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“O futuro pertence aqueles que acreditam na beleza de seus sonhos.’

Eleanor Roosevelt



RESUMO

A senescéncia celular compromete funcdes essenciais das células-tronco/estromais
mesenquimais (MSCs, mesenchymal stem/stromal cells), podendo limitar seu potencial
terapéutico em processos de reparo tecidual e regeneragdo, especialmente em ambientes
inflamatorios. Entretanto, seus efeitos sobre as células-tronco da papila apical (SCAPs, stem
cells from apical papilla) e suas implica¢Oes para as terapias endodonticas regenerativas (RET,
regenerative endodontic therapy) permanecem pouco esclarecidos. Esta dissertagédo teve como
objetivo, realizar uma revisdo sistematica ampla para investigar o impacto da senescéncia
celular sobre as propriedades funcionais e imunomoduladoras de MSCs humanas.
Posteriormente, foi conduzido um estudo experimental in vitro com células da papila apical
(SCAPs), a fim de avaliar, de forma especifica, as consequéncias da senescéncia sob estimulos
inflamatorios relevantes a terapia endodontica regenerativa (RET). Para isso, adotou-se uma
abordagem metodologica integrada. Inicialmente, realizou-se uma revisdo sistematica da
literatura, conduzida conforme as diretrizes PRISMA 2020 e registrada no PROSPERO, que
incluiu trinta e cinco estudos experimentais in vitro e dez estudos com modelos experimentais
in vitro e in vivo avaliando os efeitos da senescéncia em MSCs humanas derivadas dos tecidos
mais amplamente estudados, totalizando quarenta e cinco estudos incluidos. Em seguida,
desenvolveu-se um estudo experimental in vitro utilizando SCAPs humanas, nas quais a
senescéncia foi induzida com doxirrubicina e avaliadas sob estimulos inflamatdrios, incluindo
lipopolissacarideo (LPS) e interferon-gama (IFN-y). Foram analisados marcadores de
senescéncia, atividade mitocondrial e morfologia celular, migracdo, proliferacao e expressao
de citocinas pro- e anti-inflamatérias. A revisdo sistematica demonstrou que a senescéncia
celular esta consistentemente associada a reducdo da capacidade proliferativa e migratéria das
MSCs, ao comprometimento de desfechos regenerativos in vivo e ao desenvolvimento de um
perfil secretério predominantemente pré-inflamatorio, embora os efeitos sobre a diferenciacdo
celular apresentem resultados heterogéneos. O estudo experimental in vitro corroborou esses
achados ao demonstrar que SCAPs senescentes mantém a atividade mitocondrial mesmo sob
desafio inflamatorio, porém exibem alteracbes morfol6gicas marcantes, redugéo significativa
da proliferacdo e da migracdo e desequilibrio no perfil imunomodulador, caracterizado pelo
aumento da expressdo de IL-6 e reducdo de TGF-B. Conclui-se que a senescéncia celular
representa uma barreira bioldgica relevante para a funcionalidade das SCAPS e para 0 sucesso
das terapias endodonticas regenerativas, ressaltando a necessidade de incorporar a avaliagdo da



senescéncia celular e o desenvolvimento de estratégias senoterapéuticas como abordagens
adjuvantes em protocolos regenerativos.

PALAVRAS-CHAVE: Endodontia Regenerativa; Senescéncia Celular; Células-Tronco

Mesenqguimais; Papila Apical; Fenotipo Secretor Associado a Senescéncia.



ABSTRACT

Cellular senescence compromises essential functions of mesenchymal stem/stromal
cells (MSCs), potentially limiting their therapeutic potential in tissue repair and regeneration
processes, particularly under inflammatory conditions. However, its effects on stem cells from
the apical papilla (SCAPs) and the implications for regenerative endodontic therapy (RET)
remain poorly understood. This dissertation aimed to investigate the impact of cellular
senescence on the functional and immunomodulatory properties of human MSCs and,
specifically, to evaluate its consequences on SCAPs under inflammatory stimuli relevant to
RET. To this end, an integrated methodological approach was adopted. Initially, a systematic
review of the literature was conducted in accordance with PRISMA 2020 guidelines and
registered in PROSPERO, which included thirty-five experimental in vitro studies and ten
studies with in vitro and in vivo experimental models evaluating the effects of senescence on
human MSCs derived from the most widely studied tissues, totaling forty-five included studies.
Subsequently, an in vitro experimental study was performed using human SCAPs, in which
senescence was induced with doxorubicin and cells were evaluated under inflammatory stimuli,
including lipopolysaccharide (LPS) and interferon-gamma (IFN-y). Markers of senescence,
cellular metabolism and morphology, migration, proliferation, and the expression of pro- and
anti-inflammatory cytokines were analyzed. The systematic review demonstrated that cellular
senescence is consistently associated with reduced proliferative and migratory capacities of
MSCs, impaired in vivo regenerative outcomes, and the development of a predominantly pro-
inflammatory secretory profile, although effects on cellular differentiation were heterogeneous.
The experimental study corroborated these findings by demonstrating that senescent SCAPs
maintain cellular metabolism even under inflammatory challenge; however, they exhibit
marked morphological alterations, significant reductions in proliferation and migration, and an
imbalance in the immunomodulatory profile, characterized by increased IL-6 expression and
reduced TGF-f expression. It is concluded that cellular senescence represents a relevant
biological barrier to SCAP functionality and to the success of regenerative endodontic
therapies, highlighting the need to incorporate senescence assessment and the development of

senotherapeutic strategies as adjuvant approaches in regenerative protocols.



