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RESUMO

A mucopolissacaridose tipo Il (MPS II) ou sindrome de Hunter € uma doenca
genética ligada ao X, causada por mutagdes no gene IDS que codifica a enzima
Iduronato-2-sulfatase (IDS). A enzima IDS é responsavel pela degradacédo dos
glicosaminoglicanos (GAGSs) lisossomais, heparan sulfato (HS) e dermatan sulfato
(DS). A deficiéncia da enzima leva ao acumulo progressivo de GAGs nos diversos
tipos celulares, afetando a estrutura e a fungdo de multiplos érgaos e tecidos. Os
desfechos cardiovasculares sdo comumente observados em pacientes com MPS
II, sendo uma das principais causas de morbimortalidade entre estes pacientes.
Tendo em vista as vérias alteracdes cardiacas apresentadas e o fato de que as
terapias existentes possuem baixa eficacia sobre os danos resultantes da doenca
no sistema cardiovascular, a caracterizacdo dessas modificacbes em modelos
animais tem grande relevancia. O modelo animal murino de MPS Il reproduz o
fendtipo mais grave da doenca, o que corresponde a forma neuronopata da MPS
[I. Os camundongos MPS Il (knockout para enzima IDS) tém sido amplamente
utilizados para avaliar a ocorréncia de distarbios em 6rgaos e tecidos afetados pela
deficiéncia da enzima, como doencas neuroldgicas e esqueléticas. Entretanto, as
alteracdes cardiovasculares e sua progressao, nestes animais, ndo sao totalmente
conhecidas. Portanto, o objetivo deste trabalho foi caracterizar as alteracbes
cardiovasculares presentes no modelo animal de MPS Il em diferentes momentos,
explorando possiveis mecanismos fisiopatolégicos. Para tanto, foram realizadas
analises bioquimicas, histolégicas e funcionais do musculo cardiaco e principais
valvas e artérias. Foram encontradas anormalidades funcionais nos tempos
avaliados, 6, 8 e 10 meses de idade que incluiram dilatacdo cardiaca e aértica e
também reducéo do débito cardiaco e da Fracdo de Ejecdo. Andlises histolégicas
mostraram quebra de elastina na artéria aorta, desarranjo das fibras musculares e
presenca de vacuolos no tecido cardiaco. As analises bioguimicas mostraram ainda
que a atividade de catepsina B, uma protease lisossomal, bem como outras
catepsinas, estavam aumentadas no tecido cardiaco. Os resultados deste trabalho
levaram a concluséo de que os desfechos cardiovasculares da MPS Il podem ser
observados a partir dos 6 meses de idade e sdo progressivos. Aléem disso, 0 modelo
mimetiza os desfechos cardiovasculares da MPS II, semelhantes ao observado em

seres humanos portadores da doenca.



Palavras-chave: mucopolissacaridose tipo Il, dilatacdo de raiz de aorta, fracdo de

ejecao, doencas cardiovasculares, glicosaminoglicanos.



ABSTRACT

Mucopolysaccharidosis type Il (MPS I1l), or Hunter syndrome is an X-linked genetic
disorder caused by mutations in the IDS gene, that codifies the lduronate-2-
sulfatase enzyme (IDS). The cause of MPS Il is the IDS enzyme deficiency, involved
in the degradation of glycosaminoglycans (GAGs) heparan and dermatan sulfate.
This deficiency leads to progressive GAGs accumulation in different cell types,
affecting multiple organs and tissues. Cardiovascular outcomes are commonly
observed in patients with MPS II, being one of the main causes of morbidity and
mortality in adults. In view of the various cardiac alterations presented in MPS Il and
the fact that existing therapies have low efficacy on the damage resulting from the
disease in the cardiovascular system, the characterization of these modifications in
animal models is of great relevance. MPS Il (IDS knockout) mice have been widely
used to assess the occurrence of disorders in organs and tissues affected by IDS
enzyme deficiency, such as neurological and skeletal diseases, however, the follow
up of the cardiovascular manifestations progression in these animals still is not fully
known. Therefore, the goal of this study was to characterize the cardiovascular
abnormalities in the MPS Il mouse model at different time points. Biochemical,
histological, and functional analyzes of the cardiac muscle and main valves and
arteries were performed. Functional abnormalities were found at 6, 8 and 10 months
of age in MPS Il mice, which included cardiac and aortic dilatation, reduced cardiac
output, and decreased ejection fraction. Histological analyzes showed a breakdown
of elastin in the aorta artery, disarrangement of fibers and presence of vacuoles in
the cardiac tissue. Biochemical analyzes showed that cathepsin B, a lysosomal
protease, was increased in the cytosolic compartment outside cardiomyocyte
lysosomes. In conclusion, we have demonstrated that the deleterious
cardiovascular outcomes can be observed from 6 months of age and are
progressive. In addition, the animal model used was mimetic to the effects and

outcomes of MPS Il observed in humans with regard to cardiovascular changes.

Keywords: mucopolysaccharidosis type Il, aortic root dilation, ejection fraction,

cardiovascular diseases, glycosaminoglycans.
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1. INTRODUCAO

1.1 As Doencas Cardiovasculares e 0 Remodelamento Cardiaco

1.1.1 As doencas Cardiacas e a Disfungéo Lisossomal

Um sistema cardiovascular incompetente, independentemente da causa,
tem consequéncias deletérias importantes para o organismo. O miocardio pode
sofrer alteragdes intrinsecas, como distlrbios elétricos e comprometimentos
estruturais e funcionais, ambos provocando adaptacfes patologicas, que podem
evoluir para insuficiéncia cardiaca (IC). No dltimo quarto de século, houve um
enorme progresso na pesquisa genética que definiu muitas das causas moleculares
das cardiomiopatias. Mais de mil mutacdes foram identificadas em muitos genes
com ontologias variadas, indicando diversas moléculas e vias de sinalizacdo que
podem causar cardiomiopatias hipertréfica, dilatada, restritiva ou arritmogénicas
(Elliott et al. 2008).

O rearranjo ou remodelamento frente a um insulto cardiaco é uma resposta
do 6rgao perante a necessidade de manutencdo do débito cardiaco (DC), frente
as adaptac6es hemodinamicas secundarias a eventos celulares e moleculares,
uma vez que a perda da capacidade de bomba no miocardio implica em reducao
do fluxo de oxigénio, necessario ao organismo como um todo (Braunwald 2013).
Neste sentido, varios sdo 0s mecanismos patogénicos que levam ao
remodelamento cardiaco, entre os quais se incluem a estimulagdo neuro-humoral
excessiva, ciclo anormal do calcio dos midcitos, apoptose acelerada, ativacdo de
citocinas inflamatorias, estresse oxidativo, ativacdo proteolitica, autofagia,
proliferacdo excessiva ou inadequada da matriz extracelular (MEC) e fibrose
intersticial miocardica (MIF) (Konstam et al. 2011).

No contexto celular, a manutencdo do equilibrio dindAmico e homeostatico
deste ambiente faz parte das funcdes constitutivas das organelas celulares. Devido
a sua caracteristica ubiqua, alterages na estrutura dos lisossomos, por exemplo,
levam ao desenvolvimento de muitas doencas, incluindo as doencgas
cardiovasculares (Chi, Riching, e Song 2020). De fato, alteragcbes na funcéo
lisossomal da célula muscular cardiaca sdo notadamente associadas a maioria das
doencas cardiacas e a patogénese da IC (Wang e Robbins 2014). E valido notar

ainda que as alteracdes lisossomais, ndo necessariamente, sdo apenas descritivas
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de sua estrutura, pois doencas genéticas que afetam o seu conteudo também
demonstram ser interveniente na sua capacidade funcional (Gatica e Klionsky
2017). Isto posto, também foi observado que, sob certas condicfes, a alta atividade
lisossomal também é deletéria. A hiperativacdo da funcéo do lisossomo tem sido
implicada em diversas complicacdes cardiovasculares. Um exemplo disso esta
vinculado a funcao das catepsinas (Cts) lisossémicas. As Cts lisossémicas sdo um
subgrupo de proteases de cisteina composto por 11 membros (catepsina B, C, F,
H, K, L, O, S, V, X e W). Elas contribuem com outras hidrolases &cidas na
degradacdo lisossomal de substratos celulares. Sob certas condi¢des patoldgicas,
tanto o nivel de expressédo, quanto a localizacdo subcelular dessas Cts podem
mudar, tornando-as morbigeras. O aumento da expressdo das Cts tém sido
associado a uma variedade de condicdes e de doengcas como estresse,
remodelamento cardiaco e IC (Blondelle et al. 2015; Lutgens et al. 2007). A
expressado de CtsS e CtsK foi aumentada no miocardio de roedores hipertensos e
em humanos com IC induzida por hipertensdo (Cheng et al. 2006). CtsD elevada
foi encontrada no plasma de pacientes apés infarto do miocardio (IM) (Naseem et
al. 2005). Em um estudo de ensaio clinico, a CtsB sérica mais alta, foi associada a
um risco aumentado de um desfecho composto de eventos cardiovasculares
especificos ou mortalidade por todas as causas em 4.372 pacientes com doenca
coronariana estavel (Wuopio et al. 2018). Estudos realizados pelo nosso grupo
mostraram aumento da atividade colagenolitica da CtsB, com consequente reducao
do colageno na aorta e no tecido cardiaco em modelo murino de
mucopolissacaridose tipo | (MPS 1) (E.A. Gonzalez et al. 2018). Uma vez que essa
protease é liberada especificamente por macréfagos, em condi¢des patoldgicas,
atuando na reducao do colageno, sugerimos que este mecanismo poderia estar
envolvido na perda da capacidade funcional observada nestes animais (Baldo et al.
2017; E.A. Gonzalez et al. 2018; Schuh et al. 2020). Sabidamente, os macréfagos
residentes compdem uma variedade de o6rgaos e tecidos, onde sdo determinantes
criticos do comportamento celular. No coracdo, uma populagdo de macréfagos tem
um efeito notavel na patogénese das doencas cardiovasculares (Bajpai et al. 2018).
Vérios estudos sustentam que a CtsB tem um papel no remodelamento da MEC e
na patogénese da doenca cardiovascular em pacientes com cardiomiopatia
isquémica e dilatada (CMD) (Schenke-Layland et al. 2009). A presenca de

macroéfagos per se € indicativa de mudanga no ambiente, onde um aumento no pH
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acido pericelular pode resultar na realocacdo dos lisossomos. O pH pericelular
acido também aumenta a secrecao de CtsB no espaco extracelular. Além disso, a
liberacdo de CtsB na MEC induz a ativacao de metaloproteinase de matriz (MMP-
9), a qual contribui para o remodelamento da MEC (Radosinska, Barancik, e Vrbjar
2017; Riaz et al. 2020). De fato, a CtsB secretada pode contribuir para a
degradacédo da MEC no coracéao e artéria aorta de animais com MPS I, o que pode
levar a um quadro de IC. Apesar do carater progressivo da doenca cardiovascular
encontrado nos animais MPS |, observamos que a fracéo de ejecédo (FE) destes
animais, aos 6 meses de idade, ainda estava preservada, embora outros
parametros indicassem perda de contratilidade e dilatacdo da camara ventricular
esquerda, indicando dilatacdo cardiaca (Baldo et al. 2017; E.A. Gonzalez et al.
2018).

1.2 As Doencas de Depdsito Lisossomal - DLs

1.2.1 O papel dos lisossomos na maquinaria celular

Os lisossomos sdo geralmente considerados como o compartimento final
das vias endociticas, onde a carga capturada estd sujeita a degradacdo via
hidrolases acidas (Luzio, Pryor, e Bright 2007). Os lisossomos sédo organelas em
constante estado dinamico, responsaveis pela quebra e reciclagem de vérias
macromoléculas celulares, como acidos nucléicos, lipidios, proteinas e
carboidratos, e wuma variedade de substratos complexos, incluindo
glicosaminoglicanos e esfingolipidios, trazidas do ambiente extracelular e
capturadas por meio de mecanismos de endocitose, fagocitose e autofagia
(Doherty e McMahon 2009; Ravikumar et al. 2009). A funcéo catabdlica dos
lisossomos é realizada por meio da agdo conjunta de aproximadamente 60
hidrolases acidas distintas, que pertencem a diferentes familias de proteinas, como
glicosidases, sulfatases, peptidases, fosfatases, lipases e nucleases (Bajaj et al.
2019). As substéancias sdo entregues ao lisossomo para degradacgéo, via fusdo com
endossomos tardios (material extracelular) ou autofagossomos (material
intracelular), aléem da membrana plasmatica, o que Ihes confere um papel central
na comunicacao célula-célula e célula-matriz extracelular, resposta a infeccéo e

consequente manutencdo da homeostase celular, um processo que € mediado por
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SNARE (receptor de proteina ativadora do fator N-etilmaleimida soltvel) e proteinas
Rab (proteinas de trafego e fusdo). Eles funcionam como centros metabdlicos que
controlam a deteccdo de nutrientes, homeostase de aminoacidos e ions e
sinalizacdo de calcio (Platt et al. 2018).

O lisossomo tém funcao essencial no processo de autofagia que regula os
mecanismos fisiologicos e patologicos do sistema cardiovascular. Durante o
processo de autofagia, os componentes citoplasmaticos direcionados para
degradacdo sao envolvidos por uma membrana em rapida expansao chamada
fagoforo. A expanséo e maturagdo do fagéforo levam ao sequestro da carga dentro
de vesiculas de membrana dupla (autofagossomos) que finalmente se fundem com
o lisossomo. Uma vez que a fusdo € concluida, a membrana autofagossémica
interna € degradada dentro do lisossomo, onde lipases e hidrolases &cidas,
incluindo catepsinas B, D e L (CtsB, CtsD e CtsL) degradam a carga, gerando
moléculas essenciais, como 0s aminoacidos, que podem ser transportados de volta
ao citosol para serem reciclados pela célula (Gatica et al. 2022).

A proteina transmembrana lisossomal multi-spanning SLC38A9 parece ser
o transportador central responsavel pela reciclagem de aminoacidos do Iimen
lisossomal para o citosol (J. Jung, Genau, e Behrends 2015; Rebsamen et al. 2015;
Wang et al. 2015b). SLC38A9 detecta arginina (Arg), que desempenha um papel
modulador no efluxo lisossomal de glutamina (GIn) e leucina (Leu) e outros
aminoacidos essenciais para o citosol. O efluxo de aminoacidos dependente de
SLC38A9, a qual é detectada pela mTORCL1, ativada pelos proprios aminoacidos,
gerando um feedback negativo que finalmente inibe a autofagia (Gatica et al. 2022).
A MTORC1 é uma serina/treonina quinase que auxilia na regulacéo da homeostase
celular, em resposta a muitos estimulos, como estado nutricional e nivel de energia
(J. Jung et al. 2015). A autofagia € essencial para o sistema cardiovascular, pois
sua funcdo de degradar proteinas mal dobradas e organelas danificadas contribui

de sobremaneira para o desenvolvimento cardiaco normal (Gatica et al. 2022).

1.2.2 Deficiéncia da funcao lisossomal

As DLs sao erros hereditarios (inatos) do metabolismo que afetam a
funcdo do lisossomo. Os DLs compreendem um grupo de aproximadamente 70

distirbios monogénicos do catabolismo lisossomal, a maioria dos quais sdo
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herdados como tragos autossdmicos recessivos, embora trés sejam ligados ao X.
Esses disturbios sdo causados por mutacbes em genes que codificam proteinas
lisossbmicas, tais como glicosidases lisossomais, proteases, proteinas integrais de
membrana, transportadores, modificadores ou ativadores de enzimas. Mutagdes
em genes que codificam proteinas lisossdmicas afetam estas proteinas, resultando
em mau funcionamento lisossdmico e acumulo gradual de substratos dentro do
lisossomo (Marques & Saftig 2019; Parenti et al. 2021).

Aproximadamente 1.300 genes estdo envolvidos na funcdo lisossomal,
muitos distdrbios monogénicos foram descritos, incluindo 50 deficiéncias
enzimaticas, que podem ser subclassificadas de acordo com o tipo bioquimico de
material armazenado. De fato, os disturbios de deficiéncia enzimatica podem ser
agrupados de acordo com o material armazenado e incluem esfingolipidoses,
gliproteinoses, mucopolissacaridoses e doenca de armazenamento de glicogénio
(Platt et al. 2018). O acumulo de substratos dentro dos lisossomos pode iniciar uma
cascata de efeitos secundarios, levando a danos celular irreversiveis, morte celular
e consequente disfuncao e degeneracédo do 6rgao-alvo (Parenti, Medina, e Ballabio
2021; Platt et al. 2018).

As DLs sao tradicionalmente classificadas de acordo com as propriedades
quimicas do substrato acumulado. Individualmente, cada um desses disturbios é
raro. No entanto, sua prevaléncia cumulativa é relativamente alta, quando
comparada com outros grupos de doencas raras. A prevaléncia é estimada em
aproximadamente 1 em 8.000 nascidos vivos (Parenti et al. 2021). Vérias DLs
possuem um protocolo clinico especifico e a identificacdo e tratamento precoces
tém impacto direto no seu progndstico, 0 que estimula os gestores de saude a
inclusdo das DLs mais prevalentes na avaliacao-diagnéstica de triagem neonatal
(Platt et al. 2018).

1.2.3 As Mucopolissacaridoses - MPS

As MPS sao um conjunto heterogéneo de doencas monogénicas de depdsito
lisossomal caracterizadas pela deficiéncia total ou parcial de enzimas envolvidas
em rotas de degradacdo de grandes moléculas de acucares como os GAGs. A
depender da deficiéncia enzimatica relacionada a degradacao de GAGs, diferentes

compostos nao-degradados acumulam-se no interior dos lisossomos. Os GAGs
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tém papel fundamental na maquinaria celular e, seu acumulo nos lisossomos leva
a alteracdes em funcgdes criticas celulares, observadas em varios 6rgaos e sistemas
(Fecarotta et al. 2020). Esse acumulo altera a composicdo das membranas, com
impacto direto no trafico e fusdo de vesiculas, alteracdes na autofagia,
perturbacdes da funcdo mitocondrial e estresse oxidativo, com consequente
desregulacédo de vias de sinalizacdo, 0 que impacta diretamente na funcdo do

organismo (Figura 1) (Parenti et al. 2021).
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Figura 1: Mecanismo fisiopatolégico geral das MPS - Alterac8es celulares decorrentes do acimulo
de glicosaminoglicanos nas mucopolissacaridoses. Adaptado de Parenti G, 2021 (Parenti et al.
2021).

O acumulo de GAGs observado nas MPS pode afetar diferencialmente
multiplos tecidos e 6rgaos, especialmente nos sitios especificos de atuacao destas
macromoléculas, sendo considerado a principal causa de sintomas graves,
resultando na perda de independéncia e morte prematura dos pacientes (Fecarotta
et al. 2020).

