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RESUMO

A Doenca de Alzheimer (DA) é a 72 causa de morte no mundo, sem cura até o momento,
sendo o principal tratamento clinico disponivel baseado em anticolinesterasicos, que somente
aumenta a expectativa de vida do paciente. Acredita-se que a atividade de B e y-secretases sobre
a proteina APP (peptideo precursor da placa amiloide) gera peptideos 3- amiloides (AB) que se
agregam e acumulam em regides do cérebro, causando disfungdo mitocondrial, lisossomal,
inflamagao e apoptose. Inibidores de B-secretases tém sido estudados como alternativa ao
tratamento, na tentativa de inibir a formacao de peptideos amiloides causadores da DA. No
entanto, muitos inibidores estudados tém demonstrado alta toxicidade ou falta de eficacia. Apesar
disso, ainda sdo consideradas bons alvos terapéuticos e continuam em estudo para um possivel
tratamento para a DA. Para a obtengcao de novas entidades moleculares, a biodiversidade
brasileira representa uma excelente alternativa, em particular o ambiente marinho, que é pouco
explorado do ponto de vista molecular, e ja forneceu muitas moléculas que hoje sao
comercializadas para o tratamento de dor, cancer e infecgbes virais. Nesse sentido, venenos
animais sado misturas ricas em peptideos, que sdo moléculas altamente seletivas e potentes,
ideais para medicamentos, pouco exploradas pela industria farmacéutica. Neste trabalho, um
novo peptideo inibidor de beta-secretase foi desenhado a partir de peptideos identificados
previamente pelo grupo e na literatura, com o auxilio de ferramentas in silico (ancoragem
molecular, ADME - absorgao, distribuicao, metabolismo e excregéo - e toxicidade). O peptideo
foi sintetizado e testado em modelo de cinética enzimatica, utilizando a B-secretase comercial e
substrato sintético especifico. Para avaliagdo da farmacocinética, o peptideo foi administrado em
camundongos e o sangue e 6rgaos foram coletados em diferentes tempos para determinagao de
parametros cinéticos e biodistribuigdo, por espectrometria de massas, e avaliagao histologica. O
peptideo ainda foi incubado em cultura de neurbnios SH-SY5Y diferenciados para avaliagdo da
reducéo da geragéo de AR in vitro. Foi visto que o peptideo foi posicionado no sitio ativo da B-
secretase, com distancias curtas entre os aminoacidos adjacentes a diade catalitica,
caracterizando uma inibicdo. Experimentalmente, foi visto que o peptideo foi capaz de inibir
competitivamente a enzima, com baixo valor de Ki. No plasma, foi possivel verificar uma curva
plasmatica tipica de uma injec&o intravenosa, com decaimento até o ponto maximo analisado,
de 24 horas. Além disso, o peptideo foi encontrado no pulmao, bago, figado e rins, com perfil de
eliminagao diferente, porém sem demonstrar acimulo em nenhum dos 6rgéos, evidenciado por
analises histoldgicas, que ndo demonstraram qualquer sinal de inflamagéao, necrose ou alteragao
morfologica. O peptideo também foi encontrado no cérebro 6 horas apés a injecao, mostrando a
sua capacidade de permear a barreira hematoencefalica. Quando incubado em neurdnios com
produgdo de AB induzida por H2O2, o peptideo foi capaz de diminuir a produgdo de peptideos
amiloides. Dessa forma, foi obtido um peptideo inédito, passivel de ser sintetizado, inibidor
competitivo de B-secretase, capaz de atravessar a barreira hematoencefalica, sem causar sinais
de toxicidade sistémica, o que representa uma possibilidade de tratamento para a Doenga de
Alzheimer.

Palavras-chave: Doenga de Alzheimer. Novos peptideos. Animais marinhos.
Farmacodindmica. Farmacocinética.
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ABSTRACT

Alzheimer's disease (AD) is the 7™ leading cause of death in the world, with no cure so
far, and the main clinical treatment available is based on anticholinesterase agents, which only
increase the patient's life expectancy. It is believed that the activity of B and y-secretases on the
APP protein (amyloid plaque precursor peptide) generates 3-amyloid (AB) peptides that aggregate
and accumulate in brain regions, causing mitochondrial and lysosomal dysfunction, inflammation
and apoptosis. B-secretase inhibitors have been studied as an alternative to treatment, in an
attempt to inhibit the formation of amyloid peptides that cause AD. However, many studied
inhibitors have demonstrated high toxicity or lack of efficacy. Despite this, they are still considered
good therapeutic targets and are still under study for a possible treatment for AD. For obtaining
new molecular entities, Brazilian biodiversity represents an excellent alternative, in particular the
marine environment, which is little explored from a molecular point of view, and has already
provided many molecules that are commercialized today for the treatment of pain, cancer and
infections. viral. In this sense, animal venoms are mixtures rich in peptides, which are highly
selective and potent molecules, ideal for medicines, little explored by the pharmaceutical industry.
In this work, a new beta-secretase inhibitor peptide was designed from peptides previously
identified by the group and in the literature, with the aid of in silico tools (molecular anchorage,
ADME - absorption, distribution, metabolism and excretion - and toxicity). The peptide was
synthesized and tested in an enzymatic kinetics model, using commercial R-secretase and
specific synthetic substrate. To evaluate the pharmacokinetics, the peptide was administered in
mice and the blood and organs were collected at different times for determination of kinetic
parameters and biodistribution, by mass spectrometry, and histological evaluation. The peptide
was further incubated in culture of differentiated SH-SY5Y neurons to assess the reduction in AB
generation in vitro. It was seen that the peptide was positioned in the active site of R-secretase,
with short distances between amino acids adjacent to the catalytic dyad, characterizing an
inhibition. Experimentally, it was seen that the peptide was able to competitively inhibit the
enzyme, with low Ki value. In the plasma, it was possible to verify a plasmatic curve typical of an
intravenous injection, with a decay up to the maximum analyzed point, of 24 hours. In addition,
the peptide was found in the lung, spleen, liver and kidneys, with a different elimination profile,
but without demonstrating accumulation in any of the organs, evidenced by histological analyzes,
which did not show any signs of inflammation, necrosis or morphological alteration. The peptide
was also found in the brain 6 hours after injection, showing its ability to permeate the blood-brain
barrier. When incubated in neurons with H202-induced AR production, the peptide was able to
decrease the production of amyloid peptides. In this way, an unprecedented peptide was
obtained, capable of being synthesized, a competitive inhibitor of B-secretase, capable of crossing
the blood-brain barrier, without causing signs of systemic toxicity, which represents a possibility
of treatment for Alzheimer's disease.

Keywords: Alzheimer's disease. New peptides. Marine animals. Pharmacodynamics.
Pharmacokinetics.
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LISTA DE SiMBOLOS E ABREVIAGOES
aa: aminoacidos
AB: peptideo beta amiloide
ADME: absorcéo, distribuicdo, metabolismo e excreg¢ao
ANVISA: Agéncia Nacional de Vigilancia Sanitaria

APP (Amyloid precursor protein): proteina precursora do peptideo B-amiloide ASC: area sob a curva

de concentracéo

ASCO-t: area sob a curva de concentragdo ao tempo t, onde t € o tempo relativo a ultima

concentracao do analito determinada experimentalmente.
ASCO-inf: area sob a curva de concentragao do tempo zero ao infinito
BBB: (brain-blood barrier) barreira hematoencefalica

BACE 1 (B-site APP cleaving enzyme 1): 3-secretase 1

CLAE: cromatografia liquida de alta eficiéncia

Cmax: concentragdo maxima

Cmin: concentragdo minima

Ct: dltima concentracao do analito determinada experimentalmente
DA: Doenga de Alzheimer

Da: dalton

DTT: ditiotreitol

EDTA: &cido etilenodiamino tetra-acético

ES: eletrospray

EC 50: concentragcéo que causa 50% do efeito farmacoldgico
Emax: efeito maximo

KV: kilovolt

L: litros

LIQ: limite inferior de quantificagcao

FA (Formic Acid): acido formico

FDA: Food and Drug administrator

g: grama



GRAVY (Grand average of hydropathicity index): Grande media do indice de hidropaticidade h: hora
ICMBio: Instituto Chico Mendes de Conservacgao da Biodiversidade
IAA: iodoacetamida

Mg: micrograma

ML: microlitro

uM: 10 mol.L""

mL: mililitro

mM:10- mol.L

MS: espectrometria de massas

m/z: massa sobre carga

OMS: Organizag¢ao Mundial da Saude

PBS (phosphate-buffered saline): tampéao fosfato-salina

PDB (Protein DataBank): banco de dados de proteinas

pH: potencial hidrogeniénico

pl: ponto isoelétrico

PK/PD: farmacocinético/farmacodinamico

r: coeficiente de correlagao linear

RE: resolucao

RMSD (Root Mean Square deviation): valor médio para o desvio médio dos atomos de uma

estrutura X, relativamente a uma segunda estrutura Y
SPE: extracao em fase solida
Tmax: tempo maximo

V: volt
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1. INTRODUGAO

1.1 Doenga de Alzheimer

A Doenga de Alzheimer (DA) é uma deméncia caracterizada principalmente por perda
de memodria e déficit cognitivo, em que alteragbes microscopicas no cérebro comegam a
acontecer muito antes do primeiro sintoma da doenga, que progride até alcancar diversas
areas do cérebro. O cérebro tem cerca de 100 bilhdes de células nervosas, conectadas por
meio de sinapses, formando redes de comunicagao. Em pacientes com DA, essas células
se tornam comprometidas, e a medida que o dano se espalha, perdem a conexao e a
capacidade de realizar seu trabalho e, eventualmente, morrem, o que leva a mudangas
irreversiveis no cérebro (ALZHEIMER’S ASSOCIATION, 2023).

