UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
PROGRAMA DE POS-GRADUAGCAO EM GENETICA E BIOLOGIA MOLECULAR

HOMOCISTINURIA CLASSICA NO BRASIL: UM ESTUDO
CLINICO E GENETICO COM FOCO NA INVESTIGACAO DA
RELACAO ENTRE COMPOSICAO CORPORAL E METABOLISMO
LIPIDICO EM PACIENTES TRATADOS

Soraia Poloni

Tese submetida ao Programa de P0s-
Graduacdo em Genética e Biologia
Molecular da UFRGS como requisito
parcial para a obtencdo do grau de Doutor
em Ciéncias (Genética e Biologia
Molecular)

Orientadora; Profa Dra Ida VVanessa Doederlein Schwartz

Porto Alegre
Maio de 2016



Este trabalho foi desenvolvido no Hospital de Clinicas de Porto Alegre (Servico de
Genética Médica e Laboratério BRAIN/Centro de Pesquisa Experimental) e na
Universidade de Freiburg/Alemanha (Laboratory for Clinical Biochemistry and
Metabolism, University Medical Center Freiburg). Além destes, o Servico de Ginecologia
e Obstetricia do Hospital de Clinicas de Porto Alegre e o Laboratério de Erros Inatos do
Metabolismo da Universidade Federal de Sdo Paulo colaboraram na realizacdo de coletas

e analises do estudo.

O projeto foi financiado com recursos do Fundo de Incentivo a Pesquisa do
Hospital de Clinicas de Porto Alegre (projetos 13-0525 e 13-0363) e do PPGBM-UFRGS
(traducdo de artigos e taxas de publicacdo). Além disso, a aluna recebeu bolsa de
doutorado do Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq) e
auxilio para estadia de curta duracdo do Servico Alemdo de Intercambio Académico
(DAAD - Deutscher Akademischer Austauschdienst).



AGRADECIMENTOS

A Professora lda Schwartz, pelos quase 10 anos de parceria iniciados ainda na minha
graduacdo. Obrigada pelas oportunidades, desafios, incentivo, confiangca e ensinamentos.

Seu exemplo foi fundamental para minha trajetoria académica.

Ao Professor Henk J. Blom, que me acolheu na Universidade de Freiburg para realizacéo

de meu doutorado sanduiche. Sua colaboracdo aprimorou grandemente este trabalho.

A Fernanda Sperb-Ludwig, pela ajuda, apoio e orientagdo. Sua experiéncia e

disponibilidade foram fundamentais para o desenvolvimento deste projeto.

A Roberta Hack Mendes, obrigada pelo incentivo, apoio e colaboragio, nesta etapa e desde

o inicio de minha carreira cientifica.

Aos colegas do Laboratério BRAIN, em especial a Taciane Borsatto e Giovana Weber
Hoss, que além da grande colaboracdo técnica e tedrica para a realizacdo deste trabalho

tornaram-se amigas, e trouxeram leveza e descontragdo para o dia-a-dia do laboratério.

As colegas e amigas do Laboratério de Biologia Molecular, em especial a Aline
Bochernitsan, Andressa Bortoluzzi, Francyne Kubaski e Isabel Cristina Bandeira; que
foram grandes apoiadoras e entusiastas desta trajetoria, além de amigas fiéis para todas as
horas.

Aos colaboradores e amigos da Universidade de Freiburg, em especial Sara Tucci, Johanna
Kugele, Sidney Behringer, Carina Braun, Ulrike Stein, Melanie Walter, Anne Horn,
Lorena Gallego-Villar. Além da grande ajuda pratica, seu acolhimento e amizade foram

fundamentais para minha adaptacéo em Freiburg.

A toda equipe do Servico de Genética Médica, em especial Carolina Fischinger M. de
Souza, Cristina Brinckmann O. Netto, Lilia Farret Refosco, Tassia Tonon e Tatiéle Nalin,

pela colaboracao, auxilio na coleta de dados e disponibilidade.



A Professora Poli Mara Spritzer, pela colaboragdo na concepgdo do projeto, coleta de

dados e revisao.

A Professora Vania D’Almeida e a Universidade Federal de Sdo Paulo (UNIFESP) pela

colaboragéo neste projeto.

Aos individuos participantes do estudo, em especial aos pacientes com homocistindria

classica e seus familiares, sempre disponiveis e interessados na participacdo de estudos.

A todos os médicos geneticistas e demais profissionais de outros centros de genética do
pais que colaboraram na coleta e envio de dados para a realizacdo do estudo. Esta rede de

profissionais engajados foi essencial para a execucdo deste projeto.

Ao PPGBM - UFRGS e ao Centro de Pesquisa Experimental (CPE-HCPA) pelo suporte e

auxilios concedidos.

Ao Fundo de Incentivo a Pesquisa do HCPA — FIPE, ao Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq) e ao Servico Alemdo de Intercambio
Académico (DAAD - Deutscher Akademischer Austauschdienst), cujo apoio financeiro

viabilizou a realizacdo deste estudo.
Aos meus queridos amigos e familiares pelo apoio, compreensdo e companheirismo. Em
especial aos meus pais, por sempre priorizarem e investirem em minha educacdo e pelo

constante e incondicional apoio e incentivo as minhas escolhas de vida e carreira.

Aos meus colegas e amigos do Instituto de Cardiologia, pelo incentivo, apoio,

compreensdo e amizade compartilhada.

A Deus, por permitir que tudo isso acontecesse.



LISTA DE ABREVIATURAS

ACC: acetil CoA-carboxilase/ acetyl CoA carboxylase

AdoHcy: S-adenosilhomocisteina/ S-adenosylhomocysteine

AdoMet: S-adenosilmetionina/ S-adenosylmethionine

AG: &cidos graxos

ALA: acido s-aminolevulinico/ s-aminolevulinic acid

AMPK: proteina quinase ativada por AMP/ AMP-activated protein kinase
ANCOVA: andlise de covariancia/ analysis of covariance

BHMT: betaina:homocisteina metiltransferase/ betaine-homocysteine methyltransferase
BHT: hidroxitolueno butilado/ butylated hydroxytoluene

BIA: bioimpedancia elétrica/ bioelectrical impedance analysis

BMD: densidade mineral 6ssea/ bone mineral density

BMI: indice de massa corporal/ body mass index

CAPES: Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior/ National
Coordination for Improvement of Higher Education Personnel

CHDH: colina desidrogenase/ choline dehydrogenase

CNPq: Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico/ National
Counsel of Technological and Scientific Development

CPT-1: carnitina-palmitoil transferase 1/ carnitine palmitoyltransferase 1
Cys: cisteina/ cysteine

CBS: cistationina (3-sintase/ cystathionine -synthase

CyL: cistationina gama-liase/ cystathionine y-lyase

DAAD: Servigo Aleméo de Intercambio Académico/ Deutscher Akademischer
Austauschdienst

DMG: dimetilglicina/ dimethylglycine

DNA: acido desoxirribonucleico

DXA: absorciometria de raios-x de dupla energia/ dual X-ray absorptiometry
EIM: erros inatos do metabolismo

FAME: éster metilico de acido graxo/ fatty acid methyl ester

FIPE: fundo de incentivo a pesquisa/ research incentive fund

GCLM: glutamato cisteina ligase subunidade modificadora/ glutamate-cysteine ligase
modifier subunit

GSH: glutationa/ glutathione
HCPA: Hospital de Clinicas de Porto Alegre



HCU: homocistindria classica/ classical homocystinuria

HDL.: lipoproteina de alta densidade/ high density lipoprotein

HOMA-IR: homeostasis model assessment

HPLC: cromatografia liquida de alta eficiéncia/ high performance liquid chromatography
IGF-1: Fator de crescimento semelhante a insulina tipo 1/ insulin-like growth fator

IPTG: isopropiltiogalactosideo / isopropyl-f-D-thiogalactoside

LDL.: lipoproteina de baixa densidade/ low density lipoprotein

MAT: metionina adenosiltransferase/ methionine adenosyltransferase

MR: dieta restrita em metionina/ methionine-restricted diet

MS: metionina sintase/ methionine synthase

MTHFR: 5,10 metilenotetrahidrofolato redutase/ 5,10-methylene-tetrahydrofolate
reductase

PEMT: fosfatidiletonolamina N-metiltransferase/ phosphatidylethanolamine N-
methyltransferase

PLP: piridoxal 5’-fosfato/ pyridoxal 5'-phosphate
PolyPhen2: polymorphism phenotyping

PPARs: receptores ativados por proliferadores de peroxissoma/ peroxisome proliferator-
activated receptors

gRT-PCR: PCR quantitativo em tempo real/ real-time quantitative PCR
RFLP: restriction fragment length polymorphism

RNA: &cido ribonucleico

SAA: aminoacidos sulfurados/ sulfur amino acids

SCD-1.: estearoil-CoA desaturase-1/ stearoyl-CoA desaturase-1

SD: desvio padréo/ standard deviation

SHMT: serina hidroximetiltransferase/ serine hydroxymethyltransferase
SIFT: sorting intolerant from tolerant

SNC: sistema nervoso central

SPE: extracdo de fase sélida/ solid phase extraction

SREBP-1c: proteina 1c ligadora do elemento regulatério de esterol/ sterol regulatory
element binding protein

Tau: tarina/ taurine

tHcy: homocisteina total/ total homocysteine

THEF: tetrahidrofolato/ tetrahydrofolate

VLDL: lipoproteina de muito baixa densidade/ very low density lipoprotein
WT: selvagem/ wild type



LISTA DE FIGURAS

INTRODUCAO

Figura 1. Metabolismo dos aminoacidos sulfurados.............cccccveveiiiiieii i 18
Figura 2. Localizagéo e organizagdo do gene CBS em humanos...........ccccoceveieniiennnnnnn. 30
Figura 3. Efeitos da deficiéncia de SCD-1 no metabolismo lipidico...........ccccooeririinnnns 36

CAPITULO 1

Figure 1. Correlations between the main metabolites of homocysteine pathway and the

DoAY MaSS INAEX (BMI).....c.eiiiiiiie s 44
CAPITULO 2
Figure 1. Metabolism of sulfur amino acids. .........c.cooeiiiiiiiinineicee e, 49
CAPITULO 3
Figure 1. Sulfur amino acid pathway: cysteine metaboliSm...........cccccooiiiiiniininininienn, 65

Figure 2. Correlations between GSH, cysteine, fat mass, SCD-16 index, and leptin in

homocystinuria patients and CONTIOIS. ..o, 75
CAPITULO 4

Figure 1. Reasons for clinical suspicion of Classical Homocystinuria in this study
R3] TSRS 96



LISTA DE TABELAS

CAPITULO 1

Table 1. Results of the biochemical assessment in plasma and BMD of patients with
classical homocystinuria (N =9).......oiiii i e 42
Table 2. BMI and body composition evaluated by BIA in classical homocystinuria patients

CAPITULO 2

Table 1. Summary of the main causes of mild and moderate hyper-
010 00 Toa Ay (= [ =Ty 2 - OSSR 50
Table 2. Proposed mechanisms by which sulfur amino acids influence lipid metabolism

and may potentially regulate SCD-1 eXpression..........o.overiiriiiniarinreeeeineniinnens. 51

CAPITULO 3

Table 1. Plasma sulfur-containing compounds and BMD in patients with homocystinuria
T a0 o0 11 1] KT 72
Table 2. Body composition, SCD-1 activity, and lipid and glucose markers in patients with
homocystinuria and CONTIOIS. ..........oviiiiiii e 73

Table 3. Relative amounts of plasma fatty acids in homocystinuria patients and

(010011 0] KSR USSPRTRPRRN 74
CAPITULO 4

Table 1. Classical homocystinuria: a summary of clinical findings
(RE5]C) TS SRORUSUTEUSSRPPPRP 95

Table 2. Clinical and biochemical profile of patients on treatment at the time of study
o8 [0S o o OSSR 96

Table 3. Pathogenic mutations in patients who underwent CBS gene analysis (n=35)...... 97



SUMARIO

1. RESUMO ..ottt s et te st e enenbe e 11

ABSTRACT ...ttt ettt R bt e Rt e n et et nne s 14
2. INTRODUGAO . ........ooeieetieeeeeeee et eee e s sttt sen e 16
3. REVISAO DA LITERATURA ..o oot eees e 18
3.1 METABOLISMO DOS AMINOACIDOS SULFURADOS (SAA).......ccceeeeeeeeeeeerenns 18
3.2 DEFINIQAO DE HOMOCISTINURIA E HIPERHOMOCISTEINEMIA..................... 20
3.3 HOMOCISTINURIA CLASSICA (HCU).....oiieieeeceeeeeceeeeeeeee e 20
TR 00 I =t o] T (=10 1 To] (oo - WSS 20
3.3.2 ASPECLOS DIOGUIMICOS......cviiiiieieieeie ettt 21
3.3.3 ManifestagOes ClINICAS........ccciririeieese et 22
3.3.4 Diagnostico e triagem NEoNAtal ...........cccocveiieieiie i 24
3.3.5 Estratégias de tratamentO..........cccccveiieieiecie e 25
3.3.6 PrOGNOSLICO ...ttt bbbttt b ettt sttt ettt 28
3.3.7 Estrutura e regulag@o da CPS .....cooiiiiiiiiiesee s 28
338 GENE CBS... ittt ettt b ettt b et r et tene et e 29
3.4 RELACAO ENTRE SAA E METABOLISMO LIPIDICO ....ocoveeveeeeeieceececeeeceeens 32
3.4.1 Evidéncias em estudos POPUIACIONAIS. ..........eiuireeiiieie e 33
3.4.2 Evidéncias em modelos animMaiS..........cccoieiiiiiiiinieie e 33
3.4.3 Papel da enZiMa SCD-1.......ccioiiiiecie et 35
N 1O I I 1 [ Y P 37
5. OBUIETIVOS. ...ttt e e e et e et e e et e e et e e st e e e ante e e anteeenneeeenneeas 38
5.1 OBJETIVOS GERAIS ....ooeiiiiiie ettt ettt a e e e e eeeeas 38
5.2 OBJETIVOS ESPECIFICOS ......cuiiiiiiiieiiisieie ettt 38
B. CAPITTULOS ..ottt 39
6.1 CAPITULO 1: “Body composition in patients with classical homocystinuria: body
mass relates to homocysteine and choline metabolism”............ocooiiiiiiiiii i, 40
6.2 CAPITULO 2: “Stearoyl-CoA Desaturase-1: Is It the Link between Sulfur Amino Acids
and Lipid MetaboliSM?” ...t 46

6.3 CAPITULO 3: “Leptin levels and SCD-1 activity in classical homocystinuria: evidence
for the role of sulfur amino acids in the regulation of lipid metabolism” .............cccvvvvveeeee. 61



10

6.4 CAPITULO 4: “Classical Homocystinuria in Brazil: clinical and genetic findings ”...... 86
7. DISCUSSAOD......coiririieeseiseiesse st 107
8. CONCLUSODES ...ttt 110
0. PERSPECTIVAS L.ttt sttt eabeeaneas 113
REFERENCIAS BIBLIOGRAFICAS .......oooieveseetieeeeees e ses st nsanenan 114

APENDICE ..o oottt e et et e e e et et et e e et e e s ete e et et e et et e e et ese et ere s eseeereneesesesseneeerens 133



11

1. RESUMO

Introducdo: A homocistindria classica (HCU) é uma doenca genética causada pela
atividade deficiente da enzima cistationina B-sintase (CBS). Bioquimicamente, ¢
caracterizada por distirbios no metabolismo dos aminoéacidos sulfurados (SAA), com
elevacdo plasmaética de homocisteina e metionina e reducdo de cistationina e cisteina.
Clinicamente afeta principalmente os sistemas ocular, vascular, nervoso central e ésseo. O
tratamento inclui dieta pobre em metionina e férmula metabodlica, doses farmacologicas de
piridoxina (co-fator da CBS) e betaina; e suplementacdo com acido félico e vitamina B12.
Pacientes que respondem a piridoxina geralmente apresentam feno6tipos mais brandos. No
Brasil, o perfil clinico e genético dos pacientes com a doenca é pouco conhecido.
Evidéncias recentes sugerem que 0s SAA, especialmente a cisteina, tém influéncia também
no metabolismo lipidico e na composicdo corporal. Estas alteracGes parecem estar ligadas
a supressdo hepética da SCD-1 (estearoil-CoA desaturase-1), enzima chave na sintese de
acidos graxos monoinsaturados. Reducdo de massa adiposa e da expressdo da SCD-1
hepética sdo descritas em camundongos com deficiéncia de CBS néo tratados, mas este
fendtipo é revertido com o tratamento. Estas alteracbes metabdlicas ainda ndo foram

estudadas em pacientes com HCU.

Objetivos: 1) Descrever o perfil clinico e genético de pacientes brasileiros com HCU; e 2)
Avaliar a relacdo entre SAA, composicdo corporal, atividade da SCD-1, resisténcia

insulinica e metabolismo lipidico em pacientes com HCU em tratamento.

Métodos: Estudo transversal. Dados clinicos de 66 pacientes (57 familias) provenientes
das 5 regides do pais (sul n=12, sudeste n=35, nordeste n=8, norte n=1 e centro-oeste n=1)
foram analisados. Amostras de sangue de 30 pacientes ndo relacionados foram enviadas e o
DNA gendmico foi isolado para sequenciamento do gene CBS. Amostras de RNA de 6
pacientes foram coletadas para anélise de expressdo génica por qRT-PCR. Estudos de
expressao em E.coli foram realizados para trés mutacdes nunca descritas. Para investigacédo
de alteracBes na composicdo corporal e metabolismo lipidico, dois estudos foram
conduzidos. No primeiro, composigdo corporal foi avaliada por bioimpedancia elétrica
(BIA) em 9 pacientes e 18 controles; e niveis plasmaticos de metionina, homocisteina total,
cisteina, colina, betaina, dimetilglicina e etanolamina foram determinados nos pacientes.

No segundo estudo, 11 pacientes e 16 controles foram avaliados. Composic¢ao corporal foi
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avaliada por Dual X-ray Absorptiometry (DXA). Os compostos sulfurados metionina, S-
adenosilmetionina, S-adenosilhomocisteina, homocisteina total, cisteina e glutationa; além
de lipoproteinas, &cidos graxos livres, acilcarnitinas, leptina, adiponectina, isoprostanos,
glicose e insulina foram medidos em plasma. Resisténcia insulinica foi determinada por
HOMA-IR. Os indices SCD-16 e SCD-18, que estimam a atividade hepéatica da SCD-1 em
humanos, foram calculados através das razdes produto/precursor dos &cidos graxos

correspondentes.

Resultados: A analise de dados clinicos revelou predominancia de nédo responsividade a
piridoxina (82%). A mediana de idade atual foi de 19 anos (min: 5; mé&x: 45 anos) ao
diagndstico, de 10 anos (min: 1; max: 39 anos); e ao primeiro sintoma, de 5 anos (min: 0O;
méax: 20 anos). As manifestacGes oculares foram os sintomas mais precoces, 0 principal
motivo da suspeita diagnostica e a manifestacdo mais prevalente ao diagnostico (69% dos
casos). Apenas 28% dos pacientes em tratamento tinham homocisteina total <60 pumol/L.
Quanto as estratégias de tratamento, 89% dos pacientes utilizavam é&cido félico e
piridoxina, 76% betaina, 32% vitamina B12 e 26% e dieta pobre em metionina com
formula metabdlica. O sequenciamento do gene CBS revelou 21 mutacdes diferentes,
sendo as mais prevalentes: p.lle278Thr (18,2% dos alelos), p.Thrl191Met (11,3%),
r.[737_828del92, 828 931ins104] (11,3%) e p.Trp323Ter (11,3%). Oito novas mutacbes
foram encontradas. As atividades enzimaticas expressas em E.coli foram de: 1,5% para a
mutacdo ¢.329A>T; 17,5% para a ¢.284T>C e 206% para a ¢.2T>C. A analise de qRT-
PCR revelou reducdo de expressdo génica (54-95%) em todos os pacientes avaliados. Nao
houve diferenca no percentual de gordura em ambos os métodos utilizados para avaliacao
da composicdo corporal. J& a massa magra foi menor nos pacientes na avaliacdo por DXA
(p=0,008). Leptina plasmatica, colesterol LDL e indice SCD-16 foram significativamente
mais baixos nos pacientes (p<0,05). Lipoproteinas apresentaram associagdes com colina,
etanolamina e leptina nos pacientes. Cisteina foi significativamente mais baixa nos
pacientes e apresentou correlacdo positiva com IMC (r=0,912, p=0,001), e tendéncia de
associacdo com o indice SCD-16 (r=0,624, p=0,054). Nao houve diferenga nos demais

parametros avaliados.

Conclusoes: este estudo traz o panorama clinico e genético mais abrangente da HCU ja
realizado no Brasil. Observa-se que a maioria dos pacientes apresenta fendtipo grave, o

que sugere subdiagnostico das formas atenuadas/responsivas de HCU. Uma grande
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variabilidade alélica foi observada, mas as quatro mutacBes mais prevalentes s&o
responsaveis por mais da metade dos alelos mutados. A reducdo de leptina, SCD-1 e
colesterol LDL, e suas associacbes com 0s SAA, corroboram estudos observacionais e
experimentais prévios que apontam para um papel destes aminoacidos (em especial a

cisteina), na modulagéo do metabolismo lipidico.
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ABSTRACT

Introduction: Classical homocystinuria (HCU) is a genetic disease caused by
cystathionine B-synthase (CBS) deficiency. Biochemically, it is characterized by disrupted
metabolism of sulfur amino acids (SAA), with elevated homocysteine and methionine and
decreased cystathionine and cysteine in plasma. Clinical signs are mainly related to ocular,
vascular, central nervous and skeletal systems. Treatment includes a methionine-restricted
diet + metabolic formula, pharmacologically high doses of pyridoxine (cofactor of CBS)
and betaine, and supplementation with folic acid and vitamin B12. Usually, patients
responsive to pyridoxine present milder phenotypes. In Brazil, little is known about the
clinical and genetic profile of patients diagnosed with HCU. Interestingly, recent evidence
suggests that SAA, especially cysteine, modulate lipid metabolism and body composition.
These changes appear to be linked to the suppression of liver SCD-1 (stearoyl-CoA
desaturase-1), a key enzyme for the synthesis of monounsaturated fatty acids. Reduced fat
mass and low expression of liver SCD-1 are described in HCU mice, and treatment

reverses this phenotype. This phenomenon has not been studied in patients with HCU yet.

Objectives: 1) to describe the clinical and genetic profile of Brazilian patients with HCU;
and 2) to assess the relationship between SAA, body composition, SCD-1 activity, insulin
resistance, and lipid metabolism in treated patients with HCU. Methods: A cross-sectional
study was conducted. Clinical data of 66 patients (57 families) from 5 regions of Brazil
(south n=12, southeast n=35, northeast n=8, north n=1, and mid-west n=1) were analyzed.
Blood samples from 30 unrelated patients were collected and DNA was isolated and the
CBS gene sequenced. RNA samples from 6 patients were collected and gene expression
was analysed by qRT-PCR. Expression studies in E.coli of three novel mutations were
performed. To study body composition and lipid metabolism, two studies were conducted.
In the first, body composition was assessed by bioelectrical impedance analysis (BIA) in 9
patients and 18 controls; and plasma levels of methionine, total homocysteine, cysteine,
choline, betaine, dimethylglycine, and ethanolamine were measured in patients. In the
second study, 11 patients and 16 controls were evaluated. Body composition was assessed
by Dual X-ray Absorptiometry (DXA). The sulfur compounds methionine, S-
adenosylmethionine, S-adenosylhomocysteine, total homocysteine, cysteine, and
glutathione; besides lipoproteins, free fatty acids, acylcarnitines, leptin, adiponectin,

isoprostanes, glucose, and insulin were measured in plasma. Insulin resistance was
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determined by HOMA-IR. SCD-16 and SCD-18 indices, which estimate liver SCD-1
activity in humans, were calculated by product/precursor ratios of the corresponding fatty

acids.

Results: Clinical data analysis showed a high prevalence of nonresponsive patients (82%).
Patients had a median age at evaluation of 19 years (range: 5-45 years); at diagnosis: 10
years (range: 1- 39 years); and first symptoms at the age of 5 years (range: 0-20 years). Eye
manifestations were the earliest symptoms, the main reason for diagnostic suspicion, and
the most prevalent symptom at diagnosis (69% of the cases). Only 28% of the treated
patients had total homocysteine <60 umol/L. Regarding treatment strategies, 89% of the
patients used folic acid and pyridoxine, 76% betaine, 32% vitamin B12, and 26%
methionine-restricted diet + formula. CBS sequencing revealed 21 distinct mutations,
among which the most prevalent are: p.lle278Thr (18.2%), p.Thr191Met (11.3%), r
[737_828del92, 828 931ins104] (11.3%), and p.Trp323Ter (11.3%). Eight new mutations
were found. Enzymatic activities expressed in E.coli were: 1.5% of normal for ¢.329A>T
mutation; 17.5% for ¢.284T>C, and 206% for ¢.2T>C. qRT-PCR analysis showed reduced
gene expression (54-95%) in all patients studied. Body composition analysis showed no
difference in adiposity between patients and controls. However, lean mass was lower in
patients according to DXA assessment (p = 0.008). Plasma leptin levels, LDL cholesterol,
and SCD-16 index were significantly reduced in patients (p <0.05). Lipoproteins showed
associations with choline, ethanolamine, and leptin levels in patients. Cysteine was
significantly lower in patients, and positively correlated with BMI (r = 0.912, p = 0.001),
and with SCD-16 index (r = 0.624, p = 0.054). No differences were observed for the

remaining variables.