Um exemplo disso é a MPS lll, onde o principal GAG acumulado é o heparan
sulfato (HS), o qual possui papel fundamental para as fungdes cerebrais. Por esta
razdo, o fenotipo de pacientes com MPS Ill € majoritariamente neurologico.
Outras MPS, como a MPS | e Il acumulam além do HS, o dermatan sulfato (DS),
gerando, além do fenétipo neurolégico, alteragdes mais pronunciadas em outros

orgaos, como o miocardio e a vasculatura (Cross et al. 2022; Fecarotta et al. 2020).
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Por acumularem os mesmos GAGs, ambas as doencas apresentam
semelhancas e diferencas metabdlicas e clinicas importantes. Tanto na MPS |,
quanto na MPS 1l, os pacientes compartiham manifestacbes fenotipicas
caracteristicas, incluindo alteracdo da estatura, hérnias inguinais e umbilicais,
hidrocefalia, perda auditiva, caracteristicas faciais grosseiras, abdome protuberante
com hepatoesplenomegalia, alteragcbes cardiovasculares e envolvimento
neuroldgico (Hampe et al. 2021). Por outro lado, acredita-se que algumas das
dissemelhancas entre MPS | e MPS |l possam ser atribuidas as diferencas entre as
porcdes expostas dos GAGs, parcialmente degradados, nessas duas condigdes,
com potencial de ativar diferentes processos celulares (Gaffke et al., 2020).

A idade de inicio dos sintomas geralmente é determinada pela quantidade da
atividade enzimética residual, que € governada pelas mutacdes genéticas
especificas (Platt et al. 2018). As manifestacdes compartilhadas por MPS | e I
geralmente se desenvolvem mais cedo em criancas com MPS |, com fendtipo
grave, em comparacao a MPS Il (Hampe et al. 2021). As principais caracteristicas

de cada tipo de MPS podem ser conferidas de forma resumida na tabela 1.

Tabela 1. Caracteristicas principais das mucopolissacaridoses.

MPS Enzima GAG Acumulado Gene Sinais Clinicos
Transtorno cognitivo,
Dermatan e Heparan IDUA degeneracéo da retina,
| Alfa-L-iduronidase Sulfato opacidade da cornea,
miocardiopatia,
organomegalia.
Transtorno cognitivo, face
Dermatan e Heparan dismorfica, miocardiopatia,
Il Iduronato-L-sulfatase Sulfato IDS organomegalia.
Heparan-N-sulfatase SGSH
Alfa-N-
acetilglucosaminidase NAGLU | Retardo mental, deterioragéo
Heparan Sulfato cognitiva progressiva,
Alfa-glucosamina-N- hiperatividade, disfuncéo
acetiltransferase motora.
1n* HGSNAT
N-acetilglucosamina-6-
sulfatase GNS
Galactosamina-6- Queratan e Displasia esquelética,
condoitrin sulfato GALNS | disfuncéo motora
sulfato-sulfatase ¢ s
hiperflexibilidade articular,
. opacidade da cOrnea. Nao
apresentam transtorno
Beta-galactosidase Queratan sulfato GLBL cggnitivo.

17




Displasia esquelética,

N-acetilgalactosamina-4- | Condroitin sulfato, disfuncdo motora, cifose,
sulfatase (ou dermatan sulfato ARSB defeito cardiaco, opacidade da
VI Arilsulfatase-6) cornea. Nao apresentam

transtorno cognitivo.

Hidropsia fetal, hepatomegalia,

VIl | Beta-glucoronidase Dermatan e Heparan | ggg | displasia esqueletica,

sulfato opacidade da cérnea, retardo
mental.
IX Hialuronidase Acido hialurénico HYAL1 Alteracdes articulares, baixa

estatura.

Abreviaturas: GAG- glicosaminoglicano. * A Mucopolissacaridose Ill possui 4 subtipos (A-D) e a IV
possui 2 subtipos (A e B). Adaptado de Suarez-Guerreiro JL, 2016.

1.3 A Mucopolissacaridose Tipo Il
1.3.1 Aspectos Gerais

Diferente da maioria dos outros distUrbios de armazenamento lisossomal que
possuem heranca autossémica recessiva, a MPS Il é uma doenca genética ligada
ao sexo, herdada em um padrédo ligado ao X. Esta doenca se manifesta
predominantemente em homens, com alguns casos esporadicos relatados em
mulheres portadoras. A MPS Il é causada pela deficiéncia da enzima Iduronato-2-
sulfatase (IDS), responsavel pela degradacédo dos GAGs lisossomais (Hampe et al.
2021). A deficiéncia da enzima IDS e, consequente diminuicdo da sua atividade,
resulta no acumulo intracelular e extracelular dos GAGs HS e DS, o que causa
hipertrofia lisossomal e um aumento no niamero de lisossomos nas células (Hampe
et al. 2021; Hashmi e Gupta 2022). Os GAGs estao presentes em todo o organismo,
pois sdo uma parte essencial da matriz extracelular (MEC). A falta de turnover de
GAGs na MEC afeta as funcgdes celulares, como adeséo celular, endocitose, trafego
intracelular de diferentes moléculas, equilibrio i6nico intracelular e inflamacgéo
(Hampe et al. 2021).

Segundo Semyachkina e colaboradores, as variacdes genéticas resultam
em diferentes fendtipos da MPS II, dos quais, os dois fendtipos principais sao
“‘grave” e “atenuado”. Pelo fato dos pacientes com a forma grave sofrerem
alteracdes neurologicas, o fenétipo grave também é chamado de neuronopata, o
gue confere a forma atenuada a descricdo de nao-neuronopata (Semyachkina et

al. 2019). Embora a forma mais atenuada ndo apresente retardo mental, as
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alteracbes somaticas estdo presentes e sdo progressivas, pois a expectativa de
vida pode chegar até a idade adulta. Infelizmente, a maior parte dos pacientes,
cerca de 60%, possui o fendtipo grave, para os quais as mutacées mais prevalentes
incluem delecao total do gene, bem como certas mutagfes que levam a codons de
parada prematuros ou alteracbes em sitio de splicing (p.R443X, p.G374sp)
(Brusius-Facchin et al. 2013; Froissart et al. 2002).

Na forma mais grave da doenca, as alteragdes no sistema nervoso podem
incluir retardo no desenvolvimento motor, prejuizo cognitivo e hidrocefalia, além do
retardo mental progressivo. Assim como em outras MPS, entre os sintomas
somaticos estdo caracteristicas faciais grosseiras, infec¢cdes respiratorias,
opacidade de cdérnea e perda de audicdo, deformidades esqueléticas,
hepatoesplenomegalia, rigidez articular, hérnias umbilicais e inguinais e
cardiomiopatia (Menkovic et al. 2019). Isto posto, reconhecidamente, a MPS Il € o
mais variavel e abrangente dos tipos de MPS, o que coloca em questao o termo
“‘doenca atenuada”, pois pacientes com doencga neurocognitiva menos grave (néo
neuronopata) podem ainda exibir sintomas somaticos graves. Segundo Hampe e
colaboradores, o fato da doenca envolver um amplo espectro de caracteristicas
cognitivas e somaticas, distinguir em dois fenotipos separados pode ndo ser precisa
(Hampe et al. 2021). Sendo assim, o fen6tipo dos pacientes com MPS Il pode ser
variavel e com manifestacdes clinicas diferentes, cujos sintomas iniciam logo apd6s
0 nascimento e a progressao é rapida. Segundo Khan e colaboradores, embora os
sintomas ocorram precocemente, as caracteristicas clinicas da MPS Il geralmente
se tornam aparentes entre dois e quatro anos de idade (Khan et al. 2017). Os
pacientes mais gravemente afetados sobrevivem apenas até a segunda década de
vida, enquanto os pacientes menos gravemente afetados podem sobreviver até a
quinta ou sexta década de vida (Ramirez-Hernandez et al. 2022).

Embora a maioria dos desfechos cardiovasculares possam ocorrer,
primariamente, por agdo direta do acumulo de GAGs, disturbios que ocorrem em
outros Orgados podem contribuir de sobremaneira para o comprometimento
cardiaco. Um exemplo disso & o desfecho cardiaco provocado pela apneia
obstrutiva do sono, a qual faz parte de distlrbios relacionados ao sistema
ventilatorio, cujas manifestacdes sédo frequentes em todos os tipos de MPS. As
causas subjacentes séo diversas e compreendem anormalidades respiratorias e do

sistema nervoso central (SNC). Distarbios respiratérios do sono, como apneia
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obstrutiva do sono e hipoventilagdo noturna, podem surgir em pacientes com
obstrucdo das vias aéreas superiores e/ou com alteracbes na mecanica
respiratoria. A apneia do tipo central (considerada decorrente de disfuncdo do
centro respiratério na medula) foi descrita, principalmente, em paciente com MPS
Il (Rapoport e Mitchell 2017). A apneia obstrutiva do sono, de forma geral, ja € um
fator de risco importante para a progressao da IC, o que torna plausivel sugerir que
0os pacientes com MPS Il evoluam para quadros mais graves de IC, quando
apresentam disfuncao em outros sitios, como o trato respiratério (Berger et al. 2013;
Tulebayeva, Sharipova, e Boranbayeva 2020).

1.3.2 A Enzima Iduronato-2-sulfatase - IDS

A enzima IDS é codificada pelo gene IDS, localizado no brago longo do
cromossomo X (locus - Xg28); consiste em 9 exons e tem um comprimento de
28,3kb. A IDS é a primeira enzima envolvida no catabolismo de HS e DS e
normalmente hidrolisa os grupos 2-sulfato das unidades L-iduronato 2-sulfato
destes GAGs (Maccari et al. 2022). Como parte da degradacdao de GAGs
lisossomais, a funcao biolégica da IDS € hidrolisar grupos sulfato ligados ao
oxigénio (O) na posicao C-2 da extremidade ndo redutora terminal de residuos de
acido L-idurénico (IdoA) em DS e HS (Mohamed et al. 2020). A IDS faz parte de um
conjunto de enzimas, cujas acdes ocorrem sequencialmente, portanto, qualquer
alteracdo na atividade de uma delas resulta no comprometimento do processo de
degradacéo lisossomal dos GAGs (Fecarotta et al. 2020).

A reducdo da atividade da enzima é resultado de diferentes mutacdes
encontradas no gene IDS, que pode causar 0s sinais clinicos apresentados em
pacientes com MPS Il. Enzimas defeituosas podem ser geradas por variantes
nonsense, frameshift, missense e outras muta¢des genéticas, que podem levar a
manifestacbes patogénicas (Kosuga et al. 2016). Um total de seiscentas e trinta e
sete mutacbes no gene IDS foram descritas e identificadas no Human Gene
Mutation Database envolvendo 322 missense/nonsense, 59 mutagdes de splicing,
1118 pequenas delec¢bes, 49 pequenas insercdes, 14 pequenos indels, 51 dele¢cbes
grosseiras, 4 inser¢coes/duplicagcbes brutas e 20 rearranjos complexos
(https://Iwww.hgmd.cf.ac.uk/ac/gene.php?gene=IDS), segundo dados acessados
em 05 de novembro de 2022.
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1.3.3 Aspectos Gerais dos Glicosaminoglicanos

Mucopolissacarideos ou glicosaminoglicanos (GAGs) sdo moléculas de
acucar de cadeia longa que consistem em unidades repetidas de dissacarideos. Os
GAGs diferem quanto ao tipo de hexosamina e acucar ndo nitrogenado, pelo grau
de sulfatacdo e posicdo em que sdo sulfatados, bem como o tipo de ligacao
glicosidica inter e intradissacaridica. Sado encontrados na superficie celular da
maioria dos tecidos e na MEC. Podendo ainda apresentar-se livres ou ligados
a proteinas (Farrugia et al. 2018).

A MEC cardiovascular € uma malha complexa de proteinas e acUcares
estruturais e ndo estruturais, subdivididos em glicoproteinas, proteoglicanos e
glicosaminoglicanos presentes em midcitos cardiacos e células vasculares (Rienks
et al. 2014). A falta de renovacao de GAGs na MEC afeta func¢des celulares, como
adeséo celular, endocitose, trafego intracelular de diferentes moléculas e equilibrio
ibnico intracelular (Hampe et al. 2021). Além disso, as porcdes de GAGs estao entre
0s principais componentes de MEC conhecidos por apoiar, proteger e desencadear
a atividade de moléculas informativas, incluindo fatores de crescimento, citocinas e
outros garantidores da homeostase do tecido. Alteracbes dos componentes da
MEC como consequéncia de patologias, lesdes teciduais ou envelhecimento
podem, assim, afetar a integridade tecidual dos 6rgédos, como coracdo e vasos
(Huynh et al. 2012).

1.3.4 O Heparan Sulfato - HS

O HS é um GAG formado por um polissacarideo linear sulfatado que consiste
em uma estrutura simples de dissacarideos repetidos, N-acetilglucosamina
(GIcNACc) e acido glicurdnico ou acido idurdénico. O HS também funciona como um
componente de proteoglicanos (proteoglicanos de HS, HSPGs) (Li e Kusche-
Gullberg 2016a; Minami et al. 2022). Grandes cadeias de HS s&o primeiro
degradadas em fragmentos menores por uma endo-B-glicuronidase (heparanase),
seguida por uma degradacdo sequencial perfeitamente ordenada, com uma
unidade de monossacarideo por vez, a partir da extremidade ndo redutora
(Dreyfuss et al. 2009; Wu et al. 2021).
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O HS é amplamente expresso na membrana celular e na MEC, participando
efetivamente dos processos biolégicos que incluem adesédo célula-célula e
transducdo de vias de sinalizacdo intracelular (Song et al. 2022). O extenso
remodelamento que ocorre na MEC, durante a progressdo da doencga cardiaca de
diferentes etiologias tem sido estudado e uma avaliacdo do remodelamento pGés-
infarto do miocardio (IM) em ratos que receberam terapia de transferéncia génica
com fator de crescimento endotelial vascular, imediatamente apds o insulto,
mostrou aumento do HS, e uma clara regulacdo negativa da heparanase (Mataveli
et al. 2009).

Um estudo que mostrou o efeito do estresse crbnico leve (CMS) em
componentes nao fibrilares da MEC do tecido miocérdico mostrou que o HS em
tecido ventricular esquerdo aumentou nos corag¢des do grupo CMS em 35,3%, em
comparacao com os camundongos controle. Além disso, as altera¢des no perfil de
GAGs miocardicos estavam associadas ao aumento da expressdo de mRNA do
marcador inflamatorio interleucina 6 (IL-6) e da espessura da parede miocardica
(Luong et al. 2021). De fato, o HS foi identificado como um importante regulador da
inflamacéo cardiaca e da fibrose, modulando a sinalizacao intracelular através da
ligacdo a moléculas sinalizadoras com suas cadeias polissacaridicas.

Por ser expresso ha MEC, o HS € um componente critico do tecido fibrotico,
intimamente associado a expressao de colageno dos fibroblastos cardiacos. Esses
resultados enfatizaram o papel potencial do HS na fibrose cardiaca, como por
exemplo na  cardiomiopatia dilatada (CMD), um tipo de cardiomiopatia
caracterizada pela dilatacdo das cavidades ventriculares e funcéo sistélica
prejudicada (Song et al. 2022). O HS também tem papel relevante na vasculatura;
um estudo que utilizou enzimas para degradar seletivamente os componentes do
glicocalice da superficie de células endoteliais adrticas mostrou que a deplecédo de
HS bloqueou a producao de éxido nitrico (NO) induzida por cisalhamento (Pahakis
et al., 2007). Assim, HS também pode ser considerado critico na regulacdo da
proliferacdo de células musculares lisas vasculares (VSMC) e determinacdo do
tamanho do vaso (Adhikari N, 2010).

1.3.5 O Dermatan Sulfato — DS

As cadeias de DS consistem em unidades dissacaridicas alternadas,

22



compostas por residuos de N-acetil-D-galactosamina (GalNAc) e acido L-idurénico
(IdoA) com 50-200 repeticdes, construidas por glicosiltransferases e epimerase
especificas. O DS é formado pela epimerizacdo de qualquer um dos residuos de
acido glicurénico em acido idurdnico (Silbert e Sugumaran 2002). As caracteristicas
do DS, como comprimento da cadeia, colocacédo do acido idurénico e posi¢cédo do
grupo de sulfatacdo, sdo variaveis, o que torna a estrutura do DS complexa. As
funcdes fisiolégicas do DS ocorrem por meio da sua interagdo com moléculas
efetoras, como fatores de crescimento, fatores de crescimento de fibroblastos
(FGFs) e colageno.

Os papéis cruciais do DS tém sido demonstrados no desenvolvimento
tecidual da cutis, vasos sanguineos e 0sso através da construcdo da MEC e
sinalizagdo celular. Embora o DS e os proteoglicanos-DS (DSPGs) desempenhem
um papel indispensavel em varios eventos biolégicos, eles também tém sido
implicados em varios distirbios como tumorigénese, infeccbes e doencas
cardiovasculares (Mizumoto e Yamada 2022; Trownbridge e Gallo 2002). Alguns
estudos experimentais sustentam o papel do DS no remodelamento cardiaco apos
IM, demonstrado pelo aumento da expressdo de DS em cicatrizes miocéardicas de
cées e ratos (Rienks et al. 2014). Em um estudo realizado pelo nosso grupo de
pesquisa mostramos que o DS estava aumentado no tecido cardiaco de
camundongos MPS | (Schuh et al. 2020).

1.3.6 Alteracdes Cardiovasculares nas MPS

Nas mucopolissacaridoses, mesmo que as mutacdes genéticas observadas
nao sejam especificas do sistema cardiovascular, direta ou indiretamente, este
sistema pode ser comprometido (Cohn et al. 2000). Anomalias cardiacas tem sido
relatadas em todos os tipos e subtipos de MPS, com exce¢édo da MPS IX, com
potencial risco de causar morte subita, devido a disturbios arritmogénicos, morte
por oclusao coronariana (infarto) e IC (Poswar et al. 2019). Entre as manifestagdes
cardiovasculares encontradas nas MPS estdo a dilatacdo da camara ventricular
esquerda, hipertrofia cardiaca patoldgica, disfuncdo valvar (espessamento dos
folhetos valvares e calcificagdo, podendo levar a estenose ou regurgitacdo) e
dilatacéo da aorta (Braunlin et al. 2011; Lin et al. 2016). De fato, a dilatacao da raiz

da aorta € comum em pacientes com todos os tipos de MPS. Estudos mostram que
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a incidéncia geral de dilatagdo da raiz aortica (ARD) é estimada em até 40% em
pacientes com MPS (Bolourchi, Renella, e Wang 2016; Poswar et al. 2019). Lin e
colaboradores observaram que a dilatacdo da raiz da aorta (escore z> 2) foi de
47% em todos os pacientes, incluindo 66% daqueles com MPS 1V, 45% daqueles
com MPS VI, 28% daqueles com MPS lll, 51% daqueles com MPS II, e 27%
daqueles com MPS | em pacientes de Taiwan (Khan et al. 2017; Lin et al. 2021).
Segundo Boffi e colaboradores, os desfechos de pior progndésticos sdo observados
nas MPS |, Il e VI. O inicio precoce da cardiomiopatia dilatada em pacientes com
MPS é considerado uma marca registrada da forma agressiva da doenca e do grau
de gravidade do comprometimento cardiaco. No entanto, € interessante destacar
gue quando a cardiomiopatia € secundaria a doenca valvar, o curso clinico &
diferente e menos grave e, nesses pacientes, as terapias farmacolégicas podem

prevenir ou reduzir o risco de IC (Boffi, Russo, e Limongelli 2018).