A DA é responsavel por 60-70% dos casos de deméncia, sendo que a maioria das
pessoas com a doenga tem 65 anos ou mais. Trata-se de uma doenga progressiva, em
gue os sintomas pioram ao longo dos anos: em estagios iniciais a perda de memoéria € leve,
mas com o avango da doencga, as pessoas perdem a capacidade de manter uma conversa
ou realizar tarefas rotineiras (ALZHEIMER’S ASSOCIATION, 2023).

De acordo com a Organizagao Mundial da Saude (OMS), atualmente, mais de 55
milhdes de pessoas vivem com deméncia em todo o mundo e surgem quase 10 milhdes
de novos casos a cada ano. Em 2015 o numero de casos era de 46,8 milhdes de pessoas
com DA. (WORLD HEALTH ORGANIZATION, 2023). A expectativa € que em 2050 o
numero de casos seja cerca de 131,5 milhdes (ALZHEIMER’S DISEASE, 2018).

Atualmente, apenas 2 grupos farmacoldgicos estdo aprovados para o tratamento
da DA: os inibidores da acetilcolinesterase, que sao utilizados na fase inicial da doenca e
os antagonistas do receptor glutamatérgico N-metil D-aspartato utilizados no estagio
moderado da doenca. No mercado estdo disponiveis medicamentos licenciados pela
ANVISA para o tratamento da DA: tacrina, rivastigmina, donepezil, galantamina e
memantina. No entanto, esses medicamentos somente aumentam a expectativa de vida

do paciente em alguns anos, nao representando uma cura para a doenca (JU; TAM, 2022).

Recentemente um anticorpo monoclonal foi aprovado pelo FDA para o tratamento

da DA, pois demosntrou ser eficaz na remocao de placas amiloides, no entando varios
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efeitos adversos foram realados, como dor de cabega, confusdo, tontura, alteracdo na

visdo e nauseas (SHI et al, 2022).

As carcteristicas patoldgicas da doenca incluem a formagao e acumulo de placas
amiloides, emaranhados neurofibrilares, gliose e perda neuronal, acompanhada por
amiloidose cerebrovascular, inflamacao e modificagdes sinapticas, como por receptores

NMDA e receptores nicotinicos de acetilcolina (GUO et al., 2020).

Para a formacao da placa amiloide, a teoria mais aceita € que ocorre a partir da
clivagem endoproteolitica de uma glicoproteina transmembrana, a APP (proteina
precursora de 3 amiloide), processada proxima a membrana celular na porgéo C terminal
da proteina por secretases. Essa proteina pode ser processada pela via nao-
amiloidogénica, gerando peptideos com acgéo neuroprotetora, e pela via amiloidogénica,
gerando peptideos toxicos que causam a DA (WAKABAYASHI; STROOPER, 2008).

Na via ndo-amiloidogénica, a a-secretase faz um primeiro processamento na APP,
gerando o a-CTF, que é clivado pela y-secretase para gerar o p3. Na via amiloidogénica a
APP sofre agao da B-secretase, gerando o B-CTF, que ira sofrer agdo da y-secretase para
a geracgao do peptideo B amiloides 40 ou 42 (AB). A Figura 1 mostra esse processamento
e parte da sequéncia da APP, para evidenciar os pontos de clivagem das secretases para

formacao do AB.

Esses peptideos AB 40 e 42 sao de natureza hidrofébica e se oligomerizam na
presenca de um ambiente aquoso, o cerebral. Desta forma, ele sao insollveis e se
agregam, conhecidos como placas amiloides, e se acumulam em regides extracelulares
especificas do cérebro, dentro ou fora das células e causam a DA (HARDY; SELKOE,
2002).

A presenca das placas amiloides causa a morte neuronal em regides especificas
do cérebro, como o hipocampo (e consequentemente perda de contato sinaptico), além de
inflamacgao crénica e dano oxidativo (HARDY; SELKOE, 2002).
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Figura 1 —Via ndo-amiloidogénica e amiloidogénica para a geragao de peptideos amiloides

a partir de enzimas secretases. Fonte: figura adaptada de Tinakaran & Koo.

Devido ao tamanho dos produtos agregados, a eliminagao pela célula por meio do
sistema de ubiquitina-proteassomo ¢€ inviavel, uma vez que os produtos n&o sdo capazes
de atingir o sitio catalitico do complexo e poder ser processado (DOMENICO;
TRAMUTOLA; PERLUIGI, 2016). O outro sistema de eliminagéo, o sistema autofagia
lisossomal, que remove proteinas indesejaveis por clivagem por enzimas proteoliticas
lisossomais (catepsinas), esta disfuncional nos pacientes com DA (STOK; TURK; TURK,
2016; BENES; VETVICKA, MARTIN, 2008).

Uma alternativa ao tratamento, portanto, € a inibicdo das enzimas secretases, que
geram os peptideos amiloides. A principal delas, responsavel pela liberagdo da porgdo N-
terminal do peptideo é a [B-secretase, conhecida como BACE-1 (B-site APP cleaving

enzyme 1).

A BACE-1 é uma peptidase do tipo aspartico peptidase transmembrana do tipo 1,
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pertencente a familia das pepsinas. A enzima contém dois residuos acido aspartico no seu
sitio ativo (Asp32 e Asp228) (RAWLINGS et al., 2018). Nesse primeiro processamento pela
BACE-1 é gerado um fragmento de 99 aminoacidos a partir do processamento da APP, e
apos isso, uma outra enzima, a y-secretase faz um novo processamento para a liberagao
do peptideo amiloide. Essa ultima clivagem ocorre de forma inespecifica, podendo ser
gerado um peptideo de 40 ou de 42 aminoacidos (AR40 e AB42), toxicos para os neurbnios
(MURPHY:; LEVINE, 2010).

1.2 Animais como fonte de peptideos bioativos

Devido a dificuldade da industria em encontrar novas estruturas quimicas derivadas
dos modelos de design racional de moléculas e da quimica combinatéria, recentemente
houve o aparecimento dos medicamentos biologicos — proteinas recombinantes e
anticorpos monoclonais. Os anticorpos ja disponiveis no mercado foram muito bem-
sucedidos no tratamento de diversas doencas. No entanto, sdo medicamentos de alto custo
de produgédo (e consequentemente venda), acessiveis para uma parcela restrita da
populagdo (MORROW; FELCONE, 2004).

Por outro lado, os produtos naturais tém sido utilizados ha anos para o tratamento
de diversas doencas. Os primeiros manuscritos do uso do conhecimento tradicional a partir
de plantas e animais foram relatados na China ha mais de 5000 anos. O uso de produtos
por povos egipcios, indianos e gregos também foi relatado, com contribui¢des de produtos
usados até hoje, como exemplos temos a babosa utilizada como hidratante, o cannabis
utilizado como antiemético e a aspirina que foi isalada da Salix alba utilizada como
analgésico. Nos anos 200, misturas complexas de plantas comegaram a ser elaboradas,
como desenvolvimento de formulas galénicas e inicio de um controle de qualidade. Em
meados de 1800, extracao de ingredientes ativos de plantas passou a ser realizado, em
que o primeiro alcaloide foi isolado a partir do 6pio, dando origem a conhecida morfina,

utilizada hoje para o tratamento de dor crénica (JI; LI; ZANG, 2009).

A partir dai muitos principios ativos foram isolados e identificados, ndo s6 de
plantas, mas como também de animais, e medicamentos sintéticos desenvolvidos para o
tratamento de varias doengas. Um exemplo € o captopril, medicamento utilizado para

hipertensao que foi desenvolvido a partir de um peptideo isolado da peconha da serpente
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Bothrops jararaca. (CUSHMAN; ONDETTI, 1991)

O ambiente marinho contém uma alta diversidade de animais que sintetizam uma
grande variedade de moléculas para defesa quimica contra predadores, microrganismos e
digestado da presa. Esses compostos sao pouco conhecidos do ponto de vista bioquimico
e podem representar novas estruturas funcionais, que podem atingir alvos terapéuticos
relevantes (HENDLER et al.,1995).

Varias moléculas de origem marinha estdo em fases avancadas de
desenvolvimento para inUmeras doengas, como cancer, infecgdes virais, dor, inflamagéao e
doengas neuroldgicas, por exemplo, o mesilato de eribulina extraida de espojas marinhas,

com capacidade anticancerigena que encontra-se em estudo de fase Il (MALVE, 2016).

Alguns medicamentos hoje utilizados na clinica sdo de origem marinha. Um
exemplo é o peptideo ziconotideo ou w-conotoxina MVIIA (Prialt®). Trata-se de um
peptideo de 25 aminoacidos isolado do molusco Conus magnus e utilizado como
analgésico para o controle da dor severa, incluindo para aqueles pacientes refratarios a
tratamentos com opioides, uma vez que é 50 vezes mais forte que morfina e ndo causa
dependéncia (OLIVEIRA, et al., 1987).

