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.1 RESUMO

O envelhecimento é um processo bioldgico caracterizado pela deterioracéao
progressiva das func¢des fisioldgicas do organismo. A perda de funcéo e o acimulo de
dano tecidual estéo relacionados a uma série de marcadores celulares, dentre eles, o
encurtamento acelerado de teldbmeros, acumulo de células senescentes e o
comprometimento da funcdo mitocondrial. O estabelecimento do fenétipo senescente
pode ser caracterizado pelo aumento na transcricdo do gene CDKN1A (P21) e pela
atividade da enzima [(-galactosidase (B-gal), além de um conjunto de citocinas que
constituem um secretoma capaz de contribuir para um estado de inflamacéo cronico,
observado em doencas relacionadas a aceleracéo do envelhecimento. A obesidade é
uma condicéo fisiolégica caracterizada pela alteracdo na composicédo e a estrutura do
tecido adiposo e uma desregulagdo metabdlica. E uma doenca associada a um estado
de inflamacéo cronica, compartilhando aspectos relacionados ao envelhecimento e ao
aparecimento de caracteristicas de senescéncia de forma antecipada. Dessa maneira,
0 objetivo principal desta tese foi avaliar parametros relacionados a homeostasia do
complexo telomérico e o impacto do ambiente oxidativo, caracteristico da obesidade,
na inducdo do fendtipo senescente. Para isso, relacionamos a homeostase do
complexo telomérico de células mononucleares de sangue periférico (PBMC) com a
inducdo do fenotipo senescente relacionado a disfuncdo mitocondrial em células
tronco adipo-derivadas (ADSC) expostas ao plasma de individuos portadores de
obesidade apés 10 dias de tratamento. Nossos resultados demonstraram que
individuos portadores de obesidade possuem teldmeros mais curtos e uma
desregulacdo na expressdo dos componentes do complexo shelterin em PBMC,
independente da ocorréncia de comorbidades associadas a doenca. Além disso,
observamos um aumento do dano oxidativo relacionado ao aumento da
lipoperoxidacdo e o conteludo de proteinas carboniladas no plasma de individuos
portadores de obesidade. A Analise de Componentes Principais (PCA) ainda sugere
que o comprometimento da homeostase telomérica pode ser parcialmente explicado
pela desregulacdo de TRF1, o qual ndo pdde ser revertido pelo aumento na resposta
antioxidante ndo enzimatica, decorrente de uma possivel resposta celular adaptativa.
Os efeitos cronicos do plasma de individuos portadores de obesidade sugeriram o
gatilho da inducéo do fenétipo senescente em ADSC pelo aumento da atividade da
enzima (-gal e um aumento na expressao de CDKN1A. Observamos um acumulo de
mitocéndrias danificadas e indicios de inibicdo da autofagia celular, caracteristicas
gue podem contribuir na inducdo do fenotipo senescente no contexto da obesidade.
Complementando os achados obtidos no sistema periférico (PBMC), nossos
resultados ainda demonstram um aumento na expressao de TRF1 nas ADSC no inicio
do fenotipo senescente, sugerindo novamente que TRF1 tem um papel importante na
progressdo do envelhecimento, tanto a nivel de tecido adiposo quando a nivel
sistémico. Os dados obtidos nessa tese sugerem que a obesidade € uma doenca que
estd associada a aceleracdo do fendtipo senescente em diferentes contextos
celulares, induzindo a ativacéo de respostas moleculares antecipadas, similares aos
mecanismos observados no envelhecimento.

Palavras-chave: Envelhecimento, obesidade, teldbmeros, shelterin, TRF1, hADSC,
mitocoOndria, senescéncia.
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.2 ABSTRACT

Aging is a biological process characterized by the progressive deterioration of the
physiological functions of the organism. Loss of function and accumulation of tissue
damage are related to several cell hallmarks, such as accelerated telomere shortening,
senescent cell accumulation, and mitochondrial dysfunction. The establishment of the
senescent phenotype can be characterized by the increase in CDKN1A (P21) gene
transcription and the enzyme [-galactosidase (B-gal) activity, as well as a set of
cytokines that constitute a secretome that contributes to a chronic inflammation state,
observed in age-related diseases. Obesity is a multifactorial condition characterized
by changes in the composition and structure of adipose tissue and excessive metabolic
dysregulation. It is associated with a chronic low-grade inflammatory condition that
accompanies metabolic dysfunction, sharing aspects related to anticipation of aging
characteristics. Thus, the aim of this thesis was to evaluate parameters related to
homeostasis of the telomeric complex and the impact of the obesity-related oxidative
environment on the induction of senescent phenotype. To this end, we evaluated the
telomere homeostasis of the peripheral blood mononuclear cell (PBMC) and the
senescence induction on adipose-derived stem cells (ADSC) by chronic exposure to
an obesogenic environment. We demonstrated that obese individuals have shorter
telomeres and dysregulated gene expression of shelterin components in PBMC,
regardless of the occurrence of disease-associated comorbidities. In addition, we
observed increased oxidative damage related to augmented lipoperoxidation and
carbonyl protein content in plasma of obese individuals. Also, Principal Component
Analysis (PCA) suggests that the impairment of telomeric homeostasis may be partially
explained by the positive regulation of TRF1 and could not be reversed by the increase
in non-enzymatic antioxidant response, observed as an adaptive cellular response.
The chronic effects of obesogenic environment were observed after plasma incubation
for 10 days. Our data sugested that the onset of senescent phenotype induction in
ADSC was observed by increased [3-gal enzyme activity and an increase in CDKN1A
expression. After plasma incubation for 10 days. Furthermore, the accumulation of
damaged mitochondria may be a response due to autophagy machinery impairment,
so that it may contribute to the induction of senescent phenotype in the context of
obesity. Our data further demonstrated an increase in TRF1 expression in ADSC at
the onset of the senescent phenotype, suggesting that TRF1 plays an important role
in the progression of aging, both at adipose and systemic levels. The data obtained in
this thesis suggest that obesity is a disease that is associated with acceleration of the
senescent phenotype in different cellular contexts, contributing to the activation of
molecular responses that trigger characteristics observed in aging.

Keywords: Aging, obesity, telomeres, shelterin, TRF1, hADSC, mitochondria,
senescence.
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.3 LISTA DE ABREVIACOES
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ADSC

AMPK

AO
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MFN2 Mitofusina 2
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Co-ativador do receptor ativado por proliferacdo de
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.4 INTRODUCAO

1.4.1 Envelhecimento

O envelhecimento € um processo biologico caracterizado pela deterioracao
progressiva das fungdes fisioldgicas do organismo. A perda de fun¢éo e o acimulo de
dano tecidual estdo relacionados ao aumento do desequilibrio oxidativo, o que
também aumenta o risco de desenvolver comorbidades e a susceptibilidade a morte
(Paradies et al. 2010, Wang et al. 2013). Nesse sentido, a ciéncia tem um papel
fundamental na investigacdo de evidéncias que buscam compreender as bases
fisiologicas dos processos celulares que levam ao acumulo de dano, bem como
estudar mecanismos relacionados as respostas adaptativas que tentam restabelecer
a homeostase do organismo (L6pez-Otin et al. 2013).

De acordo com o estudo publicado por Lopez-Otin, foram propostos nove
marcadores associados com o envelhecimento, os quais podem ser classificados e
agrupados quanto ao tipo do efeito no organismo. Os marcadores primarios
(encurtamento de teldmeros, instabilidade genbmica, perda da proteostase e
alteracdes epigenéticas) causam danos celulares independentemente do aciimulo no
ambiente. Ja as consequéncias fisiolégicas dos marcadores antagonistas
(senescéncia celular, disfuncdo mitocondrial e desregulacdo da sinalizacdo de
nutrientes) podem ter efeitos opostos, dependendo dos niveis e do contexto celular,
de modo que a resposta pode ser benéfica ou deletéria. O terceiro grupo compreende
0s marcadores integrativos (exaustdo de células dos compartimentos tronco e

alteracdo na comunicacéo intercelular), que afetam diretamente a homeostase devido
18



ao acumulo dos marcadores primarios e antagonistas, comprometendo a funcéo
tecidual. Embora exista, de certa maneira, uma relacdo hierarquica entre os
marcadores, a manifestacdo fenotipica € um processo dindmico que interconecta as
trés classes de forma simultanea, promovendo juntas a progresséo do envelhecimento

(L6pez-Otin et al. 2013) (Figura 1).

Cellular senescence 1‘5];16113&;6“ exhaustion
Mitochondrial dysfunction

Genomic instability

Epigenetic alterations Telomere attrition

Figura 1. Marcadores do envelhecimento biolégico. Esquema demonstrativo representando os nove
marcadores celulares e moleculares, organizados em 3 grupos, que contribuem para a progresséo do
processo de envelhecimento. Abreviacdes: P: marcadores primarios; A: marcadores antagonistas; I:
marcadores integrativos (Adaptado de Lopez-Otin et al. 2013).

Dessa forma, diversos estudos tém evidenciado que o envelhecimento nao é
um fenémeno celular biologicamente isolado, mas que esta acoplado a uma alteracéo
geral associada a um comprometimento na comunicagdo intercelular, capaz de
modular o ambiente de células adjacentes (Freije e Lopez-Otin 2012, Rando e Chang

2012). Entretanto, além de contribuir para o surgimento de desequilibrios fisioldgicos,
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as sindromes metabdlicas, como a obesidade, aceleram processos celulares
relacionados ao envelhecimento, reduzindo o tempo de vida dos individuos

(Dominguez e Barbagallo 2016, Frasca et al. 2017).

I.4.2 Teldmeros como biomarcadores de envelhecimento precoce

O genoma de organismos eucariotos € composto por moléculas lineares de
DNA que propagam a informacdo génica por um processo de replicacdo
semiconservativo. A fita continua é estendida no sentido 5'-3' em direcdo a abertura
da bolha de replicacdo, enquanto que a fita descontinua € sintetizada no sentido
oposto, sintetizando a nova fita em pequenos fragmentos de DNA, chamados
fragmentos de Okazaki (Okazaki et al. 1968). Entretanto, a enzima DNA polimerase
requer um molde de DNA de fita dupla (dsDNA) e uma extremidade 3'OH livre, para
realizar a sintese da nova fita. Nesse sentido, devido a incapacidade de a polimerase
replicar completamente a fita descontinua, o mecanismo de replicagdo gera uma
porcado de fita simples na extremidade 3'OH do DNA. Esse fenébmeno celular foi
descrito por James Watson como “problema final de replicagcédo”, indicando que, ao
longo de cada ciclo de divisao celular ocorre, naturalmente, uma perda progressiva de
nucleotideos na extremidade 3'OH dos cromossomos (Watson 1972).
Fisiologicamente, o nimero de bases removidas a cada divisdo ndo € constante, e
depende de varios fatores como a taxa de divisdo celular de cada tecido e organismo,
além da posicédo e o tamanho da sequéncia de nucleotideos do ultimo iniciador de
RNA que serve como molde para o inicio da sintese da nova fita de DNA e do tempo

de extensdo da nova sequéncia (Wellinger 2014).
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Com o objetivo de compreender a capacidade de compensacédo do organismo
em relacdo a perda de nucleotideos resultantes do ‘“problema final de replicacéo”,
alguns trabalhos surgiram com a intencdo de elucidar mecanismos moleculares
relacionados a replicacdo do DNA (Harley 1991, Levy et al. 1992, Olovnikov 1996,
Griffith et al. 1999, Ohki et al. 2001, Gilson e Géli 2007, de Lange 2009). A identificacéo
(Greider e Blackburn 1985) e purificacdo (Greider e Blackburn 1987) da telomerase,
uma enzima com atividade de transferase que atua na regido terminal dos
cromossomos, abriu um novo campo de estudo na area da biologia molecular.

Teldmeros sdo estruturas nucleoproteicas especializadas localizadas nas
extremidades dos cromossomos lineares eucarioticos. Sao formados por uma regiao
de dsDNA e uma saliéncia de fita simples na extremidade 3'OH, rica em guanina
(Blackburn et al. 2015) (Figura 2A). S&o estruturas que desempenham um papel critico
na manutencao da integridade genémica e na preservacao da informacéo genética,
prevenindo a degradacédo nucleolitica (Shammas 2011), a recombinacao espontanea
(Lisby et al. 2010) e eventos de reparo que resultam na fusdo cromossomica e no
rearranjo de quebras das fitas de DNA, conferindo estabilidade cromossdémica e
homeostase gendmica (Webb et al. 2013). O elevado grau de conservacéo entre as
espécies sugere que a funcdo desempenhada pelos teldomeros provavelmente tenha
surgido no inicio da evolucdo, de modo que as espécies que condensam o seu DNA
em cromossomos lineares possam ter evoluido com um mecanismo ancestral de
protecdo a informacao genética de forma muito similar (Szostak e Blackburn 1982, de
Lange 2015, Lue 2018).

Em mamiferos, o DNA telomérico é protegido por um conjunto de proteinas que

se associam ao DNA na porcéo de fita simples e dupla e, por conseguinte, protegem
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a integridade do genoma. Esse complexo de seis proteinas, denominado complexo
shelterin, forma uma estrutura intricada e protege a extremidade livre do ssDNA,
impedindo o reconhecimento da sequéncia como uma quebra de fita de DNA, e a
consequente inducéo da resposta de dano ao DNA (DDR) (Sfeir 2012).

O complexo interage com o DNA da porcdo dos telomeros pela ligacao das
proteinas Fator de Ligacdo de Repeticdo Telomérica 1 (TRF1) e 2 (TRF2) na regido
do dsDNA, enquanto a proteina Protecao aos Teldmeros 1 (POTL1) se liga a regido de
fita simples. As proteinas TRF1, TRF2 e POT1 interagem através de uma ponte
formada pelas proteinas TPP1 e TIN2, que ndo se ligam diretamente a fita de DNA. O
sexto componente, Proteina Relacionada ao Ras (RAP1), proteina evolutivamente
mais conservada entre as espécies, também nao se liga diretamente ao DNA e

interage exclusivamente com TRF2 (Erdel et al. 2017, Grun et al. 2019) (Figura 2B).
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Figura 2. Localizacdo e estrutura do complexo telomérico nos cromossomos eucariéticos. (A)
Os telébmeros (porcédo violeta) estdo localizados nas extremidades dos cromossomos e consistem em
uma sequéncia de DNA de fita dupla e uma saliéncia de DNA de fita simples com a repeticdo da
sequéncia TTAGGG na extremidade 3'OH. (B) O DNA telomérico é estabilizado por um complexo de
seis proteinas denominado shelterin. O complexo forma uma estrutura a fim de manter a conformacgao
3D na extremidade final dos cromossomos. A extremidade 3'OH de fita simples € invaginada na porc¢ao
de DNA de fita dupla para formar uma estrutura protetora, impedindo que a extremidade de fita simples
seja reconhecida como uma quebra de fita DNA. Abreviagcdes: TRF1: Fator de ligacdo de Repeticdo
Telomérica; TRF2: Fator de ligacdo de Repeticdo Telomérica 2; RAP1: Proteina Relacionada ao Ras;
TPP1: Tripeptidil Peptidase 1; TIN2: Fator Nuclear de Interacdo com TRF1 2; POTL1: Protecdo aos
teldmeros 1 (Adaptado de Grun et al., 2019).
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Estudos demonstram que a proteina TRF1 auxilia na manutencéo e regulacao
direta do comprimento dos telémeros pela interagdo com as proteinas TIN2, TPP1 e
POT1 (Sfeir et al. 2009). Sua deplecédo esta relacionada ao aumento da DDR,
acelerando o feno6tipo de envelhecimento (Marion et al. 2017). A proteina TRF2 tem a
funcdo de estabilizar a formacdo de um laco (loop) na sequéncia, protegendo a
extremidade do ssDNA e reprimindo diretamente a sinalizacdo da DDR. Além disso,
a interacdo das proteinas RAP1 e POT1 é responsavel por impedir eventos de
recombinacdo homdéloga (Xin et al. 2008).

A telomerase é a enzima responsavel pela sintese de novo da porcao final dos
cromossomos ou DNA telomérico. Possui atividade de transcriptase reversa, sendo o
principal mecanismo fisiolégico pelo qual as células de mamiferos estendem os
telomeros (Blackburn et al. 2015). Em humanos, a telomerase adiciona o hexamero
TTAGGG a extremidade 3'OH de DNA de fita simples (ssDNA) (Hukezalie e Wong
2013). O nucleo catalitico da telomerase € um complexo de riboproteinas composto
por uma subunidade polipeptidica denominada Transcriptase Reversa da Telomerase
(TERT) e um Componente de RNA da Telomerase (TERC) pertencente a familia de
RNAs néo codificantes (Rubtsova et al. 2012).

A biogénese e a maturacdo do complexo que forma a holoenzima telomerase,
composta pelas subunidades TERT e TERC, ocorre através de associacfes com
proteinas e dominios especificos no corpo de Cajal (Blackburn 2001, Rubtsova et al.
2012), uma organela altamente conservada especializada na maturagdo das
riboproteinas (Nandakumar e Cech 2013). Apos a montagem da holoenzima funcional,
as proteinas Tripeptidil Peptidase 1 (TPP1) e Fator Nuclear de Interacdo com TRF1 2

(TIN2) regulam o recrutamento de TERT para a extremidade 3'OH de fita simples de
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DNA, em um processo facilitado pela Proteina Corporal Telomerase Cajal 1 (TCAB1)
(Zaug et al. 2010, Egan e Collins 2012, Nandakumar et al. 2012, Frank et al. 2015) e
Discerina (DKC1), que interage com dominios de RNA especificos, conferindo
estabilidade a estrutura (Matera et al. 2007).

A atividade da enzima telomerase pode ser modulada e responde ao
encurtamento de teldbmeros e aos eventos de degradacdo do DNA (Blackburn 2001).
Dessa forma, o processo natural de encurtamento dos telémeros pode representar o
ritmo do processo de envelhecimento (Shammas 2011). Essa definicdo sugere que o
comprimento de teldmeros poderia ser considerado um marcador de idade bioldgica
alternativo, tanto a nivel celular quanto sistémico, indicando que o encurtamento
acelerado de teldmeros pode ser reconhecido como um biomarcador relacionado ao
fendtipo de envelhecimento prematuro (Butt et al. 2010). Por conseguinte, o
comprimento dos teldmeros, a atividade da enzima telomerase e a integridade das
proteinas que compdem o complexo shelterin sdo fatores fundamentais na
fisiopatologia de varias doencas humanas.

De acordo com essa afirmacdo, diversos estudos indicam que doencas
relacionadas ao envelhecimento precoce, como Disceratose Congénita (DC), Anemia
Apléastica (AA), Fibrose Pulmonar Idiopatica (IPF) e a Sindrome Hoyeraal-Hredarsson
(HHS) séo causalmente associadas com o encurtamento acelerado de teldmeros.
Mutagbes nas subunidades da enzima telomerase ou nos elementos que compdem o
complexo shelterin, podem comprometer a viabilidade celular e a homeostase tecidual
através da progressao das doencas (Mitchell et al. 1999, Armanios e Blackburn 2012,

Kong et al. 2013, Holohan et al. 2014, Martinez e Blasco 2017).
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Além disso, vérias doencas e condicdes podem promover um ambiente critico
gue pode acelerar a taxa de encurtamento da sequéncia telomérica. Nesse sentido,
estudos sugerem que doencas crénicas, como doencas cardiovasculares (Sanders et
al. 2011), diabetes mellitus (Salpea e Humphries 2010), sindromes metabdlicas
(Révész et al. 2014, Révész et al. 2015, Révész et al. 2017), doencas pulmonares
(Kyoh et al. 2013, Albrecht et al. 2014, Belsky et al. 2014), entre outras, estao
associadas com teldmeros curtos independentemente da idade bioldgica (Kong et al.
2013). Ainda, doencas crénicas metabolicas compartilham caracteristicas importantes
e estdo associadas ao estabelecimento de um ambiente pro-oxidante e proé-
inflamatorio que favorecem a disfuncao telomérica (Pawelec et al. 2014).

Assim, ao atingir um comprimento critico, a sequéncia do DNA telomérico pode
induzir a sinalizacdo para ativar a DDR, resultando na parada do ciclo celular e na

transcricdo de genes que ativam vias de senescéncia celular (Prescott et al. 2012).