KEYWORDS: Regenerative Endodontics; Cellular Senescence; Mesenchymal Stem/Stromal

Cells; Apical Papilla; Senescence-Associated Secretory Phenotype.
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, Mann-Whitney test; D). P53 expression, represented as fold change, was
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ng.mL?1) or LPS plus IFN-y (1 pg.mL™) showed higher metabolic activity in senescent cells
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Statistical analyses were performed using Student’s t-test.
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senescent cells across all conditions (control: p = 0.0006

Figure 4 - Schematic representation of SCAP functions related to regenerative endodontic
therapy. SCAP migration and proliferation are shown as essential processes for tissue
regeneration (A). Representative micrographs of NS and S SCAPs in the wound-healing
migration assay at 0, 24, and 48 hours under control, LPS, or LPS plus IFN-y stimulation (B—
C). Quantification of migrated cells (control: p = 0.0000000036™"; LPS: p = 0.00000001""";
LPS plus IFN-y: p = 0.0000000021""
exclusion at 24 and 48 hours (NS vs. S; control: p = 0.0026"; LPS: p = 0.0042"; LPS plus

IFN-y: p = 0.0018™). Statistical analysis was performed using two-way ANOVA.

) (D). Proliferative activity evaluated by Trypan Blue

Figure 5 - Gene expression of pro- and anti-inflammatory mediators in senescent and non-
senescent SCAP cultures following stimulation with LPS or LPS plus IFN-y. GAPDH was used

as the constitutive gene for normalization. Expression levels of TNF-a conditions (control p =



0.8; LPS p = 0.4; LPS plus IFN-y p = 0.8) (A), IL-6 (LPS p = 0.002""; LPS plus IFN-y p =
0.000008™) (B), TGF-f (control p = 0.0003"**; LPS p = 0.0004™"; LPS plus IFN-y p =
0.0005™) (C), and IL-10 (control p = 0.8; LPS p = 0.002""; LPS plus IFN-y p = 0.14) (D).
Statistical analysis was performed using the Student’s ¢-test for 7GF-f and IL-6 (LPS plus IFN-
y); the remaining groups did not pass the Shapiro—Wilk normality test and were analyzed by
Mann—Whitney test.

Figure 6 - Schematic representation of the study framework. Inflammatory microenvironment
of necrotic pulp, showing bacterial products, immune cell activation, cytokine release, and ROS
generation, which contribute to SCAP senescence and potentially limiting pulp tissue

regeneration and root maturation in immature teeth.
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PREFACIO

Esta dissertacdo de mestrado foi desenvolvida no &mbito do Programa de Pods-
Graduacdo em Ciéncias da Saude da Universidade de Brasilia e esta organizada em formato de
capitulos, conforme as normas do programa. O estudo da continuidade a linha de pesquisa do
grupo sobre senescéncia celular, previamente explorada em investigacbes que resultaram na
publicacdo dos artigos “Senescence on Dental Pulp Cells: Effects on Morphology, Migration,
Proliferation, and Immune Response” € “Impact of Cellular Senescence on the Immune-

Inflammatory Response and Regenerative Capacity of Human Dental Pulp Cells™.

Nessa perspectiva, 0 presente trabalho ampliou essa abordagem ao investigar outro
tecido dentério, a papila apical. Diferentemente dos estudos anteriores, que analisaram 0s
impactos morfofuncionais da senescéncia celular no tecido pulpar no contexto de tratamentos
endoddnticos conservadores, esta dissertacdo direciona seu foco a papila apical, considerando
sua relevancia biologica para os tratamentos endoddnticos regenerativos de dentes com
rizogénese incompleta. Além disso, o trabalho amplia essa abordagem ao examinar, de forma
abrangente, a influéncia da senescéncia de células-tronco nos processos de reparo e

regeneracgéo de diferentes tecidos do corpo humano.

A escrita da dissertagdo seguiu o formato descrito no documento de Normas para a
redacdo de teses e dissertagdes do Programa de Pds-graduagdo em Ciéncias da Salde —
Universidade de Brasilia, sendo escolhido o formato em capitulos, para a apresentacdo dos
elementos textuais. Assim, dois capitulos foram organizados de forma complementar. O
Capitulo 1 consiste em uma revisdo sistematica da literatura que retine e analisa criticamente
as evidéncias disponiveis acerca dos efeitos da senescéncia de células-tronco na capacidade de
reparo e regeneracao tecidual, estabelecendo uma base conceitual para a compreensdo do tema.
O Capitulo 2 apresenta um estudo experimental in vitro que investiga os efeitos da senescéncia
celular em células-tronco da papila apical, com énfase em parametros bioldgicos relevantes
para a endodontia regenerativa. Em conjunto, os capitulos permitem uma abordagem integrada
do tema, articulando o conhecimento ja consolidado na literatura com a analise experimental

de um tecido dentario ainda pouco explorado.