Sendo assim, esse ambiente pouco explorado representa uma excelente
oportunidade para a obtengao de novas estruturas moleculares. De 2001 a 2006, cerca de
5000 moléculas isoladas de produtos marinhos foram publicadas, o que reforgca esse
potencial. (COSTA-LOTUFO; WILKE; JIMENEZ, 2009)

Ha anos nosso grupo vem estudando moléculas provenientes de animais marinhos
para entender o papel desses compostos na defesa quimica do animal, bem como obter
moléculas com efeitos terapéuticos relevantes. Nesse sentido, o trabalho de Banagouro et
al. (2022) mostrou que a secregcao metandlica de Macrorhynchia philippina possui diversos
compostos de baixa massa molecular, bem como 19 peptideos, alguns deles inibidores de

BACE-1, avaliados por técnicas in silico.

Baseado nesse trabalho e outros peptideos descritos na literatura, desenhamos
novos peptideos inibidores de BACE-1 para otimizagao e obten¢ao de novos produtos que

podem ser utilizados no tratamento da Doenga de Alzheimer.
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1.3 Farmacos peptidicos

Peptideos sao biomoléculas que contém de dois a dezenas de residuos de
aminoacidos unidos entre si através de ligacoes peptidicas. Comparados as proteinas, sdo
quimicamente mais versateis, pois podem conter fungbes amidas ou ésteres em suas
carboxilas terminais, grupos acilas em seus grupos amino terminais, grupos fosfatos ou
sulfatos em um ou mais residuos (serina, treonina ou tirosina). Podem ser lineares,
semiciclicos (geralmente via uma ou mais ligagcdes dissulfeto intra- ou intercadeias
peptidicas) ou ciclicos (via ligagdo entre os grupos amino e carboxila dos aminoacidos
terminais) (GUTTE, 1995).

As duas classes principais de medicamentos comercializados atualmente, que sao
as pequenas moléculas (<500 Da) e os medicamentos bioldgicos (>5000 Da) estao

separados por uma lacuna de peso molecular significativa (DAVID et al., 2013)

Os peptideos, portanto, preenchem essa lacuna de moléculas de interesse
farmacéutico, com as vantagens que as duas classes apresentam: a especificidade que as
proteinas tém em seus alvos moleculares e, ao mesmo tempo, a estabilidade e a boa
disponibilidade demonstradas pelas moléculas de massas moleculares baixas (CRAIK et
al., 2013).

Por essas razdes, mais de 100 medicamentos baseados em peptideos ja foram
desenvolvidos e comercializados. Os mais conhecidos sado oxitocina (8 aa, parto),
calcitonina (32 aa, hipercalcemia, osteoporose), teriparatida (34 aa, analogo de hormdnio da
paratireoide, osteoporose), enfuvirtida (36 aa, antiretroviral), horménio liberador de
corticotrofina (41 aa), horménio liberador de horménio do crescimento (44 aa, lipodistrofia)
(DANHO et al., 2009).

Venenos animais sao fontes ricas em biomoléculas, incluindo peptideos, que ja
ofereceram seus esqueletos carbdnicos como protétipo de medicamentos atualmente

disponiveis comercialmente (CRAIK et al., 2013).

O captopril € um exemplo desse tipo de medicamento, uma vez que a descoberta
e parte do desenvolvimento feito no Brasil ocorreu a partir da peconha da serpente
Bothrops jararaca. Esse principio ativo € um derivado de 3 aminoacidos utilizado no
tratamento da hipertens&do por ser inibidor da enzima conversora de angiotensina
(CUSHMAN; ONDETTI,1991).
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1.4 Farmacocinética e Farmacodinamica

Em 1937 Teorell publicou dois artigos cientificos com o mesmo titulo “Cinética de
distribuicao de substancias administradas ao corpo”. Depois de 30 anos, suas publicagdes
foram consideradas como as mais importantes contribui¢cdes para a pesquisa de farmacos

e isso o fez ficar conhecido como o pai da Farmacocinética (PAALZOW, 1995).

A farmacocinética refere-se a como o corpo processa e elimina um farmaco apds a
administracao e é definida como o estudo da quantidade e taxa de velocidade de reacao

do farmaco no organismo (DIPIRO, 2010).

A descoberta de que a concentragao plasmatica de um farmaco tem relacdo com
seu efeito farmacoldgico e que mudangas nessas concentragdes sao um reflexo do que
ocorre no organismo, ou seja, uma medida indireta da concentragdo de um ativo no sitio

de agao, fez com que a farmacocinética se desenvolvesse (STORPIRTIS et al., 2011).

Entretanto, o grande avanco nos estudos farmacocinéticos ocorreu a partir do
momento em que técnicas analiticas, como cromatografia liquida de alta eficiéncia (CLAE),
foram desenvolvidas e ficaram cada vez mais sensiveis e seletivas para a quantificagao
dos ativos (STORPIRTIS et al., 2011).

Com a melhora na quantificacdo tornou-se possivel realizar um perfil de
concentragdes em fungdo do tempo, o qual pode ser plasmatico ou obtido de outro fluido

biolégico, como sangue, urina ou saliva (DIPIRO, 2010).

Dessa maneira, os parametros farmacocinéticos podem ser obtidos das curvas de
concentragdes plasmaticas versus o tempo. Para cada farmaco é estabelecido uma janela
terapéutica, onde se espera obter o maximo efeito terapéutico com o minimo de efeitos
adversos (STORPIRTIS et al., 2011).

Na Figura 2 é possivel observar o perfil de concentracao plasmatica versus o
tempo obtido através dos processos de absorgao, distribuicdo, excrecdo e metabolismo,

apo6s a administragado de um farmaco no organismo.
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Figura 2 - Perfil de concentragao plasmatica versus tempo. Fonte: autoria propria.

Embora sejam moléculas grandes e complexas formadas pela ligacao de varios
aminoacidos, os peptideos apresentam o mesmo processo farmacocinético quando

utilizados como medicamentos.

Apds a administragao, os peptideos podem ser absorvidos por varias vias, incluindo
oral, nasal, sublingual, intravenosa, intramuscular, entre outras. A absorcao de peptideos
pode ser afetada por varios fatores, como solubilidade, estabilidade, tamanho molecular e

presenga de transportadores.

Uma vez absorvidos, os peptideos podem ser distribuidos por todo o corpo através
da corrente sanguinea e podem se ligar as proteinas plasmaticas. Os peptideos também
podem ser metabolizados por varias enzimas no figado, rins e outros 6rgéos e podem ser

eliminados na urina ou nas fezes.

A meia-vida dos peptideos no corpo pode variar amplamente dependendo de varios
fatores, como a estrutura do peptideo e a via de administragdo. Alguns peptideos podem

ser rapidamente eliminados, enquanto outros podem ter uma meia-vida mais longa.

A farmacocinética de peptideos € um campo complexo e variado que depende dos
fatores discutidos acima. Portanto, € importante levar esses fatores em consideragédo ao

projetar e administrar peptideos como agentes terapéuticos (NAZNEEN et al., 2018).

De acordo com a resolugao RE 1170 de 19 de abril de 2006 da ANVISA, (BRASIL
2006) alguns parametros estatisticos também séo determinados apds a obtengao da curva

de concentracdes plasmaticas. Tais parametros sao:
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- Area sob a curva de concentragdo sanguinea versus tempo calculada pelo método
dos trapezoides, do tempo zero ao tempo t (ASCO-t), onde t € o tempo relativo a ultima
concentracdo do farmaco determinada experimentalmente (acima do limite de

quantificagao);

- Area sob a curva de concentragdo sanguinea versus tempo calculada do tempo
zero ao tempo infinito (ASCO-inf), onde ASCO-inf = ASCO-t + Ct/k, onde Ct & a ultima
concentragdo do farmaco determinada experimentalmente (acima do limite de
quantificagdo) e k é a constante de eliminagdo da fase terminal. A ASCO-t deve ser igual

ou superior a 80% da ASCO-inf, exceto nos casos em que se utiliza ASC truncada;

- O pico de concentragdo maxima (Cmax) do farmaco e/ou metabdlito e o tempo
para atingir este pico (Tmax) os quais devem ser obtidos diretamente, sem interpolagao dos
dados. A meia-vida de eliminagao (t1/2) do farmaco e/ou metabdlito também deve ser

determinada, embora nao haja necessidade de tratamento estatistico;

Os seguintes parametros devem ser determinados para estudos que empregam

doses multiplas:
- ASCO-t calculado no intervalo de dose (tau) no estado de equilibrio;
- Cmax e Tmax, obtidos sem interpolagéo de dados;

- Concentragdo minima do farmaco (Cmin), determinada no final de cada intervalo

de dose do estado de equilibrio;
- Concentragao média do farmaco no estado de equilibrio (C* = ASCO-t /tau);
- Grau de flutuagao no estado de equilibrio (BRASIL 2006)

O termo ‘farmacodinamica’ refere-se aos efeitos de um farmaco no organismo.
Tipicamente, esses efeitos sdo descritos em termos quantitativos do farmaco sobre os
alvos terapéuticos, que podem ser receptores, canais ibnicos, moléculas transportadoras
ou enzimas (RANG; DALE, 2004). No caso de enzimas, os farmacos geralmente sao

inibidores, que podem ser do tipo irreversivel ou reversivel, competitivo ou nao-competitivo.