1.3.7 Alteracdes Cardiovasculares nas MPS Il

Os distarbios cardiovasculares surgem silenciosamente e contribuem
significativamente para a morbimortalidade dos pacientes com MPS Il. Uma coorte
de pacientes italianos que avaliou a incidéncia global e o comprometimento do
coracdo mostrou que 68% dos pacientes com MPS Il apresentavam algum dano
cardiaco (Sestito et al., 2022). No sistema cardiovascular, o acimulo de GAGs
ocorre progressivamente no musculo cardiaco, limen da artéria aorta e valvulas
cardiacas. Um estudo recente mostrou que 63% dos pacientes com MPS I
apresentaram doenca cardiaca valvar. Um acumulo anormal de GAGs,
constituintes primarios das valvulas cardiacas, resulta em valvulas espessas, o que,
invariavelmente, leva a doenca cardiaca valvar (regurgitacdo, prolapso e/ou
estenose), principalmente das valvas mitral e aértica que, frequentemente, podem
requerer substituicdo (Hashmi e Gupta 2022).

Embora o percentual de pacientes com doenca valvar seja alto, € importante
observar que, reiteradas vezes, nos estudos cardiolégicos da MPS I, tendo ou néo
como base a disfuncdo valvar, os pacientes também apresentam outras
morbidades do sistema cardiovascular, como hipertrofia ventricular esquerda (HVE)
e hipertenséo, cujo desfecho é uma diminuicdo geral da eficiéncia cardiaca

(Hashmi e Gupta 2022; Lin et al. 2016). O espessamento do septo interventricular
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e a hipertrofia progressiva do ventriculo esquerdo podem levar a perda da funcao
cardiaca, afetando a expectativa de vida dos pacientes e causando sua morte
prematura (Costa et al. 2017).

Um estudo que avaliou os desfechos cardiacos em pacientes com diferentes
DLs mostrou que, dos 7 pacientes diagnosticados com MPS Il, 6 apresentavam
sopro cardiaco, dos quais 4 tinham aumento da espessura septal; outros 4
apresentavam prolapso de mitral, dentre os quais, 2 apresentavam hipertrofia
septal assimétrica (Lin et al., 2016).

O exame clinico de individuos com MPS costuma ser dificil devido as
limitacOes fisicas e, as vezes, intelectuais do paciente. Neste contexto, a auséncia
de sopros precordiais ndo exclui a presenca de doenca cardiaca. Portanto, a
ecocardiografia e a eletrocardiografia séo técnicas diagndsticas fundamentais para
avaliacdo do tecido de conducdo, funcdo das vélvulas, dimensbes e funcao
ventricular (Braunlin et al., 2011).

Processos arritmogénicos também estdo presente em paciente com MPS I
(Sestito et al. 2022). Os disturbios de condu¢édo podem ser variados; taquicardia
sintomética, bradicardia assintomatica, extrassistoles, batimentos ectdpicos
supraventriculares, fibrilacao atrial e bloqueio AV de segundo grau, para o qual ha
indicacdo de implantacdo de marca-passo (Ayuna et al. 2020; Sestito et al. 2022).
Autépsias realizadas em pacientes com MPS Il mostraram a presenca de grandes
células vacuoladas no sistema de conducdo, assim como em valvas e artérias
cardiacas e sistémicas (Ayuna et al. 2020; Nagashima et al. 1976).

Recentemente, Lin e colaboradores publicaram um trabalho que avaliou 48
pacientes com MPS Il; 24 pacientes neuronopaticos e 24 nao neuronopaticos. Este
estudo mostrou que a maioria desses pacientes, 85% (41) apresentava
anormalidades cardiacas. As avaliacbes ecocardiograficas dos 48 pacientes
revelaram que 77% (37) apresentavam valvulopatias, 35% (17) apresentavam
estenose valvar e 65% (31), regurgitacdo. As anormalidades valvares mais
prevalentes foram regurgitacdo mitral (RM) (54%), seguida de regurgitacao aortica
(RA) (35%). Ainda, 27% (13) dos pacientes tiveram prolapso da valvula mitral, 46%
(22) apresentaram septo interventricular espessado e 8% (4) hipertrofia septal
assimétrica. A disfuncdo diastdlica, avaliada pela razéo reversa entre velocidade
de enchimento ventricular precoce e tardia (atrial) (razéo E / A <1) foi identificada
em 17% (8) pacientes. Entretanto, a disfuncdo sistolica, avaliada pela fragdo de
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ejecao (FE) foi encontrada em apenas 2% (1) dos pacientes. Ainda, 21% (10), 8%
(4) e 6% (3) dos pacientes, respectivamente, apresentavam hipertrofia concéntrica
e remodelamento, associados a um maior risco de eventos cardiovasculares
subsequentes, em comparacao com 0s outros 31 pacientes (65%) com geometria
normal do VE. N&o foi encontrada diferenca nos parametros de fungéo cardiaca
entre as formas grave e leve da MPS Il. Além disso, a existéncia e a gravidade da
hipertrofia cardiaca e das valvulopatias, nesses pacientes, pioraram com 0 aumento
da idade, corroborando com o carater progressivo dessa doenca (Lin et al. 2021).
Neste sentido, € importante destacar que, a depender do grau de
comprometimento do sistema cardiovascular, quando progride para um quadro
mais grave, a IC pode ser considerada de dificil manejo e com a possibilidade de

intervir apenas com tratamentos paliativos (Braunlin et al. 2011).

1.4 Tratamentos para as MPS

1.4.1 Tratamentos e Intervencgdes Disponiveis

Existem dois tratamentos disponiveis para a MPS I, o transplante de células-
tronco hematopoiéticas (TCTH) e a terapia de reposicéo enzimatica (TRE). O TCTH
fornece reposicdo enziméatica continua por meio de células enxertadas. Na MPS |,
o TCTH tem sido usado como uma opc¢do eficaz para mitigar os resultados
neurolégicos centrais adversos e também parece atenuar a doenca arterial
coronariana, mas os beneficios em MPS Il ainda ndo sdo consensuais (Boelens et
al. 2013; Guffon et al. 2009; Kubaski, Osago, et al. 2017; Peters e Krivit 2000). O
tratamento com TRE melhora muitos aspectos das MPS, mas ndo consegue atingir
0 sistema nervoso, pois a enzima nao ultrapassa a barreira hematoencefélica.

A capacidade da TRE em tratar disturbios cardiovasculares, como a doencga
coronariana, € questionavel. Morte subita e inesperada, com evidéncia de estenose
da artéria coronaria ou infarto do miocardio, foi relatada em pacientes com MPS | e
II, apés 1-2 anos de TRE (Lin et al. 2005; Sohn et al. 2012). Além disso, algumas
alteracdes cardiovasculares, como a dilatacéo da aorta e espessamento das valvas
cardiacas, tampouco possuem melhora apds o tratamento com TRE, sendo

importante que a patogénese da doenca no sistema cardiovascular seja melhor
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entendida, para que tratamentos alternativos e/ou complementares possam ser
desenvolvidos (Braunlin et al. 2011).

Atualmente, as TRES séo enzimas recombinantes que hidrolisam os ésteres
2-sulfato de residuos terminais de sulfato de iduronato de DS e HS. A TRE,
propriamente dita, € uma infusdo intravenosa semanal que aproveita o receptor de
manose-6-fosfato na superficie celular e lisossomal. A TER pode apresentar
reacoes relacionadas a infusdo, como urticaria, pirexia e cefaleia. Do ponto de vista
cardiovascular, pode causar cianose, arritmia, taquicardia, hipertensao ou
hipotens&o. A maioria das reac¢des adversas sao leves a moderadas, no entanto, a
idursulfase pode provocar reacdes anafilaticas, as quais foram observadas em
alguns pacientes durante as infusdes. Intervencdes cardiovasculares sao cada vez
mais comuns em pacientes com MPS, principalmente para substituicdo da valvula
aortica e mitral. A medida em que os pacientes com MPS tem aumento de
sobrevida, a necessidade de intervenc¢fes cardiovasculares também ocorre com
mais frequéncia, com alguns pacientes necessitando de multiplas intervenc¢des na
idade adulta. A triagem cardiaca regular € necessaria nesses pacientes porque 0s
sintomas podem n&o ocorrer ou podem néo ser percebidos (Muenzer et al. 2006;
Sohn et al. 2013).

Entre os procedimentos cirurgicos disponiveis realizados em pacientes com
MPS estéo a troca valvar mitral, aértica e pulmonar, revascularizacdo do miocardio,
fechamento de comunicacéo interventricular, resseccéo de apéndice atrial gigante,
aortoventriculoplastia de Konno com alargamento da raiz da aorta e transplante

cardiaco (Cross et al. 2022).

1.4.2 Outros tratamentos

Varios outros tratamentos tém sido desenvolvidos de forma promissora. A
terapia farmacolégica com chaperonas especificamente projetadas para se ligar ao
sitio ativo da proteina lisossomal inativa tem objetivo de fazer com que ela se dobre
na conformagdo apropriada, melhorando assim sua estabilidade e atividade
enzimatica da proteina lisossomal (Valenzano et al. 2011). A terapia génica envolve
a injecdo de um vetor que carrega uma copia saudavel do gene IDS e permite a
expressdo dentro das células em varios tecidos (Tomatsu et al. 2016). Ainda, a

terapia de reducéo de substrato (SRT), cujo objetivo € prevenir o armazenamento,
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reduzindo a biossintese e, assim, diminuindo os GAGs acumulados, sem corrigir 0

defeito enzimatico original (Coutinho, Santos, e Alves 2016a).

1.4.3 O Processo Delphi

Recentemente o Comité Terapéutico do Colégio Americano de Medicina
Genética e Gendmica (American College of Medical Genetics and Genomics -
ACMG) conduziu um estudo com o objetivo de gerar diretrizes de pratica clinica
para o tratamento da MPS IlI.

A partir da andlise dos dados da literatura e classificagdo criteriosa das
evidéncias, foi gerado um relatorio detalhado e consistente no qual foram colocadas
as recomendac0des sobre as melhores praticas para o tratamento da doenca. Além
disso, foram incluidos pontos de consenso e areas onde o consenso nao pbde ser
obtido devido a falta de evidéncias de qualidade. (McBride, Berry, e Braverman
2020).

1.5 O modelo animal de MPS Il

O modelo animal murino de MPS Il foi criado a partir da inser¢éo de um gene
de resisténcia a neomicina em células-tronco embrionarias de camundongo,
retirando parte do exon 4 e o exon 5 do gene da IDS murina. Resumidamente, foi
feita uma interrupcao direcionada do locus I12S de camundongo (deletados éxon 4
e parte do éxon 5) foi realizada por recombinagcdo homéloga com um vetor de
substituicdo contendo o gene de resisténcia a neomicina. Fémeas heterozigotas
para o alelo ligado ao X (IdS+/j) foram obtidas de Joseph Muenzer (Universidade
da Carolina do Norte, Chapel Hill, NC, EUA) e foram cruzadas com camundongos
de tipo selvagem C57BL/6 (Taconic, Germantown, NY, EUA ), gerando machos de
tipo selvagem (1dS+/0) e fémeas (IdS+/+), bem como machos IdS-KO hemizigéticos
afetados (1dSj/0) e fémeas portadoras (IdS+/j). Todos os descendentes foram
genotipados por analise de reacdo em cadeia da polimerase de DNA de corte da
cauda. Todos os camundongos usados neste estudo eram machos identificados
como camundongos 1dS-KO hemizigoticos (j/0) ou irmaos de ninhada de tipo
selvagem (WT) (+/0) (Garcia et al. 2007). Em tese, os animais MPSII (1dS-KO)
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reproduzem o fenétipo mais grave da MPS II, com atividade nula da enzima IDS.
Estudos prévios do grupo confirmam que estes animais reproduzem a forma
neuronopata (grave) da MPS II. A forma grave observada nestes animais se
caracteriza, além da atividade enzimética nula, pelas alteracdes nos testes de
campo aberto e de campo aberto de repeticdo, a partir dos 6 meses de idade,
sugerindo que exista um comprometimento progressivo das funcdes cerebrais
neste modelo (Azambuja et al. 2018). Estudos posteriores do grupo confirmaram
que os animais possuem neuroinflamacdo, com proliferacdo de células GFAP
positivas e aumento dos niveis de interleucina-1-beta no tecido cerebral (Azambuja
et al. 2020). Outros estudos demonstraram que esse modelo animal também
apresenta alteracfes 6sseas, como alteracao no volume e densidade 6ssea (Garcia
et al. 2007). Estes achados fisiopatolégicos permitem que vias de sinalizacao
alteradas sejam identificadas, e novos tratamentos sejam testados neste modelo,
para posterior teste em pacientes. No entanto, ndo existe descricdo na literatura
sobre o desenvolvimento e progressao de alteracfes cardiovasculares nesse
modelo murino. Nosso grupo tem avaliado a progressdo dos distarbios
cardiovasculares e no modelo murino da MPS [, a qual também ocorre de forma
progressiva, com inicio da perda de funcédo cardiaca aos 6 meses de idade, embora
alteracdes histologicas ja pudessem ser observadas mais precocemente (Baldo et
al. 2017; E.A. Gonzalez et al. 2018). Neste modelo, os desfechos cardiovasculares
encontrados foram progressivos. Doencga valvar, vacuolizacéo, infiltragdo de GAGs
e, consequente, espessamento de valvas cardiacas, quebras de elastina por acao
de colagenases e catepsina B por estimulacéo da infiltracdo de GAGs e aumento
de secrecdo de macréfagos na aorta, entre outros achados que, invariavelmente
causam prejuizo e levam a perda da capacidade funcional do sistema
cardiovascular (Baldo et al. 2012, 2017; Gonzalez et al. 2017, 2018, 2021. Por se
tratar de doencas semelhantes, as quais acumulam 0s mesmos
glicosaminoglicanos, € possivel que os mecanismos responsaveis pelas alteracdes
cardiacas na MPS Il sejam similares aqueles observados na MPS |. No entanto, a
investigacdo da ocorréncia destas alteracfes, sua progressao e possiveis
processos fisiopatolégicos envolvidos no modelo murino de MPS Il ndo foram

realizadas até o momento.
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2. JUSTIFICATIVA

Tendo em vista as varias alteragbes cardiacas apresentadas pelos
individuos com MPS Il e o fato de que as terapias existentes possuem baixa eficacia
sobre os danos resultantes da doenca no sistema cardiovascular, a caracterizacao
dessas modificacbes em modelos animais tem grande relevancia, ndo somente
para o estudo do comportamento do 6rgao frente a doenca e suas particularidades
intrinsecas as formas apresentadas, mas para observar a evolugdo da doenca,
perante novas propostas terapéuticas. Neste contexto, varios estudos tém sido
conduzidos com o objetivo de caracterizar a MPS Il em modelos animais,
entretanto, estes estudos néo tém sido consistentes no aspecto cardiovascular, o
que sugere a necessidade de maior atencdo sobre os desfechos bioquimicos e

funcionais da MPS Il no sistema cardiovascular.

Ao analisar os animais em diferentes tempos, ndés observamos que o
envelhecimento poderia ser um viés de confuséo para a avaliacdo da MPS II, uma
vez que este é fator de risco para as doencas cardiovasculares. Assim, em nosso
primeiro artigo, realizamos a avaliacdo da funcao cardiovascular em animais de
meia idade (12 meses), comparativamente aqueles considerados adultos jovens (6
meses). A seguir, em nosso segundo trabalho observamos as alteracdes
cardiovasculares nos animais MPS Il ao longo do tempo em 6, 8 e 10 meses de
idade. Os animais de 12 meses ndo foram utilizados no estudo da MPS I, pois esta
janela temporal sofre alteracfes devido a idade que poderiam ser fator de confuséo

para a analise da funcao cardiovascular.
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3. OBJETIVOS

3.1 Objetivo geral

O objetivo da presente tese € descrever as alteragBes cardiovasculares
presentes no modelo animal de Mucopolissacaridose Il, sua progressdo e

potenciais mecanismos envolvidos na doenca.

3.2 Objetivos especificos

e Realizar avaliacdes ecocardiograficas em animais wild type (normais) e com
MPS Il de diferentes idades;

e Descrever alteracdes histologicas no tecido cardiaco dos animais;

e Quantificar quebras de elastina na aorta e verificar se ocorre dilatagéo
progressiva da mesma ao longo do tempo;

e Analisar a progresséo da doencga valvar no modelo murino;

¢ Realizar a dosagem da atividade de catepsinas no tecido cardiaco;

e Verificar o envolvimento do estresse oxidativo no processo fisiopatolégico
cardiaco da MPS Il;
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ABSTRACT

Background: Age-related changes in the human heart lead to gradual loss of its
pumping function and cardiovascular system efficiency. The follow-up of age-related
physiological changes in cardiovascular function in mice is critical to properly
designed preclinical studies. Therefore, we aimed to describe the cardiovascular
effects of aging in wild-type C57/BI6 mice. Materials and Methods: Male, C57BL/6
mice were the subjects of the experiments. Transthoracic echocardiography was
performed in 6- and 12-month-old animals (mature adult and middle-aged,
respectively). Furthermore, we also evaluated aortic tissue histology and redox
balance parameters in the heart tissue. Results: We observed reduction in
contractile parameters as left ventricular ejection fraction in middle-aged mice
(p<0.01). The end-diastolic volume increased with age (P<0.01). Flow capacity and
pulmonary vascular resistance were not altered with age. We observed increase in
elastin breaks in the aortic tissue, despite not having a significant difference in
diameter. Reactive oxygen species levels in the heart 12-months-old were
increased as well (p<0.01). Conclusion: At 12 months, wild-type mice already
present mild dilation and a significant reduction in cardiac function. Furthermore, the
middle-aged animals presented increase of ROS in cardiac tissue and reduced
aortic artery elasticity. All these parameters are wisely hallmarks of the aging

process.
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INTRODUCTION

In humans, it is well-documented that a decrease in functional capacity
occurs with age (Scalia et al. 2010). Aging is the dominant risk factor for
development cardiovascular diseases, as the prevalence of cardiovascular
diseases increases drastically with increasing age (Chiao & Rabinovitch 2015).
Multiple alterations are described to occur in the myocardium, including structural
and functional changes, which tends to lose quality as age progresses in human
beings (Strait & Lakatta 2012). The entire cardiovascular system becomes less
competent with age. There is reduction in the strength capacity of the cardiac
muscle, with a decrease in systolic volume and, increase of peripheral vascular
resistance. The outcome of these changes can lead to chronic diseases such as
atherosclerosis, arterial hypertension, and heart failure (Nair 2020). The blood
vessels also suffer with aging. The organization of collagen and elastin fibers in
vascular tissue are essential for the mechanical stability, which provides strength
and elasticity to vessels (Heinz 2021). Histologically, aging processes in elastic
fibers are characterized by fragmentation and thinning of elastin structures and may
result in impaired vascular tissue elasticity (Green et al. 2014). Other fundamental
factor to health throughout life is oxidative metabolism. In this context, metabolic
balance is critical to cells survival of an organism and the generation of free radicals
is important for proper functioning, protection, and survival of cells within
physiological limits (Phaniendra et al. 2015). On the other hand, an imbalance in the
generation and neutralization of reactive oxygen species (ROS) may lead to the

accumulation of ROS intermediate products inducing oxidative stress and damage
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to tissues (OS). Redox signaling is a known mediator of cardiac adaptation to
different physiological and pathological stimuli, that act both in the acute adaptation
to damage and in cardiac remodeling (Santos et al. 2016). Oxidative stress is also
associated with various chronic diseases and damages such as diabetes,
neurodegenerative diseases, cardiovascular diseases, obesity, DNA damage,
mitochondrial dysfunction, and aging of cells (Cesselli et al. 2017, Hajam et al.
2022). Despite that, there is no comprehensive study of the aging murine heart at a
time point that would resemble middle-aged individuals. To describe these early
alterations is particularly important to study disease processes that lead to heart
failure at later time points. Considering that the adult life phases of mice are divided
in three: mature adult (3-6 months), middle age (10-15 months) and old/older (18-
24 months) depending on genotype (Flurkey K et al. 2007), we decided to perform
histological, metabolic and, echocardiographic analyzes in 6- and 12-month-old

C57BL/6 mice aiming to look for early changes in cardiovascular function.