1.4.3 Senescéncia celular

A senescéncia celular € um processo na qual as células induzem a parada do
ciclo celular de forma permanente e acumulam alteracdes fenotipicas distintas,
incluindo alteragbes estruturais na cromatina e na transcricdo de genes que
contribuem para a composi¢cdo de um secretoma capaz de alterar metabolicamente
mecanismos de resposta celular envolvidos na sobrevivéncia. O estabelecimento e
progressdo do fenotipo senescente ocorre geralmente em resposta a eventos de
estresse celular, como danos genotoxicos, estresse oxidativo, estresse induzido (ou

independente) da ativacdo de oncogenes e encurtamento de teléomeros, de forma que
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estejam relacionados com a antecipacdo de caracteristicas observadas no
envelhecimento (Adams 2009, Kuilman et al. 2010, Campisi 2013, Jung et al. 2019,
Liu et al. 2019).

De fato, o termo “senescéncia celular” foi proposto por Hayflick e Moorhead,
em um estudo realizado em fibroblastos humanos, observando a parada de sua
capacidade proliferativa in vitro. Os autores observaram que as células acumulavam
caracteristicas fenotipicas relacionadas ao envelhecimento, além de apresentarem
um numero de divisbes limitados, sugerindo que essas células ndo eram capazes de
se multiplicar indefinidamente (Hayflick e Moorhead 1961). Posteriormente, esse tipo
especifico de senescéncia (denominado senescéncia replicativa), foi causalmente
associada ao encurtamento fisiologico de telémeros (Blackburn e Gall 1978). Essa
observacédo suporta a hipétese original de que a senescéncia € um mecanismo que
impede o crescimento irrestrito de células danificadas, uma vez que o encurtamento
critico de telébmeros pode promover o acumulo de mutagdes levando a instabilidade
cromossOmica, as quais ativam a tumorigénese (Van Deursen 2014).

Além da parada do ciclo celular essencialmente permanente, o fendtipo
senescente é caracterizado por outros marcadores moleculares e celulares, como
alteracdes morfolégicas, reprogramacdo metabdlica, rearranjo da cromatina ou
modulacdo da autofagia, de forma que a célula aumente seu tamanho em decorréncia
do conteudo lisossomal e adquira uma morfologia achatada, além de aumentar a
atividade da enzima B-galactosidase (B-gal) em pH proximo ao neutro (Lee et al. 2006,
Morgunova et al. 2015). Além disso, a secre¢do de citocinas e quimiocinas que
compdem o fendtipo secretor associado a senescéncia (SASP), como IL-1p3, IL-6 e IL-

8 (Evan e di Fagagna 2009, Coppé et al. 2010), e a diminuigdo nos niveis nucleares
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de Lamin B1 (Shimi et al. 2011, Freund et al. 2012) estdo geralmente associadas ao
acumulo de dano ao DNA nuclear, denominados foci na heterocromatina associados
a senescéncia (SAHF), e também sédo caracteristicas comuns de muitos tipos de

senescéncia (Kuilman et al. 2010, Salama et al. 2014) (Figura 3).

Senescence initiation Early senescence Late senescence
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Figura 3. Caracteristicas fenotipicas de células senescentes. A senescéncia € uma resposta celular
ao estresse caracterizada pela parada estavel do ciclo celular pela ativacdo das vias p53/21 e/ou p16.
O estabelecimento do fenétipo senescente é caracterizado por um conjunto de marcadores celulares e
moleculares, como o aumento da atividade lisossomal relacionada a atividade da enzima -
galactosidase associada a senescéncia (SA-B-gal), perda dos filamentos de Lamin B1 e secrecéo de
citocinas e quimiocinas que compdem o SASP, além de alteragBes estruturais na cromatina e aumento
do tamanho celular. A progresséo do fen6tipo senescente pode contribuir para um estado de inflamagéo
cronica caracterizando o inflammaging, denotando a natureza complexa e diversa a senescéncia.
Abreviacdes: SASP: Fendtipo Secretor Associado a Senescéncia; SA-B-gal: enzima -galactosidase
associada a senescéncia (Adaptado de Herranz and Gil, 2018).

A parada do ciclo celular, geralmente observado em células senescentes, difere
essencialmente de células em estado quiescente, caracterizado pela parada
temporaria do ciclo celular através da sinalizacdo de um fenétipo ndo secretor
dependente de P27 (CDKN1B) que pode ser reestabelecido em resposta ao desafio
mitogénico. Em condicdes de estresse e quando expostas a fatores que induzem a
parada transiente do ciclo celular, como privacéo de fatores de crescimento ou inibicao

do crescimento por contato, células quiescentes entram em estado néo-proliferativo
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(fase GO) temporario, e, embora ndo possam ser distinguidas pelo conteudo de DNA,
possuem uma reduzida taxa de transcricio de RNA e traducdo de proteinas
ribossémicas, além de diminuir sua atividade metabdlica (Sharpless e Sherr 2015,
Mitra et al. 2018, Gorgoulis et al. 2019).

A inducdo do fenotipo senescente também pode ser ativada por uma
persistente DDR, causada pelo encurtamento critico de teldomeros em resposta ao
ambiente oxidativo ou indutores extrinsecos de dano, como a exposicao a radiacdo-y
e quimioterapicos (di Fagagna 2008, Passos et al. 2009, Nardella et al. 2011). A
ativacdo da DDR é mediada pela ativacdo da via Ataxia telangiectasia mutada (ATM)
e ATM relacionada a Rad-3 (ATR), ativando a proteina tumoral 53 (TP53) e induzindo
a parada do ciclo celular. Oncogenes ativados também podem ser indutores de
senescéncia, causando erros de replicacdo do DNA e formacao de quebras de DNA
de fita dupla (DSB), ativando a DDR (Di Micco et al. 2006, Aird et al. 2013).

No entanto, dependendo do tecido, as células que compdem o fendtipo
senescente ndo exibem necessariamente todos os marcadores descritos na literatura.
Assim, as células senescentes sdo geralmente identificadas por expressar um
conjunto dessas caracteristicas (Campisi 2013).

De uma maneira geral, o acimulo de estimulos que causam estresses celulares
pode ativar as vias de sinaliza¢do que induzem o fenétipo senescente. Parte desses
estimulos sinalizam as vias que fosforilam e ativam TP53, ativando proteinas
inibidoras de cinases dependentes de ciclina (CDK) como P15 (CDKN2B), P16
(CDKN2A), P21 (CDKN1A), P27 (CDKN1B). A TP53 ativada induz a ativacdo de P21,
resultando em uma parada transiente do ciclo celular pela inibicdo da cinase

dependente de ciclina 2 (CDK2). A sinalizagéo para ativacéo de P16 também inibe a
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progresséao do ciclo celular, pela inibicdo das cinases dependentes das ciclinas 4 e 6
(CDK4 e CDKB6, respectivamente). Tanto a sinalizacdo de P21 como de P16 impede
a inativacdo da proteina Retinoblastoma (Rb) por hipofosforilacdo, resultando na
repressdo continua de genes da familia E2 de fatores de transcricdo ligantes DNA
(E2F), necessarios para a transicao da fase G1 para a fase S do ciclo celular (Waaijer

et al. 2012, Munoz-Espin e Serrano 2014, Van Deursen 2014).

I.4.4 Senescéncia associada a disfuncéo mitocondrial

As espécies reativas de oxigénio (ROS) mitocondriais sdo geradas como
subprodutos da oxidacdo biolégica durante a transferéncia de elétrons da cadeia
respiratdria na respiracdo mitocondrial. S&0 moléculas altamente reativas que
possuem capacidade de oxidacéo devido a um ou mais elétrons desemparelhados, e
possuem um papel complexo na manutencdo da homeostase do organismo (Bae et
al. 2011).

O balanco oxidativo € um mecanismo que também pode desempenhar funcdes
celulares vitais no sistema biolégico em diferentes condi¢cdes fisiopatolégicas (Knopp
e Paramsothy 2006). Sendo assim, flutuagdes normais de ROS, durante a producéo
de energia, atuam na regulacdo de vias metabdlicas relacionadas a diversos
processos celulares, como autofagia (Jiang et al. 2015), biogénese mitocondrial
(Mordas e Tokatlidis 2015), resposta imune e senescéncia celular (Olsen et al. 2015),
sinalizacdo hormonal (Flohé 2016), homeostase peroxissomal (Sandalio e Romero-

Puertas 2015), entre outros.
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O aumento dos niveis de ROS e o acumulo do dano oxidativo tém sido
associados a progressao de varias patologias, incluindo doencas neurodegenerativas
(Federico et al. 2012, Kim et al. 2015, Liu et al. 2017), obesidade (Fernandez-Sanchez
et al. 2011, Horn et al. 2017, Grun et al. 2018), cancer (Landry e Cotter 2014, Cordani
et al. 2019) e envelhecimento prematuro (Kondratov et al. 2006, Weyemi et al. 2012,
Davalli et al. 2016). Por esse motivo, a capacidade de sinaliza¢céo via ROS é regulada
em varios niveis por um sistema antioxidante complexo, com a finalidade de manter o
estado redox em niveis fisiolégicos, contribuindo para a homeostase tecidual (Sena e
Chandel 2012).

A teoria dos radicais livres associada ao envelhecimento (Harman 1992)
postula que o envelhecimento é o resultado de efeitos nocivos provocados pelo
acumulo de dano, e a capacidade do organismo lidar com os danos celulares
induzidos por ROS. Dessa maneira, o desequilibrio oxidativo desempenha um papel
importante na determinacdo do tempo de vida do organismo. De acordo com esta
teoria, 0 aumento da producdo de ROS e o acumulo de danos macromoleculares
(proteinas, lipidios e &cidos nucleicos) sao fatores importantes na contribuicdo para
antecipacao de caracteristicas fenotipicas do envelhecimento, senescéncia, ou morte
celular (Capel et al. 2005, Cui et al. 2012).

Assim, a homeostase mitocondrial parece estar intimamente relacionada com
0 processo de envelhecimento, uma vez que é considerada a principal fonte celular
de producgéo de ROS durante a fosforilagdo oxidativa, bem como a principal organela
alvo de sinalizacdo, levando ao surgimento de fenotipos caracteristicos do

envelhecimento precoce (Bonomini et al. 2015).
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Além disso, o declinio da eficiéncia no transporte de elétrons devido a
disfuncdo dos complexos respiratorios, associado a diminuicdo dos sistemas
antioxidantes incapazes de neutralizar o excesso de ROS e os danos oxidativos,
causados pelo aumento de mutacbes no DNA mitocondrial (mtDNA), sdo importantes
fatores relacionados a progresséao do envelhecimento (Genova e Lenaz 2015, Kwon
et al. 2015, Hoppel et al. 2017). Ainda, estudos sugerem que o0 acumulo dessas
mutacBes contribui, por sua vez, para deterioracdo da funcdo mitocondrial,
aumentando ainda mais a producéo de ROS, retroalimentando um ciclo vicioso (Zorov

et al. 2014).

[.4.5 Dinamica e funcéo mitocondrial no envelhecimento

A constante renovacdo de mitocondrias € crucial a fim de manter organelas
saudaveis durante o processo de envelhecimento. Em geral, a regulacdo da
biogénese mitocondrial é influenciada por alteragdes nas condi¢cdes energéticas e
fisiologicas em resposta a algum estimulo. Nesse sentido, a disponibilidade de
nutrientes, regulacdo hormonal, exercicio fisico, hipdxia e a progresséao do fenétipo
senescente podem afetar os mecanismos de génese de mitocondrias (Lee et al. 2002,
Lee e Wei 2005, Mordas e Tokatlidis 2015). De acordo com essa hipétese, alguns
estudos sugerem que além do aumento de mutacBes e delecbes génicas, a
quantidade de mtDNA também diminui durante o envelhecimento, ou com doencas
relacionadas com a idade em varios tecidos de mamiferos (Mengel-From et al. 2014,

Wachsmuth et al. 2016, Ashar et al. 2017, Zhang et al. 2017).
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O co-ativador do receptor ativado por proliferacdo de peroxissomo 1a (PGC-1
a) € o principal mediador intracelular relacionado a mitogénese, responsavel pela
transcricdo de fatores que ativam a expressao dos principais genes relacionados a
estrutura e funcéo mitocondrial (Scarpulla 2011). Além disso, a repressao de PGC-1
a esta associado a progressao de diversas doencas cronicas, e sua deficiéncia foi
relacionada com um modelo de fibrose pulmonar em roedores, reduzindo a fungéo
mitocondrial de fibroblastos (Caporarello et al. 2018). Nesse contexto, a cinase ativada
por AMP (AMPK) parece ser crucial para regular o metabolismo de PGC-1a na
biogénese mitocondrial. A diminuicdo de AMPK foi relatada em animais envelhecidos
e parece estar diretamente relacionada a resisténcia insulinica relacionada a idade,
além de contribuir para o declinio da funcdo mitocondrial (Reznick et al. 2007, Bujak
et al. 2015).

As mitocéndrias sdo organelas extremamente dindmicas e mantém processos
complexos através da biogénese e da maquinaria de fuséo e fissdo, um mecanismo
de remodelamento de membranas mitocondriais controlados por enzimas GTPases
da familia das dinaminas. Esses processos permitem um constante remodelamento
da arquitetura mitocondrial, permitindo transicGes morfoldégicas entre estruturas
individuais e o estabelecimento de redes mitocondriais complexas (Scott e Youle
2010). Da mesma forma, o conteido mitocondrial total de uma célula é resultado de
um equilibrio dindmico entre a biogénese e a degradacdo de mitocdndrias nao
funcionais pelo processo de autofagia mitocondrial, denominado mitofagia (Meyer et
al. 2017).

As Mitofusinas 1 (MFN1) e 2 (MFN2) sao responsaveis pela fusdo da

membrana externa da mitocondria, enquanto a proteina Atrofia Optica 1 (OPA1) é
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responsavel tanto pela fusdo da membrana interna quanto pela manutencdo da
estrutura das cristas mitocondriais. O mecanismo de fissdo é controlado pela
expressdo da Proteina de Fissdo Mitocondrial 1 (FIS1), uma proteina acessoria
ancorada a membrana mitocondrial externa que auxilia no recrutamento da Proteina
Relacionada a Dinamina 1 (DRP1/DLP1), que possui atividade de constricdo de
membrana, e é considerada a reguladora chave do processo de fissdo mitocondrial

em mamiferos (Lee e Yoon 2016) (Figura 4).
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Figura 4. Ciclo de vida e dinAmica mitocondrial. A) A dindmica do ciclo de vida mitocondrial é
regulada pela mitogénese e um balango entre eventos de fusdo e fissdo mitocondrial, que podem
favorecer a formacdo de redes complexas de mitocdndrias interconectadas ou uma populagédo
heterogénea que pode culminar na reciclagem de mitocéndrias danificadas e despolarizadas. B) A
fus@o e a fissdo de mitocdndrias sdo processos importantes para diferentes funcdes biolégicas,
dependendo do contexto celular, podendo estar associados a reciclagem de componentes
mitocondriais durante a divisdo celular, transporte de organelas mediado pelo citoesqueleto, liberacéo
de fatores pro-apoptdticos no espaco intermembrana, além de estarem associados a dissipacao do
potencial de membrana e na troca de material genético a fim de combater o declinio fisiologico
observado no envelhecimento tecidual (Adaptado de Westermann 2010).
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Desequilibrios na homeostase da dinamica mitocondrial, controlado pelas
proteinas envolvidas nos processos de fusdo e fissdo, bem como defeitos
relacionados a biogénese de novas mitocondrias, podem levar ao acumulo de
mitocondrias ndo funcionais, comprometendo a producéo de ATP e que por sua vez
podem se tornar as principais mediadoras da ativacédo de vias metabdlicas que ativam
a morte celular pelo acimulo de dano oxidativo (Suen et al. 2008, Gottlieb e Carreira
2010).

A autofagia € um mecanismo adaptativo de sobrevivéncia celular, com a
finalidade de manter o turnover energético (Klionsky e Codogno 2013, Galluzzi et al.
2017, Dikic e Elazar 2018). E um processo celular catabélico de importancia evolutiva,
caracterizado pela autodegradacdo de componentes celulares danificados ou
desnecessarios e mediado pela formacdo de estruturas de membrana dupla
denominadas autofagossomos. O mecanismo molecular de formacdo dos
autofagossomos requer a fusdo com lisossomos ou vacuolos, para a formacdo de
autofagolisossomos, responsaveis por realizarem a reciclagem do material celular
dependente da acdo de hidrolases &cidas (Bento et al. 2016, Yin et al. 2016). O
fendbmeno autofagico mitocondrial é denominado mitofagia, e é um importante
mecanismo na manutenc¢ao do nimero adequado de organelas funcionais em relacéo
a demanda energética tecidual, além de auxiliar na reciclagem de mitocéndrias
danificadas, as quais podem comprometer a funcéo celular (Westermann 2010).

A proteina P62 (Sequestossomo-1 ou SQSTM1), € um receptor de autofagia
essencial na formacéo de agregados proteicos a membrana do autofagossomo. Ela
se liga com componentes da familia das proteinas de cadeia leve associada a

microtubulos 3 (LC3) e a substratos ubiquitinados. A diminuicdo de seus niveis
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proteicos pode ser um indicativo da ativacdo da via autofagica em situacdes de
estresse celular (Jiang et al. 2015, Liu et al. 2016). Ainda, estudos demonstram que a
inibicdo de autofagia leva ao acumulo de P62, o qual pode induzir estresse celular e
o desenvolvimento de patologias relacionadas ao acumulo de componentes celulares
danificados (Rusten e Stenmark 2010, Otten et al. 2018).

A literatura demonstra que had uma relacdo complexa entre o processo
autofagico e a progressédo do fenotipo senescente. Nesse sentido, estudos sugerem
gue a autofagia € ativada durante a senescéncia induzida por oncogenes, € 0
silenciamento dos principais reguladores do mecanismo autofagico pode atrasar a
senescéncia mediada por SASP. Ainda, uma vez que a autofagia modula o SASP de
uma maneira pos-transcricional, os autores também sugerem que a autofagia pode
auxiliar na sintese de moléculas que compdem o secretoma do SASP (Young et al.
2009, Rubinsztein et al. 2011). Além disso, a literatura ainda sugere que a inducéo de
dano ao DNA de forma aguda € capaz de induzir a ativacdo transiente da autofagia
através da regulacéo negativa da via AKT-mTOR, de modo que, quando observado a
nivel populacional, se correlacionem inversamente com os marcadores de
senescéncia. Nesse sentido, embora a cinética de ativacdo da autofagia pareca ser
paralela (e ndo necessariamente dependente) dos mecanismos que ativam a
senescéncia, a autofagia pode atuar como um mecanismo adaptativo, contribuindo na
regulacéo do destino celular entre apoptose e senescéncia (Filippi-Chiela et al. 2015).

Dessa forma, a autofagia parece estar conectada paralelamente a progressao
do fenotipo senescente e a doencas relacionadas ao envelhecimento precoce. De
fato, tanto estudos em humanos como em modelos de roedores demonstram que ha

um acumulo de autofagossomos em resposta a obesidade e a lipotoxicidade em
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multiplos compartimentos, incluindo os tecidos hepatico e adiposo, de modo que a
inibicdo da autofagia possa contribuir para a aceleracdo de patologias associadas a
obesidade em multiplos de tecidos (Ost et al. 2010, Kovsan et al. 2011, Nufiez et al.
2013).