Ao integrar evidéncias da literatura com a investigacdo experimental de células-tronco

da papila apical, esta dissertacdo contribui para o entendimento dos efeitos da senescéncia
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celular como um fator limitante do reparo tecidual. A analise dos impactos da senescéncia
sobre parametros celulares fundamentais, como metabolismo celular, migracao, proliferacao e
resposta inflamatdria, permite avancar na compreensao dos mecanismos bioldgicos que podem
comprometer o sucesso de terapias regenerativas. Nesse contexto, os achados discutidos ao
longo do trabalho oferecem subsidios para a reflexéo critica e o aprimoramento de estratégias
clinicas futuras, particularmente aquelas baseadas na utilizacdo de células-tronco nos

tratamentos endodonticos regenerativos em pacientes jovens.
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INTRODUCAO

As células-tronco mesenquimais (MSCs, mesenchymal stem/stromal cells) tém sido
amplamente investigadas como uma fonte promissora para a engenharia tecidual e para terapias
celulares, em virtude de sua capacidade de autorrenovacdo, diferenciacdo multipotente e
propriedades imunomodulatérias (Pittenger et al., 1999). Essas células podem ser isoladas de
diversos tecidos humanos, incluindo medula éssea, tecido adiposo, corddo umbilical e tecidos
dentarios, como a polpa dentaria, ligamento periodontal e papila apical (Dagnino et al., 2020;
Heo et al., 2016; Kang et al., 2019; Kern et al., 2006). Independentemente da origem tecidual,
0 potencial terapéutico das MSCs esté fortemente relacionado a sua capacidade funcional de
migrar para sitios de lesdo, modular respostas inflamatérias e contribuir para o reparo tecidual,
predominantemente por meio de mecanismos paracrinos, além de apresentarem potencial

proliferativo e de diferenciacdo limitado (Zuk et al., 2001).

Apesar de seu amplo potencial regenerativo, as MSCs sdo suscetiveis a senescéncia
celular, um processo complexo caracterizado pela interrupcéo irreversivel do ciclo celular em
resposta a diferentes tipos de estresse, como dano ao DNA, estresse oxidativo e inflamacao
cronica (Wagner et al., 2008). A senescéncia € mediada pela ativacdo de vias regulatérias do
ciclo celular, incluindo pl6MINK4a® e o eixo p53/p2l, e estd associada a alteracGes
morfoldgicas, metabdlicas e funcionais (Wenjing et al., 2024a). Entre as propriedades mais
afetadas nas MSCs senescentes estdo a reducao da capacidade proliferativa, a diminui¢do do
potencial de diferenciacdo osteogénica, adipogénica e condrogénica, amplamente utilizadas
como indicadores de multipoténcia, e o comprometimento da capacidade migratoria,

resultando em reparo tecidual subétimo (Wenjing et al., 2024a).

Um dos principais marcos da senescéncia celular é o desenvolvimento do fenotipo
secretor associado a senescéncia (SASP, senescence-associated secretory phenotype),
caracterizado pela secre¢do sustentada de citocinas pré-inflamatdrias, quimiocinas e enzimas
proteoliticas (Coppé et al., 2008; Su et al., 2020). O SASP ndo apenas prejudica diretamente
0s processos de regeneracdo tecidual, como também contribui para a manutencdo de um
microambiente inflamatorio crénico, promovendo a degradacdo da matriz extracelular e a
propagacdo da senescéncia para células vizinhas (Wagner et al., 2008). Esse cenario é

particularmente relevante no contexto das terapias regenerativas, uma vez que a presenca de
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células senescentes pode comprometer de forma significativa a funcionalidade das MSCs e,

consequentemente, os desfechos clinicos.

No campo experimental, a senescéncia em MSCs tem sido investigada tanto no
contexto do envelhecimento cronologico do doador, quanto por meio de modelos de
envelhecimento bioldgico in vitro, como a senescéncia replicativa induzida por passagens
seriadas e a senescéncia induzida por estresse, incluindo estimulos inflamatérios e agentes
genotoxicos (Choudhery et al., 2014; X. Feng, Feng, et al., 2014; Gruber et al., 2012). No
entanto, a diversidade de modelos experimentais, marcadores de senescéncia e tecidos de
origem das MSCs contribui para uma literatura heterogénea, dificultando a comparacgéo direta
dos resultados e a compreenséo integrada dos efeitos da senescéncia sobre as propriedades
funcionais dessas células (Horibe et al., 2014a; Ma et al., 2019a; Zhang et al., 2024).

No contexto da odontologia, particularmente da endodontia regenerativa, a
compreensdo desses processos adquire relevancia clinica direta. O tratamento de dentes com
rizogénese incompleta, seja em decorréncia de necrose pulpar, pulpite irreversivel ou trauma
dentério, representa um desafio clinico significativo devido a fragilidade estrutural e a presenca
do é&pice aberto (Jamshidi et al., 2018). A terapia endod6ntica regenerativa (TER) surge como
uma abordagem promissora ao buscar ndo apenas a desinfeccdo do sistema de canais
radiculares, mas também a possibilidade do continuo desenvolvimento radicular e o
fechamento apical (Adel & Asgari, 2025; Jena et al., 2023). O sucesso dessa abordagem depende
fundamentalmente dos principios da engenharia tecidual, os quais requerem a presenca de uma
populacdo de MSCs viaveis e funcionalmente competentes (Ma et al., 2019a; Salem et al.,
2025).