MATERIALS AND METHODS

Animals and study design

Male isogenic wild-type (WT) C57BL/6 mice purchased from The Jackson
Lab (USA) were the subjects for the experiments. The protocol was approved by
our local Ethics committee (project #160442) and all experiments followed the
Brazilian legislation (Lei 11794-CONCEA) and the Guide for the Care and Use of
Laboratory Animals (2008) published by the National Research Council
(Washington, DC, USA). At 3 weeks of age, offspring were separated from the dam

and housed (2—4 per cage). Animals were maintained in conventional housing under
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a 12 h light/12 h dark cycle with controlled temperature (19 + 1 °C) and humidity (50

+ 10%) in the experimental unit from Hospital de Clinicas de Porto Alegre.

Echocardiography

Transthoracic two-dimensional, M-mode, and Doppler imaging were performed in
all animals using an EnVisor HD System, Philips Medical (Andover, MA, USA), with
a 12-4 MHz transducer at 3 cm depth. Animals were anesthetized with 2%
isoflurane and trichotomized. Left ventricular (LV) dimensions from end-diastolic
(ED) and end-systolic (ES) transverse diameter (D) (cm) were obtained by tracing
the endocardial border at three levels: basal (at the tip of the mitral valve leaflets),
middle (at the papillary muscle level) and apical (distal from the papillary muscle but
before the final curve cavity). Also, LV anterior wall thickness (AWT), and posterior
wall thickness (PWT) at end-diastole were measured from M-mode images at three
planes. The final value for each animal was obtained by taking the average of all
three planes (Gao S et al. 2011). The cardiac function was obtained by LV ejection
fraction (LVEF), which is the central measure of LV systolic function. LVEF is the
fraction of chamber volume ejected in systole (stroke volume) in relation to the
volume of the blood in the ventricle at the end of diastole (EDV). Stroke volume (SV)
is calculated as the difference between EDV and ES volume (ESV). LVEF (%) =
[(EDV - ESV) / EDV] x 100 (Gao S et al. 2011). Two dimensional short-axis views
were used for echocardiographic estimation of left ventricular volumes. The cavity
volumes were calculated using modified Simpson's rule. Both ESV and EDV were
calculated by the formula: V = (Amv + Ap1) x (L/3 + Ap2/2) x (L/3 + 11/6) x (L/3)3; A =
area; Am = area of short axis at the mitral valve level; Ap1 = area of short axis at

high papillary muscle level; Ap2 = area of short axis at low papillary muscle level; L
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= the longest length from the apical four-chamber view; MV = mitral valve; PM =
papillary muscle; V = volume (Mercier et al. 1982). The contractile capacity of the
heart was assessed by LV Fractional Shortening (LVFS), which was calculated
using the cavity diameters. LVFS was calculated by the formula: LVFS (%) = [(EDD
- ESD) / EDD] %100 (Tavares et al. 2012). The pulmonary vascular resistance index
(PVR) was calculated by pulmonary flow analysis using the ratio between
acceleration time and ejection time (AT/ET). Acceleration time was measured from
the time of onset of systolic flow to peak pulmonary outflow velocity. Ejection time
was measured as the time from onset to completion of systolic pulmonary flow. The
sample volume was placed proximal to the pulmonary valve leaflets and aligned to
maximize laminar flow (Jones et al. 2002). Aortic diameter was measured during
diastolic flow between aortic root and ascending aorta. LV mass of heart was
calculated using an adapted standard cube formula, which assumes a spherical LV
geometry according to the following equation: LV mass = 1.05 x [[AWTD + EDD +
PWTD)® - EDD?) (Gao S et al. 2011). All analyses were performed by a trained
operator blinded for experimental groups. The number of mice in each group was

eight for 6-month-old mice and six for 12-month-old mice.

Histological analysis

The aorta artery was processed and embedded in paraffin according to our
hospital's routine. For paraffin-embedded sections, 3 um-thick sections of ascending
aorta were stained with Hematoxylin-Eosin. Breaks in elastin fiber structure from
ascending aorta sections stained with Verhoeff-van Gieson (VVG) were analyzed

for at least 3 different fields in at least 4 points each using Cell*F imaging systems
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software (Olympus, Europe). They were quantified as the number of breaks per nm

of aorta.

Reactive Oxygen Species — ROS

ROS concentration was quantified by measuring the fluorescence brought about
through the oxidation of 2',7'-dichlorofluorescin (DFCH) by the ROS present in the
sample. A standard curve with known concentrations of 2',7'-dichlorofluorescein
(DCF) was used. Fluorescence was measured using excitation (480nm) and
emission (535 nm) wavelengths (LS 55 Fluorescence Spectrometer, Perkin Elmer,
MA, USA). The results were expressed as pmol of ROS per milligram of protein

(LeBel et al. 1992).

Determination of sulfhydryl levels

For the sulthydryl assay, 0.1 mM of 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) was
added to left ventricular homogenate and incubated for 30 min at room temperature.
The absorbance (measuring TNB formation) was measured spectrophotometrically
at 412 nm (Anthos Zenyth 200 RT, Biochrom, UK) and the results were expressed

in nmol/mg protein (Aksenov & Markesbery 2001).

Statistical analysis
The data were submitted to the Shapiro—Wilk normality test. Differences between
younger and middle-aged mice were compared by student’s t test. Data are

expressed as mean = SD, and P<0.05 was considered statistically significant.
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RESULTS

The average heart rate at 6 months was 353 bpm. At 12 months, it was
slightly lower (309 bpm) without being statistically significant (P = 0.092). Heart
internal dimensions (ESD and EDD) were significantly increased at 12-month mice
(0.210 £ 0.04 versus 0.274 + 0.02 [P < 0.01] and 0.348 + 0.05 versus 0.398 + 0.02
[P < 0.05], respectively). In accordance, the cavitary volumes (EDV and ESV) were
increased at 12-month-old C57BL/6 mice when compared to 6-month-old mice
(0.062 £ 0.01 versus 0.083 = 0.01 [P < 0.05] and 0.028 £ 0.01 versus 0.051 + 0.00
[P < 0.01], respectively). These alterations invariably led to reduced LVEF at 12-
month-old C57BL/6 mice when compared to 6-month-old mice (56.4 + 8.1% versus
37.5 £ 5.8 [P < 0.01]), which was also confirmed by the results of LVFS (39.75% 6.6
versus 31.15 £ 3.2 [P < 0.01]) showing significant loss of contractility in the middle-
aged animals. Myocardial mass was slightly elevated at 12 months, but not different
from 6-month-old mice (P = 0.47). No differences were observed in PWT (P = 0.103)
or AWT (P = 0.597) between groups. PVR was not significantly different between
groups (P = 0.062), and age did not affect the aortic diameter as well (P = 0.501).
All echocardiographic results are summarized in Table I.

Histological analysis performed in the ascending aorta artery showed
increase in elastin breaks at 12-months compared to 6 months-old mice, evidencing
loss vascular elasticity (2.88 £ 0.79 versus 7.66 + 2.01 [P = 0.012]) (Figure 2).
Finally, cardiac tissue ROS levels were increased at 12-months-old compared to 6-
months-old mice (7.77 £ 1.09 versus 10.52 + 1.27 [P = 0.027]) but no difference was

found between groups in sulfhydryl content (P = 0.445) (Figure 3).
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DISCUSSION

During the aging process, the functions of various organs and systems are
already somewhat restricted, which increases the risk of chronic diseases, mainly
in the cardiovascular system (Wagner et al. 2019). The aging of this system implies
in several morphological and functional changes (Nair 2020). Among the possible
changes, the shape of the heart starts to change from elliptical to spheroid, which is
associated with reduction in contractile efficiency (Strait & Lakatta 2012). In fact, the
spheroid shape of the heart refers to development of myocardial dilation (Boyle et
al. 2011), which is one of the features described during the aging process and could
be observed in the present study by the increase in diastolic diameter (Figure 1).
The ventricular dilation led to an increase of diastolic and residual volumes and,
consequently to LVEF reduction. Despite that, interestingly, the ejected volume did
not differ statistically between 6-months and 12-months groups (Table I). Thus, it
was possible that cardiac dilation was not compensated, demonstrating that the
myocardial muscle has lost some of its responsiveness at 12-months, evidencing
impairment in ventricular function and the beginning of a heart failure process. In
addition, LVFS, which is considered a good parameter of myocardial contractility
(Schoensiegel et al. 2011), was also reduced in 12-month-old mice. All these
findings are particularly important because it characterizes a heart failure (HF)
process in middle-aged mice (Table 1).

Heart failure is defined as a loss of ability to supply adequate blood volume
in response to systemic demands (Braunwald E, 2015). Considering the spectrum

of HF, in the present study, the mice with 12 months of age presented a LVEF that
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can be classified as being from mildly reduced (HFmrEF) to reduced (HFrEF)
(Bozkurt et al. 2021). Previous studies have shown that, in humans, alterations in
parameters of contractility such as LVEF and LVFS are inversely correlated with
age but, at later stages they are usually accompanied by alteration in LV wall
thickness and/or myocardial mass, which were not observed in the present study
(Salmasi et al. 2013). These results agree with classical studies involving healthy
subjects without cardiovascular disease, where it was shown that the prevalence of
left ventricular hypertrophy increases with age and therefore cardiac dilation is
considered a hallmark of cardiac aging (Paciaroni & Fraticelli 1995, Chiao &
Rabinovitch 2015).

In addition, we evaluated some parameters in cardiac tissue related to redox
balance. We observed an increase of total ROS at 12-months of age, but without
alterations in sulfhydryl levels, although the sulfhydryl group is susceptible to
reactive oxygen species action (Rudyk & Eaton 2014). Despite not having a
significant correlation between sulfhydryl and reactive oxygen species levels (data
not shown), ROS is capable of degrading sulfhydryl groups (Ortiz VD et al. 2019).
We hypothesized that from a biochemical point of view in this time window in middle-
aged animals, ROS is not able to cause sufficient redox imbalance to reduce
sulfhydryl levels, as other antioxidants must be acting to maintain redox balance
(Figure 2). Finally, we did not observe alterations in aortic diameter or pulmonary
vascular resistance (PVR) in animals of 12-monsth of age, although other studies
suggest that aortic dilation and increase of PVR may be age-dependent (Wolak et
al. 2008, Heinz 2021). However, when we evaluated the histological structure of the
artery, we observed that 12-month-old mice presented significatively more elastin

breaks than at 6 months of age showing early loss of vascular elasticity (Figure 3).
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Once again, our results suggest that in this particular mouse strain, studying mice
at 12-months can reproduce most of the early findings related to myocardial aging
alterations found in humans. This suggests that, at this time point, a still initial
alteration of myocardial function and vascular structure can be detected, which then
can progress to a more severe state, as previously reported in older mice (Boyle et

al. 2011).

CONCLUSION

Altogether, our results suggest that 12-month-old C57BI/6 mice present early aging
myocardial alterations, with ventricular dilation, loss contractile capacity, and
reduction in myocardial function. These data indicate that mice with this age can be
used to study early myocardial and vascular alterations related to the heart aging
process. In addition, early interventions can lead to best prognostics and, the time
point where observed the start of progressive loss of cardiovascular function can be
an excellent window to therapeutic approaches in preclinical studies involving

research about aging.
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Table and Figure Legends

Table I. Cardiac parameters in Wild-type C57BL/6 mice at different ages.

HR- heart rate; LV - left ventricle; ESD - end-systolic diameter; EDD - end-diastolic
diameter; AWT - anterior wall thickness; PWT - posterior wall thickness; ESV - end-
systolic volume; EDV - end-diastolic volume; SV - SV stroke volume; LVEF- LV
ejection fraction; LVSF- LV shortening fraction. AoD - aortic diameter; AT/ET ratio -
acceleration time and ejection time ratio; PVR - pulmonary vascular resistance. Data
are expressed as mean * SD and were analyzed using the Student’s t test. P<0.05
was considered statistically significant. *P<0.05 and **P<0.01. Table | - Cardiac

parameters in Wild-type C57BL/6 mice at different ages.

Figure 1. Echocardiographic evaluation.

Representative image of cardiac dilation shown by increasing left ventricular cavity
diameters. Note the increase of end-systolic and end-diastolic diameters at 12-
months compared to 6-months-old mice. Images were obtained by
echocardiography in M-mode. ESD - end-systolic diameter; EDD - end-diastolic

diameter.

Figure 2. Biochemical parameters in cardiac tissue

Analyzes of ROS and Sulfhydryl levels. (A) Total ROS (reactive oxygen species) (B)
Sulthydryl levels. Values are expressed as mean £ SD from 4 animals per group.
*Significantly different (P = 0.027). Note the increase of Total ROS at 12-months

compared to 6-months-old mice.
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Figure 3. Elastin Breaks

Elastin breaks in ascending aortas. Representative images of characteristic
abnormalities in elastic fiber using Verhoeff-Van Gieson (VVG) staining. (A) VVG
stain of aortic tissues at 6 and 12 months, where elastin fibers stain in purple color.
Representative histological sections of an aorta at 6 months (n = 3) and 12 months
(n = 4). (B) Quantification of elastin breaks per nm was analyzed for at 3 different

fields at least 4 points each and the mean value was recorded. P =0.012 (1000x).

49



Table 1

Table 1. Cardiac parameters in Wild-type C57BL/6 mice at different ages.

Parameters 6 months (n=8) 12 months (n=6)
HR (bpm) 353 + 26 309 + 64
ESD (cm) 0.210 + 0.04 0.274 + 0.02**
EDD (cm) 0.348 £ 0.05 0.398 + 0.02*

AWTD (cm) 0.129 £ 0.02 0.124 + 0.02

PWTD (cm) 0.117+0.01 0.107 £0.01

LV Mass (g) 0.176 + 0.04 0.188 + 0.02
ESV (mL) 0.028 £0.01 0.051 + 0.00**
EDV (mL) 0.062 +£0.01 0.083 £ 0.01*
SV (mL) 0.034 £0.00 0.032 +£0.01
LVEF (%) 56.4 + 8.1 37.5 + 5.8
LVSF (%) 39.75+6.6 31.15 + 3.2*
AoD (cm) 0.134 +0.01 0.139 + 0.02

AT/ET ratio (PVR) 0.336 + 0.03 0.303 + 0.07
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Abstract

Mucopolysaccharidosis type Il (MPSII) is a progressive lysosomal storage disease
caused by mutations in the IDS gene that leads to iduronate 2-sulfatase (IDS)
enzyme deficiency. The IDS enzyme catalyzes the first step of degradation of two
glycosaminoglycans (GAGSs), heparan sulfate (HS) and dermatan sulfate (DS). In
the context of cardiovascular system, the consequences of MPSII are progressively
harmful and can lead to death by cardiac heart failure. The aim of this study was to
characterize the cardiovascular disease in MPSII mice. Thus, we evaluated the
cardiovascular function of MPSII male mice at 6, 8 and 10 months of age, through
functional, histological, and biochemical analyzes. Echocardiographic analyses
showed that there is a progressive loss in cardiac function, observed through of
parameters such as reduction in ejection fraction and fractional area change. Similar
results were found in parameters of vascular competence, obtained by echo
Doppler. Both aortic dilatation and increase of pulmonary resistance were observed
at all time points in MPSII mice. The histological analyses showed increase in the
thickness of the heart valves. Biochemical analyzes confirmed GAG storage on
these tissues, with an elevation of dermatan sulphate in the myocardium.
Furthermore, an important increase in the activity of proteases such as cathepsin B
and S were found and could be related to the progressive loss of cardiac function
observed in MPSII mice. Therefore, we consider that the IDS knockout mouse
resembles cardiovascular abnormalities found in MPS Il patients and can be used

to evaluate new treatments.
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1. Introduction

Mucopolysaccharidosis type Il (MPSII), also known Hunter syndrome, is a
rare, X-linked recessive disorder that affects predominantly males. This syndrome
is characterized by iduronate-2-sulfatase (IDS) deficiency and storage of lysosomal
undegraded glycosaminoglycans (GAGs). The IDS enzyme is responsible for
cleaving dermatan sulfate (DS) and heparan sulfate (HS), and mutations that occur
in IDS gene can reduce or abolish the IDS activity, leading to important clinical
symptoms [1]. Approximately 600 pathogenic variants have been described in
MPSII, with high genetic variation. As a result, patients may present severe or
attenuated phenotypes of disease [2]. MPSII is characterized as a multisystemic
disorder with a variable age of onset caused by progressive accumulation of HS and
DS in most tissues and organs, such as liver, spleen, bones, joints, brain, and heart.
It causes several abnormalities, including neurocognitive decline, skeletal
abnormalities, hepatosplenomegaly, and cardiovascular disease. Among the most
common cardiovascular alterations are valvular abnormalities, left ventricular
hypertrophy, and hypertension [3]. Accumulation of GAGs progressively occurs in
the ventricular muscle, artery aortic lumen and cardiac valves, mainly mitral and
aortic ones. Progressive left ventricular hypertrophy and interventricular septal
thickening can lead to loss cardiac function, affecting the life expectancy of patients
and causing their premature death [4]. Histological abnormalities that are observed
in the aortic artery wall include accumulation of GAGs, thickening, and disruption of
elastin fibers. The result of these histological alterations may lead to constriction or
dilation of large vessels, as the aortic artery, with aortic root dilatation (ARD) being
frequently observed in MPSII patients [5]. The animal model develops most of

disease features which suggests that the knockout mice (Ids-KO) may develop
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cardiac abnormalities as well [6]. Different approaches have been used to treat
MPSII, including enzyme replacement therapy (ERT), considered the standard of
care. However, the treatment is little effective against some cardiovascular
alterations, in particular the aortic and valvular abnormalities [7,8]. In the context,
animal models are important tools to assess the progressive alterations of the
disease. In previous studies using another MPS model (Mucopolysaccharidosis type
| - MPSI) which accumulates the same GAGs as in MPSII, the decline of cardiac
function could be observed only at six months of age, despite GAGs storage in the
myocardium being visualized in histological sections as early as 2-month-old [9]. In
other study we showed the involvement of proteases overexpression as one of the
alterations that can lead to loss of cardiac function, as consequence of GAGs
accumulation in MPSI [10]. Since the two disorders are very similar, we
hypothesized that a somewhat similar process could happen in MPS Il. Studies in
the mouse model suggest that the treatment with recombinant enzyme often have
limited impact on the cardiovascular aspect of the disease, corroborating the patient
data’s [4,11]. Garcia and colleagues conducted one of the most complete studies
specifically on the murine model of MPSII, showing results about the outcome of
disease, in several organs. Despite of showing histologic accumulation of GAGs in
heart tissue, the study did not present data regarding loss of cardiac function of
these animals, which is commonly observed in humans, possibly because of lack of
data on the progression of heart alterations in the animal model [6]. Thus, the aim
of this study was to perform a temporal assessment of cardiovascular function in
Ids-KO animals and to look for possible mechanisms involved in the evolution of the

disease.
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2. Material and Methods

2.1 Experimental Groups — Animals

This study was approved by the authors’ institutional ethics committee on animal
experimentation (Comiss&o de Etica no Uso de Animais do Hospital de Clinicas de
Porto Alegre - permit number #170562) and all experiments with animals were

monitored by a veterinarian. Male IDS- mice (referred as the “MPSII”) and their wild

type littermate controls (IDS*, referred to as the wild type, “WT” group hereafter)
were the subjects for these experiments. All animals were genotyped at three weeks
by PCR as previously described [12]. Animals were maintained in conventional
housing under a 12-h light/12-h dark cycle with controlled temperature (19°C+1°C)
and humidity (50%+10%). Mice were assessed at three different time points: 6, 8,
and 10 months of age. The groups were evaluated by echocardiography, sacrificed
by cervical dislocation, and its tissues collected immediately after death for further
analysis. Part of ascending aorta and apical portion of the heart were flash frozen in
liquid nitrogen and stored at —80°C for biochemical analysis; the basal portion of
heart and other part of ascending aorta were fixed in buffered formalin 10% and
processed to histologic analysis.