Recentemente foi demonstrado que o comprometimento da funcéo mitocondrial
pode induzir um fendtipo senescente distinto, independente da via metabdlica
associada a interleucina 1 (IL-1) e fator nuclear kappa B (NF-kB), caracteristica do
fendtipo senescente mediado por SASP. Embora compartilhe -caracteristicas
fenotipicas comuns a senescéncia mediada pelo secretoma que compde o SASP,
como a parada de ciclo e inibicdo da proliferacdo celular, aumento da atividade da
enzima B-gal e perda de Lamin B1, o fendtipo MiDAS (senescéncia associada a
disfuncdo mitocondrial) possui um secretoma distinto, mediado principalmente pela
secrecdo de IL-10, fator de necrose tumoral alfa (TNFa) e quimiocina motivo C-C
ligante 27 (CCL27). Ainda, os autores demonstraram que o fendtipo MiDAS néo é
causado pelo acumulo de dano ao DNA e estresse oxidativo, mas sim pela diminui¢éo
dos niveis da raz&o entre nicotinamida-adenina-dinucleotideo oxidado e Nicotinamida-
adenina-dinucleotideo reduzido (NAD*/NADH) e da ativagdo de TP53 mediada por
AMPK. Dessa maneira, 0s autores sugerem que a ativacao de TP53 limita a secrecao
de citocinas que compdem o SASP (Gallage e Gil 2016, Wiley et al. 2016).
Corroborando com essa hipétese, estudos anteriores demonstraram que a ativacao
de AMPK pode induzir senescéncia pela fosforilagdo de TP53, promovendo a parada
do ciclo celular em resposta ao estresse genotoxico (Jones et al. 2005, Jiang et al.

2013).
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Figura 5. Senescéncia associada a disfuncdo mitocondrial (MiDAS). Caracteristicas fenotipcas de
senescéncia celular mediada por SASP e senescéncia induzida por disfungdo mitocondrial (MiDAS)
com seu secretoma proprio, composto por diferentes citocinas inflamatérias (Adaptado de Gallage and
Gil 20186).

1.4.6 Obesidade como modelo de doenca crdnica relacionado a senescéncia

A obesidade é uma condicdo de saude reconhecida como uma doenca
metabdlica multifatorial crénica caracterizada pelo acumulo do tecido adiposo
principalmente decorrente de um excesso na ingestédo calorica em detrimento de um
baixo gasto energético (Bischof e Park 2015), promovendo a hiperplasia e a hipertrofia
do tecido adiposo (Drolet et al. 2008, Longo et al. 2019).

Nos ultimos anos, a Organizacdo Mundial de Saude relatou que 39% da
populacdo adulta mundial foi classificada com excesso de peso e 13% eram
portadoras de obesidade (Organization 2017). Além disso, € um importante fator de
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risco para o desenvolvimento de diversas doencas relacionadas a idade e que
também esta associado a um estado inflamatorio sistémico induzido por elevados
niveis de estresse oxidativo (Ellulu et al. 2016).

Por ser considerada uma condicdo multifatorial, a obesidade forma uma rede
complexa entre elementos que podem contribuir para a progressédo da doenga, como
fatores biologicos, psicossociais e comportamentais, que incluem composicéo
genética, influéncias culturais e socioecondémicas (Skelton et al. 2011). Além disso, a
obesidade esta associada a ocorréncia de diversas comorbidades que podem exercer
um papel importante como fator de risco e contribuir para o envelhecimento precoce
e a progressao do fenotipo. Dessa maneira, pacientes portadores de obesidade tém
risco aumentado de desenvolver morbidades, como dislipidemias, diabetes mellitus
do tipo 2 (DM2), hipertensdo, doencas cardiovasculares (CVD), além de contribuir
para problemas respiratorios, apneia do sono, e alguns tipos de cancer (Apovian
2016).

O tecido adiposo € constituido por varios tipos celulares, incluindo adipdcitos e
uma fragcdo vascular estromal (SVF), uma populacdo heterogénea composta por
fibroblastos, células do sistema imune (como linfécitos T, mondcitos e macréfagos),
células endoteliais, musculares e células tronco derivadas do tecido adiposo (ADSC).
Estas interagem de forma paracrina através de fatores como adipocinas, hormonios e
citocinas inflamatorias (Symonds et al. 2003, Avram et al. 2005, Guilherme et al. 2008,
Gnecchi et al. 2016).

As ADSC compdem o tecido adiposo e possuem multiplas func¢des, como a
renovacado celular e reparo espontaneo do tecido adiposo, a fim de manter a

homeostase tecidual. Por sua caracteristica multipotente, as ADSC s&o capazes de
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se diferenciar em varios tipos de células in vitro, dependendo do estimulo indutor,
como células mesodérmicas, incluindo os tecidos adipogénico, condrogénico,
osteogénico e miogénico, através da expressao de genes especificos relacionados ao
potencial de diferenciacéo ou fatores linhagem-especificos (Heydarkhan-Hagvall et al.
2008, Gimble et al. 2011, Mellor et al. 2015, Mangum et al. 2017). Dessa forma, a
plasticidade celular e facilidade de obtenc&do e manipulacao in vitro tornam as ADSC
uma importante ferramenta para estudos que envolvam terapias de regeneracao
tecidual e imunomodulacdo que podem elucidar mecanismos envolvidos em diversos
distarbios, como em doencas pro-inflamatorias cronicas e engenharia tecidual (Bajek
et al. 2016, Dykstra et al. 2017).

Ao longo da progressdo da obesidade, o tecido altera sua composicao,
estrutura e funcédo, em resposta ao acumulo de fatores que induzem o aumento de
estresse celular. Em decorréncia dessa disfuncdo metabdlica, além da hipertrofia de
adipdcitos, ocorre o aumento da infiltracdo de células do sistema imune promovendo
um millieu pré-inflamatério, com aumento na secrecdo de adipocinas e citocinas
inflamatorias (como IL-18, IL-6, IL-8 e TNF-a), aterogénicas e diabetogénicas (Gregor
e Hotamisligil 2011, Choi e Cohen 2017). Ainda, hd o aumento no processo da fibrose
tecidual devido ao acumulo e deposicdo de matriz extracelular, a qual também
contribui para a inflamacao sistémica e resisténcia a insulina. Além disso, a obesidade
morbida também pode contribuir para a exaustdo dos compartimentos tronco de
ADSC no tecido adiposo, diminuindo a capacidade de renovagéo em diversos tecidos

(Bluher 2009, Reilly e Saltiel 2017, Louwen et al. 2018) (Figura 6).
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Figura 6. Composicédo do tecido adiposo na progresséao da obesidade. Durante o desenvolvimento
da obesidade, o ambiente inflamatério modula as ADSC de forma que se tornem 'estimuladores proé-
inflamatérios', acompanhadas pela hipertrofia dos adipdcitos, hipoxia, e na perda da homeostase e
reparo do tecido adiposo. Em decorréncia disso, ocorre um aumento na resposta inflamatéria, induzindo
a secrecao de citocinas pro-inflamatdérias, como IL-183, IL-6, IL-8 e TNF-a e uma polarizagdo de
macrofagos do fenotipo M2 para o fenétipo M1, além do acimulo de ADSC néo funcionais, favorecendo
aresisténcia a insulina e o desenvolvimento de sindrome metabdlica. Abreviagdes: ASC: células tronco
adipo-derivadas; IL: interleucina; TNF-a: fator de necrose tumoral alfa (Adaptado de Louwen, Ritter et
al. 2018).
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.5 JUSTIFICATIVA

A obesidade esta associada a alteracdo da composicao e da estrutura do tecido
adiposo. E uma disfuncdo metabdlica que promove um ambiente pro-inflamatério e
pré-oxidativo sistémico, e induz dano a macromoléculas, como lipidios, proteinas e
acidos nucleicos. Além disso, gera um desequilibrio na homeostasia energética e
metabdlica, paralela a disfuncao do sistema imune e esta intimamente associada com
0 surgimento prematuro de doencas naturalmente relacionadas ao envelhecimento.
Essas premissas sugerem que o tecido adiposo pode ser estudado como um tecido
endocrino, cujo funcionamento defeituoso pode comprometer o metabolismo do
organismo de forma sistémica.

Dados recentes publicados pelo nosso grupo evidenciaram os efeitos deletérios
do ambiente téxico presente na obesidade. Nossos resultados demonstram a
modulacdo de células mononucleares de sangue periférico (PBMC) saudéaveis a favor
do fendtipo senescente, quando expostas ao plasma de individuos portadores de
obesidade. Esse tratamento foi capaz de induzir disfungéo crénica imunometabdlica,
explicada pela redugdo do consumo de oxigénio relacionada a sintese de ATP durante
a respiracdo mitocondrial e regulacdo negativa do marcador CD28, fendtipo
caracteristico de linfécitos senescentes (Parisi et al. 2017).

Ademais, a literatura sugere que as ADSC presentes no tecido adiposo sdo 0s
componentes fundamentais da disfungcdo imunometabdlica, e que sua diferenciacdo
em pré-adipdécitos seria o fator desencadeante do estado inflamatorio cronico, o qual
repercute no organismo como um todo. Dessa forma, estudos que tenham como

objetivo analisar fatores associados ao envelhecimento precoce e parametros
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celulares e moleculares observado no contexto da obesidade, de modo a elucidar a
conexdo do acumulo de danos macromoleculares de maneira sistémica e a
progressédo do fenoétipo senescente tornam-se pertinentes.

No contexto dessas premissas, nossa hipotese é que a obesidade esteja
relacionada a um ambiente pro-inflamatorio, pré-oxidativo e metabolicamente
disfuncional que possa ser originado nas células tronco que compdem o tecido
adiposo. Ainda, esse ambiente caracterizado por um estresse metabdlico no tecido de
origem pode ser um mecanismo chave na modulacdo de um fendtipo senescente em
células do sistema imune periférico, de modo que possa contribuir para a aceleracéo

do envelhecimento.
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.6 OBJETIVOS

[.6.1 Objetivo Geral

O objetivo geral do trabalho é avaliar parametros relacionados a homeostase
metabdlica e ao complexo telomérico associados ao fendtipo senescente em

individuos portadores de obesidade.

[.6.2 Objetivos especificos

Capitulo 1
Elaborar uma revisao bibliografica narrativa sobre a estrutura e funcdo do
complexo telomérico e a associagdo com doencas crbnicas relacionadas ao

envelhecimento.

Capitulo 2
Descrever o perfil de dano macromolecular (DNA, proteinas, lipidios), o estado
redox no plasma, e a relacdo com a dinamica do complexo telomérico, em células

mononucleares de sangue periférico de individuos portadores de obesidade.

Capitulo 3
Investigar a inducdo do fendtipo senescente relacionado a disfuncdo
mitocondrial em células tronco adipo-derivadas expostas a um ambiente genotoxico

cronico, caracteristico da obesidade.
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[I.1 Capitulo 1: “Telomeres: chromosome end protective-complexes and its
association with chronic diseases”

(Manuscrito publicado no periédico Journal of Molecular and Cellular Biology Forecast)
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Abstract

Telomeres are specialized nucleoproteins present at the end of linear eukaryotic chromosomes.
They consist of a double- stranded DNA sequence and a single strand DNA protrusion (free 3'OH
end). Telomeres are assembled into a three- dimensional structure in association with the shelterin
complex. Telomeres play a central role in chromosomal stability and proliferative history of the
cells. Shortening of telomeres is considered an important marker of cellular aging shortening in
a physiological way in each round of cell replication in somatic cells. More impressive, telomeres’
attrition is highly susceptible to deterioration related to DNA damage accumulation during the
aging process. Clinical evidence suggests that telomeres’ shortening contributes to the establishment
and progression of the aging phenotype in some inflammatory chronic disorders. In other cases,
experimental evidences suggest that aging is accompanied with an abrupt shortening in the context
of such diseases, proposing that the length of telomeres may be an important biological marker for
progression of various pathologies.

Keywords: Aging; Telomeres; Telomerase; Shelterin complex; Chronic diseases

Abbreviations

AA: Aplastic Anemia; ATM: Ataxia Telangiectasia Mutated; ATR: Ataxia Telangiectasia Rad3-
related; B/F/B: Breakage/Fusion/Bridge cycles; BD: Bipolar Disorder; CCL11: C-C Motif Chemokine
Ligand 11; CDKNIA: Cyclin Dependent Kinase Inhibitor 1A; COPD: Chronic Obstructive
Pulmonary Disease; CTC1: CST Telomere Replication Complex Component 1; DC: Dyskeratosis
Congenita; DDR: DNA Damage Response; DKC1: Dyskerin; DNA: Deoxyribonucleic Acid; DSB:
Double Strand Break; dsDNA: double-stranded DNA; Exol: Exonuclease 1; HDR: Homology-
Directed Repair; HHS: Hoyeraal-Hreidarsson Syndrome; IPF: Idiopathic Pulmonary Fibrosis;
kb: kilobase; NHE]: Non-Homologous End Joining; PBMC: Peripheral Blood Mononuclear Cells;
POTI: Protection of Telomeres 1; RAPI: Ras-Related Protein 1; RNA: Ribonucleic Acid; SSB:
Single Strand Break; ssDNA: single-stranded DNA ; STN1: STN1 subunit of CST complex; SZ:
Schizophrenia; TCABI: Telomerase Cajal Body Protein 1; TEN1: TEN1 subunit of CST complex;
TERC: Telomerase RNA Component; TERT: Telomerase Reverse Transcriptase; TIN2: TRF1
Interacting Nuclear Factor 2; TP53: Tumor Protein P53; TPP1: Tripeptidyl Peptidase 1; TRFI:
Telomeric Repeat Binding Factor 1; TRF2: Telomeric Repeat Binding Factor 2

History of the Telomeres

The possibility of the presence of specialized structures at the end of the chromosomes emerged
in 1938 when Herman Muller observed that X-rays could cause breaks in the chromosomes of the
fruit fly Drosophila melanogaster and that the fusions did not occur at the ends of the chromosomes
[1]. Simultaneously, in an independent study, Barbara McClintock observed a similar process after
induction of chromosomal breaks in corn species [2]. The ability to avoid fusion of their ends led to
the conclusion that the chromosomes were protected by some structure, called by Muller telomeres.

Years later, Leonard Hayflick observed in vitro that mouse fibroblasts had limited proliferative
potential and accumulated aging-related characteristics, suggesting that these cells were not able to
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divide indefinitely. The critic moment of cell cycle arrest was called
the “Hayflick limit” [3]. A few years later, studies on the properties
of the DNA semi conservative replication process [4,5] revealed
particularities that corroborated Hayflick's theory of senescence.

In 1978, Elizabeth Blackburn and Joe Gall observed the repetition
of the 5-TTGGGG-3 hexamer at the DNA molecules on chromosome
ends through sequencing the macro nuclear genome of Tetra hymena
[6]. In 1982, Jack Szostak confirmed the conservation of telomere
function throughout the evolution of the species, demonstrating
that the linearization of yeast circular DNA could be stabilized after
recombination with the telomere sequence of the protozoan Tetra
hymena [7]. Since that, several studies emerged with the intention to
investigate the function of telomeres biology and its association with
diseases.

Structure and Function

Telomeres consist of a non-coding nucleotide sequence,
composed by a double-stranded DNA sequence and a single strand
DNA protrusion composed of 150-200 nucleotides (Figure 1),
stabilized by proteins that forms an intricate structure, preventing
telomeres been recognized as a single (SSB) or double DNA Strand
Breaks (DSB). The single- stranded DNA (ssDNA) overhang consists
of guanine-rich repeats at the 30H end, called the G-strand. The
complementary 5 strand is rich in cytosine and named as C-strand

(8].

The molecular analysis demonstrates that telomeric DNA forms a
stable structure, in which the 3OH overhang is rearranged, inserting
into the double-stranded DNA (dsDNA), forming a lariat structure,
called the T-loop [9]. The final, single-stranded portion of the T-loop
is protected by the ssDNA, disrupting base pairing between the double
helix, forming a portion of triple-stranded DNA, called the D-loop
(Figure 2) [10]. This specialized structure prevents the 3OH overhang
from being recognized as an SSB, thus inhibiting the activation of
the DNA Damage Response (DDR)-signaling machinery induced
by Ataxia Telangiectasia Mutated (ATM) and Ataxia Telangiectasia
Rad3-related (ATR), key pathways that promote end-to-end fusion
by Homology-Directed Repair (HDR) and Non-Homologous End
Joining (NHE]) [11].

The number of replicates of the telomeric sequence widely diverse
between species, but its sequence is highly conserved in eukaryotic
[12]. In mammals, the nucleotide sequence consists of the TTAGGG
tandemly repeated hexamer, but the number of replicates is also
variable between tissues and cells within the same organism. In
humans, the size of telomeres can vary between 10-15 kilobases (kb)
in early life, and even in some mouse strains, which can be as long as
40-80kb [13].

Thus, telomeres play an important role in protecting the genome
against nucleolytic degradation, spontaneous recombination, repair
events that result in chromosomal fusion and preventing SSB/DSB
[14]. Moreover, telomeres are essential regulators of chromosomal
positioning and cellular replicative capacity [15], conferring
chromosomal stability and maintenance of genomic homeostasis.

The telomerase enzyme

In the early 1970s, Alexey Olovnikov hypothesized that a
particular enzyme might be able to compensate for the loss of
nucleotides resulting from the end replication problem [5]. In this
sense, Telomerase was first described in 1987 by Carol Greider and

Elizabeth Blackburn [16]. Telomerase is a reverse transcriptase
enzyme responsible for the de novo synthesis of the telomeric DNA,
being the main physiological mechanism by which mammalian cells
extend their telomeres. In humans, telomerase adds the TTAGGG
hexamer to the 3OH overhang at the end of linear chromosomes [17].

The telomerase catalytic core is a ribo nucleoprotein complex
composed of a polypeptide subunit termed Telomerase Reverse
Transcriptase (TERT) and a Telomerase RNA Component (TERC)
belonging to the non-coding RNA family [18] (Figure 3). Telomerase
activity counteracts the natural shortening of telomeres associated
with cell replication and DNA degradation events [19]. It’s up
regulation or mutation is a strategy described in major types of cancers
for unlimited replicative capacity [20]. Biogenesis and maturation
of the telomerase complex, formed by its two major TERT and
TERC subunits, occurs through associations with specific proteins
and domains in the Cajal body [18], a highly conserved organelle
specialized in the maturation of ribo nucleoproteins [13]. After
assembly of the functional holoenzyme, additional proteins, such
TPP1, TIN2 regulate the recruitment of TERT to the 3OH free end
of the G-rich leading strand, a process facilitated by the Telomerase
Cajal Body Protein 1 (TCABI1) [21-24] and Dyskerin (DKC1), that
interacts with specific non-coding RNA domains, conferring stability
to the structure [25]. The telomerase complex is further associated
with components that assure its in vivo activity. In this regard, the
shelterin proteins are interconnected ss and dsDNA, assisting with
the holoenzyme recruitment and activity [26,27].

The shelterin complex

The ends of the chromosomes are protected by a complex
consisting of six DNA binding proteins, called the shelterin complex,
which in turn associates with other proteins, and complexes (Figure
2), conferring structure stabilization and controlling the length of the
telomeric DNA [28].

Telomeric Repeat Binding Factor 1 (TRF1) and 2 (TRF2) are
independent proteins that bind to DNA in association with the
protein of Protection of Telomeres 1 (POT1) and interact with the
telomeric sequence, forming dimers or multimers [29]. The TRFI,
TRF2, and POT1 proteins interact through a bridge formed by
two other proteins, the Tripeptidyl Peptidase 1 (TPP1) protein and
the TRF1 Interacting Nuclear Factor 2 (TIN2), which do not bind
directly to the DNA strand [12]. The sixth component of the shelterin
complex, the Ras-Related Protein Rapl (RAP1), is the evolutionarily
most conserved protein in the complex, interacting exclusively with
TRF2 [26].

The formation of TRF1 protein homodimers with double-
stranded telomeric DNA is presumed to monitor sequence length,
whereas homodimers formed by the TRF2 protein are able to stabilize
T-turn formation by protecting the 3OH ribbon protrusion from the
G-strain [30]. TRF1 also may act as an inhibitor of the telomerase
enzyme, preventing the elongation of the telomeric DNA [29].

The TIN2 protein binds to the complex formed by TRF1 and
TREF2 in association with double-stranded DNA, bridging with POT1
through TPP1. POTI is the only protein in the shelterin complex
that binds to the 30H protrusion of the G-strain. Thus, the six-
component polypeptides of the complex form two compartments
with the telomeric structure. In one, the proteins are bound only to
double-stranded DNA, while in the other; the proteins are bound in
both the double- stranded telomeric region and the 3OH protrusion
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of the G-stranded ribbon [12].