A velocidade maxima da reagao, a constante de afinidade e a constante de inibicao
sao parametros determinados experimentalmente e calculados para a obtengao de dados

quantitativos de afinidade enzimatica e poténcia do inibidor (VITOLO, 2015).

A relacao definida entre a dose administrada de um medicamento, as concentragoes
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obtidas em fluidos bioldgicos e tecidos corporais e a intensidade dos efeitos farmacoldgicos
causados por essas concentragdes sao determinadas pelas propriedades farmacocinéticas e
farmacodinamicas de um medicamento (DERENDORF; MEIBOHM,1999).

A farmacocinética avalia a concentracdo de um farmaco em um fluido biolégico
(normalmente plasma) com o passar do tempo, enquanto a farmacodinamica avalia a
intensidade do efeito do farmaco em relagdo a sua concentracdo no fluido corporal,
normalmente, no local da agdo do farmaco (HOLFORD; SHEINER, 1982).

O modelo integrado de PK/PD (farmacocinético/farmacodindmico) permite uma
avaliagdo quantitativa da relacdo dose-exposicdo-resposta, ou seja, permite avaliar a
concentracao de um farmaco versus o tempo, apés uma determinada dose e a intensidade
da resposta em relagdo as concentragbes plasmaticas do farmaco. Esse modelo permite
avaliar a intensidade dos efeitos desejados e/ou indesejados da dosagem de um
medicamento (MEIBOHM; DERENFORF, 1997).

A maioria dos medicamentos apresentam farmacocinética linear, mas a
concentracao e o efeito para a maioria dos farmacos apresentam uma relacéo nao linear.
(DERENDORF; MEIBOHM, 1999).

O modelo farmacodinamico mais utilizado para farmacos reversiveis que dependem
da concentragdo € o modelo Emax. Esse modelo é uma relagao derivada empiricamente

que relaciona o efeito (E) com a concentragao (C), através da seguinte férmula:

"ECs +C

onde Emax é o efeito maximo possivel com o farmaco especifico e EC 50 é a concentragao
que causa 50% de Emax, a metade do efeito maximo. Emax refere-se a atividade intrinseca

de uma droga, EC 50 a sua poténcia.
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1.5 Ferramentas in silico para descoberta de novas moléculas e alvos terapéuticos

As ferramentas in silico ttm desempenhado um papel fundamental na descoberta
e desenvolvimento de novas moléculas em farmacos, oferecendo um método eficiente,
econdmico e acelerado para identificar compostos promissores. Por meio de algoritmos
computacionais avangados, essas ferramentas permitem a realizagao de simulagbes e
modelagens precisas, que auxiliam na compreensdo das interagdes moleculares,

propriedades fisico-quimicas e atividades bioldgicas. (LOUNNAS et al., 2013).

Ao combinar técnicas de modelagem molecular, docking virtual, triagem virtual e
dindmica molecular, as ferramentas in silico permitem a analise rapida e sistematica de um
vasto numero de estruturas quimicas, otimizando a selecdo de candidatos a farmacos e
reduzindo o custo e o tempo associados aos métodos tradicionais de descoberta de
moléculas (LOUNNAS et al., 2013).

Além disso, essas ferramentas sdo essenciais para a identificacdo de alvos
terapéuticos, a predigdo de propriedades farmacocinéticas e toxicoldgicas, e até mesmo
para o design racional de novos compostos com caracteristicas desejadas. Assim, a
utilizacdo de ferramentas in silico impulsiona a pesquisa farmacéutica e quimica,
permitindo avangos significativos na descoberta de novas moléculas com potencial

terapéutico e aplicagbes em diversas areas cientificas (LIPINSKI et al., 2001).

A técnica de ancoragem molecular (molecular docking) é delas. E amplamente
utilizada na descoberta de alvos terapéuticos. Essa abordagem in silico desempenha um
papel crucial ao investigar as interagdes entre uma molécula candidata (ligante) e uma
macromolécula biolégica-alvo (receptor). O objetivo é prever a conformagao tridimensional
€ a energia de ligacao entre o ligante e o receptor, fornecendo informacdes valiosas sobre
a afinidade e a seletividade da interacdo (STANZIONE; GIANGRECO; COLE, 2021).

Ao realizar a ancoragem molecular, sdo aplicados algoritmos e modelos de
interagcdo molecular para posicionar o ligante dentro do sitio ativo do receptor, considerando
a complementaridade estrutural e as forgas de interagdo. Essa técnica permite a exploracao
de uma vasta gama de compostos candidatos, poupando tempo e recursos que seriam
necessarios para a sintese e o ensaio de cada molécula experimentalmente. Além disso,
a ancoragem molecular pode ser combinada com técnicas de dinAmica molecular e estudos

de interagao proteina-ligante, oferecendo insights sobre a estabilidade da interagdo ao
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longo do tempo (STANZIONE; GIANGRECO; COLE, 2021).

Embora a ancoragem molecular seja uma ferramenta poderosa, € importante
reconhecer suas limitagbes. As previsdes sao baseadas em modelos e suposicoes, e
podem ocorrer falsos positivos ou falsos negativos. Portanto, € crucial validar
experimentalmente os resultados obtidos por meio da ancoragem molecular, por meio de
ensaios bioquimicos e biolégicos para confirmar a atividade e a afinidade do ligante (PINZI;
RASTELLI, 2019).

Além da ancoragem molecular, existem outras ferramentas in silico que
desempenham um papel importante na avaliacdo da farmacocinética e toxicidade de
moléculas candidatas. Algumas dessas ferramentas incluem a (1) predicdo de
propriedades fisico-quimicas, como solubilidade, lipofilicidade (logP), volume de
distribuicdo, polaridade e estabilidade quimica. Elas sao Uteis para avaliar a absorcéo,
distribuicdo, metabolismo e excre¢do (ADME) de uma molécula no organismo; (2) predicao
de metabolismo: simulam as rea¢des de metabolismo que uma molécula pode sofrer no
organismo, fornecendo informagdes sobre possiveis produtos metabdlicos e locais de
metabolizagao; (3) predicdo de toxicidade: empregam modelos estatisticos e algoritmos
para prever a toxicidade de uma molécula em relagao a diferentes sistemas e érgaos. Isso
inclui a previsdo de toxicidade aguda, toxicidade crénica, genotoxicidade e outros efeitos
adversos (LIPINSKI et al., 2001).
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2. JUSTIFICATIVA

A Doenca de Alzheimer (DA) é uma deméncia caracterizada por perda de meméria
e déficit cognitivo. E comum em idosos e, devido ao aumento da expectativa de vida, o
numero de casos era de 46,8 milhdes de pessoas com DA em 2015. A expectativa é que
em 2050 o numero de casos seja cerca de 131,5 milhdes (WORLD HEALTH
ORGANIZATION, 2023).

Atualmente, apenas 2 grupos farmacolégicos estao aprovados para o tratamento
da DA: os inibidores da acetilcolinesterase, que sdo utilizado na fase inicial da doenca e os
antagonistas do receptor glutamatérgico N-metil D-aspartato utilizados no estagio
moderado da doenca. No mercado estdo disponiveis medicamentos licenciados pela
ANVISA para o tratamento da DA: tacrina, rivastigmina, donepezil, galantamina e
memantina. No entanto, esses medicamentos somente aumentam a expectativa de vida
do paciente em alguns anos, nao representando uma cura para a doenga (JU; TAM, 2022).

Sendo assim, medicamentos especificos e eficazes para a DA sao necessarios.

Recentemente tem-se buscado reduzir a formacao de AR modificando a atividade
das enzimas [ e y-secretases. De 4 medicamentos que atuam dessa forma e entraram em
fase clinica, 3 foram descontinuados por causar toxicidade hepatica, incapacidade de
atravessar a barreira hematoencefalica, efeitos adversos graves ou falta de eficacia clinica.
Apesar de muitos estudos terem sido descontinuados, a inibicdo de 3 e y-secretases tem
resultado na efetiva reducdo da producdo de placas amiloides, sendo considerada,

portanto, uma boa estratégia terapéutica (HUNG; FU, 2017).

Tendo em vista esses estudos com inibidores de secretases, a busca de novos
moduladores pode trazer alternativas para o tratamento dessa doenga sem cura. Nesse

sentido, moléculas provenientes de produtos naturais podem oferecer tais protétipos.

Peptideos inibidores de BACE-1 foram descritos a partir de animais marinhos, como
por exemplo, um peptideo isolado do peixe marinho, o Merluccius productus, demonstrou
atividade inibidora de BACE-1 (LEE et al., 2019). Baseado neste e em outros peptideos
identificados pelo nosso grupo de pesquisa, foi feita uma otimizagao para a obtengédo de um
composto de melhor atividade, com propriedades fisico-quimicas adequadas a um bom

perfil farmacocinético, incluindo a capacidade de atravessar a barreira hematoencefalica.