A papila apical é um tecido altamente vascularizado e rico em células-tronco (SCAPs,
stem cells from apical papilla) que desempenha papel central nos processos regenerativos
associados & RET (Q. Cheng et al., 2023; Smeda et al., 2022). Em condi¢fes favoraveis, as
SCAPs podem ser recrutadas para o interior do canal radicular, onde proliferam e se
diferenciam, contribuindo para a formacéo de tecidos semelhantes aos dentarios (Tawfik et al.,
2013; Temmerman et al., 2012). Assim, fatores que modulam o metabolismo celular e a
funcionalidade dessas células tornam-se determinantes para a previsibilidade dos resultados

clinicos.
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Entretanto, as RET apresentam taxas de sucesso variaveis, e os fatores bioldgicos
associados as falhas terapéuticas ainda ndo estdo completamente elucidados. Evidéncias
sugerem que a persisténcia de um microambiente inflamatério no interior do canal radicular
pode induzir senescéncia em SCAPs, comprometendo sua capacidade regenerativa
(Teawcharoensopa & Srisuwan, 2024a). Condi¢Ges como necrose pulpar, pulpite irreversivel
e trauma dentario favorecem a liberacdo de produtos bacterianos, espécies reativas de oxigénio
e citocinas pré-inflamatorias, incluindo IL-6, TNF-a e IFN-y, criando um ambiente propicio
ao dano celular e a ativacdo de vias associadas a senescéncia (Hsu & Wen, 2002; Zhu et al.,
2024). Embora mediadores regulatérios, como IL-10 e TGF-p, atuem na tentativa de conter a
inflamacdo, esses mecanismos nem sempre sdo suficientes para impedir o estabelecimento de

um estado de estresse celular persistente (Putra et al., 2018).

Do ponto de vista clinico, esse cenario ganha ainda mais relevancia ao se considerar
que muitos casos indicados para RET envolvem histdrico de infec¢do prolongada, multiplas
intervencdes endoddnticas ou tempo decorrido significativo entre o diagnostico e o tratamento
(Adel & Asgari, 2025; Jena et al., 2023). Nessas situacdes, a permanéncia de mediadores
inflamatorios e produtos bacterianos no interior do sistema de canais radiculares pode ndo
apenas comprometer a desinfeccdo efetiva, mas também impactar diretamente a qualidade
bioldgica das células residentes na papila apical (Zhu et al., 2024). Além disso, considerando
que o sucesso da RET depende da sobrevivéncia, migracdo e diferenciacdo de SCAPs
funcionalmente competentes, alteracdes nessas propriedades podem influenciar negativamente
os desfechos clinicos (Cheng et al., 2023; Smeda et al., 2022; Tawfik et al., 2013). Assim,
mesmo diante de protocolos clinicos adequadamente executados, a presenca de SCAPs
funcionalmente prejudicadas pode limitar o potencial regenerativo esperado, contribuindo para
respostas clinicas insatisfatorias, como auséncia de continuagao do desenvolvimento radicular

(Temmerman et al., 2012; Razghonova et al., 2022).

Apesar dessas hipoOteses, ainda sdo escassos 0s estudos experimentais que avaliam
diretamente como a senescéncia pode afetar as funcGes bioldgicas das SCAPs, relevantes para
a endodontia regenerativa. Diferentes modelos de inducdo de senescéncia tém sido utilizados,
incluindo perdxido de hidrogénio, radiacdo ultravioleta e agentes genotdxicos, sem consenso
sobre qual deles melhor representa as condic@es clinicas (Cho et al., 2019a; Hofig et al., 2016a;
Ma et al., 2019a). Entre esses modelos, a indugdo de senescéncia por agentes genotdxicos,

como a doxorrubicina, tem se destacado por sua reprodutibilidade e robustez experimental
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(Yaghoobi et al., 2020a). Embora ndo reproduza integralmente o carater crénico da inflamacao
observada in vivo, esse modelo permite a investigacdo controlada dos mecanismos e
consequéncias funcionais da senescéncia em SCAPSs, especialmente quando associado a
desafios imunoinflamatorios adicionais, como LPS e IFN-y.

Dessa forma, compreender de maneira integrada como a senescéncia celular
compromete as propriedades funcionais das MSCs, com énfase nas SCAPs, torna-se essencial
para o avanco do conhecimento bioldgico que sustenta as terapias endoddnticas regenerativas.
A articulacdo entre evidéncias da literatura e investigacdo experimental permite ndo apenas
aprofundar a compreensdo dos mecanismos envolvidos, mas também fornecer subsidios para

0 aprimoramento de estratégias clinicas futuras baseadas em abordagens regenerativas.
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OBJETIVOS

Objetivo Geral

Investigar, por meio de uma revisdo sistematica da literatura, o impacto da senescéncia
celular sobre as propriedades funcionais, regenerativas e imunomoduladoras de células-tronco
mesenquimais humanas, com énfase nas implicagcOes desse processo para a regeneracao
tecidual. Adicionalmente, avaliar por meio de experimentos in vitro como a senescéncia afeta
a funcionalidade das células-tronco da papila apical no contexto das terapias endoddnticas

regenerativas.