2.2 Echocardiographic analysis

The mice were anesthetized with isoflurane and positioned under a temperature-
controlled bed. Animals were placed in the left lateral decubitus position (45° angle)
to obtain the cardiac images. An EnVisor HD System (Philips Medical, Andover, MA,
USA) medical ultrasound with a 12—-4MHz linear transducer was used, and the
images were captured by a trained operator with experience in small-animal
echocardiography. To obtain better images was used at 3-4cm depth fundamental

and harmonic imaging.
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2.2.1 Left ventricular (LV) dimensions and functional parameters - LV diastolic and
systolic transverse areas and diameters were obtained by two-dimensional tracing
of the endocardial border at three levels: Basal (at the tip of the mitral valve leaflets),
Medial (at the papillary muscle level), and Apical (distal from the papillary muscles,
but before of the apical internal curve of LV cavity). The final value was obtained by
taking the average of all three myocardial planes (Figure 1). The left ventricular
ejection fraction (LVEF) is the central measure of LV systolic function. It is the
fraction ejected volume in systole [stroke volume (SV)] in relation to the volume of
the blood in the ventricle at end-diastole (EDV). Two dimensional short-axis views
were used for echocardiographic estimation of left ventricular volumes. Both,
residual volume [end-systolic volume (ESV)] and EDV were calculated by the
formula: V = (Amv + Ap1) X (L/3 + Ap2/2) x (L/3 + 11/6) x (L/3)3; Amv — area of short
axis at the mitral valve level (Basal); Ap1 — area of short axis at high papillary muscle
level (Medial); Ap2 — area of short axis at low papillary muscle level (Apical); L — the
longest length from the apical four-chamber view; mv — mitral valve; PM — papillary
muscle; V — volume [13]. Stroke volume (SV) was obtained by difference between
EDV and ES volume (ESV). LVEF (%) = [(EDV - ESV) / EDV] x 100 [14]. From the
SV analysis it was possible to assess the cardiac output (CO), which was calculated
using the equation: CO = SV x heart rate (HR) [15]. The contractile capacity of the
heart was assessed by Fractional Area Change (FAC) and corroborated by CO and
LVEF evaluations. To calculate the FAC, the difference between the areas at the
end-diastole and end-systole was used. FAC was calculated by the formula: FAC
(%) = [(EDA - ESA) / EDA] x100. The pulmonary vascular resistance index was
obtained by evaluating the blood flow through the pulmonary artery by echo-doppler.

This parameter was calculated by equation: Acceleration time/ejection time (AT/ET)
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[16]. Another analysis performed was the LV mass quantification, evaluated by
echocardiography, that considered the anterior and posterior wall thicknesses (AWT
and PWT, respectively) and was calculated using an adapted standard cube
formula, which assumes a spherical LV geometry according to the following
equation: LV mass = 1.05 x [[(AWTD + EDD + PWTD)?2 - EDD?] [14]. (Table 1).

2.3 Histopathologic analysis

The heart tissue and its valves (basal level of endocardial border) were fixed in
buffered formalin and embedded in paraffin according to our hospital's routine
processing methods. Thin sections (3um) were stained with hematoxylin/eosin (H-
E) and Alcian blue 1%, which stains GAGs blue. An adjacent slide was stained with
Sirius red for the visualization of collagen content in the heart valves. Thin sections
of ascending aorta were stained with Verhoeff-van Gieson (VVG), which stains
elastin in purple. Breaks in elastin fiber structure from ascending aorta sections
stained with VVG were analyzed for at least 3 different fields in at least 4 points
each. They were quantified as the number of breaks per nm of aorta. Heart valve
thickness was measured at 10 different points, and the average was taken and
considered as the valve thickness value. Sections were analyzed by a trained
researcher who was blinded to the groups. The thickness of the heart valves and
breaks were measured using the computer software Cell"F.

2.4 Biochemical analyzes

2.4.1 GAG levels in heart tissue - Specific GAG levels were assessed by tandem
mass spectrometry from heart tissue. GAGs were extracted after acetone
precipitation. Dermatan sulphate (DS), heparan sulfate with O- or N-sulfation (HS—
OS and HS-NS), disaccharides were obtained through digestion with

chondroitinase B, heparitinase, and keratanase Il followed by quantification through
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liquid chromatography tandem mass spectrometry (LC/MS/MS) as previously
described. Briefly, 10pL of extracted tissue was mixed with 90pL of 50mM Tris HCL
(pH7) and added to Omega 10K filter plates (Pall Co, MI, USA) and centrifuged by
15 minutes. Samples were incubated in a shaker overnight at 37°C with 60uL of
50mM Tris HCL, 10ul of 5ug/ml of internal standard (chondrosine), 10ul of 0.6mU
chondroitinase B (in BSA 1%), 10ul of 1mU heparitinase (in BSA 1%), and 10yl of
1muU keratanase Il (in BSA 1%) (enzymes and IS were provided by Seikagaku Co,
Tokyo, JPN) [17]. For detection, samples were injected into Xevo TQ-S micro Triple
Quadrupole Mass Spectrometry (Waters Tech) operated in the negative ion mode
with electrospray ionization. The mobile phase was a gradient elution of 148mM
ammonia (solution A) to 100% acetonitrile (solution B). Specific precursor ion and
product ion were 54 used to detect and quantify each disaccharide (138 HS-NS;
378.3, 175.1 HS-0OS, DS) The concentration of each disaccharide was calculated
using QQQ Quantitative Analysis software.

2.4.2 Elastase activity assay - For the elastase assay, samples were homogenized
in buffer (100mM Tris HCI, pH 8 to 25 °C) at 0.2ug tissue/ul for heart samples or
50ul of solution for aortic samples. Elastase activity was measured using substrate
N-Succinyl-Ala-Ala-Ala-p-nitroanilide  (Sigma-Aldrich, USA) in a continuous
spectrophotometric rate determination. Substrate solution (4.4mM SucAla3-pNA
solution) was prepared in Tris-HCI buffer. The amount of product was determined
by absorbance using kinetic reading and comparison with 0.02 units of elastase
solution from the porcine pancreas (Sigma-Aldrich, USA). Readings were performed
for 2h every 5 minutes at A410nm. The results were expressed as U/mg protein.
One unit of elastase hydrolyzes 1umol of N-Succinyl-Ala-Ala-Ala-p-nitroanilide per

hour at pH 7.5 at 25°C.
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2.4.3 Collagenase activity assay - For the collagenase assay, samples were
homogenized in buffer (50mM Tricine with 10mM calcium chloride and 400nM
sodium chloride, pH 7.5 to 25°C) at a concentration of 0.2ug/ul. Collagenase activity
was measured using FALGPA substrate (1mM N-(3-[2Furyl]acryloyl)-Leu-Gly-Pro-
Ala solution in buffer) (Sigma-Aldrich, USA) in a continuous spectrophotometric rate
determination. The amount of product was determined by absorbance using kinetic
reading and comparison with 0.2 units of collagenase solution from Clostridium
histolyticum (Sigma-Aldrich, USA). Readings were performed by recording the
decrease in 345nm for 2 hours every 5 minutes. The results were expressed as
U/mg protein. One unit of collagenase hydrolyzes 1umol of FALGPA per hour at
25°C, at pH 7.5 in the presence of calcium ions.

Caspase-3 activity assay — Caspase-3 activity was assessed using a fluorogenic
assay. Samples were homogenized in acetate buffer and incubated with the Ac-
YVAD-AMC substrate (Enzo Life Sciences, USA) at a final concentration of 25uM.
Fluorescence was measured using Spectramax M3 every 5 min for 60 min at an
excitation of 355 nm and an emission 460 nm using kinetic reading and comparison
with 7-amino-4-methulcourmarin (AMC) standards. Results are expressed as
nmol/h/mg protein.

2.4.4 Cathepsins activity assay - Twenty-four heart samples (from medial/apical
portion; 6 animals per group) were homogenized (0.2mg/uL) in acetate buffer
(100mM sodium acetate, 0.1% TritonX, EDTA 2.5 Mm, DTT 2.5 mM pH 7.4) for
cathepsin assays. For the cathepsin B activity, 5uL of the sample was incubated
with 95uL of assay buffer containing the specific substrate Z-Arg-Arg-AMC 50 uyM
(Enzo Life Sciences, USA - #BML-P137) in a microtiter plate at 37°C. Fluorescence

was recorded using Spectramax M3 every 5 for 30 minutes at an excitation
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wavelength of 355nm and an emission wavelength of 460nm. The increase in
fluorescence intensity was proportional to the substrate hydrolysis, and then the
total substrate consumption was calculated by comparison to the standard
fluorescence of 7-amino-4-methylcourmarin (AMC), accordingly to manufacturer’s
instructions. Total cathepsin activity was measured using the Z-Phe-Arg substrate
(Enzo Life Sciences, USA), 10 uM at pH 7.4, with the same buffer and parameters
used for the CtsB assay. Inhibitors were from Calbiochem (San Diego, CA) and
included CtsB inhibitor Ac-Leu-Val-Lysinal (#219385), CtsK inhibitor | [1,3-Bis (N-
carbobenzoyloxy-L-leucyl) amino acetone; #219377] and CtsS Z-FL-COCHO
(#219393). The inhibitors were added to some assays in final concentrations of 10,
100 or 1000nM, as indicated. The results were expressed as nmol/h/mg protein [10].
Protein content of each sample was measured by the Lowry technique for all assays
[18].

2.5 Statistical analysis

Data were expressed as mean * standard deviation (SD). Two-tailed parametric
unpaired t-tests were applied for individual group comparisons between WT and
MPSII mice. Two-way ANOVAs were performed for multi-group analysis followed
by Tukey’s multi-comparisons test. The normality test was calculated using the
Shapiro-Wilk test. A P<.05 was considered statistically significant. All statistical
analyses were performed with the Sigma Plot version 12.0 software (Systat

Software Inc, USA).

3. Results
3.1 Characterization of cardiovascular function abnormalities in MPSII mice

Functional parameters were evaluated in WT (control animals) and MPSII groups at
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6, 8 and 10 months of age, in 66 animals by echocardiography. Six (6) WT and four
(4) MPSII mice participated of two evaluations, at 6 and 10 months, all the other
animals were evaluated only once, within their specific group. The results are
summarized in Table 1.

3.1.1 Cardiac function - In the context of MPSII disease we observed decreased
ability of the cardiovascular system capacity to meet the body's demands. During
echocardiographic evaluations, arrhythmogenic tracings were observed in MPSII
animals at 8-months-old (n=4) and, at 10-months-old (n=5). Animals evaluated at 6-
months-old did not present cardiac arrhythmia. The echocardiographic analyzes
only were validated if the animals presented an intermittent arrhythmia, allowing
stabilization of cardiac rhythm, during examination. After stabilization of arrhythmic
phase, the exams were performed. Animals with severe arrhythmia were excluded
of study (Figure 2). Despite there was variation in heart rate (HR) between groups,
the difference was not statistically significant. Cardiac output (CO) was not altered
at 6 months of age (P=0.325) but was decreased at 8 and 10 months in the MPSII
groups [(P=0.001) and (P=0.005), respectively], when compared with WT groups at
the corresponding time points. The increase in the dimensions of the left ventricular
cavity (systolic and diastolic diameters) and consequent increase in residual volume
(ESV) were determining factors for heart failure outcome observed in later times in
MPSII groups. At 6 months it was observed cardiac dilation [Dd (P=0.049)]. In later
times there was not statistical difference in diastolic diameter between WT and
MPSII groups. The differences between WT and MPSII groups in systolic and
diastolic diameters are represented in Figure 3. On the other hand, myocardial
contractile capacity decreased progressively in the MPSII groups (6, 8 and 10

months), as observed in the FAC data [(P=0.023), (P=0.013) and (P=0.030)
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respectively]. The LVEF is considered a gold standard measure in cardiac function
evaluation. LVEF was reduced in MPSII groups at all time points evaluated.
Although the animals presented decreased LVEF (P=0.023) at 6 months of age in
the MPSII group, it was still considered preserved LVEF (LVEFp). The LVEF was
considered reduced (LVEFr), with some degree of heart failure (HF), only at 8 and
10 months (P<0.001). The HF was a consequence of increase of residual volume
(ESV) in cardiac cavity at 8 and 10 months in MPSII mice [(P<0.001) and (P=0.048),
respectively]. When we evaluated the stroke volume (SV) we observed reduction
this parameter only at 10 months in MPSII group (P=0.032). The EDV was not
different between WT and MPSII groups, at 6, 8 or 10 months. Myocardial mass
was not statistically different between groups at all evaluated time points.

3.1.2 Vascular function - Analyzes of aortic diameters showed that MPSII mice
presented progressive dilation of aortic artery at 6, 8 and 10 months of age
[(P=0.016), (P=0.000) and (P=0.001), respectively]. Pulmonary vascular resistance,
assessed by AT/ET ratio, was increased at all time points [(P=0.038), (P=0.040) and
(P=0.001), respectively] in MPSII groups (Table 1). Other parameters analyzed did
not show important consistent alterations (data not shown).

3.2 Histological findings

3.2.1 Artery and Heart — The aorta arteries of MPSII groups were distended at 6, 8
and 10 months [average of 14um (P=0.016) at 6 months, average of 29um at 8
month (P=0.000) and average of 20um at 10-month-old (P=0.001)] compared to its
respective WT groups (Figure 4: B and D). In addition, the presence of vacuoles
was observed in both tissues, artery, and heart, in the MPSII groups (Figure 4: B,
D, F and H). Furthermore, also a loss of organization of cardiac fibers can be

visualized in H-E staining. These findings were not observed in the WT groups in
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the cardiac muscle and aorta artery, whose structures were intact (Figure 4: A, C
and G).

3.2.2 Elastin breaks - Ascending aortas were stained with HE and VVG to identify
and quantify elastin breaks. VVG staining showed the elastin fibers in purple and
breaks were detected by its loss of continuity (Figure 5A). At 6 and 10 months, the
MPSII groups showed significant increase in the number of breaks per nm,
compared to WT groups (P=0.012 and P=0.010, respectively) (Figure 5B).

3.2.3 Heart Valve Thickness - The valve thickness was measured at 10 different
points, and the average value was calculated. The result revealed that the cardiac
valves were thickened at both time points, at 6 and 10 months evaluated in the
MPSII mice (P=0.029 and P=0.015, respectively) (Figure 6).

3.3 Biochemical findings

3.3.1 Tissue GAGs storage - GAGs levels were assessed in the myocardium at 6
months of age (Figure 7A). Results show a massive increase of dermatan sulfate
(DS) in MPSII group compared to WT group (P<0.001). Based on the result shown,
we decided to evaluate DS at 8 months and the result was similar (P=0.006). For
both time points, the dermatan was increased in MPSII group compared to its
respective control group, but there was no difference in DS concentration over time
when only MPSII groups were evaluated (P=0.524) (Figure 7B). Heparan sulphate
levels were not different between groups.

3.3.2 Elastase and collagenase activity - Although we observed increased elastin
breaks in MPSII mice, the total elastase activity in the ascendent aorta artery was
not detectable in the conditions of this specific assay. Aortic tissue showed similar
levels of collagenase activity at both time points and was not different between WT

and MPSII groups [1.68+0.79 vs 1.11+0.23 (P=0.123) and 1.18+1.07 vs 1.000.32
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(P=0.711), respectively].

3.3.3 Caspase-3 Activity - At 6 and 8 months, heart tissue had similar levels of
Caspase-3 activity at both time points and was not different between WT and MPSII
groups [0.27+0.07 vs 0.27+0.23 (P=0.937) and 0.14+0.04 vs 0.19+0.06 (P=0.126),
respectively].

3.3.4 Cathepsins Activity - We observed that activity of total cathepsins in the
cardiac tissue was substantially increased in MPSII groups to compared to its
respective WT groups, at 6 and 8 months (P<0.001) (Figure 8A). Using the specific
cathepsin B substrate we showed that its activity increased more than 200% in
MPSII group at 6 months and around 500% in MPSII group at 8 months (Figure
8B). Aiming to identify other cathepsins that could be responsible for the increase
in the activity observed using the Z-Phe-Arg substrate, we added specific inhibitors
of CtsB, CtsS and CtsK to the reaction. Only the cathepsin S inhibitor was able to
significantly reduce enzyme activity, showing elevation of this enzyme along with
cathepsin B, which suggest elevation of multiple lysosomal cathepsins in the MPS

Il heart tissue (Figure 8C and 8D).