A partir desses estudos, dois peptideos foram criados. Um deles, mostrado aqui
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nesta dissertagao, consiste na remoc¢ao de um residuo do peptideo isolado de Merluccius
productus, descrito em literatura, em que comprovamos uma melhoria da atividade inibidora

de BACE-1 e estudamos a sua farmacocinética.

O outro peptideo possui uma sequéncia de aminoacidos completamente inédita,
desenhada a partir do peptideo do Merluccius productus e de outros animais marinhos
estudados pelo nosso grupo. Por conta da relevante atividade inventiva envolvida na
obtengdo nesse segundo peptideo, um pedido de patente foi depositado e por isso os

resultados ndo serdo mostrados nesse documento.
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3. OBJETIVO

Obter um novo peptideo inibidor de beta-secretase-1 (BACE-1) a partir da
otimizagao de peptideos conhecidos provenientes de animais marinhos, e estabelecer seus
perfis farmacocinéticos para o desenvolvimento de novos farmacos para a Doenga de

Alzheimer.

Objetivos especificos:

- Desenhar e obter um novo peptideo a partir de sequéncias de animais marinhos
descritas na literatura e estudadas pelo grupo, com base em ancoragem molecular e

farmacocinética in silico;

- Testar o novo peptideo sintético para verificar sua inibicdo da BACE-1 e a

capacidade em reduzir a geragéo de peptideos amiloides em células;

- Estabelecer o perfil farmacocinético do peptideo nos plasma de camundongos por
meio da técnica de espectrometria de massas acoplado a cromatografia liquida de alta
eficiéncia.

- Analisar os 6rgaos dos camundongos tratados com o peptideo para verificar

possivel toxicidade capacidade de atravessar a barreira hematoencefalica.
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4. CAPITULO 1:

Este capitulo traz o artigo publicado na revista Frontiers in Pharmacology, contendo os
resultados do trabalho desenvolvido durante o mestrado.

Design, in silico and pharmacological evaluation of a peptide inhibitor of
BACE-1
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Introduction: Alzheimer's disease (AD) is the main type of dementia, caused by the
accumulation of amyloid plaques, formed by amyloid peptides after being
processed from amyloid precursor protein (APP) by y- and B-secretases
(BACE-1). Although amyloid peptides have been well established for AD, they
have been found in other neurodegenerative diseases, such as Parkinson’s
disease, Lewy body dementia, and amyotrophic lateral sclerosis. Inhibitors of
BACE-1 have been searched and developed, but clinical trials failed due to lack of
efficacy or toxicity. Nevertheless, it is still considered a good therapeutic target, as
it was proven to remove amyloid peptides and improve memory.

Methods: In this work, we designed a peptide based on a sequence obtained from
the marine fish Merluccius productus and evaluated it by molecular docking to
verify its binding to BACE-1, which was tested experimentally by enzymatic
kinetics and cell culture assays. The peptide was injected in healthy mice to
study its pharmacokinetics and toxicity.

Results: We could obtain a new sequence in which the first N-terminal amino
acids and the last one bound to the catalytic site of BACE-1 and showed high
stability and hydrophobicity. The synthetic peptide showed a competitive
inhibition of BACE-1 and Ki = 94nM, and when injected in differentiated
neurons, it could reduce AP42o production. In plasma, its half-life is ~1h,
clearance is 0.0015 pg/L/h, and Vss is 0.0015 pg/L/h. The peptide was found in
the spleen and liver 30 min after injection and reduced its level after that, when it
was quantified in the kidneys, indicating its fast distribution and urinary excretion.
Interestingly, the peptide was found in the brain 2 h after its administration.
Histological analysis showed no morphological alteration in any organ, as well
as the absence of inflammatory cells, indicating a lack of toxicity.

Discussion: We obtained a new BACE-1 inhibitor peptide with fast distribution to
the tissues, without accumulation in any organ, but found in the brain, with the
possibility to reach its molecular target, BACE-1, contributing to the reduction in
the amyloid peptide, which causes amyloid-linked neurodegenerative diseases.
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Boldin et al.

1 Introduction

B-Secretase-1 ~ (BACE-1) type
1 transmembrane peptidase belonging to the pepsin family. This

is an  aspartic-like
enzyme contains two aspartic acid residues in its active site (Asp32/
Asp228) (Rawlings et al., 2018) and a flexible flap in the region of
amino acid positions 67 to 77, which controls substrate binding (Xu
et al., 2012).

BACE-1 has the substrate amyloid precursor protein (APP) and
generates amyloid plaques in the brain, causing several amyloid-
linked neurodegenerative diseases. BACE-2 is 64% similar to BACE-
1 but is not related to amyloid peptide formation in the brain (Yan
and Vassar, 2014).

Alzheimer’s disease (AD), the main type of dementia, is
characterized by memory loss and cognitive impairment. It is
common in the elderly, and due to increased life expectancy, the
number of cases increased to 46.8 million people in 2015, and it is
now the seventh leading cause of death in the world. The expectation
is that, in 2050, there will be 131.5 million cases (Alzheimer’s Disease
International, 2022).

This disease is caused by the formation of amyloid plaques and
neurofibrillary tangles, which induce dystrophic neurites and
significant neuronal loss in specific regions of the brain (and
consequently, loss of synaptic contact), in addition to chronic
inflammation and oxidative damage (Hardy and Selkoe, 2002).

Amyloid plaques are formed initially by APP or amyloid f§
precursor protein processing, after cleavage of the C-terminal
portion by  a-secretases, fS-secretases,
(Wakabayashi and De Strooper, 2008).

In the first pathway, named the non-amyloidogenic pathway,
APP is cleaved by a-secretase, producing sAPPalpha, which is

and  y-secretases

excreted into the extracellular medium, in addition to a peptide,
generated after y-secretase cleavage. In the second pathway,
referred to as the amyloidogenic pathway, APP is first cleaved
by f8-secretase producing a fragment of 99 amino acids. Another
enzyme, y-secretase, performs a new process to release the
amyloid peptide. The last cleavage occurs non-specifically, and
a peptide of 40 or 42 amino acids (AB40 and AB42) can be
generated, which is toxic to neurons (Murphy and LeVine, 2010;
Soria Lopez et al., 2019).

AP40 and AP42 oligomerize in the aqueous environment of the
brain. These aggregated insoluble peptides, known as amyloid
plaques, accumulate in specific extracellular regions of the brain,
inside or outside the cells, and cause AD (Hardy and Selkoe, 2002).
Although amyloid peptides have been well established for AD, they
have been found in other neurodegenerative diseases, such as
Parkinson’s disease, Lewy body dementia, and amyotrophic
lateral sclerosis (Calingasan et al., 2005; Lim et al.,, 2019; Biundo
et al., 2021).

Several studies have searched for a BACE-1 inhibitor to control
neurodegenerative diseases, especially AD. However, clinical trials
have failed due to lack of efficacy or toxicity (Das and Yan, 2019).
Nevertheless, the beneficial effects of enzyme inhibition have been
the reduction of AP
improvement of memory (Vassar, 2014).

demonstrated, including levels and

Currently, only two pharmacological groups have been
approved for the treatment of this disease, namely,
acetylcholinesterase  inhibitors and  N-methyl-D-aspartate
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glutamatergic receptor antagonists. Few drugs licensed by
regulatory agencies, such as tacrine, rivastigmine, donepezil, and
galantamine, are commercially available for the treatment of AD.
However, these drugs only increase patients’ life expectancy by a few
years and do not represent a cure (Hung and Fu, 2017).

Recently, a monoclonal antibody was approved by the FDA for AD
treatment, as it was shown to be effective in removing amyloid plaques;
however, several adverse effects have been reported. Nevertheless, these
data are important because it was confirmed that the amyloid peptide is
still a relevant pharmacological target (Shi et al., 2022).

Peptides have been studied to inhibit BACE-1, and they are
biomolecules that fill the gap between small molecules and protein
drugs and share the advantages of both groups, namely, high
stability and bioavailability (Bruno et al, 2013; Craik et al,
2013). Animal venoms and secretions (including marine ones)
are rich in bioactive peptides, representing a successful group of
molecules with high potency that are rarely studied and explored
from a pharmacological aspect (Bhat et al., 2015; Sciani et al., 2016).

Thus, the aim of this study was to obtain a new peptide derived
from a natural one isolated from a marine fish, designed with the
help of computational tools, and evaluate its inhibitory activity on

BACE-1, in addition to its pharmacokinetic properties.

2 Materials and methods

2.1 Peptide

A peptide isolated from Merluccius productus fish protein
hydrolysate (Lee et al.,, 2019) was modified by removing an Asp
residue and searched in BLAST (Basic Local Alignment Search Tool)
for similarity analysis, considering a non-redundant database,
matrix BLOSUMSG62,
existence. Moreover, the new peptide was analyzed as its
physico-chemical the
(ExPASy), in which molecular mass, pl, instability index,
GRAVY (grand average of the hydropathicity index), and
aliphatic index were calculated (Gasteiger et al., 2005).

without organism selection, and gap

proprieties  using ProtParam  Tool

2.2 Molecular docking

To evaluate the potential of the new peptide to inhibit BACE-1,
we first performed molecular docking experiments. The target
protein 2VKM was selected from the PDB (Protein Data Bank)
based on the resolution by the X-ray diffraction method (~2 A),
and had
determined together with an inhibitor to serve as an anchorage

isolated from humans, its experimental structure
model. Other BACE-1 with different flap positions were also
studied—PDB code 1W50, 2QU3, 2VIE, 3EXO, and 3HVG.