Objetivos Especificos

1. Avaliar atraves de uma revisdo sistematica os impactos da senescéncia celular sobre as
celulas-tronco/estromais dos tecidos mais estudados, considerando diferentes métodos de
inducdo da senescéncia e as principais alteragdes funcionais relacionadas a proliferagéo,
migragdo, diferenciagdo, imunomodulagéo e capacidade regenerativa.

2. Induzir in vitro a senescéncia celular em células-tronco da papila apical humanas por meio
do tratamento com doxorrubicina, visando utilizar um modelo experimental reprodutivel
de senescéncia.

3. Confirmar e caracterizar a inducdo do fendtipo senescente em células-tronco da papila
apical por meio da avaliacdo de marcadores classicos de senescéncia celular, incluindo a
atividade da B-galactosidase associada a senescéncia e a expressao de p53.

4. Empregar, in vitro, estimulacdo com lipopolissacarideo (LPS), isoladamente ou associado
ao interferon-gama (IFN-y), como modelo imunoinflamatério para reproduzir condigdes
inflamatorias relevantes as terapias endodénticas regenerativas.

5. Avaliar in vitro as alteracdes morfologicas associadas a senescéncia em células-tronco da
papila apical senescentes e ndo senescentes por meio de microscopia eletrénica de
varredura (MEV).

6. Investigar in vitro os efeitos da senescéncia celular sobre a capacidade migratoria,
proliferativa e sobre a atividade mitocondrial de células-tronco da papila apical, em

condic@es basais e sob estimulos inflamatorios.
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7. Analisar o impacto da senescéncia celular sobre o perfil imunoinflamatério in vitro das
células-tronco da papila apical, por meio da avaliacdo da expressdao de mediadores
inflamatorios e imunomoduladores, incluindo fator de necrose tumoral alfa (TNF-«), fator
de crescimento transformante beta 1 (TGF-f1) e as interleucinas IL-6 e IL-10.
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MATERIAIS E METODOS

Delineamento Experimental

O presente estudo apresenta um delineamento metodoldgico misto, organizado em dois
capitulos complementares. O primeiro capitulo consiste em uma revisdo sistematica que
buscou sintetizar e analisar criticamente a literatura acerca do impacto da senescéncia de
células-tronco nos processos de reparo e regeneracdo tecidual, conduzida de acordo com as
diretrizes do Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA
2020). O Segundo capitulo corresponde a um estudo experimental in vitro, no qual foi
investigada o efeito da senescéncia sobre a capacidade de reparo das células-tronco da papila
apical, considerando o papel da inflamag&o como modulador desse processo e seu impacto para
a endodontia regenerativa (Figura 1).
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Figura 1. Fluxograma do delineamento do estudo.

Capitulo 1
Critérios de Elegibilidade
Os critérios de elegibilidade foram definidos com base na estratégia PECOS

(Population, Exposure, Comparator, Outcomes e Study design), a fim de responder a pergunta

da revisdo: “How does cellular senescence in stem cells from various tissues affect their
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regenerative potential and tissue repair mechanisms?”. Foram incluidos estudos que
avaliaram células-tronco mesenquimais humanas (Population) derivadas de tecido adiposo,
medula Gssea, polpa dentaria, ligamento periodontal ou corddo umbilical, obtidas de fontes
primérias e ndo geneticamente modificadas. A exposicdo de interesse (Exposure) foi a
senescéncia celular induzida pelo envelhecimento cronoldgico do doador, por passagens
seriadas (senescéncia replicativa) ou por estimulos inflamatorios, por representarem
mecanismos fisiologicamente relevantes e amplamente descritos na literatura. A comparacao
(Comparator) deveria ser realizada com células-tronco ndo senescentes, incluindo células
provenientes de doadores jovens, culturas em passagens iniciais ou controles ndo submetidos
a estimulos indutores de senescéncia. Quanto aos desfechos (Outcomes), os estudos deveriam
avaliar ao menos um parametro relacionado a capacidade regenerativa ou ao reparo tecidual,
como taxa de proliferacdo, potencial de diferenciacéo, migracao celular, modulacéo da resposta
imune ou reparo tecidual, além de confirmar o estado de senescéncia por meio de pelo menos
um marcador validado, incluindo atividade de SA-B-gal, expressio de CDKN2A (p16),
CDKN1A (p21) ou TP53 (p53), atividade da telomerase ou encurtamento dos telémeros. Em
relacdo ao delineamento (Study design), foram incluidos estudos experimentais in vitro, estudos
in vivo e ensaios clinicos, sem restricdo quanto ao ano de publicagdo ou idioma, sendo também
considerada a literatura cinzenta. Foram excluidos estudos que investigaram outros tipos
celulares, avaliaram a senescéncia em modelos de doenca ndo relacionados a terapias
regenerativas, utilizaram linhagens celulares imortalizadas ou células geneticamente
modificadas, ndo apresentaram comparacao direta entre grupos senescentes e ndo senescentes,
nédo confirmaram o estado de senescéncia, abordaram exclusivamente mecanismos moleculares
sem avaliar impacto funcional no reparo tecidual ou em terapias regenerativas, ndo estavam
disponiveis na integra ou consistiam em revisdes, meta-analises, resumos, protocolos,

comunicagOes breves, cartas, posteres, resumos de conferéncias ou relatos de caso.