4. Discussion

Absent or decreased activity of Iduronate 2-sulfatase results in excessive abnormal
accumulation of GAGs dermatan (DS), and heparan sulfate (HS) in lysosomes,
causing hypertrophy and increasing the number of lysosomes in the cells throughout
the body [1]. In the cardiovascular system, this disease can progress to heart failure
[19]. In the present work, we studied the progression of cardiovascular disease in
MPSII mouse model (Ids-KO) and analyzed possible mechanisms involved in the

evolution of the disease. Careful assessment of cardiac function was performed at
65



6, 8 and 10 months. We observed that the pump function of heart was progressively
lost over time in MPS Il mice, impairing the ability to meet the body's demands. The
GAGs infiltration and its downstream effects are responsible for functional
alterations of the valves, great vessels, conduction system and myocardium [20]. At
6 months, MPSII mice had loss of contractile capacity (FAC), presented cardiac
dilation (Dd) and reduction of LVEF, but did not present cardiac arrhythmia, the CO
was unchanged, and the ventricular residual volume (ESV) was not significantly
altered (Table 1 - Figure 3). Although the LVEF has been relatively preserved (a
small reduction, but within the normal range), other parameters analyzed in
cardiovascular system showed deleterious alterations from 6 months of age in
MPSII groups. In this time window, histological analysis showed intramyocardial
vacuolization and infiltration of GAGs (pseudohypertrophy) (Figure 4E-H), which
suggests that the initial dilation could be a compensatory response to deposition of
GAGs in cardiac tissue to maintain CO at 6 months, although the myocardial
thickness was not altered significatively (Data not shown) (Table 1). Therefore, we
assume that 6 months can mark the initial phase of loss of cardiac function, in which
the myocardial structure modifications not yet produced severe functional
alterations. Worsened functional outcomes only appeared at later time points. At 8
and 10 months we observed that MPSII groups presented cardiac arrhythmia,
impairment of CO, with consequent increase of ESV and LVEF reduction,
characterizing a progressive process of heart failure (Figure 2 and Table 1). We
also observed thickening of the heart valves (Figure 6A and 6B) and presence of
vacuoles in valves and vessels (Figure 4 A, B, C and D). According to Hampe and
colleagues, this finding is common in different types of MPS and about of 50% of

patients with MPSII present this condition [21]. In addition, the reduced electrical
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conductivity by cardiomyocytes and ventricular pseudohypertrophy were often
associated with left valve defects [22]. Patients with MPSII develop thickened heart
valves and regurgitation and often require valve replacement [23]. The cardiac
valves were thickened in the MPSII mice from 6 months of age. We did not evaluate
the pulmonary valve thickness due to their small size and difficulty of collection.
However, since mitral and aortic valves were thickened in MPSII groups, we
consider that a similar process could be happening at the pulmonary valve, since
alterations in the PVR (AT/ET ratio reduction) were observed in MPSII groups at all
time points evaluated (Table 1). The PVR development contributes to diastolic
dysfunction and can lead to pulmonary hypertension, which was strongly associated
with valvular dysfunction and accumulation of dermatan sulphate [20,24,25]. Total
GAGs in cardiac tissue evaluated at 6 months showed that only DS was increased
in MPSII mice compared to WT group (Figure 7A). From this result, we evaluated
DS at 6 and 8 months and observed that DS was increased at both time points in
MPSII mice (Figure 7B). These data are similar to results obtained in a study with
MPS | mice [26]. The increase in DS levels can lead to severe impairment of
cardiovascular system, usually observed in MPSII patients with the neuronopathic
form of the disease [27,28]. In addition, the number of cardiovascular anomalies
increases with age contributing to more serious pathophysiological consequence
[29]. GAGs storage out of lysosomal environment led to dysregulation of the normal
cellular processes of cardiovascular system and may lead to leakage of lysosomal
enzyme to the cytoplasm [30]. Cathepsins are enzymes that primarily reside in the
endosomes and lysosomes. Under conditions like inflammation, oxidative stress,
and apoptosis can be localized also in other sites, as nuclear membrane, cytosol,

plasma membrane, and extracellular space. Although cathepsins do not retain
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optimal activity at the neutral pH of the cytosol, their proteolytic activity is known to
be preserved by substrate binding and acidification of the cytosol in pathologic
conditions [31,32]. We evaluated total cathepsins activity, which was markedly
elevated in the heart tissue in MPSII groups at 6 and 8 months and confirmed that
most of this activity was due to cathepsin B (Figure 8A-B). Cathepsin B was elected
to analysis, despite not being a potent elastase or collagenase due to its previously
demonstrated high activity in the MPS tissues and because it is active at neutral pH
(although not as stable as in acidic pH) [10]. Cathepsins derived from cardiac cells
can participate in the pathogenesis of cardiac injury in response to inflammation,
apoptosis, and oxidative stress [33]. Our data suggest that the increase of
cathepsins in cardiac tissue may also be outcomes of the highest concentration of
GAG outside the lysosomal environment (Figure 7A-B). Studies that evaluated the
role of cathepsins in cardiac tissue in MPS | mice obtained similar results [9,10].
Abnormal expression and/or activity of both lysosomal and extra-lysosomal
cathepsins correlate with MPS major clinical manifestations such as
neuropathology, bone and joint defects, and cardiovascular disease [34]. The
inhibition assay of these enzymes demonstrated that cathepsin activity in MPSII
cardiac tissue was also partially due to CtsS, another enzyme with activity at neutral
pH. In the context of MPSs, the ubiquitous accumulation of GAGs also inflicts
structural damage on vessels, with consequent loss of functionality. The aortic
dilation (Aod) is another finding prevalent in severe MPS Il patients [5]. At all time
points evaluated, ascendent aorta dilation and elastin breaks were observed in
MPSII mice (Table 1; Figure 5A). The elastic fiber depletion led to impairment in
vascular function. Elastin breaks were found at both time points evaluated in MPSII

groups, corroborating other studies of our research group that observed similar
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results in MPS | disease (Figure 5B) [10,26]. To explain elastin breaks and aorta
dilation we evaluated proteases activity (elastases and collagenases) that
admittedly have contributed to degradation of vascular tissue in several disorders
[9,10]. In our study there was no alteration in total elastase activity in the ascendent
aorta artery, but this could be due to specific conditions for these assays (neutral
pH, buffers and conditions used in the assay). In addition, both collagenase and
caspase-3 activity showed no difference between the WT and MPSII groups, at 6
and 8 months, which suggests that there is no increase in apoptosis in these tissues.
Previous studies demonstrated that the presence and activity (collagenolytic and/or
elastolytic) of cathepsins in media conditioned by endothelial cells, smooth muscle
cells, neonatal cardiomyocytes, and macrophages can be responsible for the elastin
breaks and other damages that contributes to loss of vascular function [32,33]. From
the literature findings and our data, we suggest that the cathepsins act on the
cardiovascular system as part of mechanisms that contribute to the initiation and

progression of structural damages that leads to heart failure in MPSII.

5. Conclusion

The knowledge about the cardiovascular outcomes of MPSII at different time points
contributes to better understanding of disease pathogenesis and evaluation of
potential treatments. In this work we demonstrated that loss of cardiac function in
MPSII mice started at 6 months of age, although its global cardiac capacity was still
preserved at this time. Disease progressed at later time points leading to heart
failure. The MPSII mice at later times reproduces the cardiovascular events found
in patients with Hunter's disease, showing the progress to heart failure and

suggesting the possible mechanisms involved in this process.
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Table and Figures

Table

Table 1 — Echo findings in Wild type (control) and MPS Il mice from 6 to 10
months of age

WT — Wild type group; LVEF - left ventricular ejection fraction; SV — stroke volume,;
EDV - end-diastolic volume; ESV - end-systolic volume; FAC — fractional area
change; CO — cardiac output; Sd — systolic diameter; Dd — diastolic diameter; Aod
— Aortic diameter; acceleration time and ejection time ratio; HR — heart rate. Data

shown as mean * SD for each group. P<0.05 was considered statistically significant.

Figures

Figure 1 - Plans used to cardiac function evaluation - schematic drawing
LV diastolic and systolic transverse areas (A) (cm?) and diameters (d) (cm) — M-
mode; Basal, Medial, and Apical - endocardial border levels. The final value to
systole and diastole was obtained by average of the three myocardial planes. LV —

left ventricle; RV — right ventricle.
Figure 2 - Cardiac rhythm alterations in MPSII mice. Representative
arrhythmogenic tracing was observed in MPSII mice from 8 to 10-months. Images

were obtained by echocardiography in M-mode.

Figure 3. Cardiac diameters assessed using M-Mode. Cardiac diameters -

difference between WT and MPSII groups, at all the time points evaluated.
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Figure 4. Representation of arterial distention and presence of vacuoles in the
ascending aorta and in the cardiac muscle. Representation of ascending aorta
and cardiac tissue stained with HE. The figures show the intact tissue from an aortic
artery (E and G) and heart muscle (A and C) presented in the wild type (WT) groups
and the loss of organization of cardiac fibers and the presence of vacuoles observed

in the MPSII groups in both tissues evaluated at 6- and 10-months-old (400X).

Figure 5 - Disruption of the aortic elastin. Elastin breaks in ascending aortas.
Representative images of characteristic abnormalities in elastic fibers using
Verhoeff—-Van Gieson (VVG) staining. A) VVG stain of aortic tissues at 6 and 10
months, where elastin fibers stain in purple/dark color. Representative histological
sections of an aorta at 6 months (WT, n = 3 and MPSII, n = 4) and 10 months (WT,
n =4 and MPSII, n = 9). B) Quantification of elastin breaks per nm was analyzed for
at 3 different fields at least 4 points each and the mean value was recorded.

P=0.012 at 6 months; P=0.010 at 10 months (1000X).

Figure 6 — Heart valves. Thickening of cardiac valves were assessed at 6-months-
old and 10-months-old mice by histological analyses. A) representative images from
WT and MPSII mice. B) Quantification of valve thickness at 6 months (WT, n = 3
and MPSII, n = 4) and 10 months (WT, n = 4 and MPSII, n = 3). P=0.029 at 6-

months-old; P=0.015 at 10-months-old (100X).

Figure 7. Cardiac Tissue GAGs Storage. Cardiac tissue GAGs storage at 6

months of age (7A). Results show a massive increase of dermatan sulfate (DS) in
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MPSII group compared to WT group (P=0.050). In evaluation of DS at 8 months the
result was similar to 6 months (P=0.006). There was no difference in DS

concentration over time when only MPSII groups were evaluated (P=0.524) (7B).

Figure 8. Activity and Inhibition of Cathepsins. Heart samples were
homogenized in acetate buffer at pH 7.4 (n=6/group). Activity of total cathepsins
was performed with the non-specific substrate Z-Phe-Arg-AMC. CtsB activity was
determined using CtsB specific substrate Z-Arg-Arg-AMC. MPSII mice samples
were incubated with inhibitor of CtsB, CtsK and CtsS at the indicated concentration
(n=3). The activity is relative to the initial activity without adding inhibitor compared

to uninhibited activity (P< 0.05). Cts — Cathepsins.
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Table 1

Age 6 months 8 months 10 months

s;?:rffe:ers N(n=8)  MPSIl (n=10) P N(n=9) MPSIi(n=8) P  N(n=10) MPSII (n=8) P

LVEF (%) 56.43:91  46.09:8.3 023 5011£8.7  2850£7.6 000 4591£4.7 282760 .000
SV (mL) 0.034:0.0  0.029:0.0 .200 0.029:0.0  0.022:00 .099 0.032:00 0.019:00 .032
EDV (mL) 0.062:0.0  0.063:0.0 .881 0.059:0.0 0.074:00 .090 0.067:0.0 0.068:0.0 .783
ESV (mL) 0.028:0.0  0.034:0.0 234 0.029:0.0 0.053:00 .000 0.035:0.0 0.049:0.0 .048
FAC (%) 34.44:80  2478:81  .023 30.32¢85  20.10¢62 .013 31.39:8.2 234052 .030
CO (mL/min) 12.00£27  10.52:2.9 325 10.60+21  5.84:23 001 10.95¢3.7 570%1.1 .005
sd (cm) 0.2120.0 0.25:0.0 060 0.25:0.0  027:0.0 .290 02400  0.29:0.0 .036
Dd (cm) 0.35£0.0 0.39:0.0 049 0.38:0.0  041:00 .325 0.38:0.0  0.40:0.0 .184
Mass (g) 0.18£0.0 0.14:0.0 072  0.18:0.0 02000 473 0.17¢0.0  0.20:0.0 .290
Aod (cm) 0.1320.0 0.14:0.0 016  0.12¢0.0  0.15:0.0 .000 0.13:0.0  0.15¢0.0 .001
AT/ET ratio 0.3420.0 0.26:0.0 038  0.34:0.0  028:0.0 .040 0.34:0.0  0.24:0.0 .001
HR (bpm) 353+25 372435 206  363%37 338223 175 364158  341:50  .400
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Figure 4
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Figure 5
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Figure 7
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6. DISCUSSAO GERAL

A presente tese foi concebida com o objetivo de avaliar os desfechos
cardiovasculares ao longo do tempo em modelo murino de MPS I, e buscar
possiveis mecanismos responsaveis pelos mesmos. Utilizando como base nossos
estudos realizados com modelo de MPS |, no que tange a definicdo das janelas
temporais, iniciamos este estudo com camundongos, a partir dos 6 meses de idade.
A escolha deste tempo inicial se deu em funcdo de um estudo onde avaliamos os
animais a partir dos 2 meses de idade e observamos que os desfechos
cardiovasculares funcionais se iniciavam apenas em tempos mais tardios (Baldo et
al.,, 2017). A MPS Il compartilha de muitas semelhancas com a MPS |, porém,
também apresenta diferencas importantes.

O desenho experimental deste estudo previu o acompanhamento de 4
janelas temporais, compostas pelo grupo de animais MPS Il e seus respectivos
controles (Wild Type — WT) com 6, 8, 10 e 12 meses de idade (Flurkey K et al.,
2007). O fato de termos os grupos WT avaliados em cada janela temporal,
possibilitou analisarmos também os animais sem a doenca. De fato, encontramos
diferencas funcionais e morfolégicas importantes, durante o processo de
envelhecimento normal, quando comparamos animais considerados de meia-idade
(12 meses) com adultos jovens (6 meses). Assim, com 0 objetivo de caracterizar
alteracdes, ainda que precoces, observadas durante o0 processo de
envelhecimento, descrevemos os achados mais relevantes da linhagem de
camundongos C57/BI6 de meia idade (Artigo 1).

A literatura tem mostrado que o envelhecimento implica em diversas
alteracdes no sistema cardiovascular (Nandini, 2020). A modifica¢do no formato do
coracao € associada a reducdo da eficiéncia da mecanica cardiaca e parece
caracterizar o inicio do processo de envelhecimento do 6érgéo (Strait & Lakatta,
2012). Em nosso estudo observamos uma mudanca da geometria cardiaca, assim
como uma redugdo na capacidade contratii dos animais de meia idade,
evidenciando um progressivo comprometimento da fungcdo cardiaca nestes
animais. Curiosamente, o volume sistdlico ndo foi diferente entre os grupos,

provavelmente por causa do tamanho das estruturas cardiacas nos tempos
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analisados. Esses achados séo particularmente importantes porque caracterizam
um processo inicial de IC, ainda que, com fracdo de ejecédo considerada levemente
reduzida (FEm) nos camundongos de meia-idade, sem doenca preexistente
(Bozkurt et al., 2021). Estudos em humanos tem reportado que para envelhecer de
forma saudéavel, os niveis ideais dos principais fatores de saude cardiovascular séo
importantes na reducao do risco de morte prematura, relacionada a perda funcional,
definida como o inicio de doencas cardiovasculares em individuos com menos de
60 anos (Andersson & Vasan, 2018). IntervengOes precoces podem levar a
melhores progndsticos; neste sentido, este pode ser considerado um momento de
transicdo, o qual marca o inicio da perda da funcdo cardiaca, e que pode ser
estratégico para o estudo de abordagens terapéuticas envolvendo o retardo do
envelhecimento deste sistema.

Embora tenhamos acompanhado os animais em quatro janelas temporais,
para o estudo da doenca, utilizamos apenas 3 tempos, 6, 8 e 10 meses, pois
observamos que os animais MPS Il comecam a morrer aos 12 meses, tornando
dificil a obteng&o de dados. Esta definicdo também foi embasada nos desfechos de
ritmicidade cardiaca. Diferente dos grupos de animais adultos jovens, 0s quais ndo
apresentaram eventos arritmogénicos, todos os animais de meia idade avaliados
apresentaram disritmia. Estas alteracdes dificultaram as avaliagbes
ecocardiograficas, pois, embora fossem intermitentes, em alguns animais, foi
necessario a interrupgédo do exame e, 0s mesmos tiveram seus dados descartados.
Além disso, os animais WT também apresentaram reducdo da capacidade
funcional, devido ao envelhecimento. Isto posto, entendemos que esta janela
temporal apresentava um viés de confuséo importante por causa da idade destes
animais. Portanto, nosso trabalho sobre os desfechos da MPS Il no sistema
cardiovascular foi realizado em 3 janelas temporais, 6, 8 e 10 meses (Artigo 2).

O objetivo geral do nosso estudo foi descrever as alteracdes
cardiovasculares presentes na MPS II, sua progressao e potenciais mecanismos
envolvidos na doenga. Semelhante aos desfechos cardiacos que encontramos em
estudos prévios, nos animais MPS |, aos 6 meses de idade, os animais MPS I
apresentaram reducao da FE, embora preservada (FEp), 0 que representa uma
capacidade funcional ainda responsiva as demandas corporais (Baldo et al., 2017;
Gonzalez et al., 2021). Em ambos os modelos (MPS | e 1), aos 8 meses, a FE foi

reduzida a ponto de ser considerada IC. Neste sentido, os nossos dados
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corroboram o carater progressivo da doenca, sugerindo ainda, que o grau de IC se
estabiliza aos 8 meses de idade, pois a FE e outros parametros como DC e FAC
dos animais MPS |lI, estabilizaram, pois mantiveram grau semelhante de
comprometimento, aos 10 meses de idade.

Importante destacar que os estudos clinicos tém mostrado este grau de
comprometimento funcional, com reducédo da FE (< 50%) em apenas em 2% dos
pacientes (Lin et al., 2021). No entanto, entendemos que a maior responsividade
cardiaca dos animais a doenca, ndo diminui a sua contribuicdo para avaliacdo dos
mecanismos de acao envolvidos nos varios desfechos observados, também em
humanos, como doenca valvar, arritmias cardiaca, hipertrofia concéntrica,
disfuncéo diastolica, entre outros (Lin et al., 2021; Poswar et al., 2022).