Conclusions: This study provides the most comprehensive clinical and genetic profile of
HCU ever held in Brazil. Most of the patients studied here presented a severe phenotype,
suggesting underdiagnosis of milder/responsive types of HCU. A great number of private
mutations was observed, but the four most prevalent mutations account for more than half
of the mutated alleles. Low leptin, SCD-1 and cholesterol, and their association with SAA,
are in agreement with previous observational and experimental studies that show that SAA

(mainly cysteine) have an important role in the modulation of lipid metabolism.
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2. INTRODUCAO

A homocistinuria classica (HCU; OMIM +236200) é uma doenca genética rara
causada pela deficiéncia da enzima cistationina B-sintase (CBS; EC 4.2.1.22) e é herdada
de maneira autossémica recessiva. A HCU pertence a um grupo de doencas genéticas
denominadas erros inatos do metabolismo (EIM), que sdo doencas causadas por alteragdes
na estrutura e/ou funcdo de moléculas proteicas, em sua maioria enzimas. A deficiéncia da
enzima CPS resulta em alteragdes importantes no metabolismo dos aminoécidos sulfurados
(SAA), com elevacdo em fluidos corporais dos niveis de homocisteina, metionina, S-

adenosil homocisteina e redugdo de cistationina e cisteina (Wilcken, 2006).

A primeira descrigdo de HCU foi em 1962, na Irlanda. Enquanto realizavam testes
de urina a fim de detectar distirbios metabolicos em individuos com retardo mental, os
pesquisadores Nina Carson e Desmond Neill verificaram que duas irmds excretavam
grande quantidade de homocistina na urina. As irmds apresentavam também luxacdo de
cristalino, deformidades esqueléticas e alteracdes na pele e cabelos. Os pesquisadores
denominaram este novo distdrbio metabdlico de homocistindria (Carson e Neill, 1962).
Dois anos depois, foi descoberto o defeito enzimatico resposavel pela doenca (Mudd et al.,
1964). As primeiras estratégias de tratamento - restricdo dietética de metionina e
suplementacdo de piridoxina - foram descritas poucos anos depois (Komrower, 1967;
Turner, 1967; Perry et al., 1968). O gene CBS humano foi mapeado em 1998 por Kraus e
colaboradores (Kraus et al., 1998). Mais de 160 variantes patogénicas diferentes ja foram

identificadas no gene (Kraus, 2016).

A historia natural da doenca foi descrita em 1985, em uma grande compilacdo de
dados de varios centros no mundo (Mudd et al., 1985). Este trabalho incluiu mais de 600
pacientes, e foi fundamental para a caracterizacao clinica e entendimento da progressédo da
HCU. Além disso, demonstrou claramente a eficacia do tratamento - especialmente no

periodo neonatal - na prevencéo e progressdo das complicacdes (Mudd et al., 1985).

Alteracdes das proporgdes corporais (p.ex. alta estatura, biotipo magro e
dolicostenomelia) sdo frequentes em pacientes com HCU, tornando estes pacientes
fenotipicamente semelhantes aos portadores da Sindrome de Marfan (Gibson et al., 1964;

Brenton et al., 1972). Acreditava-se que as alteracbes Osseas eram responsaveis pelo
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“fendtipo marfandide” na HCU (Brenton, 1977). No entanto, estudos recentes em
individuos saudaveis e em modelos animais sugerem que alteracbes no metabolismo da
homocisteina impactam de forma significativa a composicéo corporal, em especial a massa
adiposa (Elshorbagy et al., 2008; Elshorbagy, Refsum, et al., 2009; Elshorbagy et al.,
2010; Elshorbagy, 2014). Reducdo significativa de adiposidade e de ganho de peso estd
descrita no modelo animal de HCU (Gupta e Kruger, 2011).

Os mecanismos pelo qual alteracbes no metabolismo da homocisteina afetam a
composicdo corporal ndo estdo completamente elucidados. Evidéncias de estudos em
modelos animais sugerem que horménios moduladores de composigdo corporal (como
leptina e adiponectina) e a enzima lipogénica estearoil-CoA desaturase-1 (SCD-1)
medeiem estas alteracdes (Cohen e Friedman, 2004; Gupta e Kruger, 2011; Elshorbagy,

2014). Estas relacGes, no entanto, ainda ndo foram investigadas em pacientes com HCU.

Os objetivos do presente estudo foram: descrever o perfil clinico e genético de
pacientes brasileiros com HCU; e avaliar a relagdo entre SAA, composicdo corporal,
atividade da SCD-1, resisténcia insulinica e metabolismo lipidico em pacientes com HCU

em tratamento.
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3. REVISAO DA LITERATURA

3.1 METABOLISMO DOS AMINOACIDOS SULFURADOS (SAA)

Os principais SAA em humanos sdo a metionina, cisteina, homocisteina e taurina.
Eles desempenham papel essencial em diversas rotas metabdlicas, como a sintese de
glutationa, sintese proteica e metilagdo de DNA, RNA, proteinas e lipideos (Castro et al.,
2006; Blom e Smulders, 2011). O metabolismo dos SAA é resumido na Figura 1.
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Figura 1. Metabolismo dos aminoacidos sulfurados. MAT: metionina adenosiltransferase;
AdoMet: S-adenosilmetionina; AdoHcy: S-adenosilhomocisteina; THF: tetrahidrofolato; MTHFR:
5,10 metilenotetrahidrofolato redutase; SHMT: serina hidroximetiltransferase; MS: metionina
sintase; BHMT: betaina:homocisteina metiltransferase; DMG: dimetilglicina; CHDH: colina
desidrogenase; PEMT: fosfatidiletonolamina N-metiltransferase; CBS: cistationina p-sintase. CyL:
cistationina gama-liase. Enzimas séo descritas em italico e seus cofatores em cinza (Poloni et al.,
2015).
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A homocisteina estd em um ponto de ramificacdo importante no metabolismo dos
SAA. Estima-se que metade da homocisteina formada seja convertida em cistationina pela
CPBS, enquanto os outros 50% sdo remetilados a metionina (Kraus, 1998).

A metionina ¢ um aminoacido essencial e é metabolizada no figado, onde é
desmetilada através de dois compostos intermediérios, a S-adenosilmetionina (AdoMet) e a
S-adenosilhomocisteina (AdoHcy). Apds esta reacdo, é formada a homocisteina, um
aminoacido toxico que ndo € incorporado a proteinas. A remocdo plasmatica da
homocisteina pode ocorrer de duas maneiras: através da via de transsulfuracdo, onde a é
irreversivelmente degradada; ou da remetilagdo, onde é reconvertida a metionina
(Finkelstein, 1998).

A remetilacdo da homocisteina a metionina pode ser feita por duas rotas
alternativas. A primeira é catalisada pela metionina sintase, uma enzima dependente de
vitamina B12 e de folato. A segunda é catalisada pela betaina: homocisteina
metiltransferase (BHMT), enzima que utiliza betaina, formada pelo catabolismo da colina,
como doador do grupamento metil (Blom e Smulders, 2011). Pela rota de transsulfuracéo a
homocisteina é convertida a cistationina, e posteriormente a cisteina. Estas reacdes sao
catalisadas por duas enzimas dependentes de piridoxal 5’-fosfato (PLP), forma ativa da

vitamina Bs.

A cisteina pode ser degradada por diversas reacdes de dessulfuracdo que dao
origem ao sulfeto de hidrogénio (H,S) e sulfano. A rota oxidativa leva a producdo de
taurina e sulfato na proporc¢do de 2:1. Além da producédo de taurina, a cisteina é utilizada na
sintese proteica e de glutationa, um potente antioxidante. A taurina € 0 aminoacido mais
abundante em tecidos animais e é utilizada na sintese de sais biliares, além de
possivelmente atuar como antioxidante, estabilizador de membrana e neurotransmissor
(Stipanuk e Ueki, 2011).

O controle do metabolismo dos SAA é complexo e opera em diversos niveis. As
concentracOes enziméticas sdo influenciadas por fatores como a ingestdo proteica, niveis
hormonais, deficiéncias nutricionais, idade e mudancas em longo prazo nos niveis de
substrato (Finkelstein, 1998). A AdoMet possui papel central nesta regulagcdo. Quando os
niveis de metionina aumentam, a concentracdo de AdoMet aumenta e favorece a reagao

pela rota de transsulfuragdo, ativando a enzima CPBS e inibindo a MTHFR. Se os niveis de
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metionina estdo baixos, como no jejum, os niveis reduzidos de AdoMet ndo vdo ativar a
CBS e inibir a MTHFR, resultando na remetilagdo da homocisteina a metionina (Blom e
Smulders, 2011).

3.2 DEFINICAO DE HOMOCISTINURIA E HIPERHOMOCISTEINEMIA

O termo homocistindria refere-se a um grupo de EIM que resultam em aumento
marcante dos niveis de homocisteina no plasma ou soro, e foi assim denominada devido a
eliminacdo excessiva de homocistina (homocisteina dissulfeto) na urina observada nos
pacientes. Homocistindria classica (HCU) refere-se exclusivamente ao EIM causado pela
atividade deficiente da enzima CBS (Mudd et al., 1985; Mudd et al., 2001; Wilcken, 2006).

Ja o termo hiperhomocisteinemia refere-se ao aumento de homocisteina no plasma
ou soro que pode ser de origem genética, ambiental, ou multifatorial; e que esta presente
em 5 — 10% da populacdo (Booth e Wang, 2000; Mudd et al., 2000). Em individuos
saudaveis, os niveis plasmaticos de homocisteina mantém-se abaixo de 15 pumol/L, com
pequenas variacdes de acordo com idade e género. A hiperhomocisteinemia pode ser
classificada como leve (15-30 umol/L), moderada (31-100 umol/L) ou grave (>100
umol/L), embora n3o haja consenso na literatura sobre os pontos de corte desta

classificacdo (Mudd et al., 2000; Weiss et al., 2002; Brustolin et al., 2010).

3.3 HOMOCISTINURIA CLASSICA (HCU)

A HCU constitui o mais frequente distdrbio do metabolismo dos SAA (Mudd et al.,
2001; Wilcken, 2006). Os principais aspectos da epidemiologia, diagndstico e manejo da

doenca serdo discutidos nas secBes a seguir.

3.3.1 Epidemiologia

A prevaléncia mundial estimada de HCU é de 1:100,000 a 1:344,000 individuos,

embora acredita-se que estes nimeros estejam amplamente subestimados (Mudd et al.,
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2001; Skovby et al., 2010; Moorthie et al., 2014). Em uma meta-analise publicada
recentemente, relatou-se uma prevaléncia no mundo de 1.09:100,000 quando diagnéstico
foi realizado por MS/MS e 0.82:100,000 por critérios clinicos (Moorthie et al., 2014).

Diferentes métodos de triagem neonatal, como a determinacdo de homocisteina ou
a genotipagem de mutagdes comuns, tém encontrado incidéncias de HCU t&o altas quanto
1:6,400 na Noruega, 1:20,500 na Dinamarca e 1:1,800 no Catar (Gaustadnes et al., 1999;
Refsum et al., 2004; Gan-Schreier et al., 2010). Outras populacdes com alta frequéncia da
doenca incluem a Irlanda (incidéncia de 1:65,000 recém-nascidos vivos), a Alemanha
(prevaléncia 1:17,800) e a tribo Tao, em Taiwan, com uma prevaléncia de 1:240, sendo
esta a mais alta no mundo (Picker e Levy, 1993-2016; Naughten et al., 1998; Linnebank et
al., 2001; Lu et al., 2012). No Brasil, ndo ha dados sobre incidéncia ou prevaléncia de
HCU.

3.3.2 Aspectos bioquimicos

Os achados bioguimicos mais marcantes na HCU sdo a elevacdo acentuada de
homocisteina em fluidos corporais, especialmente plasma/soro (>100 pmol/L) e
hipermetioninemia (Mudd et al., 2001). O grupamento —-SH da homocisteina reage
rapidamente com outras moléculas, levando a formacdo de diversos componentes
dissulfeto, como a homocistina (que posteriormente é eliminada e pode ser detectada na
urina), o dissulfeto homocisteina-cisteina ou homocisteina ligada a proteinas. A
homocisteina e alguns de seus metabolitos, como a homocisteina-tiolactona, possuem acao
danosa em diversos tecidos, e acredita-se que estes compostos tenham papel central na
fisiopatologia da doenca (Kraus, 1998; Mudd et al., 2001).

Reducdo nos niveis plasmaticos de cisteina também é observada, uma vez que a
CPBS esta envolvida diretamente em sua sintese. Outros metabdlitos envolvidos na rota dos
SAA (Figura 1) também sdo afetados: observam-se altas concentracfes circulantes de
AdoMet e AdoHcy, compostos envolvidos na transferéncia de grupamentos metil; e baixas
de cistationina, o produto primario da CBS; e ainda deplecéo de betaina, folato e vitamina

B12, que participam das vias de remetilagcdo (Wilcken, 2006; Imbard et al., 2015).
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3.3.3 Manifestacdes clinicas

A HCU é uma doenca multissistémica, que pode se manifestar em uma ampla gama
de sintomas e em qualquer idade. ManifestacOes intrauterinas, no entanto, s&o
desconhecidas (Mudd et al., 1985; Mudd et al., 2001). Os sinais clinicos mais frequentes

envolvem principalmente quatro sistemas que serdo discutidos em detalhes a seguir.

Sistema ocular: A luxagdo ou subluxagdo de cristalino (ectopia lentis) é o achado mais
consistente da HCU, sendo altamente prevalente e surgindo precocemente na maioria dos
pacientes. No levantamento realizado por Mudd et al. (1985), este sintoma contribuiu para
a investigacdo de HCU em 85% dos casos, e ocorreu mais precocemente em pacientes néo
responsivos a piridoxina (mediana = 6 anos). O deslocamento do cristalino ocorre
bilateralmente e geralmente na direcdo inferior. Outras alteracdes oftalmoldgicas comuns
sdo: alta miopia, glaucoma, iridodonese, deslocamento e degeneracdo da retina, catarata e
atrofia do nervo dptico (Mudd et al., 1985; Burke et al., 1989; Taylor et al., 1998; Rajappa
etal., 2010).

Sistema vascular: a importancia da doenca vascular na HCU da-se pela sua alta
morbimortalidade. Trombose de médias e grandes artérias, em especial carétidas e artérias
renais, estd entre as principais causas de morte em pacientes com HCU. A cardiopatia
isquémica ¢ rara (Wilcken e Wilcken, 1997; Yap et al., 2000; Andria G, 2006; Magner et
al., 2011). Oclusdes vasculares podem ocorrer em qualquer veia e em qualquer idade. Em
pacientes ndo tratados, a chance de sofrer um evento tromboembdlico até os 29 anos de
idade é de 50% (Mudd et al., 1985). Situacbes como gestacdo, puerpério ou pos-
operatério; bem como a associacdo com outros genotipos de risco, como mutacdes nos
genes do Fator V e MTHFR, aumentam o risco vascular (Mandel et al., 1996; Kluijtmans
et al., 1998; Mudd et al., 2001). Eventos vasculares podem ainda apresentar-se
isoladamente na HCU. Homozigotos para a mutacdo p.11e278Thr, por exemplo, podem ser
clinicamente normais durante a infancia e a adolescéncia, e a partir da terceira década de
vida apresentar eventos tromboembdlicos como Unica manifestacdo clinica de HCU
(Skovby et al., 2010; Magner et al., 2011).

Sistema nervoso central (SNC): Déficit cognitivo é um achado frequente na HCU, porém
uma grande variabilidade nos escores de QI é relatada (10 - 138 pontos) (Mudd et al.,
1985). No estudo de Mudd et al. (1985), em pacientes ndo tratados apenas 4% dos nao
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responsivos a piridoxina apresentavam escores de QI >90, enquanto que entre 0s
responsivos esta parcela era de 22%. Convulsdes ocorrem em aproximadamente 20% dos
pacientes, e sinais extrapiramidais como distonia podem estar presentes. Além do efeito
toxico da homocisteina sobre o SNC, acidentes vasculares encefalicos recidivos também
podem agravar os sintomas neuroldgicos (Mudd et al., 2001; Andria G, 2006). Distarbios
psiquiatricos também sdo frequentes, sendo os principais relatados na literatura:
esquizofrenia, disturbios de personalidade, ansiedade, depressdo, comportamento
obsessivo-compulsivo e episddios psicéticos (Kaeser et al., 1969; Bracken e Coll, 1985;
De Franchis et al., 1998; Colafrancesco et al., 2015). Em uma pesquisa com 63 pacientes,
a taxa de distarbios psiquiatricos clinicamente relevantes foi de 51%, sendo que
comportamento agressivo e outros disturbios de conduta foram mais comuns entre
pacientes com déficit cognitivo e ndo responsivos a piridoxina (Abbott et al., 1987). E
descrita também a apresentacdo isolada de sintomas psiquiatricos em pacientes sem outras
manifestagdes clinicas de HCU (Li e Stewart, 1999; Ryan et al., 2002).

Sistema 0sseo: reducdo da densidade mineral dssea culminando em osteoporose é o
achado 6sseo mais comum: quando ndo tratados, metade dos pacientes desenvolve
osteoporose até o fim da segunda década de vida (Mudd et al., 1985). A osteoporose atinge
mais frequentemente coluna vertebral e 0ssos longos. Também podem ocorrer escoliose,
dolicostenomelia, alta estatura, aracnodactilia, genu valgum, pectus excavatum ou
carinatum, entre outras (Mudd et al., 2001; Weber et al., 2016). Outro achado frequente €
o alargamento das metafises e epifises dos 0ssos longos, facilmente detectado nos joelhos
(Brenton, 1977). Com excecdo da osteoporose, estas manifestacfes Osseas e a luxacdo de
cristalino também sdo observadas na sindrome de Marfan, doenca genética do tecido

conjuntivo (Brenton et al., 1972).

Alteracdes na molécula de fibrilina e nas moléculas de coladgeno parecem estar envolvidas
na fisiopatologia da doenca 6ssea na HCU (Masse et al., 2003). A fibrilina, molécula
deficiente na sindrome de Marfan, pertence a uma familia de proteinas de matriz
extracelular e € essencial para a formacdo das fibras elésticas no tecido conjuntivo. A
homocisteina é capaz de incorporar-se na molécula de fibrilina in vitro, alterando sua
funcdo. Alem disso, a fibrilina é rica em residuos de cisteina (~14%), e a deficiéncia deste
aminoacido na HCU também pode estar envolvida na patogénese das manifestacdes 0sseas
(Mudd et al., 2001; Hubmacher et al., 2010).
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Outros sistemas: Podem ocorrer manifestagdes dermatoldgicas como a hipopigmentacao
de pele e cabelos, malar flush e livedo reticularis, uma vez que a homocisteina prejudica a
atividade da tirosinase, principal enzima da rota de sintese da melanina (Picker e Levy,
1993-2016; Reish et al., 1995). Complicacdes gastrointestinais como pancreatite aguda e
diarreia cronica ja foram descritas na HCU, mas sdo raras (llan et al., 1993; Makins et al.,
2000).

3.3.4 Diagnostico e triagem neonatal

No Brasil, o diagndstico normalmente é guiado pela suspeita clinica, uma vez que a
HCU ndo estd inclusa no Programa Nacional de Triagem Neonatal. Usualmente, os
achados oftalmolégicos tipicos, o fendtipo marfandide e o déficit cognitivo sdo as

caracteristicas que levam a investigacdo de HCU (Mudd et al., 1985; Mudd et al., 2001).

H& alguns anos, quando as medidas de homocisteina em sangue ainda eram pouco
disponiveis, testes de triagem como o do cianeto-nitroprussiato que detecta a eliminacdo de
compostos sulfurados na urina; ou a determinacdo de homocistina na urina, eram bastante
utilizados. Atualmente, opta-se pela determinacdo direta dos niveis plasmaticos de
homocisteina total (tHcy), metionina e cisteina, uma vez que o padrdo de alteracdo destes
aminoacidos (1Metionina e tHcy e | Cisteina) € bastante sugestivo de HCU (Picker e Levy,
1993-2016; Andria G, 2006).

Entretanto, individuos com formas mais leves de HCU podem apresentar uma
resposta importante a baixas doses de piridoxina, como 2 mg/dia. Assim, 0 uso de
suplementos vitaminicos pode normalizar os testes bioquimicos, levando a um diagndstico
falso-negativo (Mudd et al., 2001). A mensuracdo da atividade enzimatica da CBS é o
padrdo-ouro para confirmacdo do diagnostico de HCU. Ela pode ser feita através de cultura
de fibroblastos, bidpsias hepéaticas ou linfécitos estimulados por fitohemaglutinina. A
atividade enzimética em pacientes com HCU varia de 0 a 1.8 U/mg proteina, enquanto em
controles fica na faixa de 3.7-60 U/mg proteina (Picker e Levy, 1993-2016).

O diagnéstico por analise de DNA também pode ser realizado, especialmente em
familias/populagGes com mutacdes conhecidas. (Fowler e Jakobs, 1998; Huemer et al.,
2015). O diagnostico pré-natal pode ser realizado através da extragéo e cultura de células
do fluido amniotico e determinagéo da atividade da CBS (Fowler et al., 1982).
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Triagem neonatal para HCU normalmente é realizada pela determinagdo de
metionina em papel filtro, j& que sua dosagem é de mais facil execucdo do que a tHcy. No
entanto, um grande percentual falso-negativos (até 50%) pode ser obtido utilizando este
método, ja que formas mais leves de HCU, responsivas a piridoxina, podem nao cursar
com hipermetioninemia nos primeiros dias de vida (Naughten et al., 1998; Sokolova et al.,
2001; Refsum et al., 2004). Além disso, outras doencas também podem ocasionar
hipermetioninemia. Para melhorar a sensibilidade do teste pode-se reduzir o ponto de corte
para deteccdo de metionina ou utilizar a razdo metionina/fenilalanina, que ajusta o
resultado para o consumo proteico (Peterschmitt et al., 1999; Bowron et al., 2005; Mchugh
etal., 2011; Huemer et al., 2015).

Também pode ser realizada para triagem neonatal a determinacédo de tHcy em papel
filtro ou triagem de mutacdes comuns em populacdes de alto risco. Ambos os métodos tém
custo mais elevado e exigem maior capacidade técnica, o que limita seu uso (Refsum et al.,
2004; Gan-Schreier et al., 2010; Huemer et al., 2015).

3.3.5 Estratégias de tratamento

O principal objetivo do tratamento da HCU é a reducéo nos niveis de homocisteina.
Para isto, trés estratégias principais tém sido utilizadas: 1) estimulacdo da atividade
residual da CPBS, 2) aumento da remetilagdo a metionina e 3) reducdo da sobrecarga de
substrato (metionina) (Walter et al., 1998; Schiff e Blom, 2012).

O nivel 6timo de homocisteina a ser atingido ndo esta plenamente estabelecido.
Estudos observacionais sugerem que niveis de tHcy <20 pmol/L em pacientes responsivos
a piridoxina e <60-70 pmol/L em ndo responsivos estdo associados a melhores desfechos
(YYap, Boers, et al., 2001; Wilcken, 2006; Schiff e Blom, 2012). As principais estratégias

de tratamento sdo detalhadas a seguir.

Piridoxina (vitamina B6): A CPBS utiliza como cofator o piridoxal fosfato, forma ativa da
piridoxina. Na HCU, a suplementacdo por via oral de piridoxina aumenta a atividade
residual da enzima (Mudd et al., 1970). A dose a ser utilizada é varidvel de acordo com a
resposta; em geral inicia-se com 100 mg/dia podendo-se atingir até 1000 mg/dia em
adultos (Picker e Levy, 1993-2016; Schiff e Blom, 2012). Embora efeitos adversos sejam
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raros, doses >400 mg/dia podem ocasionar neuropatia periférica e devem ser utilizadas
com cautela (Wilcken, 2006).

A resposta a piridoxina depende da localizacdo e gravidade das mutagdes: sabe-se
que cerca de 50% dos pacientes apresentam algum nivel de responsividade a piridoxina, e
em geral, pacientes ndo responsivos desenvolvem a forma mais grave da doenga (Mudd et
al., 1985). Assim, ap6s o diagnostico de HCU, deve ser realizado o teste de responsividade
a piridoxina. Existem diversos protocolos propostos, mas em geral, suplementa-se
piridoxina oral em doses de 100-500 mg/dia (para bebés, no méximo 250 mg/dia), sendo
considerados responsivos 0s pacientes que atingirem os niveis alvo de homocisteina
(Picker e Levy, 1993-2016; Walter et al., 1998; Mudd et al., 2001; Schiff e Blom, 2012).
Aos pacientes que apresentarem resultados insatisfatérios com a suplementacdo de

piridoxina, outras estratégias de tratamento devem ser incluidas.

Folato (vitamina B9): O ciclo do folato est4 estreitamente ligado ao da homocisteina e
esta vitamina tem papel central na rota de remetilagdo (Figura 1). Assim, recomenda-se
suplementar acido folico ou folinico (este Gltimo € a forma reduzida mais estavel) para
prevenir sua deplecdo, uma vez gque 0s requerimentos parecem estar aumentados na HCU
pelo aumento do fluxo pela rota de remetilacdo. Além disso, a resposta a piridoxina é
reduzida em situacOes de deplecdo de folato (Wilcken e Turner, 1973). Doses de 1 a 5
mg/dia sdo recomendadas (Wilcken, 2006; Schiff e Blom, 2012).

Cobalamina (vitamina B12): A vitamina B12 participa da rota de remetilacdo pela
mesma via do folato (Figura 1). A deficiéncia de B12 ndo ¢ rara na HCU e recomenda-se
suplementacdo por via oral (1 mg por dia ou por semana) ou parenteral (1 mg/més)
(Wilcken, 2006; Schiff e Blom, 2012).