Fontes de Informacao e Estratégia de Busca

A presente revisdo sistematica foi conduzida de acordo com as diretrizes do Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 (Page et al., 2021)
e registrada na plataforma PROSPERO (CRD42025638850). A estratégia de busca foi
adaptada manualmente para cada base de dados, incluindo MEDLINE/PubMed (via National

Library of Medicine), EMBASE (via Elsevier), Cochrane Database (via Cochrane Library) e



32

Web of Science Core Collection (via Clarivate). Buscas adicionais na literatura cinzenta foram
realizadas por meio do Google Scholar e ProQuest, bem como busca manual nas listas de
referéncias dos estudos incluidos. A busca inicial foi realizada no dia 28 de fevereiro de 2025
e atualizada em 12 de dezembro de 2025. As estratégias de busca completas estdo disponiveis
no material suplementar (S1), disponibilizado no capitulo 1 - “The impact of stem cell

senescence on wound repair and regeneration: A Systematic Review .

Processo de Selecdo

A remocdo de artigos duplicados foi realizada utilizando os softwares EndNote
(Thomson Reuters, Philadelphia, PA) e Rayyan® (Rayyan Systems Inc., Doha, Qatar). A
triagem inicial por titulo e resumo foi conduzida no Rayyan por dois revisores (L.O.W. e
L.R.C.). Os artigos que avangaram nessa etapa foram avaliados na integra por dois revisores
para confirmacdo da elegibilidade, com eventuais conflitos ou incertezas resolvidos por um
terceiro revisor (J.C.S.). O fluxograma PRISMA foi utilizado para resumir o niumero de estudos

em cada etapa do processo de selecdo (Page et al., 2021).

Processo de Coleta de Dados e Itens de Dados

A extracgdo de dados foi realizada de forma independente por dois revisores (L.O.W. e
L.R.C.). A ferramenta DeepSeek Al (2025) foi utilizada para a extragdo automatica de
informac0es gerais dos estudos (autor, ano, pais, tipo de estudo e periddico) e de caracteristicas
da populacdo (tipo de célula-tronco, fonte tecidual, espécie, idade do doador e numero de
amostras ou doadores), a partir dos textos completos, sendo todas as informacgdes
posteriormente validadas pelos revisores. A extragdo dos dados referentes aos desfechos
principais foi realizada manualmente. Quando valores quantitativos ndo estavam descritos no
texto, estes foram obtidos a partir de graficos utilizando o software PlotDigitizer (Versédo 3.1.6,
2025). Artigos publicados em idiomas diferentes do inglés foram traduzidos com o auxilio da
ferramenta DeepL (DeepL GmbH, 2025).

Os dados extraidos incluiram exposi¢do (metodo de indugéo da senescéncia, método de
confirmagédo, tempo de inducdo), comparagdo (grupo comparador, descri¢do), desfechos
principais (proliferacdo, diferenciacdo osteogénica, adipogénica e condrogénica, migragao,
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reparo tecidual e resposta imune) e desfechos adicionais (vias moleculares, alteracdes
epigenéticas, expressao génica e estratégias de rejuvenescimento ou mitigacdo). Para cada
desfecho, quando multiplos ensaios foram reportados, foi aplicada uma hierarquia previamente
definida para selecionar um Unico resultado para sintese: para proliferacdo, foram priorizados
tempo de duplicacdo populacional e ensaios relacionados (por exemplo, tempo de duplicagéo
cumulativo); para diferenciacdo, foram extraidos dados de ensaios colorimétricos (por
exemplo, Alizarin Red, Oil Red O, Alcian Blue), sendo a expressdo génica de marcadores de
diferenciacdo utilizada apenas quando a quantificagcdo colorimétrica ndo estava disponivel,
para migracéo celular, foram extraidos dados de ensaios de scratch ou transwell; para resposta
imune, foram extraidos dados de expressao génica e/ou proteica provenientes de PCR, ELISA

ou western blot; e, para reparo tecidual, apenas dados de ensaios in vivo foram considerados.