The protein file (PDB) was prepared using UCSF Chimera
v1.15 and AutoDockTools (version 1.5.6) to remove the native
ligand, missing atoms, chain breaks, and water molecules.
Hydrogens were added at a pH of 7.0, and charges were added
to Asp32 and Asp228 or both. The grid was centered within the
protein’s active site with the size of 22 x 24 x 28 A in the x, y, and z
axes, respectively, and positions 1.223 for x, —1.18 for y, and

37.361 for z.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1184006

Boldin et al.

The peptide sequence was inserted using the MDockPeP server
(Yan et al., 2016; Xu et al., 2018) in the FASTA format. The cutoff of
bRMSD for the restriction of the peptide conformation was set at
55 A, and the exhaustiveness value for the sampling was 100.
Analysis of the peptide position into BACE-1, amino acid bind
determination, and distances between atoms were performed using
UCSF Chimera v1.15.

2.3 ADME and toxicological analysis (in
silico) of the peptide

Predictions were performed using the PeptideMass platform to
check for possible points of processing of the peptide by plasma and
tissue enzymes.

Half-life in mammals was estimated using the ProtParam Tool
(ExPASy). To estimate toxicity in animals and cells, the peptide
sequence was analyzed using the ToxinPred (Gupta et al., 2013). The
tool predicts based on the observations of several motifs present in
toxic peptides for humans, deposited in SwissProt, where they are
used as a template for the prediction of toxic peptides, searched by
the MEME software, and followed by the query of “toxic” sequences
by the MAST software.

The structure of the peptide was estimated using the MDockPeP
server and UCSF Chimera v1.15.

2.4 Enzymatic kinetics on BACE-1

The peptide was commercially obtained (manufactured by
Biotik, commercialized by FastBio, Brazil) and synthetized by the
solid phase with >95% purity. The peptide was tested using an
enzymatic kinetics model, in which 10 uM of peptide (diluted in
0.9% saline solution) was incubated with recombinant BACE-1 and
reaction buffer for 15 min at room temperature (MAK237, Sigma-
Aldrich, St Louis, MO, United States). After that, H-Arg-Glu
(EDANS)Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe-Lys (DABCYL)Arg-
OH quencher substrate (0-32 uM) was added to the reaction
mixture. Readings were taken using a fluorimeter (Glomax,
Promega, Madison, WI, United States) every 5 min at 37° in a
Aex = 335 and A, = 510. Experiments were conducted in
triplicate in two independent sets, and the mean of fluorescence
was obtained for further calculations. The velocity of the reaction
was calculated as A fluorescence values at A time for each substrate
concentration. 1/V and 1/S values were obtained and plotted in a
graph (Lineweaver-Burk plot), and kinetic parameters (slope,
+

Vmax, Km, and Ki) were calculated as the mean
GraphPad Prism v5.

SD using

2.5 Pharmacokinetics

2.5.1 Animal injection and sample preparation
Authorization for pharmacokinetics analyses was obtained from

the Ethics of (CEUAIB

58872400322), where the experiments with animals were carried

Committee Instituto  Butantan

out. Healthy adult male Swiss mice weighing approximately 25 g
were used. All animals were placed in microisolators for a 12-h light/
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dark cycle, 70% and constant
temperature (22°C).
A single dose of the peptide diluted in sterile PBS (pH 7.4) was

injected intravenously in the bolus into the caudal vein of mice (n =

humidity, a average

3) ata concentration of 4 mg/kg (0.2 mL). A group of animals (1 = 3)
received the sterile saline solution for the plasma and organ control,
without the peptide (named ‘basal’). Blood was taken after 0, 5, and
30 min and 2, 6, and 24 h after injection. At these times, blood was
collected via the retro-orbital route using a Pasteur pipette and
dispensed into plastic tubes containing EDTA. The final blood
volume was subjected to centrifugation at 1,500 rpm for 10 min
at room temperature to obtain plasma, which was stored in a —80°C
freezer until the analysis.

Moreover, organs were obtained at the same times, after a lethal
injection of anesthetics (ketamine 300 mg/kg and xylazine
30 mg/kg). The organs collected included the brain, pancreas,
spleen, kidneys, lungs, and liver. The organs were washed with
the saline solution to remove excess blood, frozen in liquid nitrogen,
and kept at —80°C until use. For the experiments, organs were
submerged in 1 mL of 50 mM PBS with pH 7.5 containing
peptidases inhibitors (aprotinin, bestatin, E-64, leupeptin, and
pepstatin A, a protease inhibitor cocktail, Sigma-Aldrich) and
lysed in a tissue and cell disruptor (ULTRA-TURRAX IKA,
Staufen, Germany). The lysate was centrifuged for 2min at
13,200 rpm 4°C, the
centrifugation was stored in a —80°C freezer until the analysis.

at and supernatant resulting from

Both plasma and organs (150 pL) were incubated with 100 mM
DL-dithiothreitol at room temperature for 30 min; after that, they
were incubated to 300 mM iodoacetamide at room temperature for
another 30 min in the dark. Subsequently, 150 uL of 0.1% formic
acid solution and 400 puL of Milli-Q water were added and agitated
for 5min. The samples were then submitted to solid-phase
extraction using a C18 cartridge (Supelco) with elution in a 60:
40 acetonitrile:water solution (v/v). The eluate was inserted by mass
spectrometry for analysis and quantification.

The solid-phase extraction was performed with plasma added to
a known concentration of the peptide to set the mass spectrometric

conditions.

2.5.2 Mass spectrometry and pharmacokinetics
analysis

The determination and quantification of the peptide in plasma
and organs of mice were performed by liquid chromatography
(UPLC system, Waters Co.) coupled to mass spectrometry ESI-
Xevo TQ-S (Waters Co., United States). The samples were inserted
in a C18 column (Luna, 5 pm, 150 x 4.6 mm, Phenomenex) and
eluted by 70% methanol in water, containing 0.05% formic acid in a
constant flow of 0.3 mL/min. The ion was monitored at the positive
ionization mode, 150°C source temperature, 550°C desolvation
temperature, 800 L/h desolvation gas flow, 2 kV for capillary, and
20kV cone voltage. Data were acquired and analyzed using
MassLynx 4.

To define the relationship between the instrument response and
the known concentration of the peptide, a calibration curve with six
points of the peptide (0.1-20 pg/mL for plasma and 5-40 pg/mL for
organs) was generated in a range defined according to the sensitivity
of the method and the expected concentrations of the samples in
animals (based on the amount of peptide injected).
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FIGURE 1

Tridimensional structure of the peptide by ribbon and surface, according to its amino acid side chains. The structure shows amino acids (three-

letter), nitrogen in red, and oxygen in blue.

Each analysis lot contained the following samples: a calibration
curve consisting of a blank sample (peptide-free biological matrix),
samples containing peptide standard, and plasma or organ samples.
Calibration functions were calculated using the peak areas of the
peptide. The peptide concentrations in the samples were calculated
from the weighted linear regression equation (1/x2) obtained from
the calibration curve (peptide concentration as the function of the
area). This regression model (1/x2) was used because of the
amplitude of the calibration curve.

The plasma concentration (Cp), in pg/L, was determined by
mass spectrometric analysis, and then, area data were analyzed using
the PKSolver add-in program for Microsoft Excel. Pharmacokinetics
parameters as the natural logarithm of Cp (InCp), Cp0, half-life, and
clearance were calculated in a compartmental analysis of plasma
data after the intravenous bolus input (Zhang et al., 2010). For
organs, data are present as mean + SD for each point.

2.6 Histology

Organs were removed and immediately fixed in Bouin’s solution
for processing by dehydration ethanol sessions and historesin
embedding to obtain 3 um thick transversal slides. Sections were
stained with hematoxylin-eosin and examined using a light
microscope for a qualitative analysis.

2.7 BACE-1 activation

To verify if the peptide could inhibit BACE-1, we used cultured
differentiated neurons and stimulated them to activate the enzyme

Frontiers in Pharmacology

and release amyloid peptide, detected by thioflavin-T labeling. SH-
SY5Y cells (ECACC, Sigma-Aldrich, St. Louis, MO, United States),
cultivated with Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 (DMEM/F-12) (1:1) (Gibco Life Technologies,
Grand Island, NY, United States) and 10% heat-inactivated fetal
bovine serum (FBS), were adhered to a 96-well plate (1 x 10° cells/
well), then differentiated by replacing them to the media DMEM/F-
12 supplemented with 2% FBS and 10 uM retinoid acid (Sigma-
Aldrich, Saint Louis, MO), and maintained in a humidified
atmosphere of 5% CO, at 37°C. This media was replaced every
2 days, until the eighth day, when neurons were treated with 100 uM
H,O, for 6 h, in the absence or presence of peptide (10 uM). After
that, the cell media was removed, and a 10 pL aliquot was added to
88 uL of phosphate-saline buffer (PBS 50 mM and pH 7.2) and 2 pL
thioflavin of 1 mM. The solution was read using the fluorimeter in a
Aex = 450 nm and A, = 490 nm. Means of arbitrary units of
fluorescence (AUF) of three experiments were calculated along
with SD, and a statistical analysis was applied using one-way
ANOVA for a three-group comparison (control, H,O,, and
H,O, + peptide), followed by Tukey’s post-test using GraphPad
Prism v5. Statistical significances were considered when p < 0.05.