Betaina (N,N,N-trimetilglicina): A betaina participa da rota de remetilacdo por via
independente do folato e B12 (Figura 1). A suplementacdo por via oral de betaina pode
reduzir em mais de 70% os niveis de homocisteina, mas deve-se atentar para 0 aumento
concomitante das concentragdes de metionina. Doses acima de 1000 pmol/L podem
ocasionar edema cerebral. A inalagdo acidental da vitamina em pé também pode causar
sérios problemas pulmonares (Lawson-Yuen e Levy, 2006; Wilcken, 2006). A dose
recomendada € de até 150 - 250 mg/kg/dia ou 6-9 g/dia em adultos, divididas em 2 — 3
tomadas diarias (Matthews et al., 2002; Wilcken, 2006; Schiff e Blom, 2012).
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Restricdo dietética de metionina: a restricdo dietética de metionina faz parte da terceira
estratégia de tratamento, a reducdo da sobrecarga de substrato. Reduzindo a ingestdo de
metionina, uma importante queda nos niveis de homocisteina é observada (Komrower,
1967). A restricdo de metionina é feita através da limitacdo do aporte de proteinas naturais
na dieta. Para atingir as necessidades proteicas diérias utiliza-se um suplemento de
aminoacidos (também chamado férmula metabdlica) isento de metionina e suplementado
com cisteina, vitaminas, minerais e elementos-trago (Pons et al., 2004; Frangipani et al.,
2006). A quantidade de metionina liberada na dieta varia de 15 — 60 mg/kg/dia,
dependendo do sexo, faixa etéria e tolerancia do paciente (Frangipani et al., 2006; Thomas,
2015). A mé adesdo a dieta é comum, principalmente em pacientes com diagndstico tardio,
uma vez que exige uma mudanca drastica nos habitos alimentares. Além disso, devido a
baixa palatabilidade, a ingestdo insuficiente do suplemento de aminoacidos também é
frequente (Walter et al., 1998; Adam et al., 2013).

Outras opcOes terapéuticas: Para pacientes de alto risco vascular (histéria de eventos
tromboembdlicos ou portadores de mutacdo do Fator V de Leiden), o uso de agentes

antitrombdticos como o acido acetilsalicilico é recomendado (Wilcken, 2006).

Uma nova alternativa terapéutica em desenvolvimento é o uso de chaperonas, moléculas de
baixo peso molecular que protegem proteinas de véarias condi¢des desnaturantes. Uma vez
que o enovelamento anormal da CBS parece ser um importante mecanismo patogénico na
HCU (Kozich et al.,, 2010; Hnizda et al., 2012), as chaperonas tornam-se uma
possibilidade terapéutica promissora. Estudos in vitro com chaperonas quimicas tém
apresentado resultados positivos (Singh et al., 2007; Majtan et al., 2010; Kopecka et al.,
2011).

O transplante hepéatico ja foi realizado com sucesso na HCU, com completo
desaparecimento dos sintomas bioguimicos da doenca (Lin et al., 2012). Esta, porém, ndo é
considerada uma opgéo terapéutica rotineira devido ao alto risco de morte envolvido.
Estudos para desenvolvimento de terapia de reposi¢cdo enzimatica para HCU foram

iniciados recentemente por Kraus e colaboradores (Kraus et al., 2014).
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3.3.6 Prognostico

Os beneficios do tratamento na HCU estdo bem estabelecidos. O tratamento desde
o0 periodo neonatal, associado a um bom controle metabolico, é capaz de prevenir todas as
manifestacdes clinicas (Mudd et al., 1985; Yap e Naughten, 1998; Yap, Rushe, et al.,
2001; Lim e Lee, 2013). Em pacientes com diagnostico tardio, o tratamento também é
efetivo na reducdo da morbimortalidade. Importante reducdo de eventos vasculares €
descrita em pacientes tratados, mesmo quando on niveis de tHcy permanecem elevados
(Wilcken e Wilcken, 1997; Yap, 2003; Skovby et al., 2010). J& baixa densidade mineral
Ossea € comum em pacientes tratados com controle metabdlico inadequado (Weber et al.,
2016).

3.3.7 Estrutura e regulacéo da CpS

A CBS é uma hemeproteina, piridoxal fosfato dependente, sujeita a complexa
regulacdo. O produto translacional primario da CBS humana é um polipeptideo de peso
molecular de 63 kDa, que posteriormente forma tetrameros. Cada subunidade de 551
aminoacidos se liga a duas moléculas: a homocisteina e a serina, para formar a L-
cistationina (Oyenarte et al., 2012). A regulacdo da atividade da enzima ocorre
primariamente através da ligacdo de trés componentes: o piridoxal fosfato, a AdoMet e o
grupamento heme (Banerjee e Zou, 2005).

Em humanos, a CS contém uma regido N-terminal de ~70 aminoacidos que liga ao
grupamento heme. Esta ligacdo é essencial para a ativagdo completa da CBS, uma vez que
sob dissociacdo completa do grupamento heme, a enzima retém apenas 20% de sua
atividade original (Meier et al., 2001; Miles e Kraus, 2004). Acredita-se que o heme atue
como sensor redox e/ou no enovelamento e estabilidade da enzima (Kery et al., 1994;
Janosik et al., 2001; Majtan et al., 2010).

O sitio ativo representa a porcdo conservada da proteina, e isoladamente forma
dimeros de 45 kDa que séo cerca de duas vezes mais ativos do que a forma tetramérica
(Kraus, 2016). O cofator piridoxal fosfato atua em uma fenda entre os dominios N- e C-

terminal, sendo o sitio ativo acessivel apenas por um estreito canal (Meier et al., 2001).
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O dominio regulatério C-terminal contém aproximadamente 140 residuos de
aminoacidos e inclui o chamado “dominio CBS”. Trata-se de uma porg¢do conservada da
proteina, composta por cerca de 60 aminoacidos, que exerce um efeito autoinibitério no
sitio ativo da enzima (Banerjee e Zou, 2005). Esta inibicdo ¢é reduzida pela ligacdo da
AdoMet, o ativador alostérico da CBS que aumenta em até trés vezes a atividade catalitica
da enzima (Miles e Kraus, 2004; Ereno-Orbea et al., 2013). Dois sitios de ligacdo da
AdoMet estdo presentes no dominio C-terminal da CBS: um de alta afinidade, que liga
duas moléculas de AdoMet por tetramero, parece ser responsavel pela estabilizacdo
cinética do dominio. O segundo, de baixa afinidade, liga quatro moléculas por tetramero e
parece ser responsavel pela ativacdo da enzima (Pey et al., 2013). Defeito na ligacdo da
AdoMet tem se mostrado um mecanismo patogénico frequente na HCU (Ereno-Orbea et
al., 2013; Pey et al., 2013; Mendes et al., 2014; Majtan et al., 2016).

3.3.8 Gene CBS

Em humanos, o gene CBS localiza-se no bra¢o longo do cromossomo 21 (21922.3)
e sua sequéncia completa foi descrita em 1998 (Kraus et al., 1998). Um total de 28.046
nucleotideos compde o gene, e um fragmento adicional de 5 kpb forma a sequéncia
flanqueadora. O gene € composto por 23 éxons, sendo a regido codificadora composta
pelos éxons 1-16; regido que codifica o polipeptideo de 551 aminoéacidos (Figura 2).

A regido 5’-UTR do mRNA da CBS humana e formada por um de cinco éxons
alternativos, denominados -1a a -1e; mais o éxon 0, invariavelmente presente. A regido 3’-
UTR é composta por parte do éxon 16 e pelo éxon 17. O éxon 15 codifica 14 aminoacidos
e sofre splicing alternativo, sendo incorporado em poucas moléculas humanas maduras de
MRNA, e sua funcionalidade é desconhecida. Em estudos in vitro, a presenca ou auséncia
do éxon 15 ndo altera a atividade catalitica da CBS. Além disso, sua presenca nao foi

detectada em nenhum tecido humano avaliado até hoje (Kraus et al., 1998; Kraus, 2016).

Existem pelo menos dois promotores utilizados alternativamente no gene CBS
humano. Eles estdo localizados acima dos éxons -1a e -1b, sdo ricos em CG (~80%), e
contém diversos sitios de ligacdo para a Spl, Apl, Ap2 e c-myb, mas auséncia de TATA
box (Kraus, 2016).
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Figura 2. Localizagdo e organizagdo do gene CBS em humanos (Kraus, 2016). Os éxons séo
representados por caixas vermelhas sélidas. O inicio da sequéncia codificante é representado pelo
cédon ATG; e o fim, pelo cddon TGA.

3.3.8.1 Variantes patogénicas

Mais de 160 variantes patogénicas sao descritas no gene CBS, sendo a maioria delas
do tipo missense (85%) (Kraus, 2016). MutacGes no gene CBS podem alterar a estabilidade
ou atividade da enzima ou do mRNA, a ligacdo do piridoxal fosfato ou do grupamento

heme, ou prejudicar a regulacao alostérica (Miles e Kraus, 2004; Chen et al., 2006).

Devido a alta frequéncia de variantes do tipo missense na HCU, o enovelamento
anormal da proteina (misfolding) é um mecanismo patogénico importante. Estas proteinas
mutantes sdo propensas a formar agregados de alto peso molecular e corpos de incluséo.
Em estudo desenvolvido por Kozich e colaboradores (2010) com as 27 variantes mais
prevalentes em pacientes com HCU, observou-se que 18 delas resultavam em misfolding
moderado a grave (formagéo de <25% de tetrdmeros em relacdo ao tipo selvagem). Além
disso, verificou-se que mutacGes no interior da enzima parecem exercer efeitos mais
deletérios no enovelamento da enzima do que aquelas acessiveis ao solvente (Kozich et al.,
2010).
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As variantes patogénicas mais comuns no gene CBS sdo: p.lle278Thr,
p.Thr191Met, p.Gly307Ser e p.Arg336Cys. Juntas, correspondem a 51% dos alelos
mutados (Kraus, 2016).

p.11e278Thr (c.833T>C): variante pan-étnica, responsavel por cerca de 16% dos alelos de
HCU no mundo. Altamente prevalente em populacOes europeias (Sebastio et al., 1995;
Shih et al., 1995; Sperandeo et al., 1995; Kluijtmans et al., 1999; Sokolova et al., 2001).
Também ja foi descrita na Australia, Argentina, Estados Unidos e Israel (Tsai, Bignell, et
al., 1996; Gat-Yablonski et al., 2000; Kruger et al., 2003; Cozar et al., 2011). Em um
estudo com pacientes brasileiros da regido sudeste, foi detectada em 6/28 alelos estudados
(frequéncia em ndo relacionados de 13,64%) (Porto et al., 2005). A variante estd associada
a fenoOtipos atenuados e responsividade a piridoxina, tanto em homozigotos como em
heterozigotos compostos (Mudd et al., 2001; Kraus, 2016).

A mutacdo localiza-se no nucleo ativo da enzima, em regido ndo exposta ao solvente. A
CBS mutante retém aproximadamente 2% da atividade da enzima selvagem (Kruger et al.,
2003). A enzima mutante apresenta reduzida ativacdo pela AdoMet (Kozich et al., 2010;
Mendes et al., 2014). Além disso, a variante parece afetar mais o enovelamento do que a
atividade catalitica da enzima, uma vez que in vitro o uso de chaperonas aumenta

significativamente a atividade enzimatica da CBS mutante (Singh et al., 2007).

p.Thrl191Met (c.572C>T): responsavel por cerca de 16% dos alelos mutados no mundo
(Kraus, 2016). Esta variante € altamente prevalente em paises da peninsula ibérica
(Portugal e Espanha) e América do Sul (Venezuela, Coldmbia e Argentina). As maiores
frequéncias foram encontradas na Colombia (75% dos alelos mutados) e Espanha (52%
dos alelos mutados) (Urreizti et al., 2003; De Lucca e Casique, 2004; Bermudez et al.,
2006; Urreizti et al., 2006; Cozar et al., 2011). Em pacientes do sudeste brasileiro, foi

detectada 3/28 alelos (frequéncia em nédo relacionados de 13,64%) (Porto et al., 2005).

Também localizada no nucleo ativo da enzima, esta variante esta em regido exposta ao
solvente e retém cerca de 1% da atividade normal da CBS (Urreizti et al., 2003). In vitro, a
enzima mutante apresenta resposta anormal aos reguladores AdoHcy e AdoMet (Kozich et
al., 2010). Em homozigotos, estd associada a ndo responsividade a piridoxina; enquanto
que em heterozigotos compostos a responsividade é variavel. Uma ampla variabilidade

fenotipica é observada nos portadores desta variante (Urreizti et al., 2006).
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p.Gly307Ser (c.919G>A): esté presente em aproximadamente 9,5% dos alelos de HCU no
mundo (Kraus, 2016). E altamente prevalente em grupos populacionais de origem céltica,
sendo responsavel por 71% dos alelos mutados na Irlanda (Gallagher et al., 1995;
Gallagher et al., 1998). Também ja foi detectada em diversas populacGes européias e norte-
americanas (Hu et al., 1993; Tsai, Bignell, et al., 1996; Tsai, Hanson, et al., 1996; Kim et
al., 1997; Kozich et al., 1997; De Franchis et al., 1999; Gaustadnes et al., 2002; Kruger et
al., 2003), mas em nenhum pais latino-americano, incluindo o Brasil (Porto et al., 2005;
Urreizti et al., 2006; Cozar et al., 2011).

A enzima mutante retém uma atividade residual de cerca de 1% da enzima selvagem
(Kruger et al., 2003). A variante localiza-se no sitio ativo da enzima, em regido ndo
exposta ao solvente, e também parece resultar em prejuizo na ativacdo pela AdoMet
(Kozich et al., 2010). O fendtipo associado é moderado a grave e a variante ndo confere

responsividade a piridoxina (Gallagher et al., 1998; Mudd et al., 2001).

p.Arg336Cys (c.1006C>T): esta variante foi detectada em cerca de 10% dos alelos de
HCU no mundo, sendo especialmente prevalente em paises arabes. No Catar, € responsavel
pela grande maioria dos casos de HCU, cuja incidéncia da doenca é de 1:1800 nv (El-Said
et al., 2006; Zschocke et al., 2009; Gan-Schreier et al., 2010). A variante ja foi detectada
em outras regides como Coréia (Lee et al., 2005), Australia (Gaustadnes et al., 2002),
peninsula ibérica (Urreizti et al., 2003) e Inglaterra (De Franchis et al., 1999). A atividade
enzimatica da CBS mutante ¢ nula (Urreizti et al., 2003), e fendtipos graves associados a
ndo responsividade a piridoxina sdo observados (Urreizti et al., 2003; El-Said et al., 2006;
Zaidi et al., 2012).

3.4 RELACAO ENTRE SAA E METABOLISMO LIPIDICO

Associacao entre os SAA e metabolismo de lipoproteinas é descrita em diversos
estudos experimentais e populacionais (EI-Khairy et al., 2001; Hirche et al., 2006; Chen et
al., 2012; Elshorbagy, Valdivia-Garcia, Refsum, et al., 2012). Na HCU, estudos em
modelos animais e pacientes apontam para reducgéo das fragdes de colesterol, em particular
de HDL (Moat et al., 1999; Namekata et al., 2004; Liao et al., 2006; Nuno-Ayala et al.,
2010; Poloni et al., 2012). O papel do aumento de lipoperoxidacdo na patogénese da HCU
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ndo esta estabelecido, uma vez que os achados sdo inconsistentes (Dudman et al., 1993;
Blom et al., 1995; Davi et al., 2001; Vanzin et al., 2011; Poloni et al., 2012; Vanzin et al.,
2015).

No entanto, a associacdo mais intrigante que tem sido descrita é entre 0s niveis
plasméticos de cisteina e o desenvolvimento de obesidade e sindrome metabolica. As

principais evidéncias serdo revisadas a seguir.

3.4.1 Evidéncias em estudos populacionais

Uma das primeiras evidéncias da associacdo entre cisteina e composicdo corporal
foi o estudo de Elshorbagy et al. (2008), que analisou a associacdo entre 0s niveis
plasmaticos de cisteina e o percentual de gordura corporal (avaliado por DXA) em uma
populacdo de mais de 5000 individuos saudaveis. Os autores encontraram uma forte
associacao positiva e independente entre os niveis de cisteina e a quantidade de gordura
corporal (Elshorbagy et al., 2008). Esta associagdo vem sendo corroborada por diversos
outros estudos populacionais (Elshorbagy, Refsum, et al., 2009; Nuno-Ayala et al., 2010;
Elshorbagy, Kozich, et al., 2012; Elshorbagy, Valdivia-Garcia, Graham, et al., 2012;
Elshorbagy, Valdivia-Garcia, Refsum, et al., 2012; Vinknes et al., 2013). Associag¢des de
cisteina com resisténcia insulinica (Elshorbagy, Valdivia-Garcia, Refsum, et al., 2012) e
lipoproteinas (Elshorbagy, Valdivia-Garcia, Graham, et al., 2012; Da Silva et al., 2013)

também séo descritas.

3.4.2 Evidéncias em modelos animais

Diversos modelos animais com metabolismo alterado de SAA apresentam
alteracdes na composicdo corporal e metabolismo lipidico. Em uma revisdo recente
modelos animais knockouts para enzimas envolvidas no metabolismo dos SAA,
Elshorbagy descreve que todos modelos analisados apresentam um fendtipo protetor de
obesidade, com baixo ganho de peso apesar de ndo haver reducédo na ingestdo energética.
Outras caracteristicas comuns nestes knockouts sdo: massa adiposa reduzida, gasto

energético basal aumentado, sensibilidade a insulina aumentada e protecdo contra
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obesidade induzida pela dieta. Estas caracteristicas estiveram associadas a baixas
concentragfes plasmaticas de cisteina em 6/8 modelos estudados (Elshorbagy, 2014).

Ratos submetidos a uma dieta restrita em metionina (MR) apresentam niveis
reduzidos de metionina, taurina, cisteina e cistationina; além de elevacdo de 2,5 vezes na
concentracdo de tHcy (Elshorbagy et al., 2010). Estes animais apresentam baixo ganho de
peso apesar do maior consumo energeético; além de reducdo de triglicerideos, leptina,
insulina, IGF-1 e expressdao hepatica da da enzima SCD-1; e elevacdo de LDL e
adiponectina. Todas estas alteragdes foram revertidas apdés o tratamento com
suplementacdo de cisteina, ainda que as concentra¢fes de tHcy tenham permanecido
moderadamente elevadas (Elshorbagy et al., 2011).

No modelo animal de HCU - camundongos Tgl278T CBS"' - alteracdes
metabolicas semelhantes sdo observadas. Este modelo apresenta fenédtipo clinico e
biogquimico semelhante a doenca em humanos (Wang et al., 2005). Camundongos
Tgl278T CPS™ apresentam baixo ganho de peso e adiposidade (>50% em relacdo aos
heterozigotos). Também foi observada reducdo >90% de mRNA e de 54% dos niveis de
proteina da enzima SCD-1 hepatica (Gupta e Kruger, 2011). O tratamento com dieta
restrita em metionina nestes camundongos reduz a tHcy e aumenta cisteina plasmatica,
além de resultar em aumento significativo de peso (28%), massa adiposa (130%),
expressdo da SCD-1 hepdtica (82%) e de densidade mineral dssea (10%) (Gupta et al.,
2014).

Alteracbes no metabolismo da colina/betaina, altamente interligado com o dos
SAA, também estdo associadas a mudancas no metabolismo energético, lipidico e glicidico
(Teng et al., 2011; Teng et al., 2012). A deficiéncia de BHMT, enzima responsavel pela
remetilacdo de homocisteina, é caracterizada por elevacdo de betaina e homocisteina e
reducdo de colina e cisteina em camundongos (Zeisel, 2013). Camundongos com
deficiéncia de BHMT apresentam menor massa adiposa, sintese reduzida de triglicerideos,
melhor sensibilidade a insulina e maior gasto energético. Estas alteracdes ndo estdo
associadas & mudanca na ingestéo alimentar, absorcao de lipideos, lipdlise ou termogénese
(Teng et al., 2012).
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3.4.3 Papel da enzima SCD-1

A enzima SCD-1 é responsavel pela sintese de acidos graxos monoinsaturados,
sendo seus principais substratos os acidos palmitico (C16:0) e estearico (C18:0), embora
outros substratos contendo de 9-20 carbonos também possam se ligar a enzima (Paton e
Ntambi, 2009; Hodson e Fielding, 2013). Seus produtos — os &cidos graxo palmitoleico
(C16:1) e oleico (C18:1) sdo os principais acidos graxos presentes nos triglicerideos,
ésteres de colesterol e fosfolipideos de membrana (Miyazaki et al., 2001; Hodson e
Fielding, 2013).

A SCD-1 é expressa principalmente no figado e tecido adiposo, € em menor
proporcao no rim, bago, coracao e pulmdes. O gene contém diversos sitios de ligagdo para
fatores de transcricdo que regulam sua expressdo; como o SREBP-1c (sterol regulatory
element binding protein), os PPARs (Peroxisome proliferator-activated receptors), € o
receptor de estrogénio (Hodson e Fielding, 2013). A leptina, hormdnio central na regulagao
do apetite e gasto energético, também modula a expressdo da SCD-1. Acredita-se que
maior parte das acBes da leptina no figado ocorra através da supressdo desta enzima
(Cohen e Friedman, 2004; Biddinger et al., 2006).

A triade baixa concentracdo plasmatica de cisteina, supressdo da SCD-1 hepatica e
baixa adiposidade vem sendo consistentemente observada em estudos experimentais e
populacionais (Ntambi et al., 2002; Rizki et al., 2006; Elshorbagy et al., 2011; Gupta e
Kruger, 2011; Vinknes et al., 2013; Gupta et al., 2014). Isto sugere um papel da enzima
como mediador do efeito dos SAA no metabolismo lipidico e composicao corporal (Poloni
et al., 2015). Os principais mecanismos propostos sdo resumidos na Figura 3 e no Capitulo
2.
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Figura 3. Efeitos da deficiéncia de SCD-1 no metabolismo lipidico. Estudos sugerem que 0s
SAA, em particular a cisteina, sejam capazes de suprimir a SCD-1 hepética por mecanismos ainda
ndo esclarecidos. Na deficiéncia de SCD-1, a sintese de VLDL e triglicerideos é prejudicada pela
reducdo da disponibilidade de &cidos graxos monoinsaturados, e isto acaba por limitar o depdsito
de gordura no tecido adiposo. J4 0 aumento de acil CoAs saturadas inibe alostericamente a enzima
acetil CoA carboxilase, que faz a converséao de acetil CoA para malonil CoA. A reducdo nos niveis
de malonil CoA suprime a enzima Carnitina-Palmitoil Transferase 1 (CPT-1), que por sua vez
permitiria a entrada dos acidos graxos na mitocondria, onde seriam oxidados (Ntambi et al., 2002;
Cohen e Friedman, 2004). VLDL.: lipoproteina de muito baixa densidade; SCD-1: Estearoil-CoA
desaturase-1; AG: acidos graxos; AMPK: proteina quinase ativada por AMP; ACC: acetil CoA-
carboxilase.



37

4. JUSTIFICATIVA

A HCU representa a forma grave de uma condicdo frequente na populacdo - a
hiperhomocisteinemia, que esta associada a diversas situacdes patolégicas como doengas
cardiovasculares, deméncia, Alzheimer e fraturas 6sseas (Mudd et al., 2001). A HCU
constitui ainda a anomalia congénita mais prevalente do metabolismo dos SAA (Wilcken,
2006).

No Brasil, ha apenas um estudo descrevendo o perfil genético e clinico de pacientes
com HCU (Porto et al., 2005), sendo a amostra proveniente da regido sudeste e, portanto,
pouco representativa do perfil da HCU no restante do Brasil. Em um pais caracterizado por
extensa dimensdo territorial e ancestralidade diversificada e heterogénea entre regides
(Ruiz-Linares et al., 2014; Moura et al., 2015), uma ampla variabilidade genotipica pode
ser esperada. Com a amostra obtida no presente estudo, auxiliaremos a tragar o perfil
cinico e genético da doenca no Brasil, o que ird contribuir para melhorias no diagnostico e
manejo da HCU no pais. Além disso, o conhecimento do gendtipo pode auxiliar na escolha
do tratamento e na predicdo do curso da doenca, uma vez que boa relacdo gendtipo-
fendtipo esté descrita para algumas variantes.

A investigacdo da relacdo entre os SAA e o metabolismo lipidico trard beneficios
ndo apenas para 0 conhecimento da patogénese da HCU, mas também pelo entendimento
de mecanismos bioguimicos envolvidos na etiologia da obesidade, doenca crénica que
atinge mais de 35% da populacdo mundial (Who, 2010). O papel da cisteina na modulacdo
do metabolismo lipidico e energético vem sendo relatado em diversos estudos; e a enzima
hepéatica SCD-1 parece ser o principal mediador de seus efeitos. A relacdo da SCD-1 com o
desenvolvimento de obesidade, resisténcia insulinica e esteatose hepéatica é conhecida. A
enzima ja é inclusive considerada um alvo terapéutico: somente até 2009, mais de 70
patentes para desenvolvimento de inibidores da SCD-1 ja haviam sido publicadas (Liu,
2009). Estudos sobre a enzima sdo abundantes em modelos animais, mas limitados em

humanos, sendo este pioneiro em avaliar a atividade da enzima em pacientes com HCU.
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5. OBJETIVOS

5.1 OBJETIVOS GERAIS

5.1.1
512

Descrever o perfil clinico e genético de pacientes brasileiros com HCU.
Avaliar a relagéo entre SAA, composicao corporal, atividade da SCD-1, resisténcia

insulinica e metabolismo lipidico em pacientes com HCU em tratamento.

5.2 OBJETIVOS ESPECIFICOS

521

5.2.2

5.2.3

524

525

5.2.6

5.2.7

Realizar sequenciamento de toda a regido codificante do gene CBS em uma amostra
representativa de pacientes brasileiros com HCU.

Caracterizar o perfil clinico da HCU no Brasil.

Descrever a composicao corporal de pacientes com HCU em tratamento.
Caracterizar e comparar marcadores de metabolismo lipidico (niveis de
lipoproteinas, isoprostanos, acilcarnitinas, leptina, adiponectina) entre pacientes
com HCU em tratamento e controles saudaveis.

Determinar resisténcia insulinica, através do indice HOMA-IR, em pacientes com
HCU em tratamento.

Verificar a associacdo entre os SAA (metionina, homocisteina e cisteina), colina e
betaina com a composicdo corporal e marcadores de metabolismo lipidico em
pacientes e controles.