Medidas de Efeito e Métodos de Sintese

Devido a substancial heterogeneidade metodoldgica entre os estudos (diferentes
modelos de senescéncia, células-tronco provenientes de diferentes tecidos e distintos tipos de
ensaios), ndo possivel realizar uma meta-analise. Assim, os resultados foram sintetizados de
forma narrativa e descritiva. Os dados foram organizados e apresentados em tabelas-resumo
estruturadas por desfecho principal (proliferacdo, diferenciacdo osteogénica, adipogénica,
condrogénica, migracdo, entre outros) e agrupadas de acordo com o tipo de senescéncia e 0
tipo de célula-tronco. Para estudos que reportaram andlises estatisticas comparativas diretas
entre grupos senescentes e controles ndo senescentes, a significancia do efeito foi baseada nos
valores de p informados no artigo original. Quando os grupos de interesse ndo foram
submetidos a um teste estatistico direto ou quando os dados necessarios para tal comparacao
ndo estavam disponiveis, a diferenca foi registrada como NR, independentemente de aparentes
diferencas visuais nos graficos. As medidas de efeito brutas reportadas (por exemplo, média e
desvio padrdo, valores de fold-change) foram extraidas quando disponiveis. Devido a
heterogeneidade dos estudos, os resultados foram analisados por meio de sintese narrativa,
considerando fatores previamente definidos, como o tipo de célula-tronco e o método de
inducdo da senescéncia. A andlise descritiva dos dados foi realizada utilizando o software
estatistico Jamovi (Versdo 2.6), enquanto as representacdes graficas foram elaboradas no

software GraphPad Prism (Versédo 8.0.2).
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Avaliacéo do Risco de Viés dos Estudos

O risco de viés foi avaliado de forma independente por dois revisores (L.R.C.e L.O.W.)
utilizando uma ferramenta de avaliacdo critica baseada na diretriz PETRICCS para estudos in
vitro (Monteiro et al., 2025) e na ferramenta SYRCLE s para avaliacdo de risco de viés em
estudos in vivo (Hooijmans et al., 2014), com a consulta de um terceiro revisor (J.C.S.) para
obtencdo de consenso em caso de divergéncias. As avaliagdes foram realizadas por meio de
um instrumento com respostas “yes”, “no” e “unclear”. Os estudos foram categorizados de
acordo com a porcentagem de respostas “yes”: alto risco (<50%), risco moderado (50-69%) e

baixo risco (=70%).

Capitulo 2

Isolamento e cultivo de células-tronco da papila apical (SCAPs)

Terceiros molares higidos com rizogénese incompleta indicados para extracdo foram
obtidos de trés pacientes sistemicamente saudaveis (dois do sexo masculino, ambos com 18
anos, e uma do sexo feminino, com 15 anos), submetidos a tratamento odontoldgico na unidade
de cirurgia bucomaxilofacial da Unidade de Saude Bucal do Hospital Universitario de Brasilia.
O consentimento livre e esclarecido foi obtido de todos os participantes ou de seus responsaveis
legais. O estudo foi aprovado pelo Comité de Etica em Pesquisa da Universidade de Brasilia e
da  Universidade Catdlica de Brasilia (CAAE: 86052124.4.0000.0030 e
86052124.4.3002.0029). Os tecidos da papila apical foram cuidadosamente removidos do ter¢o
apical das raizes com o auxilio de Idmina de bisturi estéril, e entdo fragmentados e transferidos
para placas de seis pocos (Costar Corp., Cambridge, MA, EUA) para cultivo por explante. Os
fragmentos teciduais foram cultivados em meio Dulbecco’s Modified Eagle Medium (DMEM;
Gibco, Invitrogen, Carlsbad, CA, EUA), suplementado com 20% (v/v) de soro fetal bovino
(Bionutrientes, Sdo Paulo, Brasil), 100 U.mL™" de penicilina (Invitrogen, Grand Island, Nova
York, EUA), 100 pg.mL™! de estreptomicina (Invitrogen) e 1% de anfotericina B (Invitrogen)
(Guirado et al., 2019). As culturas foram mantidas a 37 °C, em atmosfera umidificada contendo
5% de CO, com troca de meio a cada dois dias, até atingirem aproximadamente 90% de

confluéncia. Em seguida, as células foram subcultivadas para expansdo. Para prevenir
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senescéncia replicativa, todos os experimentos foram realizados utilizando células entre as

passagens 2 e 5.

Inducéo de senescéncia celular e estimulo imunoinflamatoério com LPS e LPS associado
ao IFN-y

Para a inducédo da senescéncia, as células foram tratadas com doxorrubicina (cloridrato
de doxorrubicina; Sigma-Aldrich, St. Louis, MO, EUA) na concentracdo de 1 pL.mL™", em
DMEM suplementado, por 24 horas. Apds o tratamento, 0 meio de cultura foi substituido a
cada dois dias por um periodo de sete dias sem a doxorrubicina, conforme descrito previamente
(da Silva et al., 2025; de Farias et al., 2024a). As células ndo senescentes (NS) foram mantidas
em DMEM completo sob condic¢des padrdo de cultivo. Ao final do periodo de inducéo, tanto
as células ndo senescentes quanto as células senescentes (S) foram submetidas a estimulacao
imunoinflamatdria com lipopolissacarideo (LPS; Escherichia coli, 1 pg.mL™!; Sigma-Aldrich)

e interferon-gama (IFN-y, 1 ug.mL"; Sigma-Aldrich) por 24 horas(Hong et al., 2021).