3 Results

3.1 Peptide properties and BACE-1 docking
The peptide has the sequence SLAFVDVLN, a molecular mass

determined as 977.73 by mass spectrometry, and its tridimensional

structure is depicted in Figure 1. The amino acid sequence was not
found in the database, indicating a new peptide. Its properties were
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TABLE 1 Properties of the peptide estimated computationally.

977.13

3.80 —7.81 (stable)

FIGURE 2

10.3389/fphar.2023.1184006

1.42 162.22 1.90

Phe322

.37A

Molecular docking of BACE-1 (2VKM PDB code) and peptide. (A) Positioning of the peptide on the catalytic site of the enzyme. (B) Binding amino

acids from the enzyme and distances to the peptide

TABLE 2 Protein-peptide binding profile and distance between amino acids.

Ala3 (N) GIn73 3.00
Leu2 (O) Thr232 3.26
Serl (N) Ser229 2.74
Asn9 (N) Phe322 3.37

estimated using in silico tools and are presented in Table 1. It can be
observed that pI is acidic, indicating that the peptide is charged at
neuronal pH. On the other hand, it is stable and has a high aliphatic
index value, which reflects thermic stability. Moreover, the peptide
contains six hydrophobic residues, reflecting high value of GRAVY
(hydrophobicity), and also has one hydrophilic residue at both the
N- and C-terminal, resulting in an amphipathic characteristic that is
sufficient to permeate biological membranes. The presence of only
one acid residue contributes to this membrane permeation.

Moreover, it has a half-life of 1.9 h and does not contain specific
amino acids for cleavage by plasma enzymes.

The binding portion of the peptide to the catalytic site of
BACE-1 was evaluated by molecular docking. The protein
selected in PDB was the code 2VKM, with a resolution of
2.05A obtained by X-ray diffraction after expression in
bacteria but with a human sequence.

Four amino acids from the peptide bound to the side chains of
amino acids from the active site of BACE-1, with a distance of up to
3.37 A, being the first three (Ser-Leu-Ala) from the N-terminal
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FIGURE 3
Lineweaver—Burk plot of BACE-1 activity and the enzyme in the
presence of the peptide.

portion and one (Asn) from the C-terminal (Figure 2). The binding
profiles (amino acids, elements, and distances) are shown in Table 2,
where it is possible to see the binding in the amino acid next to the
catalytic site composed by Asp32/Asp228, besides the GIn73 from
the flap. The ITScorePeP was calculated as —138.00. The distances to
the amino acids Asp32 and Asp228 were 7.55 and 6.94 A,
respectively. The docking showed in Figure 2 was performed
with protonated Asp228, but similar results in terms of bound
amino acids were found when protonated Asp32 was analyzed.
The peptide was also docked with BACE-1 in different flap
positions (Xu et al., 2012)—PDB codes 1W50, 2QU3, 2VIE, 3EXO,
and 3HVG. No change in binding was detected in terms of amino
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TABLE 3 Enzymatic kinetics parameters were obtained for BACE-1 activity, and
the enzyme was incubated with the peptide. Values are mean * SD.

BACE-1 + peptide

Vmax
Km (uM)

Ki (uM)

0.2352 + 0.03233

‘ —0.0060

—-0.09

0.0940

0.0503 + 0.01044

acid binding, but there were slight differences in the distances (data
not shown). The lowest docking score was obtained with BACE with
PDB code 3EXO (—129.20).

3.2 Enzymatic activity on BACE-1

The peptide, when incubated with recombinant BACE-1,
slightly reduced the velocity of the reaction compared to the

A
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enzyme without any treatment. Figure 3 shows the velocity of
the reaction with or without the peptide in a Lineweaver-Burk
plot, where it is possible to see differences in the slope and
intersection of the x and y axes, reflecting different Vmax and
Km values (shown in Table 3). This profile indicates that the
peptide is a competitive inhibitor, or even a mixed inhibition, as
Km value increased, and 1/V increased in the presence of the
peptide.

3.3 Pharmacokinetics

The calibration curve for the peptide in plasma resulted in a
correlation coefficient greater than 0.99, indicating that the
method was linear (Figure 4A). The LLOQ peak area was at
least five times greater than interferences observed in the same
retention-time peptide, when a blank sample was analyzed. The
deviation was less than or equal to 20% in relation to the nominal
concentration for the LLOQ and less than or equal to £15% of the

3000
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2500 1 ——Predicted

2 2000 |
1500 |

=3 <
3 1000

Peptide quantification in plasma. (A) Calibration curve of the peptide analyzed by mass spectrometry. Each point represents the area detected. (B)
Concentration of the peptide in mouse plasma, with values observed experimentally and predicted for pharmacokinetics calculation parameters. Values
represent the mean of three animals.

TABLE 4 Pharmacokinetic parameters of the peptide quantified in mouse

plasma.

Parameter Unit Value

t1/2 h 0.69
Cp0 pg/L 2,595.96
N (mg/kg)/(ug/L) 0.00154
CL (mg/kg)/(ug/L)/h 0.00154
AUC 0-t pg/L*h 2,595.96
AUC 0-inf ug/L*h 2,595.96
AUMC pg/Lh2 2,595.96
MRT h 1
Vss mg/kg/(ug/L) 0.00150
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FIGURE 5
Peptide detected in mouse organs by mass spectrometry over
time. Data are shown as mean + SD (n = 3).
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Basal 5 min 30 min 2h 6h

FIGURE 6
Representative histological sections of five organs collected in certain times after the injection of the peptide (n = 3).
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* HEl control
20+ l HO,
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FIGURE 7

Peptide AB42 oligomerized and detected by fluorescence after
labeling with thioflavin-T after activation of BACE-1 by H,O,, and the
action of the peptide inhibits the enzyme and reduces the amyloid
peptide. Data are present as the mean + SD (n = 3) and * indicates

p < 0.05 in a one-way ANOVA followed by Tukey's post-test.

nominal concentration for the other concentrations in the
calibration curve.

When the plasma and organs were analyzed using the same
method, it was possible to quantify the peptide in such biological
matrices. Figure 4B shows the plasma concentration of the peptide
in the natural log over time. From these data, it was possible to
calculate pharmacokinetic parameters, and values are presented in
Table 4, where it is possible to see a short half-life (0.7 h) but an
important volume of distribution and elimination.

Organs were also evaluated using mass spectrometry to quantify the
peptide present each time. As shown in Figure 5, no signal was detected
in the animals that did not receive the peptide. Five minutes after
peptide injection, it was possible to observe the peptide in the spleen,
liver, and lungs.

In the spleen and liver, the concentration increased for up to 30 min
after injection and decreased over time, with the liver showing slower
elimination. It was not possible to identify the peptide in the pancreas.
In the kidneys, the concentration of the peptide increased 30 min after
the injection, slightly decreased after 2 h, but increased after 6 h after the
injection. Five minutes after the injection, a high concentration of the
peptide was found in the lungs, with levels reduced and maintained
constant for up to 6 h. In the brain, the peptide reached a 2-h peak after
injection and decreased after 6 h.

3.4 Histology

After collection, the spleen, liver, pancreas, lungs, and kidneys were
subjected to histological analysis. Figure 6 shows a representative image
of n = 3 of each organ in a region randomly selected under a light
microscope (x100), after 5 and 30 min and 2 and 6 h after peptide
injection. No alterations were detected in any organ or at any time after
the peptide injection, regarding cell/tissue morphology or the presence
of an inflammatory infiltrate, similar to the same aspect as the basal

group.

3.5 Oligomeric Ap42

Differentiated neurons SH-SY5Y, treated with H,O, for
BACE-1 activation, could release oligomeric amyloid peptide
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42 (AP420), detected by thioflavin-T labeling, as shown in
Figure 7, where the arbitrary units of fluorescence (AUF)
were significantly increased with the treatment. With the
incubation of the peptide, the AP420 levels were reduced,
confirming and validating, in an in vitro assay, the activity of
BACE-1 inhibition.

4 Discussion

BACE-1 is an important enzyme involved in APP processing
and amyloid-peptide generation that contributes to the progression
of neurodegenerative diseases (Zhao et al., 2020). Considering that
BACE-1 is the key enzyme for the generation of fS-amyloid peptide
40 and 42, its inhibition is a relevant pharmacological target for
disease treatment.

The first BACE-1 inhibitor developed was OM99-2, which is a
peptidomimetic. Other molecules have been designed to increase
potency with the development of inhibitors based on
hydroxyethylene, hydroxyethylamine, carbamine, macrocycles, and
non-peptidomimetics, such as acylguanidines, aminoimidazoles,
aminohydantoin, and aminoquinazoline (Ghosh et al., 2012).

BACE-1 inhibitor peptides have also been isolated from marine
animals. One example is a peptide generated from the hydrolyzed
muscle of the gastropod Aplysia kuroda, a competitive inhibitor of
the enzyme (Lee et al., 2019).