Estimar a atividade da SCD-1 hepatica através dos indices SCD-16 e SCD-18; e
analisar a associacdo dos indices com composicao corporal, niveis de lipoproteinas,

leptina e adiponectina e concentracGes de SAA em pacientes e controles.



6. CAPITULOS

Os resultados da tese serdo apresentados nos capitulos a seguir, no formato de quatro

artigos cientificos.
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ARTICLE I NFO ABSTRACT
Article history: Introduction: Classical homocystinuria is a rare genetic disease caused by cystathionine [-synthase deficiency,
Received 20 September 2013 resulting in homocysteine accumulation. Grow ing evidence suggests that reduced fat mass in patients with das-

Recerved in revised form 20 Aprl 2014
Accepted 5 May 2014
Awailable online & May 2014

sical homocystinuria may be associated with alterations in choline and homocysteine pathways. This study
aimed o evaluate the body composition of patients with classical homocystinuna, identifying changes in body
fat percentage and correlating findings with biochemical markers of homocysteine and choline pathways, lipo-
protein levels and bone mineral density | BMD) T-scores,

Eﬁﬂﬁom!mm Methods: Nine patients with classical homocystinuria were included in the study. Levels of homocysteine, methi-
Body composinon onine, cysteing, choline, betaine, dimethylglycine and ethanolamine were determined. Body compaosition was
Homacyseine assessed by bioelectrical impedance amalysis (BIA) in patients and in 18 conmols. Data on the last BMD measure-
Choline ment and lipoprotein profile were obtained from medical recornds,
Results; Of 9 patients, 4 (44%) had a low body fat percentage, but no statistically significant differences were
found between patients and controls. Homocysteine and methienine levels were negatively correlated with
bedy mass index (BMI), while cysteine showed a positive comelation with BMI (p < 0.05). There was a rend be-
tween total choline levels and body fat percentage (r = 0439, p = 007). HDL cholesterol correlated with choline
and ethanolamine levels (r = 0757, p = 0.049; r = 0847, p = 0016, respectively ). and total cholesterol also
correlated with choline levels (r = 0.775. p = 0.041). There was no association between BMD T-scores and
body composition.
Conclusions: These results suggest that reduced far mass s common in patients with classical homocystinuria,
and that alterations in homocysteine and choline pathways affect body mass and lipid metabolism,
© 2014 Elsevier BV, All rights reserved.
1. Introduction incidence of several diseases, such as stroke, heart failure, coronary

Homocysteine is a toxic amine acid formed from methionine.
High levels of homocysteine are associated with an increased

Abbreviations: BUA, bioelectrical impedance anabysis; BMD, bone mineral density; EML,
body mass index; (48, cystathionine beta-synthase; DXA, dual-energy X-ray absorpoom-
etry; ESPEN, European Society for Clinical Nutrition and Metabolism; HOPA, Hospital de
Clinicas de Porto Alegre; HPLC, high performance liquid chromatography: I, interquartile
range; S5, Statistical Package for the Sooal Sciences,
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0378-1119/% 2014 Elsevier BV, All rights reserved.

heart disease, dementia, and bone fractures [ Homocysteine Studies
Collaboration, 2002; Mudd et al,, 1985). There are three main path-
ways by which homocysteine can be  removed. In the
transsulfuration pathway, homocysteine is irreversibly degraded
Iy the action of the enzyme cystathionine beta-synthase [(C3S; EC
4.2.1.22). It can also be remethylated by the ubiguitous methiomne
synthase (MS; EC 2.1.1.13), an enzyme dependent on vitamin B12
and folate, or by the liver/kidney specific betaine-homocysieine
methyltransferase (BHMT; EC 2.1.1.5) using betaine. Betaine can
be either derived from the diet or formed by oxidation of choline,
a key nutrient in lipid metabolism.
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Classical homocystinuria (OMIM 236200] is an autosomal recessive
inborn ermor of metabolism caused by a deficiency in Cp35, which results
in increased plasma levels of homocysteine and methionine and de-
creased cysteine levels. Itis a rare disease, with a worldwide prevalence
estimated at 1:344.000 individuals (Mudd et al., 2001). Treatment in-
cludes pharmacological doses of pyridoxine (CPS cofactor), folic acid, vi-
tamin B12, and, in some cases, betaine and also a methionine-restricted
diet (Schiff and Blom, 2012). A large study on the natucal history of the
disease described equal proportions of patients responsive and unre-
sponsive o pyridoxine [Muodd et al., 1985).

In addition to the classic manifestations (ectopia lentis, thromboem-
bolism, mental retardation. and osteoporosis), patients with classical
homocystinuria are tall and have a lean biotype (Brenton et al., 1972;
Mudd et al., 1985), Until recently. it was believed that bone abnormali-
ties were responsible for this phenotype. However, growing evidence
suggests that these patients have reduced fat mass, associated with al-
terations in choline and homocysteine pathways,

In an animal model of classical homocystinuria, a marked decrease
in adipose tissue was described as being associated with low levels of
cysteine (Gupta and Kruger, 2011). Betaine and choline have also been
associated with body composition, weight gain and lipid metabolism,
baoth in healthy individuals and in experimental studies (Konstantinova
et al, 2008; Teng et al_, 2012; Wu et al, 2012). Moreover, there is evidence
that choline and homocysteine metabolisms may overlap with respect (o
their relation to body weight (Zeisel, 2012). Given that the amount of
body fat is closely related to bone mineral density (BMD), these changes
could have important clinical implications in classical homocystinuria
{ Reid, 2008).

Despite the evidence from animal studies, this has not been studied
in patients with classical homocystinuria. The objective of this study
was to evaluate the body composition of patients with classical
homocystinuria, identifying changes in body fat percentage and corre-
lating findings with biochemical markers of homocysteine and choline
pathways, lipoprotein levels and BMD T-scores.

2. Subjects and methods

The present study was approved by the Research Ethics Committee
of Hospital de Clinicas de Porto Alegre (HCPA), Brazil, and the proce-
dures were conducted after written informed consent was obtained
from all subjects or their caretakers.

2.1 Study sample

Nine Brazilian patients with classical homocystinuria from 7 unrelat-
ed families were included in the study [median age = 26 years; 1025-
75 = 21-28 years). All patients had a late diagnosis (median age =
9 years; I025-75 = 6.25-12 years): 4 patients (44%) already had at

least 3 systems compromised at diagnosis. Parental consanguinity was
reported by 3/9 (33.3%) families.

Al the time of study inclusion, all patients (aging 17-35 years)
were recelving some type of treatment: pyridoxine (n = 7). folic
acid [n = 8), betaine (n = 8), acetylsalicylic acid (n = &). dietary
methionine restriction (n = 9), and supplementation with a
methionine-free formula (n = 2). However, most patients had not
achieved adequate metabolic control (Table 1), Seven patients were unre-
sponsive o pyridoxine, one was partially responsive (patient #4), and
ONe WwWas responsive (patient #3).

In addition, 18 healthy subjects (volunteers recruited from the
institution) matched for gender and age, served as controls for bioelec-
trical impedance analysis (BlIA) only. The controls had a median age of
25 years [ H)25-75 = 21-30 years).

The levels of homocysteine and methionine in the last 5 years
[cysteine was unavailable ) were obtained for 7 patients. For patient
#7 these values were unavailable. Because patient #9 had a recent diag-
nosis, 3-year results of homocysteine and methionine measurements
were obtained. Data on the last BMD measurement (T-score at the lum-
bar spine and femur), ipoprotein profile {(triglycerides and HDL, LDL
and total cholesterol) and clinical history were obtained from medical
records, All patients had their diagnosis of classical homocystinuria
based on the coexistence of hypermethioninemia and‘'or hyperhomo-
cysteinemia and a positive cyanide-nitroprusside test, in addition to a
clinical picture compatible with classical homocystinuria.

2.2, Assessment of body composition

Body composition was assessed in patients and controls in a single
appointment by means of BIA { Biodynamics, 3 10e, Biodyn amics Inc., Se-
attle, USA), Weight and height were measured and used to calculate
EMI. BIA was performed using the tetrapolar method and following
the recommendations of the European Society for Clinical Nutrition
and Metabolism (ESPEN) [Kyle et al,, 20040). Based on the results ob-
tained, bady fat percentage was classified according to the cut-off points
established by Heyward and Wagner [2004),

23, Assessment of BMD by dual-energy X-my absorptiometry

BMD was assessed at the lumbar spine (L1-14) and proximal and
total fermur by dual-energy X-ray absorptiometry (DXA) (GE—Lunar
Prodigy. USA) at HCIPA Department of Radiology. BMD was expressed
as T-scores.

2.4, Laboratory assessment

Fasting blood was collected in EDTA tubes on the same day as BIA
and anthropometry. Masma was separated after centrifugation at
3000 rpm for 15 min. Total homocysteine, methionine and cysteine

Table 1

Resules of the biochemdical assessment in plasma and BMD of patents with classical homocystinuna (n = 49).
Patient  Current age  Hoy Met Cys Free betaine  Free choline  Total choline  Free ethanolamine  Total ethanolamine  Free DMG T soore — BMD

{years) [amolL) M) Spine  Femur

1a 3 INTI OSW30 12497 122 481 297 728 14.4 389 -5 -15
1b EE] 186 64 BESD 35453 2295 034 208 LEH] 8.7 112 09 —0.%
1c 26 32223 63050 13842 192 553 209 814 12.5 238 =14 =13
2 22 1876 62460 22649 174 108 295 79 11.8 375 =05 =048
3 18 1A 11030 35463 ELE:] BO7 216 B76 17.0 247 —1.3 HMA
4 17 421 2608 30081 4975 B3l 195 733 111 146.5 -14 02
El 21 23B6 91503 20693 432 124 184 L 9.4 BLS —45 -4
G 28 48 65 G20 34062 535 a7s 32z 7056 16.4 53 A MA
7 26 6610 200 37043 490 5.60 218 629 11.7 52 A MA

Hey: homocoysteine, Met: methionine. Cys: cysteine, NA- data not available, BMD: bone mineral density, DMG: dimethyl ghycine.
Reference values of: Hoy: 5-15 pmal/L; Met: 5-30 pmol/L; Cys: 174-378 pmol/L [ Skovby, 2003). Hoy target values for the treatmment of classical homocystinuria are = 20 pmaol/L for

pyridoxine-responsive panents and <60 pumol/L for the remaning patients (Wikken, 2006).
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plasma concentrations were measured by high performance hiquid
chromatography (HPLC).

Free choline, ethanolamineg, betaine and dimethylglycine were
simultaneously assayed in plasma after deproteinization by an LC-
MS/MS method adapted from Holm et al. (2003). The analytical system
consisted of an Acquity UPLC system (Waters, Milford, USA) coupled
with an AP 4000 QTRAP mass spectrometer (AB Sciex, Framingham,
LSA) with an Atlantis HILIC analytical column (2.1 = 100 mm, 3 jm)
[Waters, Milford, USA). Total choline and ethanolamine were measured
by the same method used for free choline and ethanolamine but after
acid hydrolysis (HCl 6M, 100 “C, 90 min ) of the sample, releasing bound
forms,

2.5, Statstical analysis

Data were analyzed using the Statstical Package for the Social
Sciences (SPS5 ), version 170 for Windows®. Vaniables were expressed
as median and interquartile range |25th-75th percentile (1025-75)|
due to their asymmetric distribution. Spearman’s correlation coefficient
was used to evaluate the association between body fat percentage,
biochemical markers, and BMD T-scores in patients. Between-group
differences in fat mass were evaluated using the qui-square (7] test,
Avalue of p = 0,05 was considered significant.

3. Results

At assessment, patients had a median homocysteine level of
147.5 pmol/L [I025-75 = 43-299], a median methionine level of
351.5 pmol/L (I025-75 = 73-628), and a median cysteine level of
287.5 pmol/L (I025-75 = 155-354 ). The results of biochemical assess-
ment and BMD measurement are shown in Tahle 1.

The assessment of body composition in patients is shown in Table 2.
As expected, no difference was found in gender and age between pa-
tients and controls, but patients had a lower median BMI than controls
(20,5 and 23.1 kg/m?, respectively; p = 0.027). Of 9 patients, 4 { 44%)
had low body fat percentage according to BIA. Among controls,
only 2 (11%) had low far percentage, while the remaining had normal
(= 11;61%) arhigh (n = 5; 28%) fat percentage, However, no statis-
tically significant difference in the classification of fat percentage was
found between patients and contrals (p = 0.138)

Regarding homocystinuria patients only, homocysteine levels at
assessment and their median values in the last 5 years correlated
negatively with current BMI (r = — 0833, p = 0,004 and r =
— (0881, p = 0,004, respectively), while current cysteine levels
showed a positive correlation with BMI (r = 0.912, p = 0.001)
(Fig. 1), Methionine levels at assessment also showed a negative cor-
relation with BMI (r = — 0,883, p = 0002) (Fig. 1). There was a trend for
comrelation berween total choline levels and body fat percentage (r =
0439, p = 0.07). The remaining metabolites [free betaing, free choline,

free dimethylglycine, and free and total ethanolamine ) did not correlate
with body fat percentage or BML

LDL and total cholesterol levels wene normal in all patients, but 3 had
lonwe HDL Tevels, Total choline levels were associated with HDL and total
cholesterol levels (r = 0757, p = 0.049; r = 0775, p = 0.041). HDL
cholesterol was also associated with total ethanolamine levels (r =
0847, p = 0.016).

Regarding BMD, T-score at the femur showed a positive correlation
with cysteine (r = 0.741) and a negative correlation with homocyste-
ine at assessment (r = —0.741), although these correlations did not
reach statistical significance (p = 0.09). No correlation was found be-
tween BMD T-scores and BMI, fat mass and lean mass.

4. Discussion

This is the first study to evaluate the relationship between the
main homocysteine and choline metabolites and body composition
in patients with classical hamocystinuria. Accumulating evidence
showing that levels of cysteine, homocysteine, choline and betaine
influence fat mass has led us to investigate this association in classi-
cal homocystinuria (Elshorbagy et al., 2008; Teng et al., 2012; Wu
et al, 2012; Zeisel, 2012).

We chose BIA to assess body composition because it is a noninvasive
method, with easy availability and broad clinical application. BLIA uses a
low-intensity electric current that passes through the bady, The methaod
is hased on the concept that tissues rich in water and electrolytes are
maore resistant to the flow of an electric current than adipose tissue.
By determining the content of total body water, it is possible to calculate
the content of lean mass and fat mass [Kyle et al., 2004a; Pietrobelli and
Tatd, 2005, The standard error of the estimate of body composition by
BIA ranges from 3 to 5% The man factor related to verification errors is
whole body hydration status (Houtkooper et al, 1996 Kyle et al,
2004b).

In our study, the assessment of body compaosition showed that a
high proportion of our patients with classical homocystinuria had a
low body fat percentage, but no significant difference was detected
between patients and controls, There are no population-based stud-
ies evaluating Brazilians' body composition through BIA or other
specific method; we only found studies evaluating BMI, which does
not accurately reflect body composition. Interestingly, in our study,
only two patients were underweight accord ing to BMI, which indi-
cates a more marked decrease in adipose tissue than in tofal mass.
One patient was obese, This patient was taking a metabolic formula
and had good metabolic control, which may have contributed to
this phenotype.

In a recent study conducted in South Korea, body composition of 5
well-controlled patients with classical homocystinuria was described
by means of DXA (Lim and Lee, 2013). Although the authors did not de-
scribe the values for fat mass, they reported that these values were
within the normal range. The fact that no abnormalities were ohserved

Table 2
BMI and bedy composition evaluated by BIA in classical homocystinuria patients (n = 9).
Patient Sex Age Weight Height BMI BlA
[years) kgl [m) (kg/m?) Classification % body Far Classification
Ia F N 456 1.62 174 Linderweight 3.5 Low
1] M 5 62.2 1.74 205 Mormal range 2.2 Upper
le F 26 464 1.64 17.2 Underweight %7 Mid
2 F 2 610 1.73 204 Mormal range 166 Lows
3 M 13 616 1.78 1.3 Mormal range na Mid
4 M 17 650 | 68 3.0 Marmal range 2.1 Low
5 M Fal 614 1.80 139 Mormal range 148 Mid
G F 8 637 1.68 243 MNormal range 136 Low
T M 26 974 177 3 Obese class 1 Po¥] Oilmesity

EMI: body mass | ndex; BLA: electrical biolmpedance, BMI was classified acoording 1o the Wiord Health Organization [ 1998) criterla and the body fat percentage according to the cutoffs

established by Heyward and Wagner (2004,
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Fig. 1. Correlations between the main metabolites of homocysteine pathway and the body mass index (BMI). Solid lines represent the trend lines. 1.a) Median homocysteine values of the
last 5 years cormelate negatively with BMI [r = — 0881, p = 0,004). 1.b) Homocysteine levels at assessment also correlate negatively with BMI (r = — 00833, p = 0ubd4). 1.c) Methionine

bevels at assessment show a negative correlation with BMI (r =

in that group may be due to the fellowing: a) as opposed to our patients,
their patients had good metabolic control and a diet supplemented with
cysteine, b their sample size was even smaller than ours, and ©) their
study was not a controlled study.

In the present study, patients had lower BMI than controls, BMI is a
measurement of total body mass. It is possible that both reductions in
fat mass and in BMD observed in patients have contributed to this dif-
ference. We also found strong correlations between cysteine, methio-
nine and homocysteine levels and BMI. A trend in the correlation
between total choline levels and body fat percentage was alsoobserved.
The lack of a significant relationship between body fat and choline and
its metabolites may have resulted from the small sample size, the influ-
ence of other body compartments, treatment with betaine, or limita-
tions of the methods used. Another imitation of our study is that the
biochemical variables were not evaluated in the control group. The anal-
ysis was also impaired by the lack of retrospective measures.

0883, p = 0.002). 1.d) Cysteine levels at asscssment show a positive correlation with BMI (r = 0912, p = 0.001).

Furthermore, it should be noted that the present sample was composed
of treated patients, most of them receiving a diet supplemented with
betaine. Even without zood metabolic control, treatment can prevent
complications and modify the natural history of the disease [Wilcken
and Wilcken, 1997; Yap, 2003),

The association between cysteine and fat mass has been a recent tar-
getof studies investigating healthy individuals. In the large cohort of in-
dividuals in the Hordaland Homocysteine Study, serum concentration of
cysteine showed a strong, positive and independent association with
BMI and percentage of total body fat, even after adjustment for homao-
cysteine concentration, Homocysteine, in tum, showed a negative cor-
relation with BMI and body fat percentage. Methionine levels were
not associated with body composition. The authors observed that the
association between cysteine and fat mass was much stronger than
that with homocysteine and concluded that this was the main deter-
mining factor for the percentage of total body fat in that population
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{Elshorbagy et al, 2008). Another study performed ina large population
showed that, after adjustment, methionine and homocysteine were not
associated with BMI or serum lipids. Cysteine, however, was positively
associated with BMI, total cholesterol and LDL-cholesterol [ Elshorbagy
ef al., 2012).

The relation between chaline levels and body fat percentage has
been described in previous studies (Konstantinova et al., 2008; Teng
et al, 2012). While choline is positively associated with fat mass, betaine
is inversely associated. These nutrients are also related to encrgy expen-
diture and glucose, wiglyceride and HDL levels ( Konstantinova et al.,
2008; Sparks et al., 2006; Teng et al., 2012 ). The positive association be-
tween HOL cholesterol and choline levels found in our study is consis-
tent with previous observations, and may explain the low levels of
HDL commonly observed in homocystinuria patients (Moat et al,,
1994; Poloni et al., 2012).

In a recent study, the effect of C35 deficiency on body composition
was evaluated in an amimal model of classical homocystinura. The au-
thors observed that rats with O3S deficiency showed about 50% less
fat mass than control animals, while the decrease in lean mass was
small (9% in females and 14% in males). This decrease was assocated
with a significant decrease in cysteine levels and in the expression of he-
patic Scd-1 protein, which is a key lipogenic enzyme in the synthesis of
monounsaturated fatty acids (Gupta and Kruger, 2011).

In our study, methionine levels showed a positive association with
BMI. However, there is no evidence that methionine has a direct effect
on bady compasition (Elshorbagy et al., 2011; Elshorbagy et al., 20012).
A likely explanation for the correlation found in our study is that elevat-
ed methionine is merely a reflection of increased homocysteine levels,
which both accumulate due to the defect. Methionine also influences
the levels of cysteine, which appears to be an important mediator of
body composition.

Toevaluate the effect of fat mass reduction on bone health, we inves-
tigated the relationship between BMD T-scores and biochemical and
body composition parameters, and found no statistical association of
these parameters with bone density. However, cysteine appears to
play a central role in the development of ostcoporesis, since this disor-
der 15 not abserved in ather types of homocystinuna without cysteine
deficiency (Wilcken, 2006). In the Hordaland cohort, cysteine levels
were positively associated with BMD, but this association was lost
when adjusted for lean mass and fat mass, demonstrating that the effect
was likely mediated by body composition. Homocysteine concentration,
in twrn, was inversely related to bone mass in male individuals, inde-
pendently of other variables (Elshorbagy et al., 2009). [n our study, all
patients with osteoporosis or ostenpenia received a speafic reatment,
and this may have influenced the results obtained.

In conclusion, our results suggest that reduced fat mass is common in
patients with classical homocystinuria, and that alterations in homocyste-
ine and choline pathways may affect body mass and lipid metabolism.
Furthermore, our study sugeests that an effective treatment may be able
to modify this phenotype. The decrease in body fat content may be one
of the pathogenic mechanisms of csteoporosis in 038 deficiency; howey-
er, further studies are needed to prove this relation.
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Abstract: An association between sulfur amino acids (methionine, cysteine, homocysteine
and taunine) and lipid metabolism has been described in several experimental and
population-based studies. Changes in the metabolism of these amino acids influence serum
lipoprotein concentrations, although the underlying mechanisms are stull poorly understood.
However, recent evidence has suggested that the enzyme stearoyl-CoA desaturase-1 (SCD-1)
may be the link between these two metabolic pathways. SCD-1 is a key enzyme for the
svnthesis of monounsaturated fatty acids. [ts main substrates C16:0 and C18:0 and
products palmitoleic acid (C16:1) and oleic acid (C18:1) are the most abundant fatty acids
in triglveerides. cholesterol esters and membrane phospholipids. A significant suppression
of SCD-1 has been observed in several animal models with disrupted sulfur amino acid
metabolism, and the activity of SCD-1 is also associated with the levels of these amino
acids in humans. This enzyme also appears to be involved in the etiology of metabolic
syndromes because its suppression results in decreased fat deposits (regardless of food
intake). improved insulin sensitivity and higher basal cnergy expenditure. Interestingly.
this anti-obesogenic phenotype has also been described in humans and animals with sulfur
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amino acid disorders, which 1s consistent with the hypothesis that SCD-1 activity 15
influenced by these amino acids, in particularly cysteine, which is a strong and independent
predictor of SCD-1 activity and fat storage. In this narrative review, we discuss the
evidence linking sulfur anino acids, SCD-1 and lipid metabolism,

Kevwords: lipoproteins: stearoyl CoA desaturase-1; SCD-1: homocysteine:  cvsieine:
sulfur amino acids: homocystinuria

1. Introduction

Methionine, homoeysteine, cysteine and taurine metabolism are highly linked. These main sulfur
amino acids are imvolved in several metabolic pathwavs such as glutathione synthesis, protein
synthesis and the methylation of several substances, such as DNA, RNA, proteins and lLipids [1-3].
Several reports have suggested that sulfur amine acids play a role in the regulation of lipid metabolism
and body composition [4-7]. In this narrative review, we describe the possible connections between
sulfur amino acids, SCD-1 and lipid metabolism.

The metabolism of sulfur amine acids i1s depicted in Figure 1. Methionine 1s an essential amino
acid that is demethylated via two intermediate compounds, S-adenosylmethionine (AdoMet) and
S-adenosylhomocysteine (AdoHey). Homocysteine s a product of the transmethylation pathway,
an amino acid that is not incorporated into proteins, and is considered toxic. Homocysteine may be
metabolized by two different methods: through the transsulfuration pathway, where 1t s reversibly
degraded to cysteine: or through remethylation, where it is converted back to methionine.

Remethylation of homocysteine into methionine can occur through two alternative pathways.
Homocysteine can be catalyzed by methionine synthase, which is a vitamin Biz- and folate-dependent
enzyme, or it can be catalyzed by betaine-homocysteine methyltransferase (BHMT), an enzyvme
present in liver and kidney that uses as methyl group donor betaine, which on its twim is formed by
choline catabolism [3.8]. The transsulfuration pathway converts homocysteine into cystathionine
and subsequently into cysteine. These reactions are catalyzed by two pyridoxal 5-phosphate
(PLP)-dependent enzymes.

Cysteine can be degraded through oxidative reactions that generate taurine or sulfate ina 2:1 ratio [2].
In addition. cysteine 15 used i the synthesis of protemns and glutathione, a powerful antioxidant.
Taurine is the most abundant amino acid in animal tissues and used in the synthesis of bile salts, and it
potentially acts as an antioxidant, membrane stabilizer and neurotransmitter [2.9].

The control of sulfur amino acid metabolism is a complex process that operates on several levels.
AdoMet plays a central role in this regulation. When methionine levels increase, the concentration of
AdoMet mercases, favoring sulfur amino acid metabolism through the transsulfuration pathway,
via activating cystathionine fi-synthase (CAS) and inhibiting 5.10-methylene-tetrahydrofolate reductase
(MTHFR). If methiomine levels are low. such as duning fasting, the reduced AdoMet levels do not activate
CBS or inhibit MTHFR, thus resulting in the remethylation of homocysteine into methionine [3.8].
The enzyme activity is also influenced by factors such as protein intake, hormone levels, nutrient

deficiencies, age and long-term changes in substrate levels [10].
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Figure 1. Metabolism of sulfur amino acids. MAT. methionine adenosyltransferase;
AdoMet, S-adenosylmethionine: AdoHey. S-adenosylhomocysteine; X, methyl acceptor;
CpS, cystathionine f-synthase; CyL, cystathionine y-lyase; MS, methionine synthase:
THF. tetrahydrofolate; MTHFR. 3. 10-methvlene-THF  reductase: SHMT.  serine
hydroxymethyltransferase: BHMT, betaine-homocysteine S-methyltransferase; DMG,
dimethvlglveine: CHDH. choline dehvdrogenase; PEMT, phosphatidyvlcthanolamine

N-methyltransferase. Enzymes are shown in italics, and their cofactors are shown in gray.