The TRF1 protein has the function of controlling the size of
telomeres through the maintenance of telomeric region replication
[31,32]. Studies have demonstrated that TRF1 assists in the
maintenance and direct regulation of telomere length by interacting
with TIN2, TPP1 and POT1 proteins [33], and its depletion is
related to increased DNA damage response, accelerating the aging
phenotype [34]. The TRF2 protein stabilizes the T-loop in the
telomeres by modifying DNA topology induced by positive super
coiled conformational structures that protect the 3OH overhang
from NHE], directly suppressing ATM-dependent DDR signaling
[35-37].

In addition, the interaction of the RAP1 and POT1 proteins is
responsible for preventing events of homologous recombination
[30]. In humans, the association of RAP1 with telomeres is stabilized
by the TRF2 protein [38], with the auxiliary function of preventing
homologous recombination and preventing telomere elongation
independent of telomerase action. The interaction of TPP1 and
POT1 also plays a suppressive role in homologous recombination
[26], and in the inhibition of pathways that activate DDR [29]. In
addition, other components of the shelterin complex may limit the
bioavailability of POT1 in the telomeric structure, depending on
the amount of the dimer formed by the binding between TPP1 and
TIN2 [26]. Overexpression of TIN2 inhibits telomeres’ elongation
in human cells of the immune system, whereas inhibition of the
gene encoding that protein results in uncontrolled elongation of
the telomeric sequence. In addition, it has been suggested that the
binding of TIN2 to TRF1 induces changes in the formation of TRF1,
favoring the structure of telomeres, making it inaccessible to the
action of telomerase [39].

Mutations in the genes encoding the proteins of the shelterin
complex can cause recombination of telomeric DNA strands,
leading to telomere dysfunction, cell cycle arrest, and apoptosis [40].
Evidences have been suggested that the shelterin binding requires
a minimum telomeric DNA length in order to maintain regulatory
functions and telomere protection [41]. Thus, the integrity and
function of telomeres are directly associated with the complex, as well
as the bioavailability of each component and its interactions.

Telomeres’ replication

Linear chromosomes from eukaryotic organisms have protrusions
at the 30H ends [42]. The leading strand is continuously extended
in a 5-3 direction towards the replication fork opening. However,
the lagging strand is discontinuously synthesized by multiple small
DNA fragments, called Okazaki fragments [43] and need additional
exonuclease and DNA ligasel activities to stabilize the newly formed
strand [44,45]. In this sense, due to the inability of the DN A polymerase
to completely replicate the discontinuous strand at the very last distal
Okazaki fragment, the DNA replication machinery generates a 30H
overhang at the end of the process [46]. This natural cellular process,
called end replication problem, was first described by Jim Watson,
who noticed the progressive loss of nucleotides at the 30H end of
the chromosomes, within each cell division [4]. Physiologically, the
number of nucleotides that are removed from each cell division is not
constant and depends on several factors, such as the position and size
of the nucleotide sequence of the last RNA primer and the length of
the DNA sequence [46].

In addition to the end replication problem, mammalian telomeres

are also shortened through a 30H nucleases- dependent resections
accomplishment mechanism. After DNA replication process, TRF2
recruits both nucleases Apollo and Exol in order to resect the leading
and lagging ends on telomere DNA, and Exo1 to generate a functional
30H overhang as a multi-step, shelterin-controlled process [47].
Afterward, POT1 directs the overhang fill-in synthesis in late S phase
by the recruiting Pol-« through a three-protein complex named CST,
composed by CTC1, STN1 and TEN1 proteins [48].

Telomeres as markers of biological age

As in mammals, telomerase activity is the major mechanism to
avoid excessive telomeres’ attrition; its expression and regulation
are tightly modulated [49-53]. In this sense, although TERC subunit
is ubiquitously expressed in mammal tissues, TERT subunit is only
expressed in most embryonic stem cell compartments, germ-line and
cancer cells, and necessary for counteracting excessive telomeres’
attrition [54-57]. Some embryonic stem cells, such as hematopoietic
precursors, are characterized by reduced telomerase activity, allowing
partial compensation of telomeres shortening. Somatic cells, such
as differentiated circulating immune system cells, are generally
characterized by the absence of telomerase activity by suppressing
TERT expression, implying in limited proliferative capacity [58].

Thus, the natural process of telomere shortening may represent
the pace or rhythm of the aging process and can be compared to a
mitotic clock, reflecting the proliferative history of the cells [14]. This
definition suggests that the length of telomeres and their shortening
rate could be considered a biological age marker, both at the cellular
and systemic status, representing an objective measure of events
accumulated over organism’s lifespan. In this regard, the accelerated
attrition of the telomeric sequence could be associated with a potential
biomarker related to the early onset of aging [59].

Telomeres homeostasis is species-dependent and tissue-
specific. Its shortening rate varies with age and cell type [60].
During embryonic development of vertebrates, telomere length
remains constant in most tissues by active telomerase. However,
after birth, somatic cells undergo progressive telomeres shortening
due to telomerase inactivation through regulation [61]. In this way,
variations in the rate of telomeres attrition are directly correlated
with its proliferative capacity. For example, high self-renewal tissues,
such as intestinal mucosal and Peripheral Blood Mononuclear
Cells (PBMC), are associated with accelerated shortening of their
telomeres. On the other hand, tissues with lower turnover, such as
neurons and myocytes, are characterized by attenuated telomeres’
attrition [62]. As mentioned before, the successive loss of nucleotides
at each cell replication cycle is a physiological process. However, as
we have seen, when telomeres reach a critical length, it may induce
DDR signaling, resulting in cell cycle arrest and the transcription of
genes that activate cellular senescence pathways [63]. Indeed, cell
cycle arrest is stabilized by signals that activate the TP53/CDKN1A
(P53/P21) pathway, which induces ATM/ATR kinases recruited to
the DNA damage foci [64]. Although the cells remain metabolically
active, they do not proliferate [65]. At this point, somatic cells start
to stimulate the transcription of genes necessary for cycle arrest,
preventing the propagation of mutagenesis, and tumor development
as a consequence [9]. Consequently, these cells raise senescence-
induced phenotypic changes promoting a shift in their metabolism
[65]. However, cells may recover their proliferative rate by TP53
gene suppression or mutation, circumventing cell cycle regulation
and avoiding the senescent state [66]. In this way, the cells acquire
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Figure 1: Chromosomes and telomeres. The telomeres (in violet) are the final
tips of the chromosomes. They consist of a double-stranded DNA sequence
and a single strand DNA protrusion with 150-200 nucleotide-long non-coding
TTAGGG repeats at the free 30H end, called G-strand. The complementary
strand (5 end of DNA) is rich in cytosine and termed as C-strand.

unlimited proliferative capacity, so that their telomeres shorten until
reaching a critical point, being unable to protect the ends of the
chromosomes. This process results in the emergence of chromosomal
abnormalities, such as Homology-Directed Repair (HDR) and NHE],
as well as anaphase bridges followed by Breakage/Fusion/Bridge
(B/F/B) cycles that lead to high rates of apoptosis due to genomic
instability [67,68].

Telomere dysfunction in human chronic diseases

The length of telomeres, the activity of the telomerase enzyme and
the association of proteins of the shelterin complex are fundamental
factors in the pathophysiology of several human diseases. Numerous
studies indicate that aging- related diseases and early-age (progeria)
syndromes are characterized by accelerated shortening of telomeres,
which may compromise cell viability and the immunological potential
through disease progression [14].

In particular, clinical evidence suggests that defect on telomeres
biology and its maintenance machinery causally contributes to the
establishment and progression of the aging phenotype in some
diseases, termed telomeropathies. The onset and progression of
these pathologies, such as Dyskeratosis Congenita (DC) [69],
Aplastic Anemia (AA), Idiopathic Pulmonary Fibrosis (IPF) [70]
and Hoyeraal-Hreidarsson Syndrome (HHS) are directly related to
mutations on telomerase or shelterin genes and critically shortened
telomeres [71,72]. Although CD, AA, IPF, and HHS are apparently
different diseases with diverse clinical manifestations, they all share
several characteristics, such shortened telomeres as a causal effect.
Thus, apparently heterogeneous phenotypes are caused by the
same molecular defects or underlying mutations in the genes of the
telomeric complex [73].

On the other hand, recent studies suggest that various chronic
diseases, such as cardiovascular diseases [74], diabetes mellitus [75],
metabolic syndromes [76-78], Chronic Obstructive Pulmonary
Disease (COPD) and severe asthma [79-82], among others are
associated with accelerated shortening of telomeres regardless of
their individual biological age [70]. Chronic metabolic disorders
share important characteristics and are associated with an immune
system dysfunction leading to a chronic pro-inflammatory status
that is closely related to the onset and persistence of such diseases
[83]. These conditions are highly modulated by inflammation,
oxidative stress and environmental factors, which can contribute to
telomere dysfunction. The pro-inflammatory milieu triggers cellular
proliferation and cell turnover, thus promoting an accelerated

Figure 2: Schematic model of telomeric DNA structure stabilized by the
shelterin complex. The six-protein complex Shelterin assembles in an
intricate structure with a loop configuration in order to maintain the telomeres
3-D conformation. The 3OH overhang invades the double-strand telomeric
DNA to form a protective structure, preventing the 3 overhang from being
falsely recognized as DNA double-strand breaks. Abbreviations: TRF1:
Telomeric repeat binding factor; TRF2: Telomeric repeat binding factor 2;
RAP1: Repressor/activator protein 1; TPP1: Adrenocortical dysplasia protein
homolog; TIN2: TRF1 Interacting Nuclear Factor 2; POT1: Protection of

telomeres protein 1; DKC1: Dyskerin.

shortening of telomeres. However, a pro-oxidant imbalance can
also promote DSB and DDR on telomeric DNA regions, resulting in
telomere shortening [70].

Increasing evidence demonstrates that comorbidities and chronic
inflammation related to obesity are associated with shortened
telomeres [84-86]. In this sense, we demonstrated that telomere
shortening in the context of obesity is related to the condition itself,
independently of comorbidities occurrences. We also observed a
dysregulation on shelterin components, where TRF1 negatively
contributed to telomeres’ attrition [32]. Additionally, we describe
chronic detrimental effects from the plasma of patients with
obesity. Our findings demonstrate an immunosenescent phenotype
characterized by increasing mitochondrial dysfunction and DNA
damage associated with augmented apoptosis on PBMC from a
eutrophic donor by supplementation with plasma from patients
with obesity [87]. Longitudinal studies have focused on the effects
of bariatric surgery on telomere shortening rate. In this context,
Laimer et al. observed an increase in telomeres length in PBMC after
10 years of bariatric procedure [88]. On the other hand, Formichi
et al. observed shorter telomeres on obese patients with no effect 12
months after intervention [89]. Literature controversy is supported
by our recent review with meta-analysis comprising 119,439 patients
from 39 original studies, where we demonstrate inconclusive results
with a trend towards a negative correlation for obesity and telomere
shortening [90].

Moreover, our studies on psychiatric diseases, such as Bipolar
Disorder (BD), show shortened telomeres in individuals diagnosed
with BD [91]. More interestingly, when we compared the telomere
length of these individuals with their non-BD siblings and with
unrelated healthy individuals; we found a progressive order of
degeneration between groups. In this sense, shorter telomeres on
PBMC were associated with an increased pro-inflammatory profile
in BD carriers [92]. When we replicated this work in individuals with
another severe neurodegenerative disease, such as Schizophrenia
(SZ), we also observed increased senescence profile on cells marked
by telomere attrition. However, when we analyzed the telomeres
length in the same three groups, we observed that both SZ individuals
and their siblings had telomeres of similar length and shorter than
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Figure 3: Telomerase enzyme and its regulatory proteins. The length of the
telomere sequence (in black) is regulated by the telomerase holoenzyme
activity. The maturated enzyme is composed of two subunits, the TERT
subunit with the catalytic activity (blue) and the RNA template (TERC)
depicted in black with an RNA primer (in red). The dyskerin complex,
composed by DKC1 (depicted in violet), as well as TCABL1 (in green), is
responsible for the enzyme biogenesis, stability, and activity. Shelterin
TIN2-TPP1 proteins physically interact with telomerase assisting on its
recruitment. Also, telomere elongation is promoted by POT1-TPP1 proteins
by stimulating telomerase activity. However, the CST complex can bind
directly on the 3'OH overhang and repress this stimulation by interacting
with  POT1-TPP1. Moreover, TRF1 negatively regulates telomere
elongation by the telomerase-dependent mechanism. Green arrows depict
activation, and blunt end red arrows depict inhibition. Abbreviations: TRF1:
Telomeric repeat binding factor; TPP1: Adrenocortical dysplasia protein
homolog; TIN2: TRF1 Interacting Nuclear Factor 2; POT1: Protection of
telomeres protein 1; DKC1: Dyskerin; TCAB1: Telomerase Cajal body
protein 1.

unrelated healthy individuals. These results highlight a pathological
profile of premature aging possibly present in the course of SZ and
suggest that the length of telomeres could be an endophenotype
present in individuals at risk [93]. Finally, in the last work, we
demonstrated a positive association between telomere length and
CCL11, a peripheral biomarker associated with inflammation in
aging. We further describe negative associations between telomere
length and gray matter volume or recent memory episodes in subjects
with SZ [94]. Although all these studies are cross-sectional, the results
of this set are consistent with the hypothesis of disease- induced
accelerated disease (BD or SZ) rather than age.

Still, the reflex of the exposure to adverse situations on the length
of telomeres can be detected even in childhood. Studies show an
association between the shortening of telomeres and the occurrence of
childhood obesity [95], as well as being related to low socioeconomic
status [96] and exposure to psychological stress [97]. In a longitudinal
study that followed children exposed to violence for five years, the
rate of shortening of telomeres persisted, suggesting that events early
in life may cause chronic alterations, increasing the risk of diseases
in adulthood [98]. Other studies have shown that premature rupture
of membranes is related to the shortening of leukocyte telomeres
already in the fetal period [99,100]. In addition, there is evidence that
adverse events during pregnancy may be associated with shortening
of leukocyte telomeres in newborns [101], and in young adults [102].

Several studies have also shown that lifestyle factors, such
as smoking [103], alcoholism [104], exposure to environmental
pollution [105], beverage drinks consumption [106], socioeconomic
status, as well as other diseases associated with chronic inflammation,
and biochemical [107] or psychological stress events [108] directly
influence the health and life expectancy of individuals. These might
potentially accelerate the shortening rate of telomeres from PBMC,

increasing the risk of developing several types of cancer and the rate
of aging, leading to a senescence phenotype or inducing cell death
[14].

There is also evidence in the literature for interventions that
can reverse the accelerated rate of telomeres shortening. As an
example, many programs have focused on modifying individuals'
comprehensive lifestyle changes. In a three-month follow-up study of
patients with prostate cancer, lifestyle change, including a balanced
diet, follow-up by group therapy, moderate physical activity, and
control of stress levels, contributed to the elongation of the telomeric
sequence, decreasing the acceleration of the aging process [109].

Conclusions

The elucidation of the complexity of replication and regulation
of the structure of telomeres is a fascinating focus of basic research
involving cell biology. Telomeres are cell structures associated with
biological aging and are regulated by a network of complexes formed
by specialized proteins, conferring stability to the sequence. Thus,
telomeres are structures that play a fundamental role in chromosomal
stability, avoiding the triggering of DNA damage responses to
the genome of organisms, avoiding nucleolytic events during the
progression of the aging process.

According to Lopez-Otin, shortening of telomeres is considered
an important marker of the aging process, since this structure is highly
susceptible to deterioration and related to the accumulation of DNA
damage during the aging process [110]. Thus, structural or mutagenic
deficiencies in the components of the shelterin complex are capable of
causing a destabilization of the telomeric DNA structure, promoting
structure unblocking [111] and accelerated shortening of telomeres
[112].

In addition, experimental evidence suggests that telomeres
shortening, DDR activation, and cellular senescence contribute
to the establishment and progression of the aging phenotype. One
hypothesis about aging is that abrupt shortening occurs early in the
disease, suggesting that the length of telomeres may be an important
biological marker in the establishment and progression of various
pathologies [113].

Studies between the telomeres of cell biology and human diseases
are complex. In addition, they require a deepening and holistic
multidisciplinary approach in order to comprehensively understand
clinically relevant data. Although the role of telomeres in cell
physiology is of paramount importance during tumorigenesis, many
studies have focused on much broader efforts, addressing a spectrum
of complex diseases. Thus, this type of multidisciplinary approach
can allow the discovery of effective therapeutic modalities and the
prevention of diseases related to the acceleration of the biological
aging process.
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1. Introduction

Obesity, recognized as a multifactorial chronic disorder, is the most
prevalent non-communicable disease (NCD) and a preventable condi-
tion that has tripled since 1975, affecting more than 650 million adults
nowadays [1]. It constitutes a major risk factor for other comorbidities
such as cardiovascular diseases, diabetes, musculoskeletal disorders,
and some cancers. Obesity is associated with chronic inflammation and
oxidative stress and besides contributing to the emergence of physio-
logic imbalances, obesity accelerates aging and reduces lifespan [2].

Aging is a biological process characterized by the progressive de-
terioration of physiological functions, and some proposed hallmarks
include increased genomic instability and telomere attrition [3]. Aging
is also a risk factor for the appearance of comorbidities and augmented
susceptibility to death [4,5]. Because obesity is an important risk factor
for the development of many age-related diseases associated with low-
grade systemic inflammatory status and oxidative stress (OS) [6], it
seems reasonable to speculate that aging and the condition of obesity
share common features. The theory of free radicals associated with
aging [7] postulates that aging is the result of macromolecules (DNA,
protein, and lipid) damage accumulation, mainly caused by mi-
tochondrial reactive oxygen species (ROS) production connected with
the reduced ability of the organism to deal with these deleterious ef-
fects, that plays a significant role in the organism's lifespan.

Telomeres are specialized nucleoprotein structures located at the
end of eukaryotic chromosomes. They are formed by a double-stranded
tandemly repeated DNA sequence (TTAGGG) [8] followed by a G-rich
3’-single strand protrusion [9]. Telomeres play a critical role in the
maintenance of genomic integrity [10,11]. The tridimensional structure
of the telomeres is assembled in association with six telomere-specific
proteins, named the shelterin complex, composed of TRF1, TRF2, TIN2,
POT1, TPP1, and RAP1. The shelterin complex binds to telomeric re-
peats and mediates the formation of an intricate structure sequestering
the single-stranded telomeric DNA [12,13]. A proper function of the
complex is necessary to avoid unwanted repair events and the induction
of the DNA damage response (DDR).

Because telomere length (TL) shortens at each cycle of replication
[14], TL has been considered a marker for biological aging [15]. Ex-
perimental and clinical studies have already established a causal rela-
tion between inflammation, OS [16] and TL [17]. We have recently
published a review with meta-analysis to critically evaluate and sum-
marize the scientific evidence about the effect of obesity on TL among
69 different studies. Our results showed a trend toward a negative
correlation between obesity and shorter TL [18]. In addition, no study
has yet addressed the interconnection between inflammation, oxidative
stress (OS) and the shelterin components in a single report. Thus,
considering that individuals with obesity have an augmented chronic
systemic oxidative profile that may compromise the homeostasis of the
telomeric region, the aim of this study was to investigate TL from
peripheral blood mononuclear cells (PBMC) in patients with obesity
and explore its association with the expression of shelterin genes and
the plasma redox state.

2. Methodology

The project was approved by the Research Ethics Committee of the
Institutions under protocol number 760.537 (UFRGS) and 640.817
(PUCRS). Participants read, agreed and signed an informed consent.

We included 66 subjects with age ranging between 18 and 65 years
old. Based on BMI (kg/mz) [1], participants were divided into two
groups. Individuals with severe or morbid obesity (BMI = 35.0 kg/m?)
(n = 39) were recruited by convenience at the Center of Obesity and
Metabolic Syndrome unit at Sao Lucas Hospital at Pontificia Uni-
versidade Catdlica do Rio Grande do Sul. The control group (n = 27)
was composed of healthy eutrophic individuals (18.5kg/m?® = BMI <
24.9 kg/m?) who did not have any obesity associated comorbidity nor
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cancer and were not alcohol or tobacco consumers.
2.1. Samples

PBMC were purified using Histopaque®-1077 (Sigma-Aldrich, USA)
from 10 mL of whole blood previously collected in tubes containing
EDTA as an anticoagulant. Yield (0.8-1.0 x10° PBMC per 1 mL of
whole blood from eutrophic patients and higher yield in the group of
patients with obesity) and cell viability (> 95%) were determined by
trypan blue dye exclusion (Sigma-Aldrich). Plasma samples were stored
at —80 °C until use.