Here, we present a new peptide that is a competitive inhibitor of
BACE-1. This peptide was isolated from Merluccius productus fish
by Lee et al. (2019) and slightly modified by our group to be less
charged and suitable to permeation through the blood-brain barrier.
This peptide was chosen because it has a similar amino acid
sequence and hydrophobicity pattern in peptides characterized by
our group [(Banagouro et al., 2022) and data not shown], with
BACE-1 inhibitory activity determined in silico.

The first analysis was performed to determine whether the new
peptide maintained BACE-1 inhibitory activity. We first performed
molecular docking analysis, which showed the binding of the
peptide to the catalytic pocket of the enzyme. The first
N-terminal residues were able to bind to BACE-1 at short
distances, indicating stable binding. Moreover, the last residue
(Asn) also bonded to the enzyme, as Lee et al. have already
shown; the dipeptide Leu—-Asn showed the most potent activity
among other fragments derived from the original peptide, in
addition to reducing the AP production in SH-SY5Y cells.
Therefore, these two hydrophilic amino acids are important for
maintaining the peptide structure and binding to the BACE-1 active
site. Other amino acids have important functions in membrane
permeation due to their hydrophobic features.

Although the peptide did not bind to the residues from the
catalytic dyad (Asp32/Asp228), the molecule interacted to adjacent
amino acids (Thr232, Asn233, and Ser229), placed exactly in the
catalytic pocket, with hydrogen-bond distances. The nine-residue
amino acids would compete with the peptide/protein substrate,
impairing its positioning in the catalytic pocket, consequently
inhibiting the activity of the BACE-1 (Rawlings et al., 2018).

The catalytic residues are placed at the center of the catalytic
pocket, forming a hydrogen network for molecule binding.
other amino acids are inhibitor

However, important for
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stabilization, such as S2 and S4 subsite residues, which are mostly
hydrophilic, and S1 and S3, which are hydrophobic. One example is
the OM99-2 inhibitor, in which its P1 leucine and P3 valine fill the
S1 and S3 hydrophobic sites and bind to Tyr71 and Phel08 from
BACE-1 (Ghosh and Osswald, 2014). Similarly, our peptide
inhibited BACE-1 by binding in other residues than the
catalytic dyad.

Moreover, the peptide bound to GIn73, a residue from the
BACE-1 flap. The flap from BACE-1 is the most flexible region
from the structure that controls the substrate to reach the catalytic
site by covering the active site. Thus, this flap has several multiple
conformational states in different crystal structures, but it is closed
when inhibitors are attached. The binding of GIn73 to our peptide in
different flap conformations reinforced the BACE-1 inhibition
profile.

Inhibitory compounds that bind to GIn73 also showed
important BACE-1
which had an IC50 < 1nM. Moreover, this compound reduces
AP levels in the rat brain (Wu et al., 2016).

Therefore, the positioning of the peptide in the catalytic

inhibition, such as pyrazinecarboxamide,

pocket of BACE-1 and coordinating the closing of the flap

characterized a competitive inhibition. These data were
confirmed experimentally, and an observation of a competitive
inhibitor agreed with the molecular docking analysis, in which
the peptide was placed in the active site of the enzyme, including
the flap backbone. Moreover, we determined the inhibitory
constant (Ki), which was calculated to be 94 nM, indicating a
good enzyme inhibition.

The BACE-1 inhibition could be confirmed by in vitro
experiments, in which differentiated neurons were stimulated
with H,O, to activate BACE-1. Tan et al. (2013) demonstrated
that oxidative stress increased BACE-1 protein levels and initiated
the amyloidogenic pathway of APP, generating amyloid peptides.
Our data agreed with this finding, where 100 uM H,O, increased
oligomerized AP42 levels, detected by a conventional approach of
thioflavin-T labeling. We saw that when the peptide was present,
these levels were reduced to the basal levels, confirming the peptide
as the BACE-1 inhibitor in cells.

Moreover, it was verified that the peptide is not capable of being
cleaved by plasma enzymes, as it does not have residues for such
hydrolysis, which allows the administration of the peptides in a
living organism, e.g., mice. Thus, we opted for an intravenous
injection to avoid unspecific cleavage by stomachal and
intestinal/pancreatic enzymes after an oral administration. The
intravenous route is the first choice for protein and peptide drugs
due to the possible enzymatic processing and, consequently, peptide
loosing (Bruno et al., 2013). We could observe the intact mass of the
complete peptide, confirming that there was no enzymatic cleavage,
and no fragments were observed in mass spectrometry analysis (data
not shown). Therefore, these data surpass the main disadvantage of a
peptide drug, maintaining its advantages—high specificity and
potency (Wang et al., 2022).

The peptide was found in the plasma at all analyzed times, with
the highest concentration 5 min after the injection, and decreased
over time, typical of an intravenous administration. We calculated
the PK parameters using the compartmental analysis of the plasma
after an intravenous bolus injection, and we could obtain the peptide
concentration at time zero and values for distribution and
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elimination. The half-life was calculated at 0.7 h, similar to the
value calculated by the computational model.

Due to the increased metabolic rates of mice, compared to
human, the drug distribution and elimination profile is usually
faster, but these data would help us to select an effective dose
without causing any toxicity (Benet and Zia-Amirhosseini,
1995).

In pancreas, the peptide could not be found, but it was detected
in other organs, showing that, after its entry into the systemic
distributed. The
homogeneous due to the difference in blood perfusion, that is,

circulation, it was distribution is not
the association with the tissues, pH, and permeability of the cell
membrane.

In our study, it was possible to quantify the peptide at all times in
spleen and liver (from 5 min to 6 h), with a peak at 30 min. The
spleen is an organ of great importance for the immune system; it is
highly irrigated, and a great exposure to external agents is expected,
as we observed here (Cataldi et al, 2017). Nevertheless, the
accumulation of the peptide indicates no toxicity for the organ.
The liver is the main site of xenobiotic metabolism, where
biotransformation reactions occur, generating more polar
compounds to facilitate elimination from the body (Almazroo
et al.,, 2017). The decrease over time indicates that there was no
accumulation of the peptide in hepatocytes, which suggests not only
the absence of toxicity but also the possible participation of the
organ in the peptide metabolism.

The lack of toxicity could be confirmed by histological analysis,
where the tissue was maintained intact after a single-dose
administration of the peptide, and no inflammatory cells were
observed. Thus, the biodistribution in these tissues was quite
rapid, insufficient to cause any disturbance.

In kidneys, the peptide was observed after 30 min and
increased after 6 h. The kidneys are mainly responsible for the
elimination of peptides, but it also participates in metabolism,
since it has peptidases in the proximal tubule. The elimination of
small peptides, such as the peptide presented here, can occur
freely by the kidneys, as they can enter and filtered by the
glomerulus (Brater, 2002). This indicates that the urinary tract
is the main route of elimination of the peptide in its intact
primary structure.

The peptide was also detected in the lungs, from 5 min to
6 h. It is not common for a peptide to permeate lung cells due to
its size, but its hydrophobicity nature may have contributed to
pass membranes, as lipophilic molecules/drugs can easily
permeate the airway epithelium via the passive transport
(Matthews et al., 2020). Similarly, a small protein with the
antitumor effect, Amblyomin-X, was found in the lungs in high
concentration 10 min after an intravenous administration, and
our findings show that no toxicity was related to this protein
(Boufleur et al.,, 2019). Nevertheless, no clinical signals of
toxicity were observed after a single dose of the peptide
shown here.

Interestingly, the peptide was found in the brain, confirming
the prediction of the hydrophobicity, which indicates the
membrane permeation, including the brain-blood barrier. The
hydrophobic nature of the peptide allowed its fast distribution, as
it probably passed membranes easily, besides the presence of
hydrophilic amino acids in the N- and C-terminal, which
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facilitates binding to the aqueous solution and polar portion of
the membrane.

The presence of the peptide in the brain is essential,
considering that the target is BACE-1 from neurons to treat a
neurodegenerative disease. Moreover, the peptide could be found
up to 6h in the tissue, showing an effective time for the
molecular-target interaction. The in vivo efficacy of the
peptide will be further studied.

5 Conclusion

In conclusion, we optimized a peptide using in silico tools to
obtain a potent and competitive inhibitor of BACE-1, which is able
to distribute and permeate the brain-blood barrier without causing
any toxicity in mice and is useful for the treatment of amyloid-linked
neurodegenerative diseases.
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5. CONCLUSAO

Neste estudo, um novo peptideo foi obtido e identificado como inibidor competitivo da
BACE-1, com posicionamento no sitio ativo da enzima. O perfil farmacocinético do peptideo
revelou a sua distribuicdo e pouco acumulo nos 6rgéos, sem demonstrar sinais de toxicidade
nos camundongos, tanto em uma avaliagdo de sinais clinicos quanto histolégicas. A provavel
via de eliminagdo do peptideo é renal, e ele foi encontrado no cérebro, indicando a sua
capacidade de atravessar a barreira hematoencefalica, dado relevante considerando a BACE-
1 como alvo terapéutico. Desta forma, esse novo peptideo pode representar uma nova

alternativa como protétipo para o tratamento da Doenca de Alzheimer.
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