Hyvperhomoeysteinemia is a condition characterized by elevated circalating levels of homocvsteine
(=15 pmol/'L). Mild and moderate forms are frequent and present in 3%—10% of the population [11].
These forms are generally of multifactorial origin. and they are associated with higher mortality and
mcidence of several chronic discases, such as stroke. dementia, Alzheimer’s discase. bone [ractures
and heart fmlure [12]. Causes of mild'moderate hyperhomocystememia are desenbed in Table 1

The severe form of hyvperhomocysteinemia (homocysteine =30 pmol/L) is rare, usually monogenic
{autosomal recessive nheritance). and is caused by pathogenic variations in genes involved in
homocysteine clearance. such as CRS. MTHER and methvimalonic aciduria and homocvstinuria tvpe C
(MMACHC), CBS deficiency is the most common type of severe hyperhomocysteinemia, with an

estimated worldwide prevalence of 1 in 344,000 individuals [13]. In humans, this deficiency results in
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classical homocystnuria, a discase characterized by increased plasma levels of homocysicine, methioning
and AdoMet and decreased levels of cystathionine and cysteine. The classical clinical manifestations
are lens dislocation, thromboembolism, osteoporosis, cognitive deficit and psychiatrie disorders [13,14].
The so-called Marfanomd phenotvpe. which inclodes increased height. dolichosienomeha and lean

biotvpe, is also common [13.15].

Table 1. Summary of the main causes of mild and moderate hyperhomocysteinemia,

Etiology Characteristics
Vitamin B12 is used in homocysteine remethylation, The groups at higher risk for this
deficiency are vegetarians and the elderly, with the deficiency rates reaching 20% for the

:‘::;';::c:u latter. Dgﬁci_cnf absorption i:-‘.‘Iiku:I;.r lh-::‘ marin etiological factor in cldcrly: individuals
because intrinsic-factor deficiency, which is fundamental for the absorption of B12,
is common in this age group [62].
Folate is also involved in the remethylation of homocysteine, and its deficiency is more
Folate common in individuals with increased needs, such as pregnant women and alcoholics.
deficiency In addition, a frequent polymorphism in the MTHFR gene (¢.677C = T) makes the enzyme
: thermolabile and decreases enzymatic activity in homozygotes to 70%, 1 their folate status
is low to normal, homocysteine can inerease dramatically [63],
Medicines The chronie use of certain drugs, such as methotrexate, theophylline, phenytoin,

carbamazepine and valproic acid, is known to increase homocysteine levels [64,65].

Oth Additional causes include chronic renal disease, cancer. hypothyroidism. liver failure,
er causes : o .
smoking, alcohol and coffee intake, age and hormonal disorders [64.65].

MTHER: 5, 10 methylenetetrahydrofolate acid reductase.

Severe MTHFR deficiency is characterized by hyperhomocysteinemia, homocystinuria and low-to-normal
levels of methionine. This form of homocystinuria is rare with approximately 100 cases described [16].
The main clinical manifestations include seizures, cognitive impairments, gait disturbances and isolated
thromboembolic episodes. In addition to the mutations that cause severe deficiency, polymorphisms in
the MTHFR gene are highly prevalent in the population. The most prevalent are the ¢.677C = T and
c 12984 = C. The first 15 associated with mild hyperhomocysteinemia, especially when associated with
lowy Tolic acid siatus [ 14].

Another cause of severe hyperhomocysteinemia (over 500 cases described) [17] is the ¢hlC type of
homocystinuria with methylmalonic aciduria, which s caused by pathogenic variations in the MMACHC
gene, which codes for a protein involved in the binding and intracellular trafficking of cobalamin,
The most frequent symptoms are developmental delays, psychiatric disorders, microangiopathy, and

ocular and hematologic abnormalities [13,14].
2. Sulfur Amino Acids and Lipid Metabolism

Several studies have indicated the role of sulfur amino acids in the regulation of lipoprotein
metabolism. In wild-tyvpe mice, methionine supplementation promotes hypercholesterolemia [ 18],
In turn, taurine is mversely related o very-low-density lipoprotein (VLDL), low-density lipoprotein
(LDL)-cholesterol and high-density lipoprotein (HDL)-cholesterol in humans and rodents, and its

supplementation has hypocholesterolemic action in rats [4.5]. In population-based studies, plasma
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cysteine levels were found o be positively associated with levels of several hipoproteins, such as total
cholesterol, LDL. apolipoprotein B (ApoB) and triglyeerides [6.7].

Regarding homocysteine, an inverse association between this amino acid and lipoproteins, especially
HDL, has been well described in humans [19-21] and various animal models of hyperhomocysteinemia.
CPS homozygous deficient mice (CS™ ) present plasma homocysteine levels that are 40-fold higher
than that of the wild tvpe, which 1s comparable to the levels observed in patients with classical
homocystinuria. They also present low weight gain and have low survival rates [22]. In this mouse
maodel, increased hepatic levels of triglveendes and non-cstenified Tatty acids, low levels of ApoB 100
and ApoA-l and reduced serum concentrations of total cholesterol and HDL were observed [23,24].

Mice with MTHFR deficiency have excess homocysteine but normal levels of cysteine. They alsa
exhibit lipid metabolism changes, including reduced levels of ApoA-1 and an mverse association of
homocysteine with ApoA-I and HDL [25]. The clinical features include developmental retardation
with cerchellar pathology, growth failure and abnormal aortic lipid deposition [26]. Despite consisient
evidence of lipid metabolism modulation by these sulfur amino acids, their mechanism of action 15 not
well understood. Recently, several studies have suggested that sulfur amino acids modulate the expression
ol stearoyl-CoA desaturase-1 (SCD-1), a kev enzyvme in the hepatic synthesis of monounsaturated fatty
acids [27.28]. The putative mechanisms by which sulfur amino acids might regulate hipid metabolism

and SCD-1 expression are summarized in Table 2.

Table 2. Proposed mechanisms by which sulfur amino acids influence lipid metabolism

and may potentially regulate SCD-1 expression,

Amino Acid Effect on Lipid Mctabolism Effect on SCD-1 Regulators
Methionine = Induction of ApoAl synthesis in rais [66] -  Unknown
—  Suppression of ApoAl synthests inmice [27] - Induction of leptin secretion in humans [ 63,09

Homaocysteine Regulation of Apol3 10O levels i mice |24] Activation of the transeription fctors SREBRP-1¢

— Induction of CYP7AT expression in rats [66] and PPARa in humans and mace [70.71)
—  Modulation of PPARy, SREBP-1¢ and
= Regulation of ApokE and ApoAl levels E ..
Cysteine L. estrogen receptor-u expression in humans
in mice [25.67] )
and animals [72-75]

= Reduction in ApaB and VLI secretion in

human liver cells [4] = Modulation of LXRE-u {direct ligand) and
I —  Modulation of gene expression ( CYP7AT. SREBP-1 cxpression in mucrophages [ 76|
Taurine LXRY in animal models [66] —  Regulation of insulin and leptin secretion in
= Inereased excretion of fecal bile acid in animal models [5.77]

several animal models [4]

SCD-1, swearoyl-CoA desaturse-1; ApoAl, Apolipoprotein Al ApoB100,  Apohpoprotein B100; CYPTAL cytochrome
P45, family 7, subfamily A, polvpeptide 1; ApoE. apolipoprotem E; LXR, liver X receptor; SREBP-1 ¢, sterol regulatory
element bnding transcription factor 1; PPARR, peroxismme proliferator-activated receptor alpha; PPARy, peroxisome

proliferator-activated receptor gamma,
3. SCD-1: Localization, Function and Regulation

The enzyme SCD-1 is bound to the endoplasmic reticulum and responsible for the synthesis of

monounsaturated fany acids. Together with NAPH, cytochrome b3 reductase and cytochrome b3,
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SCD-1 introduces a single double bond at the A9, 10 of long-chain acyl-CoA substrates, and its main
substrates are palmitic (Cl16:0) and stearic (C1%:0) acids, although other substrates containing
9-20 carbons can also bind to the enzyme [23.24]. The products palmitoleic acid (C16:1) and oleic
acid (CI¥: 1) are the main fatty acids present in triglyeerides, cholesterol esters and membrane
phospholipids [ 28-30].

In humans and rodents, SCD-1 is mainly expressed in liver and adipose tissue (brown and white):
however, expression at lower levels is also observed in the Kidneys, spleen, heart and lungs [27).
The half-life of the enzyme is only 3-5 h, and its degradation occurs in the microsomes [31]. Its gene
contains several binding sites for transeniption factors that regulate its expression, Among the main factors
is SREBP-1c¢ (sterol regulatory element binding protein), a transcription factor that regulates the
biosynthesis of fatty acids, LXRa and LXRP receptors (which activate genes associated with cholesterol
transport), PPARs (peroxisome proliferator-activated receptors). nuclear receptors involved in adipocyte
differentiation and lipid storage and estrogen receptors, which also regulate lipogenesis [28.32].

Expression of the SCD-1 gene is regulated by several intrinsic and extrinsic factors, including
Ieptin, a hormone involved in appetite regulation and energy expenditure. It is believed that most of
leptin™s actions i the liver occur through SCD-1 suppression, and that this effect 15 independent of
insulin and SREBP-1¢ [32.33]. Diet is also an important modulator of SCD-1 expression. with high
consumption of polyunsaturated fatty acids suppressing the enzyme and consumption of saturated Fatty
acids. cholesterol and carbohydrates increasing 1ts expression. Aleohol consumption and smoking
appear to upregulate SCD1 activity, whereas physical activity has the opposite effect [28.34-37].

The effects of SCD-1 deficiency have been reported in animal models. SCD-1 global knockout mice
(SCD-1 /) exhibit reduced levels of cholesterol esters and triglyveerides, and dietary supplementation
with monounsaturated fatty acids is not capable of normalizing the production of these compounds [30].
SCD-1 —/— mice also exhibit lower fat accumulation in adipose tissue regardless of higher cnergy
consumption as well as higher basal energy expenditure and improved insulin sensitivity. In addition,
these ammals are resistant o weight gam and diet-induced fat accumulation [38].

SCD-1"s effect on the phenotype, however, appears o be related to SCD-1 expression in specilic
tissues. Mice that only present SCD-1 deficiency in the liver have a similar phenotype to that of the
wild type fed a chow diet. However, on a high-carbohydrate diet, SCD-1 —/— mice showed less weight
gain and a reduction in plasma triglyeerides compared with the controls, and they were also protected
from diet-induced liver steatosis. The same changes did not occur when the mice were fed a high-fat
diet, and they presented similar gain weight gain as their littermate controls and developed liver
steatosis, The level of insulin sensitivity did not differ between treatments [39]. In addition, the food
intake, insulin sensitivity and fat mass in mice with the adipose SCD-1 deletion were similar to that of
the controls, and they were not protected from diet-induced obesity [40]. In contrast. mice with
skin-specific deletions of SCD-1 showed significantly increased energy expenditures and were
protected from high-fat dict-induced obesity [41].

Increased f-oxidation is the main proposed mechanism through which SCD-1 deficiency results in
this anti-obesogenic phenotype. Because SCD-1 deficiency has negative effects on the synthesis of
VLDL and triglycerides, an increase in the pool of saturated acyl CoAs would result and allosterically

inhibit acetyl CoA carboxylase. This enzvme converts acetyl CoA into malonyl CoA. The decrease in
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malonyl CoA levels counteracts the inhibition of carnitine palmitoyltransferase | (CPT-1), thus
allowing the entry of fatty acids into the mitochondria for oxidation [32].

In humans, product/precursor ratios in either plasma or serum have been used to estimate SCD-1
activity.  Population-based studies have found strong positive associations between the indices
16:In-7/16:0 and 18:In-9/15:0 and obesity markers such as the body mass mdex (BMI). waist
circumference and body fat mass as evaluated by dual-energy X-ray absorptiometry [35.3642].
(nher cardiovascular risk factors are also associated with SCD-1 indices. In a study with 134 healthy
men, plasma levels of palmitoleic acid, one of the main products of SCD-1, were strongly and
independently associated with triglyeeridemia [43]. In another study, high SCD-1 activity {estimated
through the indices mentioned above) was found to be a predictor of the development of metabolic
syndrome in a cohort of 1558 middle-aged men [44]. A similar association was observed for the
development of hyperglveemia [45]. The development of other discases, such as cancer, bone [ractures

and hepatic steatosis, has also been associated with SCD-1 expression [28].
4. Evidence that Sulfur Amino Acids Influence SCD-1 Expression

Knowledge of the effects of sulfur amino acids on the regulation of SCD-1 expression has increased
in recent years, especially because of studies using animal models. A recent review [46] of animal
model knockouts for several enzyvmes (CRS, glutamate cysteine ligase modifier subunit, eystathionase,
BHMT, PEMT, gamma glutamyltransferase and cysteine dioxygenase) involved in sulfur amino acid
metabolism showed that alterations in these pathwavs, especiallv when related 1o low cysteine and
choline levels, resulted in similar anti-obesogenic phenotypes in rodents. However, because of the
complexity of this regulation and its interdependence with other metabolic pathways, the individual
role of each amino acid remains unelear.

Low weight gain and a significant decrease in body fat mass (46% in females and 62% in males)
were observed ina study using Tgl278T CPS™ muce, an animal model of classical homocystinuria
that has a mutant human CPRS gene containing the common p.1278T pathogenic variation. This
mutation was found in 16% of the homocystinuria alleles studied in the world, presents a pan-ethnic
distribution and is associated with pyridoxine responsiveness (hitp://cbs I .cuni.ce/index.php). A liver
microarray analysis revealed SCD-1 to be the ranseript with the largest magnitude change in these
mice, with a seven-fold decrease in gene expression relative to the control. The hepatic levels of the
cnzvime were also reduced by 54% for group Tgl278T CPS 7, but no changes were observed in
visceral and subcutancous fat [47].

The effects of sullur amino acids on body composition and lipid metabolism have also been
cvaluated in mice subjected 10 a methionne-restricted (MR) diet, These amimals exhibited reduced
levels of methionine (62%), taurine (64%), cysteine (44%) and cystathionine (44%) and a 2.5-fold
inerease in homocysteine concentration [48]: and they displayed lower weight gams despite their
higher energy consumption. The effect of treatment with eysteine (MR + Cys) was tested on this
animal model. Following 12 weeks of treatment, the MR + Cys group exhibited weight gain and
adiposity similar 1o that of the control group. Certain lipoprotein changes observed in the MR group
(low levels of triglycerides and higher levels of LDL) were reverted by the cysteine treatment.
In addition, the reduced levels of lepting insulin growth factor (1GF)-1 and insulin and elevated levels
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of adiponectin observed for the MR group were normalized following treatment with cvsteine.
The decreases in the SCDT-16 and SCD1-18 indices and low hepatic expression of SCD-1 observed in
the MR group were also reverted in the MR+ Cys group. Supplementation with cysteine completely
normalized the plasma levels of eysteine and cystathionine but only partially corrected the taurine and
homocysteine concentrations [49].

The role of taurine was also tested in this animal model. The remaining sulfur amino acid
concentration, weight gain, body composition, lipid profile. hepatic activity and SCD-1 expression
were all unaffected by supplementation with taurine (MR + Tau). In fact. the taurine treatment
presented further decreases of body fat, suggesting that this amino acid is not a direct mediator of
adipogenesis [50]. In another study, mice lacking the glutamate-cysteine ligase modifier subunit gene
(Gelmi—/—)) were studied. These animals present glutathione deficiency and low cysteine plasma
levels of cysteine [31]. The Gelmi—/—) mice presented lower body weight (primarily because of lower
fat mass), improved glucose tolerance and higher basal metabolic rates compared with that of the wild
type. and a high-fat diet did not induce significant changes in these phenotypes. The SCD-1 expression
was markedly downregulated in the liver at only | 7% of the wild type [52].

Changes in choline/betaine metabolism, which is highly interconnected with sulfur amino acid
metabolism. have also been associated with changes in energy. lipid and glucose metabolism [53].
Deficiency of the enzyme BHMT (Figure 1), which remethylates homocysteine to methionine, results
in mereased levels of betaine and homocysteine and decreased levels of choline and cysteine in
mice [54]. BHMT-deficient mice exhibit lower body-fat mass. reduced triglyceride synthesis,
improved sensitivity to insulin and higher energy expenditure. These changes are not associated with
changes in food intake, hipid absorption. lipolysis or thermogenesis [35]0 Dictary deprivation of
methionine and choline in mice also results in decreased body-fat mass: higher energy expenditures;
lower serum triglyceride, leptin, insulin and glucose concentrations; and suppressed hepatic SCD-1
expression. In this animal model, downregulation of SCD-1 was associated with hepatic steatosis [56].

Studies of the relationship between sulfur amine acids and SCD-1 activity in humans are scarce.
In the Hordaland Health Swdies (HUSK) and Hoorn European cohon studies, a positive and independent
association was observed between plasma cysteine levels and the SCD-16 index. The plasma levels of
total cholesterol and tnglycerides were also positively associated with the SCD-16 index. No consistent
associations were found between the SCD-16 index and homoceysteine, methionine, AdoMet,
cystathionine or glutathione plasma concentrations [37]. These Andings are consistent with other
epidemiological studies indicating that cysteine is an independent predictor of obesity [38-60].
In addition, patients with classical homocystinuria who also have low cysteine concentrations have
reduced body mass and exhibit lipid metabolism abnormalities [21.61]. A positive association between
BMI and cysteine levels has also been observed in these individuals [61]. This phenotype has not been

described in other forms of homocystinuria in humans who have normal cysteine levels.
5. Conclusions

The regulation of lipid metabolism by sulfur amimoe acids has gaimed more attention in recent years.
Although the mechanisms are far from fully understood, animal and population-based studies have
suggested that one or more sulfur amino acids affect lipoprotein production and lipid storage in
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adipose tissues and indicated that this action is possibly mediated by SCD-1. Although the most
consistent evidence indicates eysteine to be the main modulator, other sulfur amino acids or choline
and its derivatives may produce independent or additional effects on lipid metabolism.

Because SCD-1 appears to be strongly involved in the etiology of metabolic syndrome.
understanding the regulation of this enzyme may assist in the development of new therapies and
prevention strategies for several chronic diseases, such as obesity, diabetes, dyslipidemia and
arteriosclerosis. Changes in sulfur aminoe acid metabolism, especially hyperhomocysteinemia, are

frequent m the human population, further reinforcing the importance of these ndings.
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ABSTRACT

Classical homocystinuria (HCU) is a rare genetic disease associated with disrupted sulfur
amino acids (SAA) metabolism, increased levels of homocysteine and methionine, and low
levels of cysteine. HCU mice have low adiposity and are protected from diet-induced
obesity, with marked suppression of the lipogenic enzyme stearoyl-CoA desaturase-1
(SCD-1) in liver. The aim of this study was to describe alterations in body composition,
lipid metabolism, and SCD-1 activity in patients with HCU. METHODS: Eleven HCU
patients receiving homocysteine-lowering treatment and 16 healthy controls were included
in the study. Body composition and bone mineral density were assessed by DXA. Fasting
blood samples were obtained to measure sulfur-containing compounds (total
homocysteine, cysteine, methionine, S-adenosylmethionine, S-adenosylhomocysteine, and
glutathione), lipids (free fatty acids, acylcarnitines, triglycerides, high-density lipoprotein,
and total cholesterol), glucose and insulin in plasma. Insulin resistance was determined by
homeostasis model assessment (HOMA-IR). To estimate liver SCD-1 activity, SCD-16
[16:1 (n-7)/16:0] and SCD-18 [18:1 (n-9)/18:0] indices were determined. Plasma leptin,
adiponectin, and isoprostane levels were determined by ELISA. RESULTS: In HCU
patients, SCD-16 index was significantly reduced (p=0.03) and correlated with cysteine
levels (r= 0.477; p=0.01). HCU patients presented lower lean mass (p<0.05), but fat mass
percentage was not significantly different between the groups. Leptin levels were lower in
HCU (median levels: 1.79 vs 5.59 ng/dL; p=0.027) and correlated with plasma methionine
(r: -0.558) and total homocysteine (r: -0.466) (p<0.05). Low-density lipoprotein was also
reduced in HCU patients (p<0.01). Insulin resistance was similar in both groups. No other
differences were found between patients and controls. CONCLUSIONS: Our results
provide evidence of an important role of SAA (especially cysteine) in the modulation of
lipid metabolism. SAA action on lipid metabolism is probably mediated by leptin and liver
SCD-1.
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INTRODUCTION

In the past few years, increasing attention has been paid to the role of sulfur amino acids
(SAA) methionine, homocysteine, and cysteine in regulating lipid metabolism. These
amino acids are involved in several metabolic pathways, such as glutathione and protein
synthesis, and methylation of several molecules (Figure 1) (Stipanuk et al., 2006). They
have also been linked to metabolic syndrome and obesity in epidemiologic and
experimental studies (Narin et al., 2005; Elshorbagy et al., 2008; Vinknes et al., 2013;
Elshorbagy, 2014). Among SAA, cysteine has been shown to have the most consistent and
independent associations with obesity (Elshorbagy et al., 2011; Elshorbagy, Kozich, et al.,
2012), insulin resistance (Elshorbagy, Valdivia-Garcia, Refsum, et al., 2012), and lipid
homeostasis (Bettzieche et al., 2008; Da Silva et al., 2013; Tanaka et al., 2014).
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Figure 1. Sulfur amino acid pathway: cysteine metabolism. Dotted lines indicate pathways with
omitted steps. MAT: methionine adenosyltransferase; AdoMet: S-adenosylmethionine; AdoHcy: S-
adenosylhomocysteine; CBS: cystathionine -synthase; CyL: cystathionine y-lyase; CDO: cysteine
dioxygenase; MS: methionine synthase; THF: tetrahydrofolate; BHMT: betaine-homocysteine S-
methyltransferase; DMG: dimethylglycine. Adapted from Stipanuk et al (Stipanuk et al., 2006).
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A recent review (Elshorbagy, 2014) has shown reduced fat mass, increased energy
expenditure, improved insulin sensitivity, and protection against dietary-induced obesity in
many knockout mouse models used to study enzymes involved in SAA metabolism,
especially in the presence of low cysteine and/or choline levels. Reduced stearoyl-CoA
desaturase-1 (SCD-1) expression was another common feature of some of these models
(Teng et al., 2011; Teng et al., 2012). SCD-1 is a key enzyme in lipid metabolism, because
its major products, palmitoleic acid (C16:1) and oleic acid (C18:1), are the main fatty acids
in triglycerides, cholesterol esters, and membrane phospholipids. When SCD-1 is deficient,
monounsaturated fatty acids synthesis is reduced, which impairs very low density
lipoprotein (VLDL) and triglycerides synthesis and so, fat accumulation in the adipose
tissue (Kim et al., 2011). SCD-1 global knockout mice (SCD-1 —/-) exhibit lower
triglycerides levels, reduced fat deposition in adipose tissue, higher energy intake, higher
basal energy expenditure, and improved insulin sensitivity (Miyazaki et al., 2001; Ntambi
etal., 2002).

Classical homocystinuria (HCU; 236200) is a rare genetic disease in which cystathionine
B-synthase (CBS, EC 4.2.1.22) deficiency causes marked accumulation of homocysteine
and methionine and decrease in cysteine plasma levels (Mudd et al., 2001; Wilcken, 2006).
The biochemical and clinical phenotype of the transgenic HCU mouse model (Tgl278T
CpS-1-) is comparable to the human disease (Wang et al., 2005). The clinical picture in
humans includes abnormalities in ocular, vascular, central nervous, and skeletal systems.
HCU phenotype also resembles that of Marfan syndrome, with affected individuals being
unusually tall and lean (Brenton et al., 1972; Wilcken, 2006). Transgenic HCU mice have
low weight gain and a significant decrease in body fat mass (46% in females and 62% in
males), while lean mass is only slightly reduced. A 34% decrease in liver glutathione
(GSH) and a marked decrease in SCD-1 expression in liver has also been described in
transgenic HCU mice (Gupta e Kruger, 2011). Treatment with a low-methionine diet
restored weight gain, fat mass, SCD-1 activity, and bone mineral density in HCU mice.
However, the nearly 10-fold increase in homocysteine plasma levels was not reversed,
while cysteine concentrations were restored to normal levels. Liver SCD-1 expression
increased 82% (Gupta et al., 2014).

In humans, a good correlation has been reported between C18:1/C18:0 and C16:1/C16:0

fatty acid ratios in plasma and liver SCD-1 activity. Fatty acid ratios have been strongly
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associated with adiposity and metabolic syndrome in epidemiologic studies (Dobrzyn e
Ntambi, 2005; Paton e Ntambi, 2009; Vinknes et al., 2013). However, little is known about
body composition and lipid metabolism specifically in patients with HCU. We have
recently studied 9 patients with poorly controlled HCU. Four of these patients presented
low fat mass percentage according to bioelectrical impedance analysis (BIA). We also
found significant associations between BMI and SAA plasma concentrations (Poloni et al.,
2014). In another study with five well-controlled HCU patients, no alterations in body
composition measured by dual X-ray absorptiometry (DXA) were found (Lim e Lee,
2013). Alterations in lipoprotein levels, especially reduction in high-density lipoprotein
(HDL) concentration, have been described in humans and in animal models of HCU (Moat
et al., 1999; Namekata et al., 2004; Poloni et al., 2012).

