fio Chordata, sub-verebrate ertebrata excepd humars), for the purpose of
scienific research {or ieaching) - is in accondance with the provisions of the Law number 11,734, from
Ociober Bth, 2008, of Decres number B899, from July 1585, 3009, and with the regulations issued by the
Mational Counci for the Conirol of Animal Experimentation (CONCEA), was APPROVED by the Elhics
Commsee on Animal Use [CEUA) from the Cenfier for Research and Development of Medicnes [MEDM)
of e Federal University of Ceard, in a meedng of 09 197 2015
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APENDICE C - PREDICAO DE TOXICIDADE DA ESTRUTURA DE FOR711A

Modelo de predicéo de toxicidade

DL50 210 mg/kg
Classe de toxicidade 3
Acurécia de predicédo 12.1%

Citotoxicidade -
Carcinogenicidade 0.921%
Hepatotoxicidade -
Imunotoxicidade -

Mutagenicidade -

Nefrotoxicidade 0.711%

DL50: Dose letal.
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ANEXO A - PADROES COMPORTAMENTAIS OBSERVADOS EM
CAMUNDONGOS SWISS APOS ADMINISTRACAO INTRAPERITONEAL EM
DOSE UNICA DOS GRUPOS CONTROLE SALINA E CONTROLE DMSO

Parametros Controles
Solucao NaCl 0,9% Solucdo NaCl 0,9% + DMSO 3%
5m 15m 30m 1h 5m 15m 30m 1h
Pele e pelos N N N N N N N N
Olhos N N N N N N N N
Vasodilatacdo N N N N N N N N
Agitacao N N N N N N N N
Coceira ND ND ND ND ND ND ND ND
Letargia ND ND ND ND ND ND P P
Tremores ND ND ND ND ND ND ND ND

Morte ND ND ND ND ND ND ND ND
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ANEXO B - PADROES COMPORTAMENTAIS OBSERVADOS NOS CAMUNDONGOS SWISS APOS A ADMINISTRACAO
INTRAPERITONEAL EM DOSE UNICA DO FOR711A

Parametros Doses
10mg/kg 28mg/kg 70mg/kg 175mg/kg

5m 15m 30m 1h 5m 15m 30m 1h 5m 15m 30m 1h 5m 15m 30m 1h
Peleepelos N N N N N N N N N N N N N N N N
Olhos N N N N N N N N N N N N
Vasodilatagdo N N N N N N N N P P P P P P P P
Agitacao P P P P P P P P N N N N N N N N
Coceira P P P P P P P P ND ND ND ND P P P P
Letargia ND ND ND ND ND ND ND ND ND ND ND ND P P P P
Tremores ND ND ND ND ND ND ND ND ND ND ND ND P P P P

Morte ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
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ANEXO C - VARIAGCAO DO PESO CORPORAL ENTRE OS DIAS 0 E 14 DE
CAMUNDONGOS SWISS TRATADOS COM O FOR711A
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ANEXO D - DOSAGEM DE UREIA EM CAMUNDONGOS SWISS TRATADOS
COM O COMPLEXO DE RUTENIO FORT711A
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ANEXO E - DOSAGEM DE CREATININA SERICA EM CAMUNDONGOS SWISS
TRATADOS COM O COMPLEXO DE RUTENIO FORT711A

Creatinina (mg/dL)
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ANEXO F - FOTOMICROGRAFIAS REPRESENTATIVAS DE RIM DE
CAMUNDONGOS SWISS TRATADOS COM O COMPLEXO DE RUTENIO
FOR711A

A: Controle salina; B: Controle DMSO; C: FOR711A 10mg/kg; D: FOR711A 28mg/kg; E:
FOR711A 70mg/kg; F: FOR711A 175mg/kg. 1-Congestéo vascular; 2- Edema, 3-Hemorragia,
4-Degeneracdo hidrdpica, 5-Deposicdo de material proteico, 6-Atrofia glomerular, 7-
Proliferacdo glomerular. Coloracdo Hematoxilina-Eosina, 400x. Microscépio Nikon
Eclipse/Software Nis 4.0
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ANEXO G - FOTOMICROGRAFIAS REPRESENTATIVAS DE FIGADO DE
CAMUNDONGOS SWISS TRATADOS COM O COMPLEXO DE RUTENIO
FORT711A

A: Controle salina; B: Controle DMSO; C: FOR711A 10mg/kg; D: FOR711A 28mg/kg; E:
FOR711A 70mg/kg; F: FOR711A 175mg/kg. 1-Congestdo vascular; 2- Edema, 3-Hemorragia,

4-Degeneracdo hidropica. Coloragdo Hematoxilina-Eosina, 400x. Microscopio Nikon
Eclipse/Software Nis 4.0.