2.2. DNA extraction

Genomic DNA (gDNA) was extracted from 0.5 X 10° PBMC using
UltraPure Phenol: Chloroform: Isoamyl Alcohol reagent (25:24:1, v/v,
Sigma-Aldrich) and Proteinase K (2 mg/mL, Promega, USA) as pre-
viously described [19]. gDNA was stored at —20 °C until use.

2.3. Relative telomere length

Relative telomere length was assessed as we previously described
[20,21] with modifications from previous work [22]. For each sample,
two qPCR reactions were performed - for the amplification of a telo-
mere sequence (T) and for the single-copy autosomal gene, encoding
the ribosomal acid phosphoprotein PO 36B4 (S) (Supplementary
Table 1). Results were analyzed by the comparative cT (cycle threshold)
method (AAcT) [23] and expressed as relative T/S ratio.

2.4. RNA extraction and cDNA synthesis

Total RNA was extracted from 1 X 10° PBMC using TRIzol® reagent
according to the manufacturer's instructions (Invitrogen, USA). RNA
purity was assessed spectrophotometrically by absorbance at 260/
280nm in a BioPhotometer Plus (Eppendorf, Germany).
Complementary DNA (cDNA) was synthesized from 2 pg of total RNA
using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA) and stored at —20 °C until use.

2.5. Quantitative real-time polymerase chain reaction (qPCR)

All reactions were performed in triplicate using the Platinum® Taq
DNA polymerase enzyme (Invitrogen) in a 96-well Real-Time PCR in-
strument StepOnePlus™ (Applied Biosystems). The specificity of the
amplified products was confirmed by dissociation curves analyses at the
end of each reaction. All plates included two different controls: a ne-
gative control, to detect possible contamination of the reagents or false-
positive in the absence of sample and a random sample to monitor the
interplacement variation and used to obtain a normalizing factor to
compare inter-plate variation. Triplicates with standard deviation
= 0.3 cT were excluded and rerun.

Gene sequence information was collected (www.ensembl.org and
https://www.ncbi.nlm.nih.gov/refseq/) and used to design specific
primers for TRF1, TRF2, TIN2, RAP1, TPP1, POT1, DKC1, TERT or IL-1f
and TNF-a using a freely available software from Integrated DNA
Technologies (www.idtdna.com). PCR reactions were performed in
triplicate in a final volume of 20 pL. We used 3 pL of cDNA (1:20) as a
template for qPCR reactions and SYBR green as the fluorescent detector.
Primers’ sequence, concentration, and specific running conditions are
depicted in Supplementary Table 1. Thermal cycling profile for gene
expression consisted of an initial denaturation step at 94 °C for 10 min
followed by 40 cycles of 15s at 94 °C, 15 at specified annealing tem-
perature (Supplementary Table 1) and 15 s at 72 °C for data acquisition.
Sole product amplification and absence of primer-dimer was confirmed
using melting curve analysis at the end of each run. Additionally, we
confirmed the amplification of a unique amplicon of the specified size
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by agarose gel electrophoresis. Samples were normalized using the
housekeeping gene GNB2L1 as suggested by GeNorm (https://genorm.
cmgg.be/) analysis and calibrated by the average of the AcT of the
group. In order to analyze data by the AAcT method [23], we previously
confirmed similar PCR efficiencies between all studied targets (TRFI,
TRF2, RAP1, TPP1, POT1, DKC1, TERT, IL-18 and TNF-a) and en-
dogenous control (GNB2L1).

2.6. Lipid peroxidation

Lipid peroxidation levels in plasma samples were assessed by the
non-enzymatic formation of eicosanoid levels in response to phospho-
lipid oxidation using an 8-isoprostane (8-iso-P) competitive enzyme-
linked immunosorbent assay (ELISA) kit (Cayman Chemical, USA) ac-
cording to the manufacturer's instructions. Lipid peroxidation was
measured at 370 nm by spectrophotometry using a SpectraMax® i3
plate reader (Molecular Devices).

2.7. Protein carbonyl content

Protein carbonyl content was quantified as previously described
[24]. To sum up, plasma samples were treated with 10 mM dini-
trophenylhydrazine (DNPH) in 2M HCI for 1h at room temperature
and then precipitated with 10% trichloroacetic acid (TCA). The sub-
sequent protein pellet was washed 3 x with 1:1 ethanol/ethyl acetate
mixture. Proteins were solubilized in 8 M urea and centrifuged at
16,000 x g for 4min to remove any trace of insoluble material. The
carbonyl content was measured at 370 nm by spectrophotometry using
a SpectraMax® i3 plate reader (Molecular Devices, USA).

2.8. Total reactive antioxidant potential (TRAP) and Total antioxidant
reactivity (TAR)

Total reactive antioxidant potential (TRAP) is an in vitro non-enzy-
matic method based on the action of total antioxidants on the lumi-
nescence decay of luminol-enhanced chemiluminescence generated by
the reaction of luminol with a reliable and quantifiable source of alkyl
peroxyl radical derived from 2,2’-azobis-(2- amidinopropane) dihy-
drochloride (AAPH). The thermal decomposition of these compounds in
the presence of luminol produces luminescence, which is quenched by
the addition of peroxyl radical scavengers [25,26]. Plasma samples
were added to the reaction and the luminescence produced by the free
radical reaction was quantified every 5 s using a MicroBeta TriLux 1450
liquid scintillation counter (Perkin-Elmer, USA) until the readings were
stabilized. Raw data were analyzed as 1 - area under the curve (1 -
AUQ).

The Total Antioxidant Reactivity (TAR) was obtained from the same
experiment. The TAR results were calculated as the ratio of light in-
tensity in the absence of samples/first light intensity reading after
sample addition (Ip/1;).

2.9. Sulfhydryl groups (-SH)

Total sulfhydryl groups were measured as previously described
[27]. The assay provides a colorimetric readout of total reduced thiol
content of a sample, based on the capacity of thiols groups to chemi-
cally reduce 5,5-dithiobis-2-nitrobenzoic acid (DTNB, Ellman's Re-
agent), which possesses a reactive disulfide bond susceptible to reduc-
tion. The reduction occurs by an exchange reaction in which a mixed
disulfide and a yellow-colored 5-thio-2-nitrobenzoic acid (TNB) is
formed. The intensity of the yellow color (indicating reduced thiol
content) was measured at 412 nm by spectrophotometry using a Spec-
traMax® i3 plate reader (Molecular Devices).
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2.10. Reduced glutathione (GSH) content

This method is based on the reaction of GSH with ortho-phtha-
laldehyde (OPA) [28]. Briefly, plasma samples were incubated with 1:1
metaphosphoric acid (MPA) in order to be deproteinized. Samples were
maintained in the dark for 15 min after an addition of OPA (1 mg/mL,
Sigma-Aldrich). The fluorescence was measured by excitation at
350nm and emission at 420 nm by spectrophotometry using a Spec-
traMax® i3 plate reader (Molecular Devices). The results were quanti-
fied based on a GSH standard curve.

2.11. Data imputation

Missing data from each experimental procedure was imputed using
the fully conditional specification approach, also known as multivariate
imputation by chained equations, by supplying all other experimental
data as well as demographic information. In brief, the algorithm im-
putes an incomplete column (the target column) by generating 'plau-
sible' synthetic values given other columns in the data. Each incomplete
column must act as a target column and has its own specific set of
predictors. The default set of predictors for a given target consists of all
other columns in the data. For predictors that are incomplete them-
selves, the most recently generated imputations are used to complete
the predictors prior to the imputation of the target column. The im-
putation procedure was implemented using the mice package in the R
statistical environment [29,30]. The mice function was employed using
predictive mean matching method (PMM), 50 multiple imputations
(m = 50), 10 iterations (maxit = 10) and seed = 123. The mean of the
50 computed imputations was considered the final values (expressed as
black dots in the plots).

2.12. Principal component analysis (PCA)

Imputed experimental data from all procedures, except TRAP, was
Box-Cox transformed. The arcsine square root transformation was em-
ployed for TRAP imputed values. After transformation, PCA computa-
tion and visualization was implemented using FactoMineR and fac-
toextra packages in the R statistical environment [30-32].

2.13. Flow cytometry

Ex vivo protein expression of TRF1 was analyzed by flow cytometry.
PBMC (1 x 10° cells) were stained with anti-TRF1 antibody conjugated
with Alexa Fluor-647 (1:30, clone G-7, Santa Cruz Biotechnology, CA,
USA) incubated for 30 min at 4 °C in the dark with the transcription
factor kit (BD Pharmingen™, USA) following manufacturer's instruc-
tions. Samples (10,000 events) were acquired in the Accuri C6 Flow
Cytometer (BD Biosciences, USA) and analyzed in the monocyte or
lymphocyte gates with the Accuri C6 software. Results are expressed as
median fluorescence intensity (MFI).

2.14. Statistical analyses

Categorical data are presented by absolute and relative frequency
and continuous variables, using median and interquartile range, ac-
cording to the asymmetry of the variables. Shapiro-Wilk test was per-
formed to verify the normal distribution of samples for each variable.
The comparison between groups was evaluated by unpaired t-test or
Mann-Whitney test, depending on normal vs. non-normal distributed
sample, respectively. To obtain data with a possible relationship be-
tween TL and age of the subjects, and among all observed variables,
Spearman non-parametric correlation tests were performed. GraphPad
Software Inc. version 6.01 (La Jolla, California, USA) and Statistical
Package for Social Sciences (SPSS) (SPSS v.22 for Windows, IBM Corp.
Armonk, New York, USA) were used in all analyses. All tests were bi-
directional and the differences were considered significant at p < 0.05
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Table 1
Baseline and demographic characteristics.
Groups p value
Control (n = 27)  Obese (n = 39)
Gender (male), n/total (%) 11/27 (40.7) 9/39 (23.1) 0.1742
Age (years), median (IQR) 28.0 (26.0-33.0) 36.0 (32.7-41.2)  0.0006
BMI, median (IQR) 22.1 (20.7-23.2) 45.0 (41.4-50.2) < 0.0001
Physical activity, n/total 2/27 (7.4) 0/39 (0) 0.1636
(%)
Comorbidities, n/total (%)
Dyslipidemia 0/27 (0) 24/39 (61.5) -
Hepatic steatosis 0/27 (0) 19/39 (48.7) -
Hypertension 0/27 (0) 21/39 (53.8) -
Metabolic syndrome 0/27 (0) 21/39 (53.8) -
Type 2 diabetes mellitus 0/27 (0) 11/39 (28.2) -

IQR = Interquartile range.

Results are shown with number (percent) or median IQR (25-75%).

Bolded results indicate significant differences between groups (95% confidence
interval).

(*), p < 0.01 (**), p < 0.001(***) or p < 0.0001 (*¥***),

3. Results
3.1. Baseline and demographic characteristics

Subjects with obesity (n = 39) were older than subjects in the
control (n = 27) group (p < 0.0006) and had more comorbidities
(p < 0.0001). No differences regarding gender and physical activities
were observed (Table 1).

3.2. Shorter telomere length in patients with obesity

Because age was different between groups (p < 0.0006) and telo-
meres naturally shorten with age, we compared TL after adjustment for
age. Individuals with obesity had significantly shorter telomeres when
compared to healthy controls (p = 0.026) (Fig. 1A). Because telomeres
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attrition could also be explained by the presence of comorbidities, we
did a subgroup analysis. We divided the group of patients with obesity
(n = 39) according to the absence (n = 7) or presence of comorbidities
(n = 32). Kruskal-Wallis analysis showed differences in the T/S ratio
among the groups (p = 0.0008). Post-hoc Dunns’ multiple comparisons
test revealed that obese patients without (p = 0.05) and with co-
morbidities (p = 0.01) were different from controls (Fig. 1B). When we
matched eutrophic individuals (n = 7), and obese patients without
(n = 7) or with comorbidities (n = 6) for age [median (IQR); 32.0
(26.0-42.0), 33.0 (25.0-47.0) and 34.5 (30.0-48.8) years], and for sex
(male/n; 2/7; 2/7; 2/6), we observed comparable results shown in
Fig. 1C. In this regard, we can conclude that the differences in the T/S
ratio are related to the obesity condition by itself and not related to
different comorbidity disturbances. As expected, we detected an inverse
association between age and telomere length in the group of patients
with obesity (r = -0.317, p = 0.0025) (Fig. 1D).

3.3. Upregulated gene expression of shelterin components, DKC1 and an
inflammatory profile in patients with obesity

In this work, we included 66 subjects. Because there were missing
data for some of the analyzed variables, we performed data imputation.
Results from imputed (n = 66) and non-imputed incomplete data sets
(n < 66) did not differ and maintained the same significance
(Supplementary Table 2). Our results from imputed data showed in-
creased mRNA levels for TRF1 (p = 0.0216), TRF2 (p = 0.0145), RAP1
(p = 0.003), POT1 (p = 0.0315) and the accessory protein DKCI
(p = 0.0244) in PBMC from subjects with obesity. Shelterin component
TPP1 showed no difference (p = 0.9665) (Fig. 2). Irrespective of the
group, gene expression of the telomerase catalytic subunit (TERT) was
not detected in most of the samples (data not shown).

As expected, gene expression from IL-1f [detected in few controls
(12/27) and in few obese patients (14/39); 0.035 (0.02-0.07) vs 56.92
(8.05-99.61), p < 0.0001] and TNF-a [detected in few controls (3/27)
and in few obese patients (8/39); 0.48 (0.05-0.81) vs 1.65 (0.69- 4.24),
p = 0.097], were upregulated in patients with obesity (data not
shown).

Fig. 1. Shorter telomeres among individuals with
obesity. A) Individuals with obesity (n = 39) had
shorter telomeres (T/S ratio) compared to healthy
controls (n = 27) (p = 0.026) after adjustment for age.
Differences were analyzed with Mann-Whitney U-test.
B) Subgroup analysis of control individuals (n = 27),
individuals without (n = 7) and with comorbidities
(n = 32) from the obesity group show shorter telo-
meres’ length (T/S) compared to healthy controls
(p = 0.01 and p = 0.05, respectively) after adjustment
for age. Differences were analyzed with Kruskal-Wallis
test and Dunn's post-hoc comparisons. C) Subgroup
analysis, paired for age and sex, among controls
(n = 7) and individuals with obesity without (-COM,
n = 7) or with comorbidities (+COM, n = 6) show
shorter telomere length (T/S) compared to healthy
controls (p=0.05 and p = 0.05 respectively).
Differences were analyzed with Kruskal-Wallis test and
Dunn's post-hoc comparisons. D) Inverse association
between age and telomere length in the group with
obesity (Spearman correlation r=-0.317;
p = 0.0025). Data are presented as median and IQR
(25-75%). Significant differences considered when
p < 0.05 (*) or p < 0.01 (**). Abbreviations: n:
sample size; IQR: Interquartile range.
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3.4. Augmented macromolecules’ damage in patients with obesity

Patients with obesity showed increased lipid peroxidation levels,
reflected as a higher amount of 8-iso-P (p = 0.0027) (Fig. 3A). We also
found significantly higher oxidized protein levels (p = 0.0074) by
carbonyl content measurement (Fig. 3B). These results indicate an in-
creased damage caused by oxidative imbalance observed in plasma
from patients with obesity.

3.5. Augmented non-enzymatic antioxidant defenses in obese patients

Subjects with obesity also showed total non-enzymatic antioxidant
capacity (TRAP) and reactivity (TAR) significantly higher than healthy
controls (p < 0.0001) (Fig. 3C and D), as well as higher levels of total
reduced sulthydryl groups (p = 0.0451) (Fig. 3E), with no difference in
GSH content (p = 0.4127) (Fig. 3F).

3.6. TRF1 is the main factor contributing to the variance between groups

To explore additional associations, we investigated correlations
among all observed variables and whether telomere shortening was
correlated to any studied factor. The results demonstrated positive as-
sociations between TRF1 and many observed variables (Fig. 4). Inter-
estingly, the T/S ratio was only inversely correlated with TRAP (non-
significant correlations are depicted in Supplementary Figure 1).

Since many factors can influence telomeres’ length, we performed a
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Fig. 2. Individuals with obesity showed increased
gene expression levels of shelterin components.
Relative gene expression of shelterin components was
analyzed in PBMC from controls (n = 27) or in-
dividuals with obesity (n = 39). Samples were ana-
lyzed by the comparative method (AAcT) and nor-
malized to GBN2L1. A) TRF1, B) TRF2, C) RAP1, D)
POT1, and F) the accessory protein DKC1. Shelterin
component E) TPP1 showed no difference between
groups. Data are presented as median and IQR
(25-75%). Differences were analyzed with Mann-
Whitney U-test. Green dots represent individuals from
the control group; red dots represent individuals with
obesity and black dots represent imputed data.
Significant differences considered when p < 0.05 (*)
and p < 0.01 (**). Abbreviations: n: sample size; IQR:
Interquartile range; TRF1: Telomeric repeat binding
factor; TRF2: Telomeric repeat binding factor 2; RAP1:
Repressor/activator protein 1; TPP1: Adrenocortical
dysplasia protein homolog; POT1: Protection of telo-
meres protein 1; DKC1: Dyskerin; TERT: Catalytic
subunit of the telomerase holoenzyme complex;
GNB2L1: Guanine nucleotide binding protein (G pro-
tein), beta polypeptide 2-like 1.

CONTROL
OBESE

principal component analysis (PCA) to analyze the contribution of these
analyzed factors into the shortening of telomeres as our outcome. Our
analysis showed that 36.6% of the sample variance can be explained by
the first principal component (PC1) (Fig. 5A), and the first two principal
components (PC1 + PC2) contain 52.3% of the variance information
between groups, as depicted by the plots that defined two clusters of
data (Fig. 5B). In addition, the PCA allowed us to simplify the analysis
and discover a hierarchical order for telomere shortening contribution
to each PC. In this case, TRF1, POT1 RAP1, TPP1, and DKC1 were re-
vealed as variables that mostly contributed to PC1 variance (Fig. 5D).

Because TRF1 appeared as a major contributor for telomere short-
ening, TRF1 protein expression was validated by flow cytometry in
samples from newly recruited participants (Fig. 6A and B). Similar to
TRF1 gene expression (Fig. 2A), protein levels of TRF1 were higher in
the group of patients with obesity (n = 10) when compared to age and
sex-matched controls (n = 8) (p = 0.0002). Demographic data from
this new cohort is depicted in Supplementary Table 3.

4. Discussion

Obesity is characterized as an energy imbalance-related disorder
where adipose tissue expansion is central for metabolic impairment.
Obesity leads to an increased risk of morbidity and reduced life ex-
pectancy [33,34]. Metabolic dysfunctions associated with obesity, such
as dyslipidemia, hypertension, insulin resistance, high LDL levels, and
DM2, contribute to a pro-inflammatory and pro-oxidative imbalance
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environment [35]. Increased ROS levels play a crucial role in the me-
tabolic syndrome onset, mostly triggering insulin resistance and dys-
regulating glucose homeostasis [36]. Even more interesting is the ob-
servation that all the above-mentioned obesity-related comorbidities
are also associated with shortened telomeres [37-39].