To explore the link between SAA and lipid homeostasis, we studied SCD-1 indices and
body composition by DXA in treated patients with HCU. In addition, we investigated the
existence of a relationship between SCD-1 and lipid metabolism markers (lipoproteins,
isoprostanes, acylcarnitines), hormones (leptin and adiponectina), bone mineral density

(BMD), and insulin resistance in this group of patients.

MATERIALS AND METHODS

A cross-sectional study was conducted at Hospital de Clinicas de Porto Alegre (HCPA),
Brazil. The study was approved by the local research ethics committee. All participants or

their caretakers gave written informed consent prior to inclusion in the study.
Subjects

Eleven patients with HCU from 10 unrelated families were included. Nine of these patients
had participated in a previous study focusing on aspects of body composition (Poloni et al.,
2014) and had been included in a retrospective study about lipid metabolism (Poloni et al.,
2012).

All 11 patients were receiving homocysteine-lowering treatment, including pyridoxine (n =
9/11), betaine (n = 9/11), folic acid (n = 9/11), B12 vitamin (n = 4/11), and a combination

of low-methionine diet and metabolic formula (n= 5/11). Additionally, 4/11 patients were
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instructed to avoid meat and high amounts of dairy products, but were not taking metabolic
formula. HCU metabolic formula is a methionine-free, amino acid-based mixture
supplemented with vitamins and minerals. It also contains high amounts of L-cystine to
prevent cysteine deficiency. Despite treatment, most patients were not able to maintain
good metabolic control - only 4/11 presented total homocysteine (tHcy) <60 umol/L at the
time of inclusion. Regarding pyridoxine responsiveness, eight patients were considered

nonresponsive, one was partially responsive, and two were fully responsive.

In addition, 16 healthy volunteers of similar sex, age, and BMI were included as controls.
Exclusion criteria for the control group were 1) chronic diseases, 2) pregnancy, and 3)

recent or current intake of vitamins or other medicines that can alter sulfur metabolism.
Assessment of body composition and bone mineral density

Body composition was assessed in a single appointment by DXA. Of the 11 patients
included in the present study, one did not attend the DXA evaluation, and therefore only
biochemical and clinical data were analyzed for this patient. Using a whole-body scanner
(GE- Lunar Prodigy®), fat and lean mass were determined as previously described by
Mario et al (Mario et al., 2012). Since absolute lean mass is highly related to height, the
Baumgartner index [lean mass (kg)/height? (m)] (Baumgartner et al., 1998) was employed
to provide a measure of relative lean mass. BMD was assessed in lumbar spine (L1- L4),
proximal femur (total and femoral neck), and whole body. Precision error was assessed as
recommended by the International Society for Clinical Densitometry taking into
consideration the minimum acceptable precision for individual technologists (Baim et al.,
2008).

Biochemical analysis

Blood samples were taken after a 12-h overnight fast on the same day of DXA.
Immediately after collection, samples were centrifuged and plasma was isolated and stored

at -80 °C for further analysis.

Plasma total homocysteine, cysteine, and methionine were measured by LC-MS/MS
following a protocol adapted from Rafii et al (Rafii et al., 2007), Persichilli et al
(Persichilli et al., 2010), and Bartl et al (Bartl et al., 2014). For quantification, stable
isotope-labelled standards were added to the samples. Dithiothreitol (DDT) was used to
reduce disulfide bonds. Next, methanol was added to the mixture to precipitate proteins.
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After centrifugation, the supernatant was evaporated and butylated, and was subsequently
injected into the LC-MS/MS system (Waters UPLC Acquity/Waters Quattro Premier XE).

S-adenosylmethionine (AdoMet) and S-adenosylhomocysteine (AdoHcy) were measured
by a stable-isotope dilution liquid chromatography-electrospray injection tandem mass
spectrometry method described by Gellekink et al (Gellekink et al., 2005). Initially, sample
cleanup was performed with solid-phase extraction (SPE) columns containing
phenylboronic acid. The isotopically labelled samples were then loaded onto the SPE
cartridge and washed with ammonium acetate. Finally, AdoMet and AdoHcy were eluted
with formic acid from the SPE column, and then the samples were injected into the LC-
MS/MS system. Plasma total glutathione (GSH) concentrations were analyzed by high
performance liquid chromatography (HPLC) through fluorescence detection and isocratic

elution, following the protocol described by da Silva et al (Da Silva et al., 2014).

Plasma free fatty acids assessment was performed as described by Tucci et al (Tucci et al.,
2015). First, total lipids were extracted from plasma with a protocol adapted from
Folch et al (Folch et al., 1957). Initially, a solution containing 0.9% NaCl and 0.1%
butylated hydroxytoluene (BHT) was added to the samples before homogenization. Lipids
were extracted with a mixture of methanol/chloroform (2:1, v/v) followed by a second
extraction with methanol/chloroform (3:1, v/v). Trimethylsulfonium hydroxide was added
to the total lipid extract for conversion of lipids into fatty acid methyl esters (FAMES) as
reported by Miller et al (Muller et al., 1998). FAMEs were analyzed using an Agilent
gas chromatograph 7890A equipped with an MS 5975C detector and a 7963 autosampler.
Detection of FAMEs was conducted with the Agilent MSD ChemStation E02.02.1431
software. The relative amount of each fatty acid (% of total fatty acids) was determined by
dividing the peak area of each single fatty acid by the sum of the peak areas of all fatty
acids. FAMEs standard for the identification of the products was obtained
by Supleco/Sigma-Aldrich (Steinheim, Germany). To estimate liver SCD-1 activity, two
product/precursor ratios were used: SCD-16 [16:1 (n-7)/16:0] and SCD-18 [18:1 (n-
9)/18:0].

Acylcarnitine profile was measured with a protocol adapted from Matern (Matern, 2008).
Briefly, 50 pl of a 1:10 solution of plasma in water was mixed with 500 pL of acetonitrile
to precipitate proteins. Next, an isotope labeled standard was added to the mixture. After



70

centrifugation, the supernatant was transferred to another vial and evaporated with
nitrogen. Following that step, 3 N butanolic HCI was added and incubated for 15 minutes
at 65 °C to form butyl esters corresponding to acylcarnitines. After incubation, residues
were evaporated with nitrogen. Finally, the sample was reconstituted in 400 pL
acetonitrile/water (80:20), and then 20 pl was injected and measured via flow-injection and
tandem mass spectrometry. Acylcarnitines were quantified by comparison to internal

standards.

Triglycerides, HDL, and total cholesterol were measured by enzymatic colorimetric assay.
The Friedewald equation was used to calculate LDL-cholesterol. To evaluate lipid
peroxidation, we measured plasma isoprostanes levels using a commercially available
ELISA kit (Stat-8-Isoprostane EIA Kit - Cayman Chemical, Michigan, USA). Plasma
concentrations of leptin (ng/dL), and adiponectin (ng/mL) were determined using ELISA
commercial kits (Millipore, St. Charles, MO, USA) with sensitivities of 0.5 ng/dL and 0.78

ng/mL, respectively.

Fasting plasma glucose was measured by an enzymatic hexokinase assay, and insulin by
chemiluminescence. To evaluate insulin resistance, the homeostasis model assessment
(HOMA-IR) method was chosen, with a cutoff of 2.71, which is considered a reliable

threshold to detect insulin resistance in the Brazilian population (Geloneze et al., 2006).
Statistical analysis

Statistical analysis was carried with SPSS version 19.0 for Windows®. Continuous
variables with a normal distribution were expressed as means + standard deviation (SD),
whereas variables with asymmetric distribution were expressed as median (interquartile
range: p25-p75). Differences between groups were evaluated by Student’s t test. Analysis
of covariance (ANCOVA) was employed to compare variables controlling for the effects
of age, sex, BMI, and plasma cysteine levels. Variables with asymmetrical distribution
were log-transformed to approach normality for ANCOVA analysis, and were presented as
geometric mean = geometric SD. The chi-square test was used for comparison of
categorical data. Associations between body fat percentage, biochemical markers, and
BMD Z-scores were evaluated with Spearman’s correlation coefficient. All tests were two-

tailed, and p<0.05 was considered significant.
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RESULTS

Table 1 presents baseline features, BMD Z-scores, and plasma levels of sulfur-containing
compounds for patients and controls. As expected, patients presented lower BMD Z-scores
and altered levels of sulfur-containing compounds, with the exception of GSH, which was
similar in both groups. Two patients had been previously diagnosed as having osteoporosis
and were receiving sodium alendronate. Another five patients were taking calcium

supplements.

Table 2 shows the results of ANCOVA analysis. No significant differences were found in
fat mass between the groups either before or after adjustments for sex, age, BMI, and
plasma cysteine levels. In the HCU group, fat mass percentage was negatively correlated
with plasma GSH levels (r= -0.717; p=0.03) (Figure 2), while in the overall group cysteine
was positively associated with fat mass (r= 0.596; p=0.002). Lean mass and lean mass
index were significantly reduced in patients after adjustment for sex (Table 2). Fat mass
was not associated with BMD in either group, while lean mass was positively associated
with spine, femur, and whole-body BMD Z-scores only in the control group (p<0.05). In
patients, femur BMD Z-scores were highly correlated with plasma cysteine (r= 0.829;
p=0.04) and tHcy (r=-0.829; p=0.04) levels.

SCD-16 index was reduced in the HCU group in univariate analysis and after adjustments
for sex, age, and BMI. In the overall group, SCD-16 index was positively associated with
cysteine levels (r=0.477, p=0.012). Significance was lost when the groups were analyzed
separately, but a trend towards association was still observed for HCU (patients: r=0.624,
p=0.054; controls: r=0.109, p=0.688) (Figure 2). The groups had a similar acylcarnitine
profile (data not shown). Relative amounts of fatty acids in plasma were similar in the two

groups, with the exception of C16:1, which was lower in the HCU group (Table 3).

Leptin levels were reduced in HCU patients in univariate analysis and after adjustments for
sex, age, and BMI. Significance was lost after adjustment for cysteine levels (Table 2).
Leptin was inversely associated with plasma methionine and tHcy levels in the overall
group (r: -0.558 and r: -0.466, respectively, p<0.05). The trends were similar in both
groups but non-significant when analyzed independently. Leptin was strongly associated

with fat mass percentage in both groups (patients: r=0.879, p=0.001; controls: r=0.864,
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p<0.001). There was also a trend towards association between cysteine and leptin levels in
the overall group (r=0.378; p=0.057).

Adiponectin concentrations tended to be lower in HCU patients, with marginally
significant values in univariate and multivariate analyses (Table 2). Adiponectin was

associated with neither body composition nor sulfur and/or lipid compounds.

In HCU patients, plasma LDL-cholesterol was reduced in univariate and multivariate
analyses, and the difference between the groups was lost only after adjustment for cysteine
(Table 2). Total cholesterol and triglycerides were inversely associated with leptin plasma
levels in HCU patients (r=0.879 and r=0.806, respectively; p<0.05). Isoprostanes, glucose,
insulin, and HOMA-IR were similar in the two groups (Table 2) and were not associated

with body composition, SCD indices, or sulfur compounds.

Table 1. Plasma sulfur-containing compounds and BMD in patients with homocystinuria and
controls

Patients (n=11%*) Controls (n=16) P
Male n (%) 6 (60) 7 (44) 0.74
Age (years) 24.6x7 26+4 0.58
Weight (kg) 65+15 71+16 0.15
Height (cm) 17348 176+10 0.82
BMI (kg/m?) 21.5+4 23.1+3 0.07
Z-score proximal femur -1.1 (-1.6;2.1) 0.1(-0.7;1.5) 0.07
Z-score lumbar spine -0.9 (-1.4;-0.4) -0.1 (-0.5;1.8) 0.009
Z-score whole body -0.6 (-1.1;-0.1) 0.5(-0.7;1.1) 0.006
Methionine (umol/L) 162 (31;477) 23 (17;25) <0.001
AdoMet (nmol/L) 756 (208;1028) 83 (73;104) <0.001
AdoHcy (nmol/L) 135 (58;253) 18 (16;22) <0.001
tHcy (umol/L) 130 (36;191) 7 (6;8) <0.001
Cysteine (umol/L) 158 (90;224) 222 (210;233) 0.007
GSH (umol/L) 12+4.5 12+4 0.77

*BMD Z-scores available for 10 patients. Variables are presented as means+SD or medians
(interquartile range: p25-p75), except for sex. BMD: bone mineral density; BMI: body mass index;
tHcy: total homocysteine; GSH: glutathione. AdoMet: S-adenosylmethionine; AdoHcy: S-
adenosylhomocysteine.



Table 2. Body composition, SCD-1 activity, and lipid and glucose markers in patients with homocystinuria and controls

Univariate analysis Multivariate analysis
Patients Controls t test Adjsex Adjage AdjBMI  Adjcys
n=11* n=16 p p p p P

Fat mass (%) 246 + 110 277 = 89 0.442 0.546 0.592 0.751 0.858
Lean mass (kg) 436 + 85 483 =+ 14 0.275 0.008 0.299 0.932 0.893
Lean mass index (kg/m?) 144 + 19 159 + 32 0.024 0.001 0.105 0.886 0.704
SCD-16 * 550 =+ 13 39 =+ 16 0.011 0.004 0.011 0.023 0.214
SCD-18 17 + 05 17 =+ 03 0.824 0.470 0.827 0.953 0.843
Leptin (ng/dL)* 20 = 21 46 £ 24 0.016 0.008 0.022 0.016 0.062
Adiponectin (ng/mL)* 182 + 26 344 =+ 19 0.057 0.057 0.049 0.056 0.440
LDL cholesterol (mg/dL) 810 =+ 220 103.0 * 250 0.017 0.022 0.028 0.044 0.222
Total cholesterol (mg/dL)  148.0 + 41.0 169.0 % 37.0 0.171 0.200 0.253 0.303 0.713
HDL cholesterol (mg/dL) 490 £ 160 470 =+ 110 0.629 0.083 0.610 0.873 0.700
Triglycerides (mg/dL)* 670 = 20 920 + 15 0.175 0.190 0.324 0.753 0.611
Isoprostanes (pg/mL) 497 + 20 502 £ 20 0.439 0.415 0.440 0.442 0.151
Glucose (mg/dL) 872 + 90 851 =+ 6.0 0.516 0.852 0.509 0.199 0.386
Insulin (umol/L)* 87 =+ 20 95 £ 16 0.718 0.531 0.661 0.767 0.835
HOMA-IR* 19 + 20 20 =+ 17 0.787 0.559 0.736 0.673 0.884

‘Body composition measurements were available for 10 patients. Variables are presented as mean+SD or as (*) geometric mean+geometric SD (variables
having asymmetrical distribution which were log-transformed for ANCOVA analysis).

BMI: body mass index; Cys: cysteine; Adj: Adjusted for; SCD-1: stearoyl-CoA desaturase-1; SCD-16: 16:1 (n-7)/16:0 product/precursor ratio; SCD-18: 18:1
(n-9)/18:0 product/precursor ratio; LDL: low-density lipoprotein; HDL: high-density lipoprotein; HOMA-IR: homeostasis model assessment for insulin
resistance.



Table 3. Relative amounts of plasma fatty acids in homocystinuria patients and controls

Patients (n=11) Controls (n=16) P
Cl14 (%) 0.84 (0.7;1.1) 1.14 (0.9;1.3) 0.07
C16 (%) 20.7 (18.8;22.8) 22.1(20.7;23.2) 0.84
C16:1 (%) 0.39 (0.32;0.43) 0.53 (0.4;0.73) 0.02
C17 (%) 0.30 (0.27;0.33) 0.34 (0.07;0.39) 0.72
C18 (%) 10.1 (8.8;11.5) 9.3 (8.5;9.9) 0.17
C18:1n9 (%) 16.0 (14.7:18.6) 15.1 (14.2;17.2) 0.09
C18:2n6 (%) 21.0 (19.1;23.8) 21.1(20.1;24.1) 0.61
C18:3n3 (%) 0.72 (0.46;0.79) 0.59 (0.45;0.65) 0.14
C20:3n6 (%) 1.6 (1.33;1.84) 1.3 (0.86;1.58) 0.96
C20:4 (%) 6.3 (4.0;7.4) 5.2 (4.4;6.3) 0.31
Free cholesterol (%) 19.3 (15.9;24.2) 20.6 (19.5;22.1) 0.20

Variables are presented as medians (interquartile range: p25-p75). Fatty acids are presented as % of

total fatty acids.



20
3
* =077 207 r=-0.375
187
__167 . —_
J . Sl 15 : .
g 14 g \x\&\*‘
3 3 I ¢ ¢
=121 =] \;\\
O 107 * ° (] ¢ L4
(d
87 .
5
61 . 3
T T T T T T T T T
10 20 30 40 50 10 20 30 40
% Fat mass % Fat mass
3007
* 0.27 r=0.043
- r=90. 240 had R
= 2501 S ¢
° 3 * *
E_ g_ . * S
=001 =220 —
*
[ o *
£ £ . IS
2 3
@ 150 @ * ¢
a 5-200
® ©
3 o}
0 100+ )
- 100 i
1807
° *
501 .
T T T T T
10 20 30 40 50 1b 2‘0 3‘0 4‘0
% Fat mass % Fat mass
3007 )
r=0.109
—_ 24071 ¢ . ¢
= 2507 < .
° ° * & A
S £ _
=3 3. | . — *
=~ 200 S0
g ) *
- < *
[ ° *
- -
8 1507 7 *
[ 5200’
s s
]
5 3
i 100 '2
1807
® .
507
T T T T T T T
0,0150 0,0200 0,0250 0,0200 0,0400 0,0600 0,0800
SCD-16 index SCD-16 index
201
r=0.364 127 r=-0.097
CER 4
5 10 A
T 15y . 3
S =]
£ £
< £
- -
107 Q. g+
& o
© ©
1 £ 4
n [7]
< 5 8
o o
27 -
¢ .
-
o 07
T T T T
50 100 150 200 240 30 180 200 220 240
Total cysteine (umol/L) Total cysteine (umol/L)

75

Figure 2. Correlations between GSH, cysteine, fat mass, SCD-16 index, and leptin in
homocystinuria patients and controls. Significant correlations are flagged with an asterisk (*).
Patients = black dot; Controls = black diamond.
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DISCUSSION

In the present study, we observed alterations in lean mass, SCD-1, LDL, and leptin
concentrations in treated HCU patients. Our results suggest that liver SCD-1 activity is
reduced in HCU, which might impair fatty acid and lipoprotein synthesis in these patients.
We found significant associations between plasma SAA levels and SCD-16 index, leptin,
and body fat mass; this supports the hypothesis that SAA play an important role in the
control of lipid and energy metabolism (Narin et al., 2005; Bettzieche et al., 2008;
Elshorbagy et al., 2008; Elshorbagy et al., 2011; Elshorbagy, Kozich, et al., 2012;
Elshorbagy, Valdivia-Garcia, Refsum, et al., 2012; Da Silva et al., 2013; Vinknes et al.,
2013; Elshorbagy, 2014; Tanaka et al., 2014).

Adiposity was similar in our groups of HCU patients and controls, perhaps as a result of
homocysteine-lowering treatment. In HCU mice, treatment has been shown to restore the
low fat mass phenotype (Gupta et al., 2014). Selection bias might also explain this finding,
since the BMI of HCU patients was similar to that of controls. Overweight subjects were
under-represented in our sample (one patient and two controls). A previous study by our
group has also failed to detect significant differences in body fat percentage by BIA,
although 4/11 patients presented low body fat (Poloni et al., 2014). BIA, however, is a less
reliable method than DXA for measuring body composition, and has not been validated for
HCU.

Interestingly, we found reduced lean mass in HCU patients. In transgenic HCU mice, a
slight decrease in lean mass (~10%) has been reported in non-treated animals, which was
not recovered after treatment (Gupta e Kruger, 2011; Gupta et al., 2014). The decrease
observed in our patients might have resulted from limited protein intake, since nine of our
11 patients were following a low or low to normal natural protein diet. Those with more
protein-restricted diets (n= 5/11) received metabolic formula to meet amino acid
requirements. Yet, compliance with the use of metabolic formula was not optimal, and
long-term amino acid deficiencies cannot be ruled out. In treated patients with
Phenylketonuria (OMIM 261600), natural protein intake and compliance with diet have
been found to be directly correlated with muscle mass (Huemer et al., 2007; Adamczyk et
al., 2011).

Several experimental models with disrupted SAA metabolism, including transgenic HCU

mice, display abnormalities in lipid metabolism. Fatty acid synthesis seems to be markedly
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impaired in these rodents; not only are they slimmer than their littermates on a regular diet,
they are also protected from diet-induced obesity (Paton e Ntambi, 2009; Elshorbagy et al.,
2011; Teng et al., 2012). Liver SCD-1 seems to play a central role in this phenotypic
feature: SCD-1 expression is highly reduced in liver of untreated HCU. In treated animals,
with restored cysteine concentrations, SCD-1 expression is rescued and the anti-
obesogenic phenotype is completely prevented (Paton e Ntambi, 2009; Gupta et al., 2014).

SCD-1 plays a central role in the control of lipid metabolism, since its products —
palmitoleic acid (C16:1) and oleic acid (C18:1) — are the main fatty acids in triglycerides,
cholesterol esters, and membrane phospholipids (Dobrzyn e Ntambi, 2005; Paton e
Ntambi, 2009). In line with this, we observed low LDL-cholesterol in HCU patients.
Reduced lipoprotein concentration is a common feature of HCU in humans and animal
models (Moat et al., 1999; Namekata et al., 2004; Poloni et al., 2012), and a strong inverse
relationship between plasma homocysteine and lipoproteins has been described in HCU
patients (Moat et al., 1999). In HCU mice, a positive association between APOA1 and

cysteine levels has been reported (Nuno-Ayala et al., 2010).

SCD-1 deficiency also results in an increased pool of saturated acyl CoAs, which are
believed to be targeted to mitochondria for oxidation (Dobrzyn e Ntambi, 2005; Paton e
Ntambi, 2009; Poloni et al., 2015). This mechanism explains the reduced adipogenesis and
increased energy expenditure seen in experimental models of SCD-1 deficiency (Ntambi et
al., 2002; Kim et al., 2011). In our study, we observed that treated patients with HCU had
lower SCD-16 index, indicating reduced SCD-1 activity. SCD-18 index was not different
between the groups. SCD-16 index is considered a better predictor of liver SCD-1 activity
in humans than SCD-18, since the latter is more prone to be affected by dietary intake
(Vessby et al., 2013). SCD-16 was positively associated with plasma cysteine levels in our
sample, while the remaining SAA were not. Even with treatment, most of our HCU
patients had not achieved adequate metabolic control, and cysteine levels remained
significantly lower when compared to controls (Table 1). This might explain the reduced

SCD-1 activity in our HCU group.

There is evidence of a major role played by cysteine in the regulation of lipid metabolism
and fat deposition (Elshorbagy et al., 2011; Elshorbagy, Kozich, et al., 2012; Poloni et al.,
2015). In different animal models with disrupted SAA metabolism, restoring cysteine

supply reverses the anti-obesogenic phenotype, including SCD-1 expression (Elshorbagy et



78

al., 2011; Gupta et al., 2014), leptin and insulin levels (Elshorbagy et al., 2011), and body
weight and fat mass (Lieberman et al., 1996; Mani et al., 2011; Gupta et al., 2014). In an
epidemiologic study with more than 2500 subjects, cysteine was the only SAA
independently associated with SCD-16 index (Vinknes et al., 2013). In Down syndrome,
CBS is overexpressed (since the gene is located at chromosome 21), leading to increased
plasma cysteine levels. Individuals with Down syndrome are also more prone to obesity
(Pogribna et al., 2001; Elshorbagy, Kozich, et al., 2012). Finally, a study with obese
patients undergoing gastric bypass surgery showed that, at baseline, patients had modestly
higher mean plasma total cysteine concentrations. Cysteine remained unchanged in serial
measurements after surgery, while other SAA decreased, accompanying a 30% weight loss
(Aasheim et al., 2011). Taken together, these data support a causative effect of cysteine on
obesity. In our study, all altered lipid metabolism measurements in HCU patients (SCD-16
index, leptin, and LDL-cholesterol) became non-significant after adjustment for cysteine,
reinforcing the role of this SAA in these metabolic abnormalities.

Cysteine plasma levels were also associated with body fat mass in our sample, with a
stronger trend observed in HCU patients. Also, we found an inverse association between
GSH and fat mass among patients, although plasma GSH levels were not significantly
different in the two groups. GSH is an important antioxidant formed from cysteine, and its
relationship with obesity is controversial. While in vitro and epidemiologic studies have
found and inverse association between GSH and both obesity and energy expenditure (Di
Renzo et al., 2010; Lettieri Barbato et al., 2015), genetically GSH-deficient mice
(Gelm(—/-)) are protected from diet-induced obesity and have higher basal metabolic rate.
However, these animals also display decreased cysteine levels (Kendig et al., 2011,

Elshorbagy, 2014), which may account for this phenotype.

Leptin, an important regulator of SCD-1 expression, was reduced in HCU patients, and
showed inverse associations with SAA levels and fat mass in our study. Leptin is a
hormone secreted mainly by adipocytes; it regulates several aspects of energy balance,
such as appetite, energy expenditure, insulin action, and lipoprotein synthesis. Several
effects of leptin on metabolism are believed to be mediated by SCD-1 (Cohen e Friedman,
2004). Although genetic leptin deficiency increases fat mass in humans and rodents, our
findings agree with the experimental model described by Elshorbagy et al (Elshorbagy et

al.,, 2011). In rats, a methionine-restricted induces cysteine deficiency and
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hyperhomocysteinemia. Low SCD-1 activity was associated with reduced leptin levels and
low adiposity in these rats. This phenotype was reversed with a cysteine-supplemented diet
(Elshorbagy et al., 2011). It should be noted that in humans, leptin concentration fluctuates

with fat mass (Cohen e Friedman, 2004; Ferrannini et al., 2014).