Os dados obtidos nas avaliag6es histol6gicas e bioquimicas sugerem que 0s
animais MPS Il apresentaram a forma grave da doenca (neuronopata). As
caracteristicas histolégicas foram semelhantes entre MPS | e Il, pela presenca de
vacuolos no tecido cardiaco e aorta, além da quebra de elastina neste mesmo vaso.
Por outro lado, a MPS |l possui uma resposta bioquimica menos semelhante no
que se refere as enzimas responsaveis pelas quebras de elastina na artéria aorta.
Para explicar estas quebras e também a dilatacdo da aorta avaliamos a atividade
das proteases colagenase, elastase e caspase-3. Nossos dados mostraram ndo
haver alteragdo na atividade destas enzimas, nas condi¢cdes do teste realizadas.
Isso acaba sugerindo que outras proteases possam estar envolvidas nos processos
gue levam a alteracdes como a perda da elastancia deste vaso.

No tecido cardiaco, nossos dados sugerem um papel relevante das
catepsinas (Cts), em particular, um aumento progressivo da atividade da CtsB, aos
6 e 8 meses, nos animais MPS 1l (200 e 500%, respectivamente). Curiosamente,
este dado corresponde a perda progressiva da funcdo cardiaca observada nestes
tempos. Como limitacdo do nosso estudo, ndo avaliamos o extravasamento desta
protease, a partir do lisossomo, ou quantificamos o numero de macréfagos
residentes neste tecido, porém, em estudos prévios com animais MPS I,
observamos ambos os eventos (Baldo et al., 2017; Gonzalez et al., 2018). As Cts
podem participar da patogénese da lesdo cardiaca em resposta a inflamacéo,
apoptose e estresse oxidativo (EO) (Cheng et al., 2012). A partir destes dados, uma
das hipéteses do nosso estudo era de que o EO pudesse fazer parte dos

mecanismos de acao envolvidos no aumento das catepsinas do tecido cardiaco.
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Dosamos Tiois totais (defesa antioxidante), TBARS (marcador de lipoperoxidacao)
e ROS totais (estresse oxidativo) aos 6, 8 e 10 meses, mas nossos resultados néo
mostraram alteracdes significativas nestes parametros (dados ndo mostrados).
Embora o EO e os marcadores de apoptose tenham se mostrado inalterados, o
processo inflamatdrio ainda sera investigado e pode ter papel importante na
patogénese da doenca cardiovascular na MPS Il, conforme observado em outros
orgaos (Azambuja et al, 2020).

O aumento da catepsina B e potencialmente outras proteases desta familia
pode ser 0 mecanismo responsavel por alteragdes na matriz extracelular do tecido
cardiaco, aorta e valvas, como as quebras de elastina observadas. Um estudo
prévio do grupo mostrou que, em células SHSY-5Y nocautes para o gene IDS,
existe extravasamento da catepsina B para o citoplasma em decorréncia do
acumulo de GAG lisossomal (Azambuja et al, 2020). Estas enzimas, embora mais
ativas em pH &cido, ainda retém certa atividade em pHs mais préoximos da
neutralidade, podendo degradar proteinas da matriz extracelular. O uso de
inibidores nos ensaios in vitro permitem identificar potencialmente outras Cts, como
a CtsS, que podem contribuir em conjunto com a CtsB para estas alteracoes.

O acumulo especifico de dermatan sulfato no tecido cardiaco também é um
achado importante. O fato de haver pouca producéo e conteudo de heparan sulfato
nos tecidos cardiacos ajudam a entender as razdes pelas quais pacientes com
outros tipos de MPS, onde apenas ocorre acumulo de heparan sulfato (como as
sindromes de Sanfilippo) tenham comprometimento cardiaco mais raro e em
tempos muito mais tardios (Poswar et al, 2022).

Nosso estudo para o entendimento da patogénese dos desfechos
cardiovasculares observados neste modelo, ao longo do tempo, deixa perspectivas
de pesquisa importantes que podem contribuir, de sobremaneira, para o
entendimento dos mecanismos de acdo que permeiam as doencas
cardiovasculares na MPS Il. Em conjunto, nossos dados sugerem que este pode
ser um modelo interessante para avaliar 0os mecanismos que atuam,
secundariamente, ao acumulo de GAGs no tecido cardiovascular na MPS II. Além
disso, o fato de estudos mostrarem que 68% dos pacientes com MPS Il apresentam
algum dano cardiaco, corrobora a necessidade de estudos pré-clinicos em modelos

animais (Sestito et al., 2022).
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7. CONCLUSAO

A partir dos dados obtidos na presente tese, pode-se concluir que:

v" Os camundongos C57BL6 wild type possuem alteracbes importantes ao

longo da vida, podendo ser utilizados como um modelo de envelhecimento;

v" Animais com MPS Il também possuem altera¢des na funcao cardiovascular,
gue aparecem a partir dos 6 meses de idades. Estas alteracdes incluem
hipertrofia e perda da capacidade contratil, assim como dilatacédo da aorta e

aumento da resisténcia vascular pulmonar;

v" Os animais MPS Il apresentaram acumulo de GAGs nos tecidos do sistema

cardiovascular, confirmado pela dosagem de dermatan sulfato tecidual;

v' Ha um aumento nas quebras de elastina na aorta dos animais com MPS II;

v' Os animais MPS Il apresentaram acumulo de GAGs e espessamento das

valvas cardiacas;
v' A atividade de catepsinas estava aumentada, em especial a catepsina B,
nos animais com MPS I, sugerindo envolvimento desta protease na

patogénese da doenca cardiaca neste modelo;

v N&o houve diferencas entre os grupos com relacdo aos parametros de

estrese oxidativo avaliados, mesmo com o aumento na atividade da CtsB.
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Abstract

Mucopoysaccharidosizs type 1 {MFS 1) is a lyscsomal storage disorder cansed
by mutations in the IDUA gene, that codifies the alpha-L-iduronidaze enzyme,
which deficiency leads to storage of glycoeaminoglyans with multiple clinical
manifestations One of the leading causes of death in MPS I patients are car-
diac complications such as cardiac vabee thickening, conduction abnormalities,
myocardial dysfunction, and cardiac hypertrophy. The mechaniem leading to
cardiac dysfunction in MFPS 1 i= not entirely understood. In a previous study,
we have demonstmated that losartan and propmnolol improved the cardiac
function in MFPS I mice. Thus, we aimed to investigate whether the pathways
influenced by these drugs may modulate the cardiac remodeling process in
MFS I mice. According to our previous observation, losartan and propranalol
mestore the heart function, without altering valve thickness. MFS | mice pres-
ented reduced activation of AKT and ERK1,2, increased activity of cathepsins,
bt no altemtion in metalloproteinase activity was observed. Animals treated
with losartan showed a reduction in cathepsin activity and restored EREL/2
activation. While hoth losartan and propranolol impmoved heart fimction, no
mechaniztic evidence was found for propranolol s far, Our results suggest that
lozartan or propmanolol could be used to ameliorate the cardiac diseaze in MPS
I and could be considered as adjuvant treatment candidates for therapy

KEYWORDS

AKT, cardiac dissase, aurdiac remadding, ERE1/Z, ksartan, mucapal ysacchar dosis type 1,
propranakal

iduronidazse (IDUA, EC 32.1.76), which iz invalved in
the catabolism of the glyosamnoglycans (GAGs]

Mucopolysaccharidoss type I (MPS 1) iz a lyspsomal stor- heparan and dermatan alfate. GAG storage is progres-
age disorder caused by mutations in the IDUA gene, lead- gzive and results in a subsesguent mult-organ dysfune-
ing to the deficdency of the yzosomal hydrolaze alpha-L- tion.™ Due to high variahility, patients may present a

a0 | & n0 SETEM

ol carallion ity . o oo fieead J Todesess Mdescade Dok, 300 1447490750,



Gene Therapy
hittpafdodong’ 10 038/541 434019011 3-4

ARTICLE

Neonatal nonviral gene editing with the CRISPR/Cas9 system
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features of the mucopolysaccharidosis | phenotype in mice

Roselena Silvestri Schuh (3" - Esteban Alberto Gonzalez(®'” - Angela Maria Vicente Tavares™ -
Bruna Gazzi Seolin® - Lais de Souza Elias’ - Luisa Natalia Pimentel Vera™ - Francyne Kubaski® - Edina Poletto' -
Roberto Giugliani’® - Helder Ferreira Teixeira® - Ursula Matte'” - Guilherme Baldo'™*

Remived 30 Oaober 2018 / Revised: 9 October 2019 / Accepted: 19 Movember 2019
& The Authon(s), under exclusive licence to Springer Matuse Limited 2019

Abstract

Mucopolysscchandosis type T (MPS 1) is cavsed by deficiency of alpheL-iduronidase (IDUA), leading to muoltisystemic
accumulation of glycosaminoglyeans (GAG). Untreated MPS T patients may die in the first decades of life, mostly doe to
cardiowascular and respiratory complications. We previowsly reported that the treatment of newborn MPS 1 mice with
imravenous administration of lipossomal CRISPRACas9 compleves carryving the munne fdua gene aiming at the S0O54246
locus resulted in long-lasting TDUA activity and GAG reduction in various tissues. Following this, the present study reports
the effects of gene editing in cardiovascular, respiratory, bone, and neurologic functions in MPS T mice. Bone morphology,
specifically the width of zygomatic and femoral bones, showed partial improvement. Although heart valves were sill
thickened. cardise mass and aotic elastin breaks were reduced, with normalization of aortic dismeter. Pulmonary resis tance
ws nomalized, suggesting improvement in respimtory function. In contrast, behavioral abnormalities and neuroinflamma-
tion still persisted, suggesting deterioration of the neurological functions. The sat of results shows that gene editing
performed in newhorn animals impmoved some manifestations of the MPS Tdisorder in bone, respimtory, and cardiovascular
systems. However, further studies will be impemtive to find better delivery strategies to reach “hamd-to-treat™ tssues o
ensure better systemic and neumlogical effects,

Introduction

Supp lementary informaton The online version of this amicle (hops//
ot 10U LOGEAA 143401901 13-49) contains aupple mentary

material, which 15 available v awthonzed nsers.

Mucopolysscchandosis type T (MPS 1) is an autosomal
moessive disease caused by deficiency of the lvsosomal
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enzyme alpheL-iduronidase (IDUA, EC 3.2.1.76), which is
invalved in the catbolism of the glveosaminoglycans
(GAGs) beparan and demnatan sulfate (DS). Enzvme
mplucement thempy (ERT) and hematopoietic stem cell
tmnsplantation (HSCT) amre  the two treatments  cur-
mntly available for MPS 1. However, these thempies are not
mmpletely effective, as ERT is not capable of crossing the
blood—brain bamrier (BBHE) and rzach the bmin, joints, heart
vilves, or bones, while HSCT shows to be mostly effective
if performed before mgnitive dedine [1-3]

MPS T clinical spectrum vanes from the sevem Hurler
syndmme (MM #67014) to the attenuated Scheie syn-
drome (OMIM #67016), with intermediate disease pheno-
tvpes classified as Hurler—Scheie syndmme (OMINE6T015)
[1, 4]. Multisvsternic manifestations as organomegaly,
wrneal clouding, heant and valve diseases, pulmonary
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ARTICLEINFO ABSTRACT

Mucopolysaccharidasis type | (MPS 1) is a lysosomal starage disorder with muktisystemic features, including
heart enlargement, heart valve dysfunction, and sortic stfiness and dilstation. Previows studies have shown that
MPS | mice overexpress cathepsin B (CtsB) in mukiple tissues, including those fram the cardiovascular system.
Here, we hypathesized that inhibition of CtsB could ameliorate cardiac function parameters, as well as aorts and
valve abnarmalities found in MPS L

First, we ound that otal elstase activity in an MPS | sorta is elevated. Fallowing that, we demomstrated that
CtsB keaks fram the lysosome in MPS | human fitroblasts, passibly acting as a degradative agent of extracellular
matrix components from the aorta, cardiac muscle, and heart valves. We then used a CtsB ishibior in vivo in the
MPFS | mowse model. After 4months of treatment, partial inhibition of CsB activity in treated mice reduad
aartic dilastation, as well as heart valve thickening, and led © improvements in cardiac function parameters,
akhough nane of these were completely narmalized Based an these resukts, we conclude that lysosomal al
terations in this disease pramote lealage of CtsB to outside the arganelle, where this protein can have multiple
pathalogical roles. CtsB inhibiton improved cardiovascular parameters in MPS | mice and can have a poential

Keywards:
Mucopolysacch arid oals type 1
Gardiovascu by diexse
Qathepain B

G-074 Me

benefit in this disease.

1. Introduction

Mucopolysaccharidosis type I (MPS ) is an autosamal recessive
disorder caused by deficiency of lysosomal enzyme alpha-i-iduronidase
(IDUA), which & involved in the catabolism of glycosaminoglycans
(GAG), heparan and dermatan sulfate. The disease is characterized by
multiple organ dysfunction, which includes organomegaly, bone and
joint deformities, short stature, abnomnal facial features and, in severe
cases, mental retardation. There & a spectrum of severity, ranging from
the severe Hurler phenotype to the more attenuated Scheie phenotype.
Death can occur from multiple causes in the first decades of life [1).

Heart and valve disease are present in all MPS types, and death from
heart fallure s common. MPS | patients suffer from heart enlargement
[2], heart valve thickening and regurgitation, and aortic stiffness and
dilatation [3,4]). Studies in animal models (both dogs and mice) have
shown that MPS | animals have dilated hearts with reduced con-
tractility, dilated ascending aortas with increased elastin breaks, and

* Correponding
Ematl addres: @ d3dofihcpa.edube (G. Baldo).

e //dolorg/10.1 016/)15 201 801.020

hean valve thickening and regurgitation [5-7].

The extracellular matrix (ECM) plays many roles in the cardiovas-
cular wall and valve homeostasis [8]. Elastin and collagen are the main
compounds of the cardiovascular EQM and play a vital role in bio-
mechanical and functional properties in the myocardium, sorta and
heant valves Although the proportions of elastin and collagen vary
considerably in these tissues, distribution and properties of these con-
nective tissue proteins are important for structural integrity and func-
tion. An imbalance in the turnover of ECM proteins in the myocardium
and vasculature can lead to cardiovascular disorders such as stenosis,
left ventricular hypertrophy, hean failure and aortic aneurysm [9-11].
These changes have been attributed to the lack of control of proteolytic
enzymes that degrade the major components of the EQM. The increase
in protease activity (especially in Cathepsin B) subsequent to the pri-
mary defect has been described as a possible pathological mechanism
present in different types of MPS [5,7,12-14).

Cathepsin B (CisB) & a pH-dependent lysosomal protease

anhor at: Gene Tharapy Canter, Hop il de Qlnicas de Pord Alegre, Ramiro Rarcelos, 2350, 90035903, RS, Braedl
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ABSTRACT

Mucopohsacchandmis type I (MPS 1) & a mulisystemic disonder caused by the deficiency of alphad-idur
anidase (IDUA] that leads to intmeelhlar acoumulation of gycosaminoglycans (GAG)L In the present study we
aimed o use cationic liposomes carrying the CRISPR/Cas® plasmid and a donor vedor for én wigo and i vivo
MPS 1 gene exditing, and compane to trestment with naked plasmids. The lipasomal formulaton was prepansd by
meiicrafl i dization. Complexss were obtainad by the addition of DNA &t 44/ =1 charge matio. The overal]l reults
showsd complexes of abowt 110 mm, with positive zeta potential of +30m¥. The incubaton of the complexss
with fibroblasts from MPS | patients lad 1o a significant increase in IDVUA activity and redudtion of 1ysosemal
abnomalities. Hydrmodynamic injection of the hposomal complex in newbom MPS 1 mice led to a signifiant
ingezss in serum IDUA levels for up to sic manths. The biodistribution of complexes after hydrodynamic in-
jection was maredly detected in the Iungs and heart, comobomating the results of moressed IDUA activity and
decreased GAG storage especially in these tissues, while the group that received the naked plasmids presened
inoreased emyme activity especially in the liver. Purthermaore, animals treated with the liposomal formulation
presented improvemsnt in cardiovasoular parameters, ane of the main @wes of death observed in MPS 1 pa-
tiemis. We conchide that the IDUA production in multiple organs had a significant beneficial effect on the
charaderistics of MPS | disease, which may bring hope to gene therapy of Hurler patients.

1. Inroduction

IDUA vartanis, Trpd02* iz the most prevalent mutation in patiems,
which produeces no IDUA proiein, and |5 assoclated with very severe

Mucopolsaccharidoss type [ (MPS [, OMIM #607014 #607015
#60T016] s an aviosomal recessive lyscsomal storage disease (LSD)
camsed by the widespread accumulaton of the glycosamineglycans
{GAGE) heparan and dermatan sulfate, which are partally degraded or
noi degraded due o a deficlency of alpha-L-lduronddase eneyme (IDUA,
EC 3.2.1.76) This abnormal GAG atorage interferes with normal func-
toning of cells, tEswes, and organs, leading o muliple abnormalities,
including organomegaly, shelsial deformites, and developmental
delay. Severe unireated patlents die in the fArst decades of life, mostly
dhse b respiratory and cand lovascular problems [1,2]. Among the MPS 1

clinleal manifestations in homozygotes [3,4].

Enzyme replacement therapy (ERT) and hematopoletic stem cell
transplniation (H5CT) are the two treatmenis currenily avallable for
MP5 L However, these theraples are not completely effective as ERT is
not capable of crossing the blosd-brain barder (BEE) or has i feulty
to reach some tsuves such &8 aorta, heant valves, and bones, while
HECT shows to have a conslderable morbimortality, being effective o
prevent the neurological regression only i performed in early years
[5-7]. In this sense, novel and aliernative theraples are required, and
oneol the most promiing is gene thempy. ldeally, this treatment wouwld

* Comesponding authar at: Centro de Terapia Génica do Hospital de Clinicas de Porto Alegre, B Bamiro Barcelos 2354, 90035903 Pario Alegre, RS, Brail
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Losartan improves aortic dilatation and cardiovascular disease

in mucopolysaccharidosis |
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i SSTEM 2017

To the Editor,

We nead with great interest the manuseript titled “Angiotensin
receptor blockade mediated amelioration of mucopoly
saccharidosis type T condiae and cramofecial pathology™ re-
cently published in the Jowrnal of Inherited Metabolic
Dhisorders (Oshorn et al, 2006). Somultansously, we have been
conducting a similar study, with results that are partially
in accomdance, imd we thus have some additional important
comsidemtions conceming the content of their paper,

We treated juvenile (B-week-old) Tdua™™ mice with
ksartan or other antihypertensive drog (propranclol) as an
additional control (Suppl. Material and Methods) to determine
the bensfit of angiotensin receptor blockade (ARB) in
mucopolyvsaccharidos s T (MPS 1) and if this effect was spe-
cific to losartan, Mice were sacn ficed at 6 months of age,

Our data showed an increase in aortic diameter mea-
sured by a digital caliper in untreated fdua™  mice

Commumicated by: Carla E. Hollak

Flectronic supple me ntary material The online version of this article
(ki 10101 Q545001 7-0eM 4-x ) comvim ins suppleme niary maierial,
which iz available & authorized wers
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without significant gender differences (Suppl. Fig. 1.
Treatment analvsis was performed according to gender
and without differentiation (Suppl. Fig. 2). Unlike
Osborn et al.’s results, our data mdicate that losartan 15
effective in decressing aortic dilatation n MPS T at a
similar rate for both genders (205 ) As a companson,
we also treated female mice with propranolol (a beta-
blocker). which was not able to reduce aortic dilatation.