From our study, three important conclusions can be drawn. First,
our results demonstrate that adults with severe or morbid obesity show
reduced telomeres’ length in comparison with eutrophic subjects.
Second, it evidences that the condition of obesity alters telomeres’
homeostasis through the shelterin components, mainly TRF1, and fi-
nally, indicates that the antioxidant adaptive responses are not
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Fig. 3. Increased macromolecules' damage in
plasma from subjects with obesity. Plasma from
patients with obesity showed, A) increased levels of
lipid peroxidation (p = 0.0027) and B) higher oxidized
protein levels (p = 0.0074). C) TRAP and D) TAR were
both higher in patients with obesity (p > 0.0001), as
well as E) total sulfhydryl groups (p = 0.0451). F)
There was no difference in GSH content (p = 0.4127).
Data are presented as a median and IQR (25-75%).
Black dots represent imputed data. Differences were
analyzed with Mann-Whitney U-test. Green dots re-
present individuals from the control group; red dots
represent individuals with obesity and black dots re-
present imputed data. Significant differences con-
sidered when p < 0.05 (*), p < 0.01 (**) or
p < 0.0001 (****). Abbreviations: IQR: Interquartile
range; TRAP: Total Reactive Antioxidant Potential;
TAR: Total Antioxidant Reactivity; GSH: Reduced
Glutathione.
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sufficient to counteract the oxidative stress and telomeres attrition.
One hypothesis about aging is that immediate telomeres’ shortening
occurs early in many diseases, suggesting that telomere length may be
an important biological marker for the early development of patholo-
gies [40]. Indeed, dysregulated telomere length has been implicated
and causally related to hematological diseases, such aplastic anemia,
dyskeratosis congenita and idiopathic pulmonary fibrosis [41-43] and
also different types of cancers [44,45]. However, in the context of
obesity, the nature of the association with shorter TL is still under de-
bate. Obese children are at higher risk for the persistence of obesity and
development of other comorbidities in adulthood [46]. Buxton et al.

Fig. 4. Plot depicting gene interactions between sig-
nificantly different (p < 0.05) variables. The number
of interactions within one variable is represented by the
size of the node (circle), and the magnitude (line thick-
ness) and color (blue or red) of the connector represent the

1

2 regression coefficient (based on r values) and direction
3 (r > Oorr < 0), respectively. The absence of significant
4 correlation (r) and significance (p > 0.05) between vari-

ables is not represented. Abbreviations: TRF1: Telomeric
repeat binding factor; TRF2: Telomeric repeat binding
6 factor 2; RAP1: Repressor/activator protein 1; TPPI:
Adrenocortical dysplasia protein homolog; POTI1:
Protection of telomeres protein 1; DKC1: Dyskerin; TRAP:
Total Reactive Antioxidant Potential; TAR: Total
Antioxidant Reactivity; GSH: Reduced Glutathione.
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Fig. 5. TRF1 as a major contributor for clustering among the groups. Principal component analysis (PCA) showed that A) 36.6% of the sample variance can be
explained by the first principal component (PC1), and B) the first two principal components (PC1 + PC2) contain 52.3% of the variance information between groups.
C) Bar plot showing TRF1 as a variable that mostly contributed to PC1. The red dashed line indicates the expected average contribution (1/12 studied vari-
ables = 8,33%) of each variable. Abbreviations: TRF1: Telomeric repeat binding factor; TRF2: Telomeric repeat binding factor 2; RAP1: Repressor/activator protein
1; TPP1: Adrenocortical dysplasia protein homolog; POT1: Protection of telomeres protein 1; DKC1: Dyskerin; TRAP: Total Reactive Antioxidant Potential; TAR: Total

Antioxidant Reactivity; GSH: Reduced Glutathione.

demonstrated that the impact caused by accelerated shortening of tel-
omeres due to obesity might begin as early as childhood. Their results
evidence a strong association between short leukocyte telomeres and
the occurrence of obesity for both genders [47]. To our knowledge,
there is only one study in adults suggesting that shorter telomeres in
leukocytes may be a risk factor for increased adiposity possibly accel-
erating the aging process in the context of obesity [48].

Our results showing shorter TL in patients with obesity after age-
adjustment are in accordance with a previous meta-analysis published
by our group where we evaluated 63 original studies comprising
119,439 subjects. Although heterogeneity was high among the studies,
in this analysis we observed a weak and moderate negative correlation
between obesity and TL, suggesting that additional studies are still on
demand [18]. Telomeres’ attrition doesn't always correlate with aging
in all studied groups from humans, especially in the elderly; suggesting
that the argument of telomeres length as a biomarker of aging is still
under debate [49,50].

Also, many confounding variables such as gender and comorbidities
might influence TL and male gender is associated with shorter telo-
meres [51]. For example, in our first cohort (Table 1), the number of
men in each group was different (40.7% and 23.1% in the control and
obese group, respectively), and analyses were not adjusted for sex.
However, the higher percentage of males is in the control group, sug-
gesting that, if present, the effect of sex on the T/S ratio would bias the
TL in the opposite direction: diminishing the T/S in the control group.
In addition, the absence of comorbidities in the control group could be
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misinterpreted and super estimate the differences found in the TL from
the obese group; shorter TL could be interpreted as due to the obesity
condition either by itself or to the different comorbidities disturbances.
Indeed, subgroup analysis, separating patients with obesity according
to the absence or presence of comorbidities demonstrated differences in
the T/S ratio among the groups (control versus obese) and no differ-
ences between obese patients without and with comorbidities. We ob-
served comparable results when groups were paired for age and sex
without and with comorbidities. In this regard, we can conclude that
the observed differences in the T/S ratio are related to the obesity
condition by itself and not related to different comorbidities dis-
turbances. In line with these findings, longitudinal studies are focusing
on biological mechanisms that elucidate the relationship between ac-
celerated telomere shortening and obesity. Formichi et al. monitored 93
individuals with severe obesity after bariatric surgery and observed
reduced TL in obese patients when compared to healthy individuals
with no effect after 12 months of surgery [52]. Contrary, Laimer et al.
observed a recovery and increase in TL post-bariatric surgery after 10
years of accompaniment [53]. Their results may indicate that telomere
length restoration may be achieved by pronounced and sustained
weight loss over a longer period of intervention but no mention of the
possible mechanism of action was addressed.

Telomere length can be controlled at distinct levels. Cross-talk be-
tween the enzyme telomerase and the shelterin proteins is necessary to
preserve telomeres homeostasis [54]. In our settings, we did not ob-
serve gene expression of the catalytically active component of the
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Fig. 6. Augmented TRF1 protein expression. A) TRF1 analysis showed an overexpression in PBMC of obese patients (red dots, n = 10) compared to controls (green
dots, n = 8) (p = 0.0002). B) Representative histograms of TRF1 protein expression. Abbreviations: MFI: median fluorescence intensity.
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telomerase enzyme (TERT) in PBMC. This result is expected, as circu-
lating peripheral leukocytes are not proliferating cells and telomerase
has low activity in T and B cells but not in monocytes [55]. On the other
side, in this study, we observed an up-regulation of IL-1f3 gene expres-
sion in PBMC from subjects with obesity, a cytokine also synthesized by
adipocytes and resident and infiltrated macrophages that might con-
tribute to the establishment of a local and systemic inflammation en-
vironment during the expansion of the adipose tissue [56,57]. Thus,
this para-inflammation state present in obesity might induce an aug-
mented rate of proliferation of hematopoietic precursors in the bone
marrow and the expansion and proliferation of leukocytes in peripheral
sites driving leukocyte senescence and telomeres shortening. In agree-
ment with these findings, we have previously shown that plasma from
patients with obesity is responsible for the induction of an im-
munosenescent phenotype in non-related donor healthy PBMC [58].

Shelterin proteins are main regulators of telomere length metabo-
lism. The tridimensional structure of the T and D-loop is responsible for
protecting chromosomes ends from degradation, repair activities and in
active-telomerase cells, of its action [12]. In the context of obesity, our
study reveals gene expression up-regulation of TRF1, TRF2, POT1 and
RAPI1 transcripts in PBMC. TRF1, TRF2, and POT1 have all been de-
scribed as cis-negative regulators for TL [59], although they perform
different functions in telomeres' maintenance during homeostasis. We
measured different variables, as gene expression from the shelterin
complex, parameters of the redox system, parameters of inflammation
and telomeres shortening. Because the aim of our work was to identify,
which of the variables, in the context of the obesity, best explain and
reflect the dynamics of our system: the observation of shortened telo-
meres, we performed a PCA. PCA was used as a statistical tool to sys-
tematically extract from all that measurements, the variable/variables
that best reflected the dynamics of telomeres attrition [60], and the
results identified TRF1 as a major negative regulator of telomeres’ at-
trition in the context of obesity. To our knowledge, we are first to de-
monstrate up-regulation of TRF1 in PBMC from patients with obesity, a
condition that is associated with a higher incidence of cancer [61-63].
TRF1 depletion has been associated with chromosome breakage [64]
and protection but not elongation of the telomeres [65]. In contrast
with these findings, we have additional data from our cohort of patients
with obesity showing a higher frequency of micronucleus and kar-
yolysis in oral mucosal epithelial cells (Parisi et al., manuscript under
preparation), conditions also associated with a higher predisposition for
the augmented incidence of cancer observed in the context of obesity.
Although our study design did not allow us to demonstrate causal re-
lationships but associations, our data suggest that an initial genetic
damage already established is present in the context of obesity and
might be interpreted as signaling for future transformation.

Similar to TRF1 and TRF2, recent data suggest that POT1 would
initially inhibit the translocation of the enzyme telomerase to the tel-
omeres and prevent its interaction with the telomeres, therefore elon-
gation [66]. In addition, POT1's promoter has an element recognition
site for the binding of NF-kB suggesting another link with inflamma-
tion. Indeed, in a macrophages lineage, POT1 action has been observed
in extranuclear locations in the cytosol, pointing to extra-telomeric
functions associated with the inhibition of the endocytosis mechanism
and reduction of the inducible nitric oxide synthase (iNOS) enzyme
[67]. In conclusion, these observations suggest that POT1 up-regulation
might act as a mechanism for telomeres elongation inhibition, a link
with inflammation and impairment of the innate immune system,
contributing to an augmented susceptibility towards bacterial infec-
tions, as already documented in the context of obesity. Our results on
PCA also revealed POT1 up-regulation as an important factor, resem-
blant to TRF1 and contributing to telomere shortening in the context of
obesity. Indeed, POT1 is related to repress DDR by the serine/threonine
kinases ataxia telangiectasia-mutated Rad3-related (ATR) - mediated
pathway [68], protecting telomeric DNA from genetic abnormalities.
These findings could possibly be related to an attempt to prevent the
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activation of DNA damage response related to dysfunctional telomeres.

TRF1 and TRF2 forms a bridge with TIN2 and connects with ssDNA
through POT1 [69]. Knock out mice confirm the role of TRF2 in the
assembly of the T-loop. Its overexpression is associated with augmented
T-loop formation, inversely correlated with telomerase activity [70]
and functions avoiding end-to-end fusions [71,72]. The presence of a
single strand non-protected or uncapped DNA is a trigger for the DDR
signaling and induction of senescence or apoptosis. Because TRF2
physically interacts with enzymes from the nucleotide excision repair
[73], it's upregulation is also associated with chromosomal instability,
suggesting again an augmented risk factor for the development of
cancer, as shown in prostate cancer [61].

In this report, we showed augmented RAP1 expression in the con-
text of obesity. This result was at least surprisingly, as previous works
done in mice suggest a protective role for RAP1 against obesity and
metabolic dysfunction [74-76]. However, RAP1 is associated in the
shelterin complex through the interaction with TRF2 and does not have
regulatory functions for telomere length [77]. Additional non-telomeric
cytoplasmic functions have been described for mammalian RAP1
through interaction with the inhibitor kappa B kinases (IKK) in the
cytoplasm and the modulation of nuclear factor kappa B (NF-kB)-
mediated pathways. A regulatory feedback has been ascribed for RAP1
where augmented levels are positively regulated by NF-kB, and human
breast cancers with NF-xB hyperactivity show elevated levels of cyto-
plasmic RAP1 [78]. In agreement with these findings, breast carcinoma
cell lines treated with tumor necrosis factor-alpha (TNF-a) have shown
a 5 or 6-fold induction of TRF1, TIN2, and POT1. The pro-inflammatory
milieu further suggests a link between shelterin proteins and in-
flammation.

Peroxisome proliferator-activated receptors (PPAR) are ligand-acti-
vated transcription factors that belong to the superfamily of nuclear
hormone receptors and play a key role in various processes including
modulation of differentiation and cell viability, biomolecules metabo-
lism, and inflammation. However, the activities promoted by PPAR
depends on the cell type and the binding isoform, to favor different cell
processes in distinct outcomes [79,80]. Martinez et al. demonstrated
that RAP1 knockout mouse embryonic fibroblasts (MEF) have down-
regulation of PGC-1a [81] and PPARa, showing the premature devel-
opment of obesity and associated comorbidities [74]. Furthermore,
macrophages induce PGC-1a [82]. In this way up-regulation of RAP1
gene expression, as observed in this work, could be involved in the
regulation of the PPAR pathway.

Telomere shortening contributes to metabolic dysfunction through
the impact on mitochondrial biogenesis and metabolism in a rodent
model [83]. Metabolic dysfunctions such as those seen in obesity have
an important role in accelerated aging development even in the absence
of any other source [84]. Studies demonstrate that damage caused by
ROS accumulation is related to physiological aging in both human
[85,86] and rodent [87] models, although the mechanisms by which
oxidative imbalance can accelerate aging is still under debate. In
normal physiological functions, redox homeostasis allows maintenance
of a reduced intracellular environment by ensuring properly protein
structure and function and lower peroxidation levels [88]. However, an
impairment of redox status promote an oxidative imbalance by an ac-
cumulation and dysregulated ROS signaling that may lead to anomalous
cell dysfunction, contributing to disease progression [89]. Thus, ex-
cessive oxidative stress appears to be an important feature in numerous
aging-related diseases since there is an increased level of ROS produc-
tion that cannot be totally scavenged by antioxidants defenses [90].

In this regard, we also demonstrate that subjects with obesity have a
plasmatic pro-oxidant environment observed by a higher protein oxi-
dation and lipid peroxidation levels. Our results also indicate that this
impairment caused by an oxidative imbalance leads to increased non-
enzymatic antioxidant defenses, which appears to be an adaptive rescue
response to avoid cellular dysfunction by an excessive damage caused
by enhanced ROS levels.



LK. Grun et al.

Biomolecule damage caused by ROS in obesity is widely described
in the literature. Several studies show an elevated protein carbonylation
amount, both in adipose tissue [91] and plasma, with a strong asso-
ciation with diabetes mellitus [92]. Besides this, higher plasmatic lipid
peroxidation levels are also detected [93]. Our results on antioxidant
capacity are in agreement with a recent study that evaluated DM2 pa-
tients in relation to healthy controls, in which the authors showed an
increased total antioxidant status in plasma samples [94]. Non-enzy-
matic antioxidants, composed by ascorbic acid (Vitamin C), a-toco-
pherol (Vitamin E), polyphenols (flavonoids and phenolic acids), car-
otenoids, GSH, and others, represents the major defenses in plasma
[95]. However, because of sample limitation, we were unable to ana-
lyze further enzymatic antioxidant defenses such as superoxide dis-
mutase, glutathione peroxidase, and catalase.

In summary, our study adds valuable information to current lit-
erature and shows that PBMC telomeres’ homeostasis is compromised,
favoring shorter telomeres, in the context of severe and morbid obesity.
Additionally, our study identifies TRF1 as a major regulator of telo-
meres attrition in the context of obesity. We suggest that telomeres
uncapping by shelterin components might be partially explained by
TRF1 upregulation, a mechanism that might accelerate the aging pro-
cess associated with augmented damage of proteins and lipids and the
pro-oxidant environment and might predispose cells for neoplastic
transformation. The increased non-enzymatic antioxidant defenses ob-
served in the plasma may be a cellular oxidative imbalance adaptive
rescue response to evade dysfunctional signaling and cell death.
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Supplementary Tables and Figures



Supplementary table 1. Primers’ sequence and specific running conditions.

Concentration

nM
Gene reference Target Primer sequences bp ,(A;ré? (M)
For Rev
Telomere 5'GGTTTTTGAGGGTGAGGGTGAGGGT
GAGGGTGAGGGT3 *
sequence 5TCCCGACTATCCCTATCCCTATCCCT >76 54 300 1’ 125
ATCCCTATCCCTA3'

NM_001002.3 5'CAGCAAGTGGGAAGGTGTAATCC3!
NM 053275.3 3684 5'CCCATTCTATCATCAACGGGTACAAZ /9 58 300 500
NM_017489.2 5GCCCTGATGATTTGGGGTTCS’
NM 003218.3 TRF1 5TGCCATTTTCCATACAAACAGCS' 106 58 62.5 125
NM_005652.4 TRF2 I el 142 59 625 3125
NM_018975.3 RAP1 R S 165 60 100 100
NM_000391.3 TPP1 D O L aariC3 155 595 625 1562
NM_001042594.1 5CGGAGAACAAGCGACTATGCY
NM_015450_2 POT1 5TAGGAAGAGTTTAGGCGGGC3 102 59 62.5 125
NM_001288747.1 , ,
. SGCAGATTGOTTCTCCTTTG6S 106 57 75 75
NM_198253.2 5AGCACCGTCTGCGTGAGS
NM 001193376.1 TERT1™ 5’AGCACCGTCTGCGTGAGS' 71 60 100 100
NM_198253.2 5'CATTTCATCAGCAAGTTTGGAAGS'
NM 001193376.1 TERT2* 5TTTCAGGATGGAGTAGCAGAGG3 86 60 100 100
NM_001193376.1 5TCTCTACCTTGACAGACCTCC3'
NM 198253.2 TERT3** 5'GCACTGGACGTAGGACTTGS’ 197 60 100 100
NM_000576.2 IL-18 PN GOl ae el deat s 199 57 100 100
NM_000594.3 TNF-a IS v 94 60 100 100
NM_006098 GNB2LL oA e e, 224 60 100 100

*Minimum expected size of telomeric sequence fragments observed on agarose gel due to the sum
of primer sizes. **Three different primers were designed targeting the amplification of human
telomerase catalytic subunit. Abbreviations: bp: base pair; Ann (°C): Annealing temperature in
Celsius; nM: Nanomolar; For: Forward; Rev: Reverse. TRF1: Telomeric repeat binding factor; TRF2:
Telomeric repeat binding factor 2; RAP1: Repressor/activator protein 1; TPP1: Adrenocortical
dysplasia protein homolog; POTL1: Protection of telomeres protein 1; DKC1: Dyskerin; TERT: Catalytic
subunit of the telomerase holoenzyme complex; IL-18: Interleukin 1 beta; TNF-a: Tumor necrosis
factor alpha; GNB2L1: Human guanine nucleotide binding protein (G protein), b-polypeptide 2-like 1.



Supplementary table 2. Results from imputed and non-imputed incomplete

data sets.

Imputed data Non-imputed data

[Median (IQR) / n] [Median (IQR) / n] p value
TRF1 0.97 (0.59-1.92) / 66 0.97 (0.59-1.92) / 66 1.0000
TRF2 1.26 (0.72-2.47) / 66 1.18 (0.52 - 2.19) / 63 0.4677
RAP1 1.20 (0.57 - 2.05) / 66 1.07 (0.56 — 2.09) / 63 0.9205
POT1 1.17 (0.69 — 2.30) / 66 0.90 (0.47 —2.17) | 37 0.2780
TPP1 1.16 (0.64 — 1.82) / 66 1.16 (0.59 - 1.85)/ 62 0.9782
DKC1 1.25(0.87 - 1.65) / 66 1.22 (0.65-1.62) / 45 0.6311
TERT* nd nd
8-iso-P content 456 (4.21-5.13)/ 66 4.33(4.13-5.02)/ 35 0.1932
Carbonyl content 11.66 (7.91 - 17.60) / 66 11.25(7.71 - 18.66) / 57 0.8388
TRAP (1-AUC) 0.50 (0.38 — 0.58) / 66 0.50 (0.38 - 0.58) / 63 0.8815
TAR (1-AUC) 0.99 (0.99 — 0.99) / 66 0.99 (0.99 - 0.99) / 63 0.8870
SH content 0.72 (0.40 - 1.00) / 66 0.68 (0.37 — 1.00) / 59 0.7930
GSH content 0.38(0.21-0.64) / 66 0.36 (0.19-0.62) / 57 0.6052

Results shown with median IQR (25-75%) / sample size. Abbreviations: n: sample size; IQR: Interquartile
range; TRF1: Telomeric repeat binding factor; TRF2: Telomeric repeat binding factor 2; RAPL:
Repressor/activator protein 1; TPP1: Adrenocortical dysplasia protein homolog; POT1: Protection of
telomeres protein 1; DKC1: Dyskerin; TERT: Catalytic subunit of the telomerase holoenzyme complex;
GNB2L1: Human guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1; TRAP: Total
reactive antioxidant potential; TAR: Total Antioxidant Reactivity; SH: Sulfhydryl group; GSH: Reduced

glutathione; AUC: Area under the curve; nd: Non-detected.