Adiponectin concentrations tended to be lower in our HCU patients, with marginal
significance between the groups after adjustment for sex. In the diet-induced model
described by Elshorbagy et al (Elshorbagy et al., 2011), non-treated rats presented
increased adiponectin levels, while cysteine-treated animals presented the lowest levels,
even when compared with control-fed rats. In humans, low adiponectin levels have been
associated with obesity, type 2 diabetes, cardiovascular disease and metabolic syndrome,
although a causal link has not been established (Weyer et al., 2001; Belalcazar et al., 2015;
Bluher e Mantzoros, 2015).

No abnormalities in insulin action were found in our study. To the best of our knowledge,
only one study so far has evaluated glucose homeostasis in HCU patients. In that study
(Holmgren et al., 1973), 2/5 patients presented reduced glucose tolerance. The authors do
not describe whether these patients were on treatment or not. Improved insulin action has
been described in non-treated animals with disrupted SAA metabolism, but this has not
studied in the HCU mouse model (Elshorbagy et al., 2011; Kendig et al., 2011; Teng et al.,
2012)

We also evaluated other aspects of lipid metabolism, such as acylcarnitines profile and
plasma lipid peroxidation. Acylcarnitines are required for the transport of long-chain fatty
acids into mitochondria, where the enzymes of p-oxidation degrade them to acetyl-CoA for
energy production. When oxidation of one or more fatty acids is defective, specific
acylcarnitines accumulate in body fluids and tissues (Foster, 2004). In the present study,
the plasma acylcarnitines profile was similar in the two groups, suggesting that fatty acid
[-oxidation was not impaired in our sample. Plasma isoprostanes were also not affected in
our patients. Isoprostanes are considered the most specific markers of lipid peroxidation in
vivo, and their association with several pathological conditions has been established
(Janicka et al., 2010). We were able to identify only one study in the literature evaluating
isoprostanes in treated HCU patients. In that study, urinary 8-iso-PGF2a excretion was
observed to be significantly higher in HCU patients than in age-matched healthy subjects
(Davi et al., 2001). Regarding lipid peroxidation in HCU patients, contradictory findings
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have been reported, with some authors describing increased lipid peroxidation (Blom et al.,
1995; Davi et al., 2001; Vanzin et al., 2011; Vanzin et al., 2015), while others describe no
alterations (Dudman et al., 1993; Poloni et al., 2012).

We also investigated whether alterations in lipid metabolism and body composition could
be associated with BMD. In transgenic HCU mice, cysteine-restoring treatment prevents
osteoporosis. An association between cysteine plasma levels and BMD has been shown in
previous studies with healthy individuals (Baines et al., 2007; Elshorbagy, Gjesdal, et al.,
2009). Premature osteoporosis does not occur in other types of homocystinuria that are not
accompanied by cysteine deficiency (Wilcken, 2006), suggesting a central role of this SAA
in the development of osteoporosis. In our study, we found an association of femur BMD
Z-scores with cysteine and tHcy levels. However, it should be noted that two patients were
receiving treatment for osteoporosis, and five were taking calcium supplements. This
might have been a confounding factor in our analysis. In controls, BMD was associated
with lean mass, which is a well-known predictor of BMD in humans (Ho-Pham et al.,
2014).

Our study has some limitations. Firstly, the small sample size limited the statistical power
of our analysis. Secondly, our patients presented a heterogeneous profile in terms of age,
disease severity, treatment strategies and compliance, and SAA concentrations. Thirdly,
the fact that SAA levels fluctuate widely in HCU patients in a short period of time must be
considered; thus, the SAA values obtained here might not reflect long-term mean
concentrations. Finally, many of our patients were on a low-methionine diet combined with
an amino acid formula enriched with micronutrients and cystine. These distinct diets and

nutrients intake on our sample might have also contributed to the differences found.

In conclusion, our results support previous findings from epidemiologic and animal studies
showing that SAA play an important role in the regulation of lipid metabolism. Among
SAA, cysteine has been shown to have the strongest, most consistent, and independent
associations with lipid metabolic alterations. Our findings also support the role of leptin

and SCD-1 as mediators of SAA effects on lipid homeostasis.
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ABSTRACT

INTRODUCTION: Classical homocystinuria (HCU) is a rare genetic disease caused by deficient
activity of cystathionine B-synthase (CBS). Treatment aims at reducing homocysteine levels, which
delays or prevents clinical manifestations, especially when started early in life. In Brazil, HCU is
not included in the National Neonatal Screening Program, and no specific treatment is provided
through the national Unified Health System. The objective of the present study was to establish a
broad clinical and genetic characterization of HCU in Brazil.

METHODS: This concerns a cross-sectional, observational study with a convenience sampling
strategy. Clinical data from 66 patients (57 families) from all 5 regions of Brazil (South, n=12;
Southeast, n=35; Northeast, n=8; North, n=1; Midwest, n=1) were analyzed. CBS gene sequencing
was performed on DNA from blood samples of 35 of 66 patients. RNA was collected from 6
patients for gene expression analysis by gRT-PCR, and three novel mutations were expressed in E.
coli by site-directed mutagenesis.

RESULTS: Parental consanguinity was reported in 27 of 57 families. Complete pyridoxine
responsiveness was observed in 17.5% of patients. The median age was 19 (5-45) years at the time
of the study, 10 (1-39) years at diagnosis, and 5 (0-20) years at onset of first symptoms. Ocular
manifestations were the most common earliest-detected symptoms (in 58% of cases), the main
reason for diagnostic suspicion (58% of cases), and the most prevalent manifestation at diagnosis
(69% of cases). Only 28% of treated patients had total homocysteine levels <60 umol/L. Twenty-
one different mutations were detected; those most prevalent were p.l1e278Thr (18.2%),
p.Thr191Met (11.3%), r.[737_828del92, 828 931ins104] (11.3%), and p.Trp323Ter (11.3%). Eight
novel mutations were found (c.329A>T, c.284T>C, c.2T>C, c.444delG, c¢.209+1delG,
€.989 991delAGG, c.864 868delGAG and ¢.1223+5G>T). Enzyme activity in the E. coli-
expressed mutations was 1.5% for ¢.329A>T, 17.5% for ¢.284T>C, and 206% for ¢.2T>C, and
gRT-PCR analysis revealed reduced gene expression in all evaluated genotypes.

CONCLUSIONS: Most patients diagnosed with HCU in Brazil express a severe phenotype.
However, we believe that milder forms of the disease are underdiagnosed. Many private mutations
were observed, but the four most prevalent mutations together accounted for over 50% of mutated
alleles. These findings should contribute to the development of protocols for diagnosis and
management of HCU in Brazilian patients.
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INTRODUCTION

Classical homocystinuria (HCU; OMIM 236200) is an inborn error of metabolism caused
by deficient activity of the enzyme cystathionine B-synthase (CBS; EC 4.2.1.22). This
enzyme catalyzes the first step of the transsulfuration pathway, whereby homocysteine is
condensed with serine to form cystathionine. CBS deficiency leads to severely elevated
plasma levels of homocysteine and methionine and low levels of cysteine. HCU is
inherited in an autosomal recessive pattern, and its worldwide prevalence is estimated at
1:100,000 to 1:344,000 (1-3).

The natural history of this disease was first described in 1985 by Mudd et al., in an
international multicenter study of more than 600 patients (4). Clinical signs are mainly
related to ocular, vascular, central nervous and skeletal systems. Ocular anomalies are
among the earliest and most prevalent manifestations, with ectopia lentis (luxation or
subluxation of the lens) being one of the classical symptoms. Cognitive deficits, seizures,
and psychiatric disorders are common neurological complications. Frequent skeletal
manifestations include reduced bone mineral density and various Marfanoid features.
Vascular disease, particularly thromboembolism, is also prevalent and associated with high
morbidity and mortality (3-5).

The CBS gene is located on chromosome 21g22.3. It spans 23 exons, with exons 1-16
comprising the coding region, which encodes a 551-amino acid polypeptide. The 5-UTR
region of the gene is formed by one of five alternative exons (-1a to -1e), in addition to
exon 0. The 3'-UTR region is encoded by exons 16 and 17 (6, 7). Over 160 different
mutations in the CBS gene have been reported, most of private origin (8). However, taken
together, the four most prevalent mutations (p.1le278Thr, p.Thr191Met, p.Gly307Ser, and
p.Arg336Cys) account for more than half of all HCU alleles worldwide (8). While the first
of these mutations is panethnic, the other three follow rather well-demarcated geographic
and ethnic distributions (9-13). The molecular bases of HCU in Brazil are poorly
characterized; only one publication has addressed this topic. In a series of 14 patients (11
unrelated) described by Porto et al., the common mutations p.l1e278Thr and p.Thr191Met
were detected at a frequency of 13.6% by screening techniques (RFLP and SSCP) (14).

Brazil is a rather large country with over 200 million inhabitants, and characterized by

intense admixture. The country also has one of the world's largest publicly funded health
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care systems, the Unified Health System (Sistema Unico de Salde, SUS), which was
established to provide equitable, comprehensive care to all users. However, no specific
treatment for HCU is available through the SUS, and only few centers across the country
offer biochemical testing for diagnosis and management of this condition. Furthermore, the
prevalence of HCU in Brazil is unknown, and the disease is not included in the National
Neonatal Screening Program. These various factors make diagnosis and management of
HCU within the Brazilian health system a major challenge, and many patients with the

condition are believed to remain undiagnosed and untreated.

Within this context, the present study sought to establish a broad clinical and genetic
characterization of HCU in Brazil, using a combination of CBS gene analysis and a survey
on diagnosis and management of a representative patient population that is being followed

at several centers nationwide.

METHODS

The present study was approved by was approved by the local research ethics committee
(Hospital de Clinicas de Porto Alegre). Collection procedures for the study were conducted
only after participants had agreed to take part in the investigation and provided written

informed consent.

Patients

The study sample comprised 66 Brazilian patients with an established diagnosis of HCU,
from 57 different families. Families from all five regions of Brazil were represented: South
(n=12), Southeast (n=35), Northeast (n=8), North (n=1), and Midwest (n=1). Patients were
recruited through contact with physicians involved in care and/or research activities at
medical genetics centers across the country. Overall, 15 medical centers participated in the

study.

Of the 66 patients included, 35 underwent all study procedures (clinical data collection +
blood sampling for DNA analysis). Complete clinical data, but no DNA samples, were

available for 6 patients. In 26 patients, only clinical data regarding diagnosis were
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available. RNA samples were obtained from 6 patients. In 10 families, the genetic
variant(s) found in the probands were also confirmed in at least one parent.

Except for one patient diagnosed through neonatal screening, all had received delayed
diagnoses. Fifty-five patients had been diagnosed after clinical suspicion and biochemical
findings consistent with HCU (hyperhomocysteinemia and hypermethioninemia), and the
remaining 10 had been diagnosed on family screening.

Each of the participating centers used a different protocol for determination of pyridoxine
responsiveness. For the purposes of this study, patients were classified as responsive if
they achieved target homocysteine levels (<60 pmol/L) on pyridoxine alone or pyridoxine
+ folic acid (regardless of the number of weeks since testing). All other patients were
classified as nonresponsive to pyridoxine. Treatment adherence was determined by the

subjective impressions of the care team at each medical center.

CBS gene sequencing

Genomic DNA was extracted from whole blood using the commercially available Easy-
DNA™ gDNA Purification Kit (Invitrogen), following manufacturer instructions. Exons 1-
14 and 16 and the exon/intron junctions of the CBS gene were amplified by conventional
PCR, using primers and reaction conditions previously described elsewhere (15). The
following  primers  were  designed to  amplify exon  15:  forward,
CCACAGGAAGAGTTGGGAGG; reverse, TGAGAGCCATTCTGAGGGGT. After
amplification, fragments were purified and sequenced by the Sanger method. The sequence
found was compared to the GenBank reference sequence (NG_008938.1). Any mutations
identified were confirmed by repetition of amplification and sequencing reactions.
Furthermore, parental DNA was used whenever available to confirm that mutations were

in trans position.

Missense mutations not previously described in the literature were analyzed in silico in the
PolyPhen2 (Polymorphism Phenotyping), MutPred, and SIFT (Sorting Intolerant From
Tolerant) softwares. In addition, a group of 100 controls was tested for the novel ¢.2T>C
(exon 1), ¢.284T>C (exon 2), and ¢.329A>T (exon 3) mutations and for the previously
described ¢.828+1G>A mutation (intron 7). Testing for ¢.2T>C was performed by the
restriction fragment length polymorphism (RFLP) method with the NIlalll restriction
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enzyme, whereas the other mutations were analyzed by sequencing of the mutation-

containing exon.

gRT-PCR

For gRT-PCR analysis of gene expression, blood samples from 6 patients were collected
into PAXgene tubes (Qiagen). RNA isolation was performed with the PAXgene Blood
RNA kit (Qiagen) in accordance with manufacturer instructions. cDONA was then
synthesized wusing the High-Capacity cDNA Reverse Transcription Kit (Life
Technologies). CBS mRNA levels were determined by gRT-PCR using the commercially
available TagMan Expression Assay (Hs00163925 ml1 (CBS); Hs02758991 gl
(GAPDH); (Applied Biosystems) in a StepOne system (Applied Biosystems). GAPDH was
used as the housekeeping gene. All reactions were performed under the conditions
specified in the corresponding manufacturer instructions. Relative quantification of CBS
RNA was normalized to the GAPDH gene using the 22T method (16).

Expression of mutations in E. coli

The novel mutations ¢.284T>C, ¢.2T>C, and ¢.329A>T were expressed in E. coli using a
protocol adapted after Mendes et al. (17), as described below.

For expression of wild-type (WT) and mutant CBS, WT cDNA was first cloned in pOTB7
vector (Thermo Scientific, Lafayette, CO, USA), between restriction sites EcoRI and Xhol.
The insert was then cleaved with Ndel and Xhol, purified (QIAquick gel extraction Kit,
Qiagen), and ligated into pET28b (Clontech Laboratories), at the same sites, with T4 DNA
ligase (New England Biolabs). The pET28b carries an N-terminal 6xHis-tag, followed by a
thrombin cleavage site which enables later removal of this tag. The pET28b-6xHis-pepT-
hCBSWT expression construct was thus created and used as a template for site-directed
mutagenesis with the QuikChange Il XL Site-Directed Mutagenesis kit (Agilent

Technologies), per manufacturer instructions.

WT and mutant CBS proteins were expressed in E. coli (BL21 DE3). Cells without the
expression vector and cells harboring an empty expression vector were used as negative
controls. Cells were cultured at 37°C in LB medium and selected with kanamycin. Protein

expression was induced by adding isopropyl-p-D-thiogalactoside (IPTG) and 6-
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aminolevulinic acid (ALA) to the medium. After 16h at 22°C, bacteria were resuspended
in lysis buffer and sonicated. The insoluble (pellet) and soluble (supernatant) fractions

were separated by centrifugation.

The proteins thus generated were analyzed by SDS-PAGE and Western blotting. Briefly,
the protein content of the pellet fraction was quantitated by the Bradford method. Then, a
60-ug aliquot of protein was analyzed by SDS-PAGE. The same amount was used for
Western blot analysis. This was performed using PVDF membranes, primary mouse anti-
CBS polyclonal antibody (Abnova, A75-A01), and secondary polyclonal rabbit anti-His
tag antibody (PAB0862, Abnova). The enzyme activity of CBS was determined by LC-
MS/MS in the soluble fraction of the lysate, using the protocol described by Smith et al.
(18). All experiments were performed in triplicate, with the arithmetic mean of the

resulting measurements considered for analysis.

Statistical Analysis

Statistical analysis was performed using SPSS for Windows, Version 18.0 (Chicago: SPSS
Inc). Continuous variables were expressed as median (range). The Mann—Whitney U test
(continuous variables) or chi-square test (categorical variables) were used to assess
between-group differences. P-values < 0.05 were deemed significant.

RESULTS

Of the 66 patients included, 59% were male. Two patients (1c and 8) were already
deceased at the time of inclusion in the study. The patients belonged to 57 families; and
parental consanguinity was reported in 27 families (57%). Median age at assessment was
19 years. The youngest patient was aged 5, and the oldest was 45. Regarding pyridoxine
responsiveness, 52 patients (82.5%) were classified as nonresponsive and 11 (17.5%) as
responsive. In three patients, pyridoxine responsiveness was not reported/determined
(Table 1).
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Diagnosis

Table 1 reports diagnostic information for the sample as a whole and stratified by
pyridoxine responsiveness. The main clinical findings leading to investigation of HCU are
represented in Figure 1. Eye problems accounted for 58% of referrals for HCU
investigation, and were the most prevalent manifestations at diagnosis (present in 69% of
cases). The most commonly reported first symptom was ectopia lentis (35% of cases),
followed by unspecified visual abnormalities (23% of cases), developmental delay (20% of
cases), and seizures (12% of cases). The median time elapsed between symptom onset and
diagnosis was 5 years (maximum, 34 years). Overall, 40% of patients already had three or
more organ systems affected at diagnosis.

Management

Current clinical and biochemical data were available for 39 patients, of whom 6 were
responsive and 30 were nonresponsive to pyridoxine. The median length of follow-up was
6 years (range, 0-27 years). Table 2 describes clinical manifestations and biochemical
control in this group of patients. Ocular manifestations were more prevalent among
pyridoxine-nonresponsive patients (66 vs. 97%, p=0.01). Ectopia lentis was the most

common complication, affecting 89% of patients at the time of study inclusion.

Responsive patients had significantly lower total homocysteine and methionine levels at
study inclusion (p<0.05). Only 28% of patients had total homocysteine levels <60 pmol/L.
Treatment adherence was reported in 44% of patients (71% of those responsive and 41% of

those nonresponsive).

Regarding treatment strategies, 89% of patients were on folic acid + pyridoxine
supplementation, 76% on betaine, 32% on vitamin B12, and 26% on a low-methionine diet
+ metabolic formula. Considering the nonresponsive group alone, 87% were on betaine

and 33% on low-methionine diet + metabolic formula.
Analysis of mutations

The genotypes of the 35 patients in whom CBS gene analysis was performed are shown in
Table 3. In only one allele no mutation could be identified (patient 17; Table 3). The most
prevalent mutations were: p.11e278Thr (allele frequency 18.2%), p.Thrl91Met (allele
frequency 11.3%), r.[737_828del92, 828 931ins104] (allele frequency 11.3%), and
p.Trp323Ter (allele frequency 11.3%). Eight novel mutations were detected: ¢.2T>C (exon
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1), ¢.209+1delG (intron 1), ¢.284T>C (exon 2), ¢.329A>T (exon 3), c.444delG (exon 3),
€.864 868delGAG (exon 8), ¢.989 991delAGG (exon 9), and ¢.1223+5G>T (intron 11).
In addition, 100 control samples were tested for the ¢.284T>C, ¢.2T>C, ¢.329A>T, and
€.828+1G>A mutations. No mutant alleles were detected, which provides further evidence

of the pathogenic potential of the mutations tested.

The p.11e95Thr and p.Glul10Val mutations were analyzed in the PolyPhen-2 and SIFT
softwares for prediction of functional effects, and both were predicted to be pathogenic
(PolyPhen-2: scores of 0.999 and 1.000 respectively; SIFT: score of 0 for both mutations).
The MutPred software suite, which estimates potential changes in mutant proteins,
interpreted both mutations as probably damaging, with scores of 0.827 for p.11e95Thr and
0.892 for p.Glul10Val.

Enzyme activity in the E. coli-expressed mutant proteins in relation to the WT control was
1.5% for ¢.329A>T, 17.5% for ¢.284T>C, and 206% for c.2T>C. Relative CBS mRNA
levels measured by qRT-PCR in 6 patients are described in Figure 2. Reduced expression
was observed in all, with the highest expression level detected in the sole pyridoxine-

responsive patient (P4).

Table 1. Classical homocystinuria: a summary of clinical findings (n=66)

Total Pyridoxine-responsive
(n=66) Yes (n=11) No (n=52) P
Current age (years) 19 (5-45) 24 (15-35) 18 (5-45) 0.052
Age at first symptom onset (years) 5 (0-20) 3 (0.2-15) 5 (0.7-20) 0.359
Age at diagnosis (years) 10 (1-39) 11 (4-34) 10 (1-39) 0.566
Ocular (%) 69 50 71 0.190
Manifestations at | CNS (%) 61 70 62 0.641
diagnosis Skeletal (%) 52 40 56 0.360
Vascular (%) 12 20 11 0.465

Data expressed as median (range) or percentage. In three patients, pyridoxine responsiveness could
not be determined; data from these patients were used in whole-group analysis alone.
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Figure 1. Reasons for clinical suspicion of Classical Homocystinuria in this study (n=66).
*Including stroke. **Including marfanoid habitus.

Table 2. Clinical and biochemical profile of patients on treatment at the time of study
inclusion.

Total Pyridoxine-responsive
(n=39) Yes (n=6) No (n=30) p
Current age (years) 17 23 (15-35) 18 (5-45) 0.083
Homocysteine (umol/L) 139 25 (14-141) 168 (9-454) 0.005
Methionine (umol/L) 117 29 (19-69) 144 (6-881) 0.025
Ocular, n (%) 92 66 97 0.015
Clinical CNS, n (%) 74 83 76 0.720
manifestations | skeletal, n (%) 69 50 10 0.343
Vascular, n (%) 24 17 27 0.606

Data expressed as median (range) or percentage. In three patients, pyridoxine responsiveness could
not be determined; data from these patients were used in whole-group analysis alone. Reference
ranges: homocysteine, 5-15 umol/L; methionine, 5-30 pmol/L (5).
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Responsi SYMpto
Allele 1 Allele 2 veness to M onset
Patient cDNA Protein cDNA Protein Consang. B6 (years)
la €.253G>A* p.Gly85Arg €.253G>A p.Gly85Arg Yes No 6
1b €.253G>A* p.Gly85Arg €.253G>A p.Gly85Arg Yes No NA
1c €.253G>A* p.Gly85Arg €.253G>A p.Gly85Arg Yes No 7
2 €.828+1G>A* p.? c.1126G>A p.Asp376Asn No No 5
3 €.284T>C* p.11e95Thr €.284T>C p.11e95Thr Yes No 1
4 €.1058C>T* p.Thr353Met c.146C>T p.Pro49Leu No Yes 3
5 .833T>C p.11e278Thr | c.989_991delAGG p.(Glu330del) No No 20
6 €.691G>C p.Ala231Leu €.828+1G>A p.? No No 1
7 €.209+1delG* p.? c.572C>T p.Thr191Met No No 8
8 €.1126G>A* p.Asp376Asn €.1126G>A+ p.Asp376Asn Yes No 15
9 €.833T>C p.1le278Thr €.833T>C p.1le278Thr Yes Yes 0.2
10 €.833T>C p.1le278Thr €.833T>C p.1le278Thr No Yes 7
11 c.444delG* p.(Asn149fs) c.444delG p.(Asn149fs) Yes No 15
12 c.572C>T p.Thr191Met c.572C>T p.Thr191Met Yes No 5
13a c.451G>A p.Gly1l51Arg c.451G>A p.Glyl51Arg Yes No 75
13b c.451G>A p.Glyl51Arg C.451G>A p.Glyl51Arg Yes No NA
14 c.572C>T p.Thrl91Met c.572C>T p.Thrl91Met Yes No 19
15 c.572C>T p.Thr191Met c.572C>T p.Thr191Met Yes No 5
16 €.828+1G>At p.? c.2T>C* p.? No No 1
17 c.209+1G>A p.? NI NI No No 6
18 €.833T>C p.1le278Thr €.28delG p.Vall0fs No Yes 1
19 c.451G>A p.Glyl51Arg €.833T>C p.1le278Thr No Yes 4
20 €.833T>C* p.1le278Thr €.833T>Ct p.lle278Thr Yes Yes 15
21a €.969G>A* p.Trp323Ter C.969G>AfT p.Trp323Ter Yes No 6
21b C.969G>A* p.Trp323Ter C.969G>ATt p.Trp323Ter Yes No 1
22 c.572C>T p.Thr191Met c.572C>T p.Thr191Met Yes No 4
23 c.451G>A p.Gly151Arg c.451G>A p.Gly1l51Arg Yes No 3
24 C.969G>A p.Trp323Ter C.969G>A p.Trp323Ter No No 1
25 €.329A>T p.Glull0Vval c.770C>T p.Thr257Met No No 3
26 €.828+1G>A p.? €.833T>C p.lle278Thr No No 4
27 €.828+1G>A p.? €.828+1G>A p.? Yes No 1
28a €.1223+5G>T p.? €.1223+5G>T p.? Yes NA 3
28b €.1223+5G>T p.? €.1223+5G>T p.? Yes NA 3
29 C.969G>A p.Trp323Ter C.969G>A p.Trp323Ter No No 7
30 c.864_868delGAG p.(Glu289del) | c.864 868delGAG p.(Glu289del) Yes No 6

Novel mutations are set in bold. Patients represented by the same number belong to the same family.
Consang: consanguinity; B6: pyridoxine. NA: not available; NI: not identified. (*) mother heterozygous
for mutation; (1): father heterozygous for mutation.
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Figure 2. CBS mRNA expression as determined by gRT-PCR. Genotypes: P7 [c.209+1delG;
€.572C>T]; P16 [c.2T>C; c.828+1G>A]; P2 [c.828+1G>A; c.1126G>A]; P5 [c.833T>C;
€.989_991delAGG]; P4 [c.1058C>T; ¢.146C>T]; P11 [c.444delG; c.444delG]
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DISCUSSION

The present report provides a genetic and clinical analysis of the largest series of
HCU cases ever studied in Brazil to date. Clinical data from 66 patients (57 unrelated)
from 15 medical genetics centers across Brazil were analyzed. Most families lived in the
South and Southeast regions of the country. These regions are home to 57% of the
country's population (http://www.ibge.gov.br/), and have higher rates of access to health
care services and procedures as compared with the other regions of Brazil (19). The fact
that patients from other regions, particularly the North (n=1) and Midwest (n=1), were
underrepresented suggests that high numbers of HCU patients remain underdiagnosed

likely due to limited access to health care in these regions.