In agresment with Osborn et al., our echocardiographic
analysis showed that losartan alse improves ventricular
contraction, expréssed through left ventricular fraction
shortening (LV5SF) and suggesting an improved heart-
pumping ability. It also prevented enlargement of left ven-
tricular chamber dimensions (Suppl. Table 1), However, it
is impotant to point out that propranclol alse improved
candiac function, which suggests that heant dysfunction
may be ndependent from angiotensin receptor (AT-1R)
activation. Propranolol might have its beneficial effect
by reducing hemodynamic stress on the aortic vascula-
ture. In contrast. we believe that losartan targets the un-
derlying pathophysiology in MPS possibly by antagomism
of transforming growth factor (TGF)-B or other pathways,
which will be investigated. Aortic diameter was also mea-
sured by echo, which confirmed that only losartan
preventad abnormalities in the aorta,

The authors highlight the possibility that matrix
metalloproteinase- 12 (MMP-12) increase via AT-IR acti-
vation is ong of the mechansms involved in the patho-
genesis of candiovascular dissass in MPS. Monetheless, in
a previous study, MPS T and VIT mice developed aortic
dilatation by similar mechanisms, and knocking out
MMP-12 in MPS VII mice did not prevent aortic abnor-
malitiss (Baldo et al. 2001 This probably suggestst that
multiple mechanisms and genes are responsible for this
effect.

&1 Springer

107



Cardiovascular Pathd ary 27 [ 2017) 45-50

Contents hists available at Soencelirect

Cardiovascular Pathology O

—_—am
O HINEAGR SO A N
PATHOLDGY

Criginal Article
Progressive heart disease in mucopolysaccharidosis type | mice may be
mediated by increased cathepsin B au':ti!..'il:gg,r"’r
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ARTICLE INFOD ABSTRACT

Article higary
Rescever] 0 October 2016
Rescever] in revied form 22 Derember 2016

Mucopolysacchandosts type 1 [MPS 1) i a lysosomal disorder characterized by a deficlency of alpha-1-
iduronidase and storage of undegraded glycosaminogly@ns [ GAGs). Clinkcal findings of the disease include
heeea i £l I, and pami ents often need vave replacement. It has been shown that, Later (n life, MPS 1 mice deve lop

m:ﬂﬁ“ﬁm ! thevse abmormalities, but to date, there have motbeen studies on the progresionand pathopeness of the dise ase.
Therefore, | nithe prese nt study, we evalwated heart funcrtion in normal and MPS | male micefrom 2 to 8 months of
; ape. Erhocardiographic analyss showed left ventricular enlarge me ni with progressive reduction in ejection
Whnerpatysaer hari s spe | fraction, fracional area change, and left ventricular fracional shortendng in the MPS | haarts at & and 8 months
Chymsaminaghean of ape and a redwoon i accele ration time'e|ection time ratlo of the pulmonary artery Starting ar & maonths of
Cathepsin B ape, whichsugee ss pulmonary vasoul ar reststane Hisological and Bochem ical anabyss confirmed progressive
lysosomal sorage d isonder GAL storage from 2 months of age and omwards [nthe nmyocand iwm and eart valves, which had also dncre ased in
Hear dilamtion thickness. Additionally, macrophages were prese nf in the MPS | heart tisswe Collagen ayntentwas redwced in the
MPS | miowese vahres_ Cathepsin B, an e nzyme that is known to beableto degrade collagenand ts i nvol ved in heart
i Larcait by, dlisplayed a marked elevatlom in activity inothe BPS | mice and oould be responsible for the hean
il aration and valves alter ations abse rved. Owr resul s suEgest thatrhe MPS I mie have progresive hear flune

and vahe disease, which may be @used by cathepsin B overes pression.
©200 T Elsevier Inc. All nighvis rese rved.
1. Introduction |5). Myocardial and heart wvahee thickening is common in all forms of

Mucopalysacchardosis type | [MPS 1) is an autosomal mecessive
disorder characterized by a deficiency of alpha-L-iduronidase [TDUA],
alysosomal enzyme involved in the degrad ation of glycosaminog ycans
[GAGs], heparan sulfate, and dermatan sulfate | 1].The disease spectrum
varies from the severe Hurler syndrome [OMIM #67014) to the
attenuated Scheie syndrome [OMIM #57016), with intermediate
dizease phenotypes classified as Hurler-Scheie syndrome [ OMIM
#67015). Patients with Hurler syndrome present with severe mental
retardation in addition to other systemic manifestations (dysostosis
multiplex, hepatosplenomegaly, comeal couding, and joint stffness),
which are also found in the more atenuated ks of the disease | 2]

Heart and valvediseases are present in all forms of MPSL It genemally
develops earlier in patients with Hurder syndrome |3] compared to
patients with the more attenuated forms of MPS 1] 4] Accurate data
an the frequency of heart disease in patients with MPS1 are hard to
obtain due to eardy death in some cases, but it is estimated that at
least 60 of patentswith MPS1 develop cardiacand valwe abnormalities

# This werk was fimded by gmnis from NPy, PPGEM-UMRGE, and FIPE-HCPA
* Corespanding author.

htp e doiorg L1016 jeapath2 01 701.001
105 4-E807/0 2017 Elsevier Inc. All rights resenved.

MPS I, with some patients also developing systemic or pulmonary
hypertension |6.7]. Death by congestive heart failure is frequent in
patients with Hurler syndrome, and both Hurler and Scheie phenotypes
usually undergo valve replacement |5). The MPS 1 hearts are often
dilated, and patients with increased left ventride dimensions usually
hawe a very poor prognosis [3,8/9).

In the MPS I mouse model, myocardivm alterations were ohsened at
Gand 10 months of age, and enlarged heart and valves as well as mitral
and aortic valve regurgitation were observed at the latest studied tme
point |10 | Additonally, there were reduced elasticity and increased
breaks in the elastin strucure of the aoria with an associated increase
of matrix metalloproteinase and cathepsin [11] activities. This model
was created in 2003 by the disruption ofthe idea gene with the neommy-
cin regstance gene | 12] and has proven to be a useful model for stody-
ing the pathogenesis of the disease as well as for the development of
treatment options |13,14]. As the mechanism of heart dilatation and
valwe abnormalities in MP% s unknowm, we evaluated mice at different
ames to verify the onset of myocardium and heart valve abnormalities
and to look for mechanisms pobentially responsible for them. Based on
er hocardiographic and histological findings, we hypothesized that a
protease could be degrading the extracellular matrixz (ECM) and
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Effects of Copaiba Qil in Peripheral Markers of Oxidative Stress in a
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Abstract
Background: To date, copaiba oil’s systemic effects have never documented in Cor pulmonale induced by monocrotaline.
Objectives: To investigate copaiba oil’s effects in peripheral markers of oxidative stress in rats with Cor pulmonale.

Methods: Male Wistar rats (17020g, n=7/group) were divided into four groups: control (CO), monocrotaline (MCT).
copaiba oil (O}, and monocrotaline +copaiba oil (MCT-O). MCT (60 mgkg i.p.) was administered, and after one week,
treatment with copaiba oil (400 mg/kg/'day-gavage-14 days) was begun. Echocardiography was performed and, later,
trunk blood collection was performed for oxidative stress evaluations. Statistical analysis: two-way ANOWVA with Student-
Newman-Keuls post-hoc test. F values<0.05 were considered significant.

Results: Copaiba oil reduced pulmonary vascular resistance and right ventricle (RV) hypertrophy {Fulton index (mgfmg):
MCT-0=0.39£0,03; MCT=0.4920.01), and improved RV systolic function (RV shortening fraction, %) in the MCT-O
group (17.8%8.2) as compared to the MCT group (3.4£3.1; p<0.05). Moreover, in the MCT-O group, reactive oxygen
species and carbonyl levels were reduced, and antioxidant parameters were increased in the peripheral blood (p<0.05).
Conclusions: Our results suggest that copaiba oil has an interesting systemic antioxidant effect. which is reflected in the
improvements in function and BEY morphometry in this Cor pulmonale model. Cor pulmonale attenuation promoted by
copaiba oil coincided with a reduction in systemic oxidative stress.

Keywords: Cor Pulmacnale: Monocrotaline, Rats: Oxddative Stress; Fabacsae; Phytotherapy: Hypertrophy, Right Ventricular: Copaiba Oil

Introduction

The Amaron forest could be considered & matural
laboratory, since it has a wide diversity of plants with
medicimal properties. The great majority of these plants
have not yet been fully studied, as it is the case of copaiba.’
Copaiba is a large tree that grows abundantly in the northern
region of Brazil. Since the 16th century, copaiba oil has been
used by the native indigenous people of the country in the
treatment of various diseases. These traditional uses have
motivated some researchers to study this oil *

According to some reports, copaiba oil presents
antioxidant and anti-lipoperoxidative properties.®* The
antioxidant properties of copaiba oil could be very useful
in the treatment of some cardiovascular diseases associated
with oxidative stress. However, only two studies were found
in the literature demonstrating the beneficial effects of
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copaiba oil on cardiovascular diseases, such as pulmonary
arterial hypertension (PAH).**

PAH is a chronic and fatal disease that is associated with
progressive increases in pulmonary vascular resistance and
pressure. These changes impair the performance of the right
ventricle (RY) and result in BV failure, and ultimately death.”
To study the physiopathological mechanisms involved in RV
dysfunction and PAH development, a monocrotaline (MCT)
model was used.® The active metabolite of MCT causes
damage in the pulmonary endothelium, leading to PAH.®

The MCT model mimics aspects of human PAH,
including Cor pulmonale, which is a term used to describe
pathological BV hypertrophy induced by lung dysfunction.’®
In fact, multiple studies in animal models and patients
implicate oxidative stress im the development of Cor
pulmonale and PAH."""* Oxidative stress can cause damage
to pulmonary endothelial cells,' as well as contribute to BV
dysfunction and failure.” However, no study has explored
the impact of PAH on oxidative stress markers in peripheral
blood by analyzing copaiba oil’s effects. It was reported
that oxidative stress measured in the blood of patients with
& neurcdegenerative disease could represent a reflection
of the oxidative brain damage in those patients.”™ In this
sense, evaluating peripheral markers of oxidative stress
could have clinical applicability, since obtaining a blood
sample represents a minimally invasive procedure.™ This
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Cardioprotective doses of thyroid hormones improve NO bioavailability in
erythrocytes and increase HIF-1a expression in the heart of infarcted rats

Alexandre Luz de Castro, Rafael Oliveira Fernandes, Vanessa D. Oz, Chstina Campos (B, Jéssica H. P. Bonetto,
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ABSTRACT

ARTIKLE HISTORY

Comtext: Infarction leads to a deosase in NO bioavailability in the enythrogrtes. Thyroid hormones
{TH) present postive effects after infarction. Howewer, there are no studies evaluating the effects of
cardioprotective doses of TH in the enythrocytes after infarction.

Objective: This study aimed to evaluate the effects of TH in NO bicawvailability and oxdative stress
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parameters in the erythrocytes of infarcted rats.

Material and methods: Wistar rats were allocated into the three groups:
infarcted (AMI and infarcted + TH (AMIT). AMIT rats received T4 and T3 for 12days by gavage.
Subsequently, the animal were ewaluated by echocardiography and the LV and envthrooptes

were collected.
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Results: TH improved MO bicavailability and inreased catalase activity in the erythrocytes. Besides

that, TH increased HIF-12 in the heart.

Conclusiore TH s=ems to be positive for enythrooytes preventing a deorease in WO bicavailability and

increasing anticxidant enzymatic defense after infarction.

Introduction

Acute myocardial infarction is an ischaemic pathology of the
heart that involves an imewversible loss of cardiomyooytes,
leading to a decgease in crdiac function (Schenkel et al
2010). This condition is a leading cuse of morbidity and
morality (Hong e al. 2019). Besides that myocardial infarc-
tion is also assodated with a deoease in nitric oxide (NO)
bioawvailability in the heart and in the red blood cells (Eligini
et al. 2013, De Castro et al. 2015). The maintenance of NO
levels in the cardiac tissue is imporant, mainly after the
ischaemic injury, since this molecule can upregulate the
expression of the hypoxa inducible factor-1a (HIF-12} by
activating the phosphatidylinositol 3-kinase (PI3K}-Akt path-
way [Sandau e af. 2000, Kasuno et al. 2004). Activation and
upregulation of HIF-1z has been recently found to be a pro-
tective mechanism against ischemia-reperfusion injury in the
heart (Alchera et al. 2008, Zhong et al. 2008).

In relation to WO bicavailability, this parameter @n be
evaluated by the balance between reactive oxygen spedes
[RO5) and NO levels [(Baversachs et al. 1999, Heusch et al
2000). In fact, previous studies have shown that ensthrooptes
can be an important source of this vasodilator molecule in
the circulation (Jia et al 1994, Yang et al. 2013). In erythro-
cytes, NO production is derived from inorganic nitrite, which
iz converted to MO by the deoxygenated hasmoglobin, and

also by the activity of the enzyme nitric mxide synthase pre-
sented in these cells (Cosby et al 2003, Gladwin et al. 2003,
Yang e al. 2013). In relation to this, a study from Yang and
colleagues demonstrated that erythrooytes derived-NO is an
important molecule in terms of ardioprotection [Yang et al
2013). In fact, the decrease in circulating NO was shown to
be detrimental in an acute model of myocardial isquemia-
reperfusion (Menx e al. 2014). In this context, high lewvels of
RO5 are detrimental to MO bicavailability in erythrocytes
(Araujo ef al. 2001). The red blood cells are susceptible to
reactive species, because of its high levels of polyunsaturated
fatty acids, iron and oxygen. In view of that, enzymatic and
non-enzymatic anticeidants in these cells are wvery relevant to
prevent aridative stress (Araujo et al 2011).

In relation to cardioprotedion, recent studies hawve shown
that thyroid homones presert positive effects in the
infarcted heart (De Castro ef al 2015L In fact, it is well
described that after myocardial infarction, T3 plasma levels
anddor the expression of thyroid hormmone receptors in the
heart are decreased (Gerdes and lervasi 20101 In view of
that, studies demonstrated that thyroid hormones adminis-
tration is benefidal for the left and the right ventricles, as
well as for the aora of infarcted rats [Corssac er al. 2016, De
Castro et al. 2015, Ortiz et al. 2016, In fact, previous studies
from our group showed that cardioprotective doses of T3
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Research paper
Chronic whole-body heat treatment relieves atherosclerotic lesions, [
cardiovascular and metabolic abnormalities, and enhances survival =y

time restoring the anti-inflammatory and anti-senescent heat shock
response in mice

Maciel Alencar Bruxel, Angela Maria Vicente Tavares, Luiz Domingues Zavarize Neto,
Victor de Souza Borges, Helena Trevisan Schroeder, Patricia Martins Bock,
Maria Inés Lavina Rodrigues, Adriane Bellé-Klein, Paulo Ivo Homem de Bittencourt Jr. *
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ARTICLE INFOQO ABSTRACT

Articls histary: Unhealihy lifesiyle persistently feeds forward inflammation in metabolic organs thes  |mposing
Received 14 july 2018 senescence-associated secretory phenotype (SA5P), as observed in obesity and type 2 diabetes. However,
Acrepted 26 Sepemiber 218 HASP blocks physological resolution of inflammation by sup pressing the ant-inflammatory and aniti-

Auzildrle anline 28 September 2018 senescent heat shock (H5) response, fe, the gene program centered in heat shock factor-1 (HSF1 )

dependent expression heat shock proteins (HSPs). As SASP-inducing factors are not removed, leading to

eywards: the perpetuation of inflammation, we argeed that SIET1-H5F1-H5P ads might also be suppressed in
:':‘:f“md;“m o athemscle s, which could be reversible by heat treatment (HTL the most powerful HS response
HEF1 e trigger. LDLr~' ~ aduli mice were fed on high-fathigh-cholestensl diet from the age of 90 days uniil the
HEFTO end of stedy (age of 270 days ). After 120 days under athe msclemtic diet, the animalks were subimithed to
HERT elther whole-body HT (=42 40°C) or sham (r =59 37 °C) treatment | 15 min/sesshon |, under amnes-
Sintuin=1 thesia, once aweek, for B weeks, being echographically and metabsod cal by maoni tored . Aortie expressions

of SIRT1, HSF1, HSP2T, HSPT2 and HSPT3 were progressively depresad in athenesclerotic animals, a5
compared o normal (LOLHY, n=25) healthy counterparts, which was paralleled by increased
expresson of MF-gB-dependent VCAMI adbesion molecule. Conversely, HT completely reversed sup-
pression of the above HS response probeins, while maroed by b biting both YCAM expression and MF-
o DNA-binding activity. Ako, HT damatcally redueced plasma lewels of TG, total cholestensl, LDL-
cholestens], oxdative stress, fasting glucose and imsulin reskstance while nsing HDL-cholesternsl levels
HT also decreased body welghi gain, visceral fai, cellular infilration and aortlc Gy streaks and heart
ventricular congestive hypertrophy, thereby improving sortic blood flow and myocardial performance
(Tel) indices. Remarkably, hbeat-treated mice stopped dying after the third HT session (= 8 hieman years],
sugpesting a curative effect. Therefore, evolution of at heroscleress is assoclated with suppression of the
anti-inflammatory and anil-senescent SIRT1-HSF1-H5P molecular axis, which s refreshed by chronic

hweat treatnime nt
& 28 Elsevier BV, and Société Frangaise de Bischimie ef Biologie Moléculaire ( SFEEM]. All rights
reserved.

Non-standard abhbreviations: HS, heat shods; HSF1, heat shod: transcription fator=1; HSP. heat shock protein; HT, heat treatment; NP-cB, nuclear Sctor tramsoi ption
Bators of the kappa light chain enhanoer of activated B cdls (<8) family; NLRP3, NIR [nucleot de-hinding oligomerizmtion domain (NOD)-leudne-rich repeat- and pyrin-
domain (LRF) @ntaining probein -2 inflammasomes; MO, nitnc oxde; eNE, endothelial NO synthase; SASF, senesenoe-associated segetory phenotype; SIRT1, nicotin-
amide adenosine dinudsotide (MAD™j-dependent histone deacetyl ame of dams 1 G by sirtuine1 ; WOAM, vamou lar cell adhesion molsoule-1
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Copaiba oil attenuvates nght ventricular remodeling by decreasing myocardial apoptotic
signaling in monocrotaline-induced rats
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