Supplementary table 3. Baseline and demographic characteristics from

second patient recruitment.

Groups
p value
Control (n =8) Obese (n = 10)

Gender (male), n/total (%) 3/8 (37.5) 6/10 (60) 0.6372

Age (years), median (IQR) 37.5(23.3-53.0) 39.0 (23.3 — 48.5) 0.8678

BMI, median (IQR) 23.2 (21.3 — 24.5) 57.5 (50.5 — 64.5) <0.0001

Physical activity, n/total (%) 0/8 (0) 0/10 (0) -
Comorbidities, n/total (%)

Dyslipidemia 0/8 (0) 2/6* (33.3) -

Hepatic steatosis 0/8 (0) 1/6* (16.7) -

Hypertension 0/8 (0) 1/6* (16.7) -

Metabolic syndrome 0/8 (0) 0/6* (0) -

Type 2 diabetes mellitus 0/8 (0) 0/6* (0) -

IQR = Interquartile range

Results are shown with number (percent) or median IQR (25-75%)

Bolded results indicate significant differences between groups (95% confidence interval)
*Unavailable data (comorbidities) from 4 patients with obesity.
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Supplementary Figure 1. Correlation plot showing r coefficients (sized and colored

squares) and p values among all sets of observed variables. The absence of correlation is

represented by an X inside the boxes. Abbreviations: TRF1: Telomeric repeat binding factor;

TRF2: Telomeric repeat binding factor 2; RAP1: Repressor/activator protein 1; TPP1:

Adrenocortical dysplasia protein homolog; POT1: Protection of telomeres protein 1; DKC1:

Dyskerin; TRAP: total non-enzymatic antioxidant capacity; TAR: total non-enzymatic antioxidant

reactivity; GSH: Reduced glutathione.



1.3 Capitulo 3: Inducéo do fendtipo senescente mediado por disfuncao
mitocondrial em células tronco adipo-derivadas através da exposicao crbénica

ao ambiente obesogénico.
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1.1 DISCUSSAO

O envelhecimento é um processo que pode ser definido como o declinio das
funcées bioldgicas relacionadas com o tempo de vida. E acompanhado por uma série
de mudancas fisioldgicas e celulares, incluindo um estado de inflamacao cronica,
alteracdo na comunicacao celular, disfuncdo mitocondrial, declinio da homeostase
tecidual e deterioracdo das funcdes metabolicas. Além disso, os mecanismos de
reparo tornam-se menos eficazes, levando ao acumulo de células ndo funcionais que
comprometem a funcado e induzem acumulo de dano tecidual (Singer 2016). Embora
nao seja considerado uma doenca, a aceleracdo das manifestacdes fenotipicas do
envelhecimento pode aumentar a vulnerabilidade a diversas doencas, de forma que é
considerado o principal fator de risco para a maioria das condi¢cfes patoldgicas letais.
Doencas relacionadas a aceleracdo do envelhecimento séo caracterizadas por
manifestarem um conjunto desses marcadores, que geralmente estdo associados a
um ambiente oxidativo e pré-inflamatério que levam ao declinio da funcao do sistema
imune e favorecem a progressao da doenca (Ovadya e Krizhanovsky 2014).

A obesidade é uma condicdo que compartilha caracteristicas de doencas
relacionadas a idade, uma vez que esta relacionada a um estado inflamatério crénico
de baixo grau (inflammaging), que pode contribuir para o desenvolvimento de
sindrome metabdlica e resisténcia insulinica (Franceschi et al. 2018). A etiologia da
obesidade é complexa, e uma série de fatores estdo envolvidos no estabelecimento e
progressédo da doenca. Além do estilo de vida relacionado ao aumento da morbidade,
existem fatores genéticos, neuroenddcrinos, metabolicos, imunoldgicos e ambientais

(Murdolo et al. 2013, Abdelaal et al. 2017). Adicionalmente, a obesidade é uma
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condicdo de saude que esta associada a ocorréncia de diferentes disfuncdes
metabdlicas, como diabetes tipo 2, sindrome metabdlica, dislipidemia, resisténcia
insulinica, hipertenséo sistémica, entre outras (Iglay et al. 2016, Jayanthi et al. 2017),
gue podem contribuir para o estabelecimento do desequilibrio pro-inflamatorio e pro-
oxidativo e induzir a progressdo da doenca (Marseglia et al. 2015). Reforcando esse
fato, estudos publicados também relacionam as comorbidades supracitadas com o
encurtamento de telébmeros e com a inducéo do fenétipo senescente, caracteristicos
do envelhecimento (Aulinas et al. 2015, Strazhesko et al. 2015, Bonfigli et al. 2016).

A respeito disso, diversos autores tém dedicado seus esforcos na busca de
estratégias que auxiliem no descobrimento das causas bioldgicas e os tecidos que
estejam envolvidos no gatilho do processo de envelhecimento. Dessa forma, trabalhos
gue tenham como foco elucidar mecanismos moleculares e celulares que contribuem
para o estabelecimento e a progressao do fendétipo continuam sendo cada vez mais
pertinentes. Seguindo nessa linha, doencgas relacionadas a aceleragdo das
manifestacbes fenotipicas do envelhecimento sdo uma alternativa interessante na
busca de reguladores-chave, no contexto dessas patologias.

Uma vez que a obesidade € uma desordem complexa que esta associada a um
estado de inflamacéo crbnica, estudos que tenham como abordagem identificar os
mecanismos celulares relacionados ao inicio da doenca e o impacto na resposta
imune sistémica, surgem como abordagens interessantes. Nesse sentido, a fim de
investigar mecanismos relacionados ao envelhecimento, bem como alteragdes
metabdlicas envolvidas na inducédo e progresséao do fendtipo senescente, no contexto
da obesidade, avaliamos modelos celulares in vitro, em dois tipos celulares

associados a tecidos diferentes.
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A fim de estudar o impacto da obesidade como uma doenca inflamatoria cronica
que progride comprometendo o organismo de maneira sistémica, avaliamos a
homeostase do complexo telomérico de células do sistema imune periférico e seu
perfil oxidativo, o qual pode ser condicionado pelo plasma de individuos portadores
de obesidade. Os dados obtidos nesse trabalho permitiram ndo s6 confirmar a
hipétese de que a obesidade € uma doenca relacionada a aceleracdo do
envelhecimento, mas também postular que a proteina TRF1, um importante
componente do complexo telomérico, contribui para o fenétipo do envelhecimento, no
contexto da obesidade. Além disso, o perfil pro-oxidativo observado no plasma desses
individuos (Grun et al. 2018) confirmam os dados da literatura (Kocak et al. 2007,
Furukawa et al. 2017), de modo que surgiram como uma importante estratégia para
estudar a inducéo do fenotipo senescente em células residentes dos compartimentos
tronco do tecido adiposo.

Nosso grupo de pesquisa tem focado em estratégias relacionadas a
mecanismos envolvidos no processo de indugcdo da imunossenescéncia.
Recentemente, demonstramos através de um modelo de cultura celular, que a
inflamacéo sistémica associada a obesidade é suficiente para desencadear alteracbes
relacionadas ao processo de imunossenescéncia em cultura priméaria de células do
sistema imune (Parisi et al. 2017). Nesse sentido, como sequéncia dos objetivos
projetados nessa tese, avaliamos o impacto do ambiente pré-oxidante e pro-
inflamat6rio no metabolismo celular, capaz de desencadear a inducdo do fendtipo
senescente em hADSC, através de um modelo de exposi¢do crénica ao ambiente

obesogénico durante a expansao dessas ceélulas em cultura celular in vitro.
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De acordo com os resultados obtidos ao longo do desenvolvimento dessa tese,
podemos sugerir que a obesidade € uma doenca que esta relacionada ao
envelhecimento, e que o ambiente inflamatério caracteristico da obesidade ndo sé
afeta o organismo de maneira sistémica, como também pode afetar a funcédo de
células responsaveis pelo remodelamento do tecido adiposo através da inducédo do
fendtipo senescente associado a disfuncdo mitocondrial (Figura 1).

Durante a progressao da obesidade ha o aumento da infiltracdo de células do
sistema imune e a secrecdo de citocinas no tecido adiposo, promovendo um milieu
inflamatorio cronico (Bastard et al. 2006, Apostolopoulos et al. 2016). De fato, o tecido
adiposo de individuos portadores de obesidade esta associado ao recrutamento de
células do sistema imune inato e adaptativo (Lackey e Olefsky 2016). Essas células
respondem ao estresse celular liberando quimiocinas e adipocinas, as quais iniciam
uma resposta inflamatéria através do recrutamento de mais células imunes periféricas,
a fim de permitir a expansado de adipOcitos em resposta a necessidade de
compartimentos maiores para o armazenamento lipidico (Reilly e Saltiel 2017).

Enquanto os adipdcitos sdo a principal fonte das adipocinas leptina e
adiponectina, as citocinas pro-inflamatorias, como IL-1pB, IL-6 e TNF-a, séo secretadas
majoritariamente por células que constituem a SVF, como as hADSC e os pré-
adipdcitos (Siklova-Vitkova et al. 2012). Por sua vez, o TNF-a estimula a secregéo de
IL-6, IL-8 e a proteina quimioatrativa de mondcitos 1 (CCL2) em hADSC (Lee et al.
2010). Assim, ap0s serem expostas ao microambiente inflamatério, as hADCS

participam ativamente da resposta imune induzindo um aumento na secrecdo de
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citocinas pro-inflamatorias, alterando a imunomodulacdo tecidual durante a

progressédo da obesidade (Shoshani e Zipori 2015, Silva et al. 2015).
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Figura 1. Visé@o geral dos resultados obtidos na tese. O impacto da obesidade pode ser observado
em nivel sistémico através do comprometimento da homeostase telomérica em células mononucleares
de sangue periférico (PBMC) de individuos portadores de obesidade pelo encurtamento acelerado de
teldmeros e a desregulacéo das proteinas que compdem o complexo shelterin. Além disso, observamos
os efeitos da obesidade no tecido adiposo (hADSC) através da incubagédo do plasma de individuos com
obesidade, que foi capaz de induzir o fenétipo senescente em hADSC apds exposi¢do por 10 dias in
vitro. O aumento da atividade da enzima SA-B-gal e 0 aumento da expressdo de CDKN1A (P21)
sugerem um gatilho para o inicio do estabelecimento do fenoétipo senescente em hADSC. Ainda, o
aumento da expressdo de TRF1 tanto em PBMC com teldmeros encurtados quanto em hADSC
senescentes sugere um importante papel da proteina do complexo shelterin nainducdo da senescéncia
celular. O acimulo de mitocdndrias disfuncionais pode ser consequéncia da diminuicdo da autofagia
em hADSC senescentes, de modo que mitocdndrias danificadas poderiam contribuir para o fendtipo.
Setas pretas indicam dados obtidos durante a execuc¢édo da tese, enquanto as setas vermelhas indicam
possiveis relacdes.
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A expansédo tecidual também induz alteracbes na composicdo, estrutura e
funcdo do tecido. Dessa maneira, as hADSC também possuem um papel importante
no remodelamento tecidual. Ha evidéncias de que a capacidade multipotente de
hADSC esta comprometida na obesidade. De acordo com isso, e corroborando com
nossos dados relacionados ao acumulo de gotas lipidicas obtidos no capitulo 3,
estudos demonstram que hADSC de individuos portadores de obesidade apresentam
uma diminuicdo na expressao de genes marcadores de pluripoténcia, como fator de
transcricdo 4 ligante de octamero (OCT4) e fator de transcricdo SRY-box 15 (SOX15)
(Patel et al. 2016, Petrangeli et al. 2016) e de genes marcadores de multipoténcia
envolvidos no desenvolvimento embrionario, como a proteina homeobox 10
(HOXC10) e o fator de transcricdo T-box 15 (TBX15), além de um aumento na
expressdo de genes envolvidos na adipogénese e na inflamacéao, como IL-1p3, IL-8 e
CCL2 (Onate et al. 2013). Nesse contexto, ja foi demonstrado que a excessiva perda
de peso de individuos portadores de obesidade esta relacionada com a atenuacgéo do
estado pré-inflamatério no tecido adiposo subcutaneo (Moschen et al. 2010).

Os resultados obtidos no capitulo 2 demonstraram um aumento da expressao
do gene IL-18 e TNF-a em PBMC de individuos portadores de obesidade, sugerindo
gue os efeitos da doenca parecem nao ser restritos ao tecido de origem, mas que
também poderia contribuir para o estabelecimento de um ambiente inflamatério
sistémico, além de, potencialmente, estar associado a inibi¢cdo da transducao de sinais
da insulina durante a expanséo do tecido adiposo (Lagathu et al. 2006, Bing 2015).

O recrutamento de células do sistema imune e 0o aumento da secrecdo de
citocinas pro-inflamatérias em resposta ao acumulo de dano tecidual, presente na

obesidade, promovem um milieu inflamatorio que eventualmente leva a danos
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celulares persistentes, contribuindo para o comprometimento da funcéo tecidual e
acelerando o processo de envelhecimento. Tanto a progressao do envelhecimento
como a involucdo do timo resultam na diminuicdo da populacédo de células T virgens
circulantes e o subsequente aumento da taxa de diferenciacéo celular (Xia et al. 2016).
Assim, ambas caracteristicas, bem como o encurtamento de teldmeros, sao
consideradas biomarcadores de envelhecimento de células T em humanos (Zubakov
et al. 2016). De acordo com esses dados, no estudo publicado por Jongbloed e
colaboradores, além do encurtamento de teldbmeros associado a obesidade, os
autores ainda observaram um aumento na taxa de diferenciacéo de células T CD4* e
CD8* circulantes (Jongbloed et al. 2019).

Assim, esse estado de para-inflamacédo, caracteristico da obesidade, pode
induzir a proliferacéo de precursores hematopoiéticos na medula 6ssea e a expansao
e proliferacdo de leucocitos em tecidos periféricos, induzindo caracteristicas do
fenotipo senescente, como o aumento na secre¢cdo de citocinas inflamatérias e o
encurtamento de teldmeros. De acordo com essa hipétese, dados recentes do nosso
grupo demonstraram que o plasma de pacientes portadores de obesidade € capaz de
induzir o fenotipo imunossenescente em PBMC de doador saudéavel (Parisi et al.
2017).

Dentre os fatores que contribuem para a aceleracdo do envelhecimento,
estudos tém destacado a relacdo essencial entre o declinio gradual da funcao
mitocondrial com a progressao da idade, levando ao acimulo de danos oxidativos que
comprometem a funcdo metabolica (Lopez-Otin et al. 2013, Finkel 2015). Além da
diminuicao da capacidade respiratéria e a perda da funcdo das enzimas mitocondriais,

o aumento de mutacbes no mtDNA pode resultar em uma variedade de doencas,
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incluindo miopatias, neuropatias, diabetes, e sinais de envelhecimento prematuro,
contribuindo para a reducédo da expectativa de vida (Lee e Wei 2012).

A funcdo mitocondrial adequada € necessaria para sustentar a demanda
energética durante a proliferacéo celular de hADSC (Ito e Suda 2014). Por outro lado,
a literatura tem demonstrado que a fungéo e o conteddo mitocondrial de hADSC estéo
prejudicados na obesidade, promovendo mudancas fisiolégicas no metabolismo
energético celular (Pérez et al. 2015). Assim, um aumento no desequilibrio oxidativo
induzido pelo acumulo de mitocondrias danificadas associadas a um estado de
inflamacé&o cronica poderia contribuir para a aceleracdo do encurtamento de teldmeros
e a inducédo do fendtipo senescente, como o observado na obesidade (Salvestrini et
al. 2019).

Foi demonstrado que a biogénese e a capacidade oxidativa de mitocondrias do
tecido adiposo subcutaneo de individuos obesos sdo prejudicadas pelo estresse
metabolico promovido pelo ambiente inflamatério caracteristico da obesidade
(Heinonen et al. 2015). Em consequéncia disso, a fosforilacdo oxidativa em hADSC
poderia estar comprometida, causando a disfuncao no metabolismo energético. De
fato, nossos resultados apontam uma diminui¢cdo na biogénese de mitocondrias e um
aumento na despolarizagdo das membranas mitocondriais em hADSC expostas ao
ambiente obesogénico. Esses dados sugerem que o ambiente pré-oxidante induzido
pelo plasma de individuos obesos seria capaz de modular e comprometer a funcéo
mitocondrial, afetando a maquinaria bioenergética através da diminuicao do potencial
de membrana das mitocondrias.

Outro fator importante relacionado ao metabolismo mitocondrial e o

envelhecimento de células tronco € a razdo NAD*/NADH. Tem sido relatado que
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durante a progressao do envelhecimento os niveis de NAD* diminuem nos tecidos
(Yoshino et al. 2011, Mouchiroud et al. 2013). Ainda, a suplementacdo de NAD* pode
recuperar algumas caracteristicas de células previamente induzidas a senescéncia
pela deplecdo de NAD*. Esses efeitos podem ser, pelo menos em parte, mediados
pelas sirtuinas, uma familia de enzimas deacetilases dependentes de NAD*. Nesse
sentido, Brown e colaboradores demonstraram que os niveis de Sirtuina 3 diminuem
em mitocondrias de células tronco hematopoiéticas (HSC) envelhecidas, e que sua
superexpressao esta relacionada ao aumento da capacidade regenerativa (Brown et
al. 2013).

A senescéncia celular foi originalmente descrita como uma resposta do
organismo ao encurtamento de teldmeros causado por exaustao replicativa; contudo,
tem sido descrito que diversos indutores de estresse, incluindo dano ao DNA,
disfuncdo mitocondrial e inducdo por oncogenes também sdo capazes de ativar a
senescéncia. Além da parada permanente do ciclo celular, as células em estado
senescente manifestam caracteristicas fenotipicas importantes, como um aumento do
tamanho celular e uma morfologia achatada. Além disso, as células também exibem
danos que promovem uma alteragdo na estrutura da cromatina (SAHF) e o
estabelecimento de um perfil secretor ou secretoma que compdem o SASP, o qual
contribui para a manutencao do fenétipo. Dessa maneira, 0 SASP é capaz de modular
ndo somente o fenétipo senescente de forma autdcrina, mas também influenciar no
metabolismo de células proximas através da modulagdo do microambiente tecidual de
maneira paracrina (Andriani et al. 2016, Strzyz 2016, Hernandez-Segura et al. 2018,

Herranz e Gil 2018).

115



A senescéncia € uma resposta adaptativa que funciona de maneira dindmica e
heterogénea em alguns tecidos. De maneira geral, apds a ativacdo dos genes que
induzem a parada irreversivel do ciclo celular, como CDKN1A e CDKNZ2A, a
progressdo do fendtipo acontece pelo estabelecimento do SASP, caracterizado pela
secrecdo de citocinas e quimiocinas que perpetuam o fendtipo. Nesse ponto, se as
células residentes evoluem e sobrevivem ao estabelecimento de um ambiente pré-
inflamatorio, elas passam a entrar em um estagio de senescéncia tardia, caracterizado
por um aumento do fithess adaptativo. De acordo com a teoria da progressdo do
fendtipo senescente, a heterogeneidade celular observada nos diferentes tecidos
pode ser explicada. De fato, a resposta aguda parece estar relacionada com um
reparo rapido e eficaz em tecidos senescentes, contribuindo para a homeostase
tecidual. JA um estado senescente crénico pode resultar de danos persistentes e é
frequentemente associado ao acumulo de dano e a deterioracdo das funcdes
celulares, caracteristicos do envelhecimento (Van Deursen 2014, Herranz e Gil 2018).