A high proportion of pyridoxine-nonresponsive HCU was observed (82.5%) in the
study population. Nonresponsiveness to pyridoxine is associated with a more severe
phenotype and challenging management (1, 3, 4). In our study, this proportion exceeded
rates described worldwide (approximately 50%) (3). Although the proportion of
nonresponsive patients is also high in some countries, such as Qatar and Ireland, these
cases are associated with specific genotypes that are highly prevalent in the corresponding
countries (12, 13). No such association was observed in our study. This suggests
underdiagnosis of pyridoxine-responsive patients, who express attenuated phenotypes with
fewer symptoms and later onset of clinical presentation (4). In our sample, there was no
difference in age at symptom onset or age at diagnosis between responsive and
nonresponsive patients. However, we believe our analysis was underpowered due to the

small number of responsive patients (n=10).

The high prevalence of ocular manifestations at diagnosis and their predominant
contribution to diagnostic suspicion reinforce the importance of these findings in HCU.
Ectopia lentis is usually the earliest manifestation of HCU, occurring in half of all
untreated patients by age 10 years and in over 90% by age 24 years (4). Although the
difference was not significant, the prevalence of ocular manifestations at diagnosis was
higher in pyridoxine-nonresponsive patients (71% vs. 50%). This is consistent with

previous reports (4).

Skeletal and neurologic manifestations were also highly prevalent at diagnosis,

affecting more than half of patients’ population. The lower prevalence of vascular events at
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diagnosis is consistent with the natural history of HCU, in which such manifestations
usually occur late in the disease course (4). However, vascular disease may have been
underrepresented due to the high lethality of thromboembolic events. The long time from
symptom onset to diagnosis (median, 5 years) and the presence of multiple clinical

manifestations attest to the difficulty of establishing a definitive diagnosis in these patients.

The main strategies for HCU management include supplementation with
pyridoxine (the cofactor of CBS), folic or folinic acid, and betaine (trimethylglycine), as
well as a low-methionine diet supplemented with a specific metabolic formula (20). Early
treatment is associated with good metabolic control can prevent all clinical manifestations
of HCU (4, 21-25). Patients who respond to pyridoxine supplementation usually express
milder phenotypes and present a better prognosis.

In the present study, current clinical and biochemical data were obtained from 39
treated patients. Again, a high prevalence of ocular manifestations was observed, affecting
nearly all of the pyridoxine-nonresponsive group (66% of responsive vs. 97% of
nonresponsive patients, p=0.03). Skeletal and neurologic manifestations were also highly
prevalent. There was also a clear difference in metabolic control between the groups:
responsive patients had near-normal homocysteine and methionine levels, whereas
nonresponsive patients had persistently high homocysteine levels (>100 umol/L) despite
multiple treatment strategies. This difficulty achieving metabolic control in pyridoxine-

nonresponsive patients has been reported in other studies (21, 25, 26).

The high rate of betaine supplementation and comparatively low use of methionine-
restricted diet in these nonresponsive patients may be attributed to several factors,
including: 1) difficulty obtaining the metabolic formula, which is expensive and not
provided by the Unified Health System; 2) low adherence to dietary treatment, particularly
in patients with a late diagnosis; and 3) limited training of health care professionals in
dietary prescription. In a European survey of 181 patients with pyridoxine-nonresponsive
HCU, 66% were on dietary treatment—i.e., twice as many as in the present study (27).
Whereas dietary therapy can effectively reduce methionine and homocysteine, betaine
supplementation reduces homocysteine but increases methionine levels (28, 29). In animal
models, betaine is less effective at preventing clinical manifestations (30), and its efficacy
declines over time (31). In humans, there are no studies of the long-term efficacy and

safety of betaine supplementation in HCU.
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Genetic analysis

Great variability in genotypes was observed in the present study. The Brazilian
population is characterized by extraordinary genetic diversity as a result of centuries of
admixture among Amerindians, European colonizers, and African slaves (32). European
ancestry has the higher contribution to the genetic background of Brazilians (0.62),
followed by African (0.21) and Amerindian (0.17) (33). However, major regional
differences exist: European contributions are even more dominant in the South of the
country, whereas the Northeast and North regions have the highest proportions of African

and indigenous ancestry respectively (33, 34).

The most prevalent mutation in our study was the p.11e278Thr (c.833T>C). This is
also the most prevalent mutation worldwide, accounting for 16% of all HCU alleles
described (8). It is particularly frequent in Central and Northern Europe (9, 35-38). In the
Brazilian study conducted by Porto et al., this mutation was detected in 6 of 28 alleles
(frequency in unrelated alleles, 13.6%) (14). The p.lle278Thr mutation is associated with
mild phenotypes and pyridoxine responsiveness, in both homozygous and compound
heterozygous (3, 8). In the present study, the majority of patients harboring this mutation
were pyridoxine-responsive, and all were from the South or Southeast regions of Brazil.

The Iberian mutation p.Thri91Met (c.572C>T) was found in 11.3% of unrelated
alleles, again all in patients from the South and Southeast regions. This allele frequency
was similar to that reported by Porto et al. (13.64%) (14), but lower than those reported in
other Latin American countries (75% in Colombia, 25% in Venezuela, 20% in Argentina)
and in the Iberian Peninsula (52% in Spain and 33% in Portugal) (10, 39, 40). These
findings appear to reflect the greater genetic heterogeneity of Brazil as compared with
other Latin American countries and, possibly, the more limited contribution of Spanish
immigration to Brazil (32, 41-43). Wide phenotypic variability has been observed for this
mutation, with mild to severe phenotypes and pyridoxine responsiveness ranging from
partial to absent (8, 11).

The r.[737_828del92, 828 931ins104] (c.828+1G>A) mutation, detected in 11.3%
of the alleles in our studies, had previously been described in only one individual, a
heterozygous Czech patient (44). This patient was described as pyridoxine-nonresponsive

and had null CBS activity in fibroblasts. Furthermore, there was no mRNA expression of
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the allele containing the mutation. According to the authors, this suggests a nonsense-
mediated MRNA decay mechanism, as a premature termination codon at exon 8 has been
predicted for this mutation (44). In our study, all patients with this mutation were classified
as nonresponsive. One patient heterozygous for [c.828+1G>A; ¢.1126G>A] underwent
gRT-PCR analysis, which showed a ~80% reduction in mRNA expression. The high
prevalence of this mutation in Brazilian patients does not appear to be related to genetic
drift effects, as the affected patients came from four geographically distant states in three
different regions of the country. Furthermore, this mutation was not detected in any of the

100 healthy controls, and thus appears to be rare in the overall population.

The p.Trp323Ter (c.969G>A) mutation was also detected with an allele frequency
of 11.3%. This mutation is highly prevalent in Saudi Arabia (10 of 13 families assessed)
and is associated with severe phenotypes (26). In our study, all patients with this mutation
were homozygous and pyridoxine-nonresponsive. These families were from the Northeast
and Southeast regions of Brazil. As there was no determination of ancestry in our study,
we could not infer whether the presence of this mutation in Brazilian patients might be

associated with migratory events.

Eight novel mutations were detected in this study. Several tests corroborated the
pathogenicity of the analyzed missense mutations. In silico analyses in three different
software programmes estimated a damaging functional effect for the mutations ¢.329A>T
and ¢.284T>C. Furthermore, no allele containing these mutations was detected in 100
controls. E. coli expression assays demonstrated reduced enzyme activities consistent with
HCU for both mutations (<20% activity relative to controls) (8, 45). The residual enzyme

activity also correlated with the clinical phenotype.

The ¢.2T>C mutation was not detected in the 100 tested controls, but expression
assays revealed even a two-fold activity when compared with the WT control. This
mutation alters the start codon, being the first of its kind ever described in a patient with
HCU (8). Start-site missense mutations are relatively common in hereditary diseases; in
fact, point mutations at this position are more likely to be damaging than other missense
mutations (46). One hypotheses for the result obtained in the expression assay is that the
vector machinery may have been used to initiate translation, as the His-tag portion of the
vector harbors an ATG codon. Furthermore, high or normal enzyme activity has also been

described in other pathogenic mutations in the CBS gene (8, 47).
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Finally, qRT-PCR analysis of samples from 4 patients heterozygous for the novel
c.2T>C, ¢.209+1delG, ¢.989 991delAGG, and c.444delG mutations revealed major
reductions in mRNA levels relative to controls, which suggests reduced gene expression or
RNA instability in the presence of these variants. This reduction is greater in patients with
splice-site mutations, which disrupt reading, as premature termination codons are encoded
in the mutant sequence; therefore, mMRNA decay pathways eventually degrade the product

of expression. Our findings were also consistent with the observed clinical phenotype.

In conclusion, this study provides the most wide-ranging clinical and genetic
characterization of HCU patients in Brazil to date. Most patients described in this study
express a severe phenotype, associated with nonresponsiveness to pyridoxine, early and
multisystem manifestations, and poor metabolic control. However, we believe responsive
patients were underrepresented in this sample as a result of underdiagnosis of the milder
forms of HCU. Many private mutations were observed, but the four most prevalent
mutations together accounted for over 50% of mutated alleles. These findings will
contribute to the development of protocols and guidelines for better diagnosis and
management of HCU in Brazil.
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7. DISCUSSAO

Apesar das graves manifestacfes clinicas da HCU, a doenca dispGe de tratamento
efetivo, especialmente quando iniciado precocemente (Mudd et al., 1985; Mudd et al.,
2001; Yap, Boers, et al., 2001; Yap, Rushe, et al., 2001; Yap, 2003). No Brasil, ndo h&
dados epidemioldgicos sobre a HCU. Utilizando a prevaléncia mundial estimada de
1:344,000 individuos, esperaria-se mais de 500 pacientes portadores da doenca no pais.
Este nimero esta muito aquém da amostra obtida no estudo (n=66) e do numero de
pacientes em acompanhamento estimado pela Associacdo Brasileira de Homocistiniria
(80-100 pacientes, relato verbal). Isto sugere uma elevada taxa de subdiagnostico no pais.

Os dados clinicos obtidos no estudo reforcam esta hipdtese. Observamos maior
proporcdo de pacientes com fendtipo grave (ndo responsivos a piridoxina e mdltiplas
manifestacdes clinicas). Além disso, o atraso entre o inicio dos sintomas e o diagnostico
sugere baixo acesso aos servicos de salde capacitados para o diagnéstico e/ou baixo
conhecimento dos profissionais de satde sobre a doenca. Também deve-se considerar que
0s testes bioquimicos e moleculares para diagnostico de HCU estdo disponiveis em poucos

centros do pais, o que dificulta e atrasa a confirmacéo diagnostica.

A dificuldade no controle metab6lico nos pacientes ndo responsivos a piridoxina,
bem como o baixo uso de dieta pobre em metionina/formula metabdlica revelaram
deficiéncias também no manejo deste grupo de pacientes. Além das dificuldades na
obtencdo da formula, podem ter contribuido para este resultado o preparo insuficiente dos
profissionais de salude para prescricdo deste tipo de dieta e a baixa compreensdao dos
pacientes e familiares. Estes achados também reforcam a necessidade de protocolos
clinicos e diretrizes para o diagnéstico de manejo da HCU no pais. A alta prevaléncia de
déficit cognitivo e distarbios psiquiatricos na HCU também pode prejudicar a adesao ao
tratamento (Abbott et al., 1987; Mudd et al., 2001). Dificuldade de adquirir os
medicamentos, problemas relacionados a manipulacdo dos mesmos, e recusa por parte do

paciente a seguir ao tratamento foram situagdes relatadas por diversos centros.

O perfil genético do grupo de pacientes estudado revelou grande heterogeneidade
alélica, com grande numero de mutacdes privadas, o0 que estad de acordo com o descrito na
literatura (Kraus, 2016). No entanto, as 4 mutacdes mais prevalentes correspondem a mais

da metade dos alelos ndo relacionados analisados. Este dado contribuird para a
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investigacdo molecular de novos pacientes brasileiros diagnosticados com HCU, uma vez
que protocolos de triagem por mutagGes comuns poderdo ser criados, poupando tempo e
recursos. Sugere-se que 0s éxons do gene CBS sejam analisados na seguinte ordem:
primeiramente éxons 8, 5, 7 e 9 (portadores das mutacGes frequentes em pacientes
brasileiros); e ap0s, éxons: 3, 12, 10, 11, 4, 6, 1, 2, 16, 13, 14 e 15 (em ordem decrescente:

éxons com maior nimero de mutacdes patogénicas em nivel mundial) (Kraus, 2016).

Para a maioria das 8 novas mutacdes detectadas a patogenicidade pode ser inferida
com razoavel grau de confianca. Resultados conflitantes foram obtidos para a mutagédo
¢.2T>C. Unica mutacdo em cddon de iniciacdo de translagdo descrita na HCU até o
momento, os achados obtidos no estudo de expressdo ndo revelaram efeito negativo da
atividade enzimatica. O paciente portador desta mutacdo € heterozigoto [c.828+1G>A;
¢.2T>C], e possui fenotipo clinico e bioguimico compativel com a forma grave de HCU.

A analise de DNA dos pais confirmou a heranca parental das mutacgdes.

O presente estudo é inédito na avaliacdo da associagdo entre composigdo corporal,
atividade da SCD-1, leptina e lipoproteinas em pacientes com HCU. Os resultados obtidos
corroboram aqueles descritos no modelo animal de HCU (Gupta e Kruger, 2011). Os
achados relativos a composicdo corporal e metabolismo lipidico sdo de interesse ndo
apenas para o entendimento da fisiopatologia da HCU, mas também para o estudo da
obesidade e sindrome metabolica, uma vez que associacGes semelhantes tém sido
observadas em individuos saudaveis (Elshorbagy et al., 2008; Elshorbagy, Kozich, et al.,
2012; Vinknes et al., 2013).

Os estudos descritos no capitulo 1 e 3 foram realizados em dois momentos
diferentes e com técnicas distintas para afericdo da composicdo corporal (BIA e DXA). A
amostra de de pacientes foi semelhante (8/9 participantes do estudo de BIA participaram
também do segundo estudo). Ja o grupo controle foi composto por individuos diferentes
entre os trabalhos. A técnica de BIA é menos precisa na afericdo de composicgao corporal
(método duplamente indireto), e acredita-se se que 0s resultados obtidos na analise por
DXA sejam mais acurados. Além disso, o grupo controle do primeiro estudo realizou
apenas avaliacdo por BIA, ndo sendo possivel a comparagdo dos dados laboratoriais entre
pacientes e controles. Em ambas as analises ndo foram detectadas diferencas na
adiposidade entre pacientes e controles. Redugdo de massa adiposa é um dos achados mais

marcantes nos modelos animais ndo tratados (Gupta e Kruger, 2011; Teng et al., 2012;
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Elshorbagy, 2014). Além da possivel interferéncia do tratamento nos pacientes avaliados
em nosso estudo, deve-se considerar que a composicdo corporal é influenciada por
diversos fatores ambientais e genéticos. Diferentemente dos estudos experimentais, a
maioria destes fatores ndo podera ser controlada em estudos com pacientes. Estudos
longitudinais, avaliando niveis plasméticos de SAA ao longo do tempo e sua relagdo com
mudangas na composicdo corporal poderdo aprimorar o entendimento desta associagdo em

humanos.

Em ambos os estudos realizados verificou-se que poucos pacientes apresentavam
bom controle metabolico. Os niveis de cisteina foram significativamente mais baixos nos
pacientes. No modelo animal, o tratamento recuperou os niveis de cisteina e revertou todas
as alteracdes metabolicas, incluindo a supressdo da SCD-1 hepética (Gupta et al., 2014).
Para melhor compreensdo do(s) efeito(s) dos SAA no metabolismo lipidico na HCU, a
analise comparativa de pacientes com bom e mau controle metabolico poderia ser
realizada. Devido ao pequeno tamanho amostral, esta analise ndo foi possivel em nossos

estudos.

Entre os SAA, a cisteina possui as associagdes mais consistentes e independentes
com as alteracfes no metabolismo lipidico relatadas. No entanto, ainda ndo s&o conhecidos
0s mecanismos bioquimicos pelo qual a cisteina influencia a atividade/expressao da SCD-1
e/ou seus reguladores. Estudos in vitro e em modelos animais sdo necessarios para esta
investigacdo. O efeito adjuvante ou independente da colina e/ou betaina, situadas acima da
rota da homocisteina, também deve ser esclarecido. Ha evidéncia de desequilibrio destes
metabdlitos na HCU (Imbard et al., 2015). Distarbios no metabolismo da colina em
modelos animais também resultam em fenotipo anti-obesogénico semelhante ao modelo
animal de HCU (Teng et al., 2012; Zeisel, 2013; Elshorbagy, 2014).

A relacdo entre deficiéncia de cisteina, composicdo corporal e densidade mineral
Ossea também merece maior investigacdo. A cisteina parece ter papel central na patogénese
da osteoporose na HCU e associacdo positiva entre cisteina e massa dssea é relatada em
estudos epidemioldgicos (Baines et al., 2007; Elshorbagy, Gjesdal, et al., 2009). Néo é
claro se a cisteina possui acdo direta no desenvolvimento de osteoporose ou se é mediada
pela reducdo de adiposidade, como sugerem alguns trabalhos (Elshorbagy, Gjesdal, et al.,
2009; Gupta et al., 2014). Neste caso, a baixa adiposidade adquire maior importancia na

HCU, como mecanismo fisiopatoldgico na génese da osteoporose.
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8. CONCLUSOES

As conclusdes serdo apresentadas de acordo com cada objetivo especifico do trabalho.

Objetivo especifico 1. Realizar sequenciamento de toda a regido codificante do gene CBS

em uma amostra representativa de pacientes brasileiros com HCU.

O gene CBS foi sequenciado para 35 pacientes com HCU (30 n&o relacionados)
provenientes de 9 estados diferentes do Brasil (RS, SP, MG, BA, SC, RJ, DF, MA, ES).
Um grande ndmero de mutacdes privadas foi encontrada; sendo 8 nunca descritas na
literatura. Juntas, as quatro mais frequentes correspodem a mais da metade dos alelos
estudados. Protocolos de triagem com estas mutacOes poderdo ser elaborados para
investigacdo molecular de novos pacientes brasileiros diagnosticos com HCU. Analises in
silico, expressdo de mMRNA por gRT-PCR e mutagénese sitio-dirigida estimaram com grau
satisfatorio de confianca a patogenicidade maioria das mutacGes novas encontradas. O
efeito da mutacdo ¢.2T>C ainda nao pode ser determinado. O perfil genético da amostra
parece refletir a variada ancestralidade e miscigenacdo dos brasileiros, diferindo do

encontrado em outros paises sul-americanos.

Objetivo especifico 2. Caracterizar o perfil clinico da HCU no Brasil.

Dados clinicos de 66 pacientes (57 ndo relacionados) em acompanhamento em 15
diferentes centros de genética do Brasil foram analisados. Observou-se maior prevaléncia
de pacientes ndo responsivos a piridoxina e apresentacdo clinica multissistémica ao
diagnostico, o que sugere subdiagndstico das formas atenuadas da doenca. Observou-se
também atraso importante entre o inicio dos sintomas e diagndstico definitivo. Assim
como descrito na literatura, as manifestacbes oculares foram as mais precoces e
prevalentes na amostra, afetando a grande maioria dos pacientes. Em relacdo ao manejo,
observou-se baixo uso de dieta restrita em metionina e elevado de betaina entre os
pacientes ndo responsivos, indicando dificuldades no acesso/prescrigdo/adesdo a dieta. O

controle metabolico foi deficiente no grupo de pacientes ndo responsivo a piridoxina.



111

Objetivo especifico 3. Descrever a composi¢do corporal de pacientes com HCU em

tratamento.

A composicao corporal foi estimada por dois métodos diferentes: BIA e DXA. A analise
por BIA revelou que 4/9 pacientes estudados apresentou baixo percentual de gordura,
porém ndo houve diferenca quando comparado ao grupo controle. A avaliacdo por DXA
também ndo demonstrou diferenca no percentual de gordura entre 0s grupos; mas a massa
magra foi significativamente menor nos pacientes. Isto pode ter ocorrido por diferencas no
consumo de proteina natural entre 0s grupos, uma vez que a maioria dos pacientes
avaliados era orientado a controlar a ingestdo proteica como parte do tratamento da HCU.
A falta de diferenca na adiposidade entre pacientes e controles pode ser explicada por
diversos fatores, entre eles: ndo haver alteracdo na composi¢do corporal em pacientes com
HCU (diferentemente do observado no modelo animal); efeito do consumo alimentar
distinto entre pacientes e controles; efeito do tratamento nos pacientes; viés de sele¢do dos
controles que possuiam IMC semelhante aos pacientes; entre outros.

Objetivo especifico 4. Caracterizar e comparar marcadores de metabolismo lipidico
(niveis de lipoproteinas, isoprostanos, acilcarnitinas, leptina, adiponectina) entre pacientes

com HCU em tratamento e controles saudaveis.

Niveis reduzidos de leptina e colesterol LDL foram observados em pacientes na anélise
univariada e multivariada, exceto quando ajustados para as concentracGes plasmaticas de
cisteina, o que sugere um papel deste aminoacido nas diferencas observadas. Os demais
marcadores ndo apresentaram diferenca significativa entre os grupos. Os achados estéo de
acordo com o descrito em modelo animal que mostra que a deficiéncia de cisteina leva a
reducdo de leptina, que por sua vez, é um dos principais reguladores da SCD-1 hepatica. A
reducdo das concentracOes de lipoproteinas € bem descrita em modelos animais e pacientes
com HCU, e pode estar relacionada ao prejuizo em sua sintese quando a SCD-1 hepética

esta suprimida.
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Objetivo especifico 5. Determinar resisténcia insulinica, através do indice HOMA-IR, em
pacientes com HCU em tratamento.

N&o houve diferenca no indice HOMA-IR entre pacientes e controles; bem como
associacdo com composicdo corporal e outros marcadores bioquimicos avaliados. Embora
ndo estudada no modelo animal de HCU, outros modelos com metabolismo alterado de
SAA mostraram melhor sensibilidade & insulina nos animais ndo tratados. Em nosso
estudo, ndo pode ser excluido que tratamento tenha anulado possiveis diferencas entre os

grupos. Novos estudos s@o necessarios para avaliar esta hipotese.

Objetivo especifico 6. Verificar a associacdo entre os SAA (metionina, homocisteina e
cisteina), colina e betaina com a composicdo corporal e marcadores de metabolismo

lipidico em pacientes e controles.

Verificou-se associacdo de lipoproteinas com colina e leptina; cisteina com IMC,
percentual de gordura corporal e SCD-16; metionina e cisteina com leptina; e glutationa
com percentual de gordura corporal. Os achados reforcam a hipotese de que o metabolismo
alterado dos SAA influencia a composi¢do corporal, niveis de lipoproteinas e de leptina na
HCU. No entanto, por se tratar de um estudo transversal, relacbes de causalidade né&o
podem ser determinadas.

Objetivo especifico 7. Estimar a atividade da SCD-1 hepatica através dos indices SCD-16
e SCD-18; e analisar a associacdo dos indices com composicdo corporal, niveis de
lipoproteinas, leptina e adiponectina e concentracfes de SAA em pacientes e controles.

Observou-se indice SCD-16 significativamente mais baixo nos pacientes, e associacao
positiva com os niveis plasmaticos de cisteina. Ndo houve associacdo com outras variaveis.
Estes achados indicam atividade enzimatica reduzida da SCD-1 hepatica nos pacientes,
apesar do tratamento. A associacdo positiva com a cisteina plasmatica corrobora estudos
experimentais e populacionais que sugerem que a cisteina regule, por mecanismos ainda
ndo elucidados, a expressao da SCD-1 hepatica. O indice SCD-18 sofre maior influéncia
da ingestéo dietética de acidos graxos, o que pode explicar a auséncia de diferenca entre os

grupos.
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9. PERSPECTIVAS

A partir dos resultados obtidos no estudo, novos trabalhos deveréo ser conduzidos
para aprofundar e/ou elucidar os achados. Para entender a alta frequéncia da mutacao
€.828+1G>A em nossa amostra, pretende-se conduzir a investigacao genética dos pais e/ou
outros familiares dos portadores da mutacéo a fim de determinar se a mutacgdo foi herdada
se trata-se de mutagdo "de novo". Novos estudos in vitro seréo realizados para elucidar o
efeito da mutacdo c.2T>C sobre a sintese/funcdo da CBS. No momento, um construto
mutante para a ¢.2T>C e também com o cédon ATG do vetor mutado esta sendo testado na
Universidade de Freiburg. Além disso, fibroblastos dos pais e do paciente foram coletados

para mensuracdo da atividade da CpBS.

Pretende-se também ampliar a analise clinica e genética para outros tipos de
homocistinaria. Um dos projetos ja em fase de aprovacdo € da caracterizacdo clinica e
molecular de pacientes brasileiros com homocistindria por deficiéncia de MTHFR. O
Servigo de Genética Médica do HCPA ja integra também o E-HOD (Registro Europeu de
Homocistinurias e Defeitos de Metilacdo); sendo o primeiro centro latino-americano a
participar do registro e o centro coordenador no Brasil. O E-HOD foi criado em 2013, sob
coordenacdo do Prof. Henk Blom, sendo um registro multicéntrico que busca construir
uma ampla base de dados epidemiolégicos sobre homocistindrias e defeitos de metilacdo
no mundo, que permita ampliar o conhecimento sobre a histdria natural destas doencas.
Um dos objetivos do registro é o desenvolvimento de consensos e diretrizes baseados nos
dados clinicos coletados e nas evidéncias disponiveis para melhoria do diagndstico e

manejo deste grupo de doencas.

Outro trabalho em desenvolvimento pelo grupo € o estudo in vitro do efeito da
creatina em fibroblastos de pacientes com diferentes tipo de homocistindria. Uma vez que
a sintese enddgena de creatina € responsavel pela formacéo de uma parcela consideravel de
homocisteina, a suplementacdo de creatina poderia poupar a sintese enddgena, resultando
na reducdo da sintese de homocisteina. Se comprovada sua eficacia, a creatina poderia ser

um adjuvante no tratamento de pacientes com homocistindria.
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