A parada do ciclo celular ocorre pela ativacédo das vias metabdlicas TP53/P21
e P16/Rb (Kulaberoglu et al. 2016). A ativacdo de TP53 induz a transcricdo de
CDKN1A, que por sua vez bloqueia a atividade de CDK2, resultando na
hipofosforilacdo de Rb e na parada do ciclo. Dessa forma, a sinalizagéo de TP53 pode
modular a senescéncia em varios tipos celulares (Johmura e Nakanishi 2016, Li et al.
2016, Tonnessen-Murray et al. 2017). Entretanto, alguns eventos estressores podem
desencadear uma parada transiente do ciclo celular, de modo que a inducéo de TP53
seja capaz de ativar os processos de reparo do DNA, e permitindo que célula possa
retomar o ciclo replicativo. Apos a resolucao do estresse, as células podem retomar o

ciclo (Kulaberoglu et al. 2016). J& a modulacéo de eventos de estresse persistentes
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podem ativar o CDKN2A (P16), que por sua vez inibe CDK4 e CDK6, de modo que
induz uma parada de longa duracdo (Kuilman et al. 2010, Liu et al. 2019). Estudos
sugerem que o papel de CDKN1A (P2l1) pode estar relacionado ao inicio da
senescéncia, enquanto CDKN2A (P16) é responsavel por manter a parada do ciclo
celular de forma permanente. De fato, embora a inducdo de CDKN1A (P21) seja
importante para o estabelecimento das manifestacdes fenotipicas da senescéncia,
sua expressao ndo persiste com a progressdo dos estagios subsequentes. Nesse
ambito, a regulacao positiva de CDKN1A (P21) atua como um gatilho da senescéncia,
principalmente em células embrionarias (Sharpless e Sherr 2015).

Interessantemente, nossos dados indicam um aumento expressivo na atividade
da enzima (B-galactosidase associada a senescéncia em hADSC expostas ao plasma
de individuos portadores de obesidade. As hADSC mudaram seu fenétipo ao final do
tratamento, adquirindo um aumento do tamanho e uma morfologia achatada, de modo
que a observacao no microscopio ficou restrita a um plano focal curto. Além disso, o
aumento da expressao do gene CDKN1A (P21) sugere o inicio do estabelecimento do
fendtipo senescente, uma vez que ndo observamos a expressao génica de CDKN2A
(P16). Ainda, esses dados reforcam o fato de que em 10 dias ndo observamos
diferencas no tempo de duplicagédo nas hADSC, de modo que o aumento do tempo de
exposicdo em cultura celular poderia refletir no declinio da capacidade proliferativa, a
qual néo foi evidenciada em nosso desenho experimental.

A senescéncia € um mecanismo que pode ser ativado de forma fisiol6gica
durante o desenvolvimento, além de ser necessaria para a remodelacéo dos tecidos.
Nesse ambito, a inducdo transitoria de senescéncia € um importante mecanismo

durante a cicatrizacdo e remocao de células danificadas, contribuindo para a
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recuperacédo tecidual (Munoz-Espin et al. 2013, Storer e Keyes 2014). De fato, a
senescéncia também pode ser estudada como uma resposta ao estresse, de modo
gue seja um importante mecanismo que evite o desenvolvimento de doencas malignas
ao limitar a replicacdo de células potencialmente neoplasicas (Collado e Serrano
2010, Hinds e Pietruska 2017).

Por outro lado, a literatura demonstra que o acumulo de células senescentes
pode influenciar no desenvolvimento de doencas e acelerar o processo de
envelhecimento através do comprometimento da homeostase tecidual (Munoz-Espin
e Serrano 2014). Durante o envelhecimento, altos niveis na inducédo de senescéncia
em células tronco e progenitoras esta relacionada a diminuicdo da homeostase
tecidual, comprometendo a capacidade de reparo e regeneracao tecidual.

Senescéncia e apoptose sdo destinos celulares alternativos que podem ser
desencadeados por mecanismos de estresse semelhantes. Embora estudos
demonstrem que células senescentes sao resistentes a apoptose, a regulacdo das
vias metabolicas que auxiliem no entendimento dos mecanismos celulares envolvidos
na ativagdo de um destino em detrimento do outro ainda sdo escassos. Entretanto,
estudos recentes sugerem que a resisténcia de células senescentes a apoptose pode
ser resultado da regulacéo positiva das proteinas da familia BCL-2, uma vez que a
inibicdo das proteinas pertencentes a familia BCL-2 é capaz de induzir apoptose nas
células senescentes (Yosef et al. 2016, Zhu et al. 2016). Em consonancia com esses
dados, nossos resultados sugerem que o ambiente obesogénico é capaz de modular
hADSC para um fenotipo senescente e evitar a morte celular como destino alternativo,

através da inibicdo da via de apoptose mediada por caspases.
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Recentemente, alguns trabalhos tém demonstrado que a disfuncéo
mitocondrial € capaz de induzir e manter o fendtipo senescente em diferentes
organismos através de um secretoma independente de IL-13 observado no SASP,
composto por IL-10, TNFa, CCL27. Ainda, embora seja observado um declinio da
funcdo mitocondrial, a progresséo do fenotipo parece ser independente do aumento
de producédo de ROS (Correia-Melo et al. 2016, Wiley et al. 2016). De acordo com
esses dados, além de ser um importante marcador do processo de envelhecimento, a
disfuncdo mitocondrial também € capaz de induzir senescéncia através de um
mecanismo alternativo, embora compartilhe caracteristicas fundamentais
relacionadas a senescéncia classica promovida por SASP (Wiley et al. 2016).

A autofagia € um mecanismo de degradacdo evolutivamente conservado em
organismos eucariotos. Foi considerado pela primeira vez um sistema de degradacéao
de proteinas e organelas nao seletivo, com a finalidade de reciclar nutrientes celulares
e gerar energia (Yang e Klionsky 2010). O papel do metabolismo mitocondrial e da
autofagia na senescéncia € complexo e controverso (Kwon et al. 2017). Por um lado,
a autofagia foi um processo descrito como um mecanismo adaptativo que tem como
objetivo suprimir a ativacdo de senescéncia induzida por oncogene. Nesse sentido, foi
demonstrado que um tipo especializado de autofagia, denominado compartimento de
acoplamento espacial de autofagia associado ao TOR (TASCC), contribui, de fato,
para a sintese proteica de alguns elementos do SASP através da ativacdo da via
MTOR, estimulando a sintese de IL-6 e IL-8, perpetuando a senescéncia (Narita et al.

2011).
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Por outro lado, alguns trabalhos tém demonstrado que a autofagia pode estar
relacionada a um mecanismo anti-senescéncia. De acordo com isso, a inibicdo da
autofagia através do nocaute das proteinas ATG7 ou ATG5 induz senescéncia em
fibroblastos humanos primarios, principalmente por meio do acumulo de mitocondrias
danificadas e elevados niveis de ROS (Kang et al. 2011). O mecanismo de autofagia
parece ser dependente dos niveis de estresse celular e a capacidade adaptativa que
0 organismo possui para combater o acumulo de danos. Uma vez que um ambiente
oxidativo pode induzir autofagia na tentativa de sobrevivéncia celular, o acumulo de
estresse pode comprometer a sinalizacdo de autofagia. Desse acordo com isso,
demonstrou-se que niveis elevados de estresse relacionados ao acumulo de
mitocondrias danificadas e uma producdo aumentada de ROS podem comprometer a
sinalizacao autofagica, causando eventualmente senescéncia celular (Tai et al. 2017).

Nesse sentido, alguns estudos sugerem que a inibicdo da autofagia facilita a
progresséo da senescéncia (Wang et al. 2012, Kang et al. 2015, Lee et al. 2018). De
acordo com isso, Kang e colaboradores demonstraram que a autofagia esta inibida
durante a inducéo de senescéncia pela diminuicdo da interacdo entre GATA4 e P62,
um adaptador de membrana essencial para a degradacéo autofagica. A estabilizacdo
de GATA4, por sua vez, ativa NF-kB através de IL-1a, promovendo senescéncia
através do SASP (Kang et al. 2015). Resultados semelhantes foram observados em
células tronco mesenquimais humanas induzidas a senescéncia de forma paracrina,
mediado principalmente por CCL2 através da ativacao de NF-kB (Lee et al. 2018). Em
consonancia com esses achados, nossos dados sugerem uma diminuicdo da
autofagia em hADSC senescentes expostas ao ambiente obesogénico apos 10 dias.

Ademais, ainda observamos uma diminui¢cao da expresséo génica de SQSTM1 (P62).
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Esses resultados podem indicar que o inicio do fenotipo senescente pode estar
relacionado a ativacao das vias de reparo em resposta ao acumulo de dano ao DNA.
A ativacdo de ATM/ATR alivia a inibicdo de TP53, que por sua vez ativa CDKN1A
induzindo o gatilho para o estabelecimento do fendétipo senescente, como a
subsequente parada do ciclo celular. O sinal de senescéncia poderia contribuir para o
bloqueio da degradacdo autofagica de GATA4 dependente de P62, resultando na
ativacdo de NF-kB e na indugcéao de SASP, perpetuando a senescéncia para um estado
de inflamacéao cronica.

Corroborando com esses dados, foi demonstrado que a falha no processo
autofagico em células tronco musculares fisiologicamente envelhecidas pode ser a
causa para o inicio de senescéncia mediado por disfuncdo mitocondrial e a perda da
proteostase. Interessantemente, danos genéticos relacionados ao processo de
autofagia também foram capazes de induzir senescéncia em células jovens, de modo
que a reativacdo da maquinaria autofagica foi capaz de reverter a senescéncia,
restaurando as funcdes regenerativas (Garcia-Prat et al. 2016). Esses dados sugerem
uma importante relacdo entre a manutencédo da capacidade tronco controlada pelo
processo autofagico.

Além disso, as células senescentes exibem niveis reduzidos de mitofagia,
resultando no acumulo de mitocdndrias danificadas e uma rede mitocondrial
comprometida, a qual poderia contribuir para a disfungdo metabdlica durante a
progressédo do envelhecimento. Nesse sentido, um estudo demonstrou que a deplecao
de mitocondrias foi capaz de inibir a progressdao do fendtipo senescente.
Interessantemente, células senescentes sem mitocondrias exibiram niveis mais altos

de ATP devido ao desvio da producdo de energia para a via glicolitica (Correia-Melo
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et al. 2016). Esses dados reforcam a teoria de que o mecanismo de senescéncia pode
ser regulado pelo status do metabolismo oxidativo mitocondrial, independentemente
da producédo de energia.

Por fim, nossos dados obtidos no capitulo 3 relacionados ao aumento da
expressdo da proteina TRF1 no contexto da senescéncia, estdo de acordo com 0s
resultados publicados no capitulo 2, demonstrando um aumento da expressao de
TRF1 em PBMC de individuos portadores de obesidade (Grun et al. 2018). Dessa
forma, o acumulo de dano relacionado ao inicio do processo de senescéncia pode
induzir ndo s6 o encurtamento de teldmeros, mas também a perda da homeostase
das proteinas que compdem o complexo shelterin, de modo que a TRF1 parece ter
um papel de destaque. Esses achados corroboram a hipétese de que a proteina TRF1,
regulador negativo do mecanismo de elongacdo dos telébmeros, possui um papel
importante na progressao do envelhecimento tanto a nivel celular no tecido adiposo
quando a nivel sistémico, sugerindo que TRF1 poderia ser um importante ponto de
conexao observado no nosso modelo de senescéncia no contexto da obesidade.

Por fim, a senescéncia é um mecanismo adaptativo complexo e heterogéneo.
Nesse ambito, trabalhos que se concentrem na regulacdo da inducdo do fendtipo
senescente tém se destacado. Assim, o estudo dos mecanismos associados aos
processos de inducdo e manutencdo do estado senescente podem auxiliar no
desenvolvimento de terapias senoliticas, de modo que podem apresentar uma
importante estratégia no controle de patologias que estdo associadas ao
envelhecimento. Contudo, além dos potenciais efeitos colaterais, a avaliacdo dos
compostos senoliticos ainda pode ser comprometida por limitagdes como a falta de

biomarcadores de senescéncia e a grande heterogeneidade de fendtipos senescentes
122



nos diferentes tecidos. Assim, pesquisas que elucidem a regulacdo das vias
metabdlicas que desencadeiam e que mantém o fenotipo senescente podem fornecer
novos caminhos que auxiliem na identificacdo de biomarcadores e possiveis terapias
combinadas para eliminar de forma acurada e especifica células senescentes, sem

afetar o microambiente tecidual.
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1.2 CONCLUSOES

Em sintese, os resultados obtidos nesta tese sugerem que a obesidade é uma
doenca associada a aceleracao do envelhecimento. O impacto da obesidade pbéde ser
observado em diferentes contextos celulares, tanto em nivel sistémico (PBMC) quanto
a nivel celular no tecido adiposo (hADSC). Além disso, o acumulo de mitocéndrias
danificadas, em decorréncia da falha no processo autofagico, pode ser um possivel
mecanismo que contribui para o estabelecimento do fenétipo. Nossos dados também
sugerem gque a proteina TRF1 parece ter um importante papel na inducdo da
senescéncia celular, no contexto da progressao do envelhecimento.

Por fim, os dados obtidos nesse trabalho estédo em consonancia com trabalhos
anteriores desenvolvidos por nosso grupo de pesquisa e de diversos autores. Esses
dados em conjunto reforcam a hipétese de que a obesidade esta associada a
processos celulares que podem induzir a ativacdo de respostas moleculares e
desencadear, de forma precoce, mecanismos similares aos observados no

envelhecimento fisiolégico.
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1.3 PERSPECTIVAS

1. Avaliar a regulacao das vias CDKN1A (P21) e CDKN2A (P16) na progressao
do fendtipo senescente apds um periodo de exposicdo em cultura mais
prolongado;

2. Avaliar o consumo de oxigénio e parametros relacionados a dinamica
mitocondrial pela técnica de respirometria de alta resolucao;

3. Avaliar a secrecao de citocinas anti e pro-inflamatérias no meio de cultura;

4. Avaliar a razdo NAD+/NADH e os niveis de p-AMPK a fim de relaciona-los a
senescéncia induzida por disfuncdo mitocondrial;

5. Avaliar a capacidade da diferenciacdo de hADSC em macréfagos (CD68*) em
resposta ao ambiente obesogénico;

6. Avaliar o papel de TRF1 na regulacdo de mecanismos envolvidos durante a
inducao do fenoétipo senescente, no contexto da obesidade;

7. Estabelecer e transpor o modelo MIDAS para outras linhagens e estudar o
papel no desenvolvimento de outras doencas relacionadas ao envelhecimento

precoce.
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TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE)

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

Vocé esta sendo convidado(a) a participar de um estudo para conhecer melhor sobre
0 quanto o sobrepeso afeta medidas de envelhecimento celular em pessoas com obesidade
de grau lll (obesos mérbidos) submetidos a cirurgia bariatrica no periodo transoperatério e
em voluntarios sadios.

A obesidade mérbida — ou obesidade de grau Il — definida pelo IMC > 40, é uma grave
condicao cronica de saude que ndao tem uma causa Unica. Dentre os efeitos nocivos, a
obesidade tem sido associada ao maior risco de desenvolver doencas como diabetes,
hipertensao e cancer, afetando substancialmente a qualidade de vida do portador, além de
possuirem uma expectativa de vida reduzida.

Apesar da importancia de sabermos quais sdo os efeitos da obesidade, ainda sdo
poucos os estudos que avaliaram esses efeitos sobre medidas genéticas de envelhecimento
celular.

O conhecimento dos efeitos da obesidade modrbida sobre a degradacdo do DNA
durante o processo de envelhecimento celular pode trazer amplos beneficios em termos de
saude publica, no que diz respeito a criacdo de medidas que objetivem evitar e controlar o
excessivo aumento de peso da populacdo em geral, visando a prevencao de diversas doencas
associadas a obesidade.

Antes de consentir com sua participacdo, solicitamos que vocé leia as informagdes
contidas neste termo de consentimento.

1. QUAL E OBJETIVO PRINCIPAL DO ESTUDO?

O objetivo principal deste estudo é avaliar os efeitos da obesidade mérbida durante o
processo de envelhecimento em uma populacdo de obesos mérbidos submetidos a cirurgia
bariatrica, no periodo transoperatério, e individuos saudaveis.

2. COMO O ESTUDO SERA REALIZADO E QUAL SERA A MINHA PARTICIPACAO NO
ESTUDO?

O paciente, ou responsavel legal serdo convidados a responder perguntas que revisam
aspectos clinicos, sociais e de saude, do paciente e de seus familiares. Os pacientes serdo
convidados a responder a dois questionarios relacionados a qualidade de vida relacionada a

153



salde e ambiente familiar (Questionario de Qualidade de Vida-SF-36 e Questionario FACES
).

Esses questionarios serao realizados por um entrevistador. Apds o preenchimento dos
questionarios, sera solicitada aos pacientes a permissdao para a coleta de uma amostra de
esfregaco de células da bochecha interna da boca (mucosa oral) e coleta de 1 ml de sangue
do seu brago (sangue periférico). As coletas serao realizadas por uma equipe treinada no
periodo transoperatério.

3. QUAIS SAO OS RISCOS E BENEFICIOS DO ESTUDO?

Ao participar do nosso estudo vocé pode auxiliar os pesquisadores a melhorar os
conhecimentos sobre a obesidade no Brasil, trazendo beneficios para a prevencao e cuidados
para saude. Estimamos um desconforto minimo no momento da punc¢do venosa para retirada
de sangue ou do esfregaco da bochecha para a obtencdo de células da mucosa interna da
boca. Ndo prevemos maiores riscos associados a ditos procedimentos.

4. QUEM TERA ACESSO AS INFORMAGOES DESTE ESTUDO?

Os dados dos questionarios e os resultados individuais dos estudos de obesidade sao
confidenciais e ndo poderdo ser utilizadas para outros objetivos que ndo estejam descritos
neste termo. Os resultados deste estudo deverdo ser publicados, porém a identidade dos
participantes ndao serd revelada em nenhum momento. As amostras bioldgicas serao
armazenadas apenas com seu registro, sem o nome ou iniciais. Somente os pesquisadores
poderdo identificar a origem das amostras. Os Comités de Etica e Pesquisa da PUCRS ou da
UFRGS poderdo ter acesso aos dados da pesquisa para poder assegurar que seus direitos estdao
sendo protegidos.

5. QUAIS SAO AS COMPENSACOES DA PARTICIPAGAO NO ESTUDO?

N3o havera custos para os participantes do estudo. Vocé também ndo recebera
nenhum pagamento pela participacdo no trabalho.

6. PODEREI DESISTIR DE PARTICIPAR DO ESTUDO?

Os participantes podem em qualquer momento cancelar sua participacdo no estudo.
Isto ndo influenciarda o andamento do estudo e seus resultados futuramente, nem o
tratamento oferecido pela equipe responsavel.

7. A QUEM DEVO ME DIRIGIR PARA MAIORES INFORMAGOES SOBRE A PESQUISA?
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Se vocé tiver qualquer duvida sobre seus direitos como participante do estudo, vocé pode
ligar e contatar os responsaveis pelo estudo no telefone (51) 3308 5763 e falar com o
mestrando Lucas Grun ou a Dra. Florencia Barbé-Tuana. Também pode entrar em contato
com o Comité de Etica e Pesquisa da UFRGS (51) 3308 3738 ou PUCRS (51) 3320 3345, e
contatar os coordenadores Profs. Marcelo Lazzaron Lamers e Wania Aparecida Partata, ou o
Prof. Rodolfo Herberto Schneider, respectivamente.

Favor preencher abaixo se concordar em participar do estudo:

Eu, , fui informado(a) dos objetivos
desta pesquisa de forma clara e detalhada. Recebi informagdes sobre todos os procedimentos
que serdo feitos e os possiveis desconfortos, riscos e beneficios associados. Todas as minhas
duvidas foram esclarecidas e sei que poderei solicitar novas informagdes a qualquer
momento. Além disso, sei que as informagdes obtidas durante o estudo sdao confidenciais e
privadas, e que poderei me retirar do estudo a qualquer momento.

ASSINATURAS

Sua assinatura abaixo demonstra que vocé recebeu e leu este termo, entendeu todas as
informacdes relacionadas ao estudo proposto, esclareceu suas duvidas e concordou com a
sua participa¢ao em nosso estudo.

Nome do paciente (ou responsavel)

Se responsavel: ( ) mae ( ) pai ( ) outros:

Contatos: ()
Assinatura ()
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