Ensaio de p-galactosidase associada a senescéncia

O ensaio de B-galactosidase associada a senescéncia (SA-B-gal) foi realizado nos
grupos S e ndo senescente NS para avaliar a eficacia da indugdo da senescéncia. As SCAPs (2
x 10° células/pogo) foram semeadas em placas de seis pogos (Costar Corp., Cambridge, MA,
EUA). Apbs o periodo de incubagdo os pocos foram aspirados e lavados duas vezes com
solucdo tampdo fosfato (PBS), seguidos de fixacdo com formaldeido a 2% (Sigma-Aldrich)
por 5 minutos, a temperatura ambiente. Apos a fixacdo, as células foram novamente lavadas e
incubadas com 1 mL da solugdo de coloracdo X-Gal (40 mM de tampdo &cido citrico/fosfato
de sodio, 5 mM de ferrocianeto de potassio, 150 mM de cloreto de sodio, 2 mM de cloreto de
magnésio e 1 mg.mL™" de X-Gal). As placas foram protegidas da luz com papel laminado e
incubadas a 37 °C, em incubadora umidificada e sem CO, por 12 horas. Apos a incubagéo, a
solucgéo corante foi removida, e 0s pogos foram lavados duas vezes com PBS por 30 segundos
e uma vez com metanol (Sigma-Aldrich), conforme descrito previamente (Yaghoobi et al.,
2020a). As células coradas foram quantificadas a partir de cinco campos microscopicos
selecionados aleatoriamente por poco, obtidos em microscopio de contraste de fase (Axio

Observer D1, Zeiss, Oberkochen, Alemanha), em objetiva de 5x. A andlise das imagens e a
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contagem celular foram realizadas utilizando o software ImageJ (National Institutes of Health,
Bethesda, MD, EUA).

Ensaio de atividade mitocondrial (MTT)

A atividade mitocondrial foi avaliada pelo ensaio de MTT. Os grupos NS e S foram
semeados em placas de 96 pocos (1 x 10* células/pogo; Costar Corp., Cambridge, MA, EUA)
e submetidos aos estimulos imunoinflamatérios previamente descritos. Ap6s o periodo de
incubacédo, o meio foi removido, e 100 uL de DMEM contendo 10 pL da solugéo de MTT (5
mg.mL; Sigma-Aldrich) foram adicionados a cada pogo. As placas foram protegidas da luz e
incubadas por 4 horas a 37 °C, em atmosfera contendo 5% de CO: e 95% de umidade. Em
seguida, o meio foi aspirado, e 100 uL de dimetilsulfoxido (DMSO; Sigma-Aldrich) foram
adicionados a cada pogo para solubiliza¢do dos cristais de formazan, com agitagdo suave por
30 minutos. A absorbancia foi medida a 570 nm em leitor de microplacas (SpectraMax Plus
384, Molecular Devices, San Jose, CA, EUA) (Van De Loosdrecht et al., 1994). O controle
negativo consistiu em células tratadas com tampao de lise (10 mM Tris, pH 7,4; 1 mM EDTA;
0,1% Triton X-100).

Microscopia eletronica de varredura (MEV)

Para avaliacao das alteragdes morfologicas, laminulas circulares de vidro (13 mm x 13
mm; Fisher Scientific, Suwanee, GA, EUA) foram posicionadas em placas de 12 pogos, e 5 x
10* células foram semeadas por pogo. Apos a exposigao aos estimulos inflamatérios, as células
foram fixadas em solucédo de Karnovsky 0,1 M (2% glutaraldeido e paraformaldeido) por uma
noite, seguida de lavagem com tampé&o cacodilato de sédio 0,1 M. Posteriormente, as amostras
foram pos-fixadas com tetroxido de ésmio a 1% por 30 minutos e lavadas duas vezes com agua
destilada. A desidratacdo foi realizada em série crescente de acetona (50%, 70%, 90% e 100%).
As amostras foram secas em equipamento de ponto critico (CPD 030, Balzers, Liechtenstein)
e metalizadas com ouro em equipamento EM SCD 500 (Leica, Austria). As laminulas foram
entdo analisadas em microscopio eletronico de varredura (JSM-7001F, JEOL Ltd., Téquio,
Japdo), com aquisicdo de imagens nos aumentos de 1500%, 3000x e 5000x (dos Santos et al.,

2019). A gquantificacdo do tamanho celular e do nimero de extensdes celulares foi realizada no
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software ImageJ (NIH, Bethesda, Maryland, EUA), analisando-se aproximadamente 15 células

por laminula.

Ensaio de migracao celular

A migracao celular foi avaliada por meio do ensaio de scratch, que simula uma lesdo
artificial em uma monocamada celular confluente. As SCAPs foram semeadas em placas de
seis pogos (2 x 10° células/pogo; Prolab, Sdo Paulo, Brasil) e, apds atingirem confluéncia, uma
linha foi realizada utilizando a ponta estéril de uma ponteira de 1000 uL para simular uma
ferida. As células desprendidas foram removidas através de lavagens com PBS por 3 vezes, e
0 meio de cultura sem soro foi adicionado para evitar interferéncia da proliferacdo celular
durante o processo migratorio. As imagens foram capturadas imediatamente apds a realizacéo
do scratch (0 h) e ap6s 24 h e 48 h, utilizando microscdpio de contraste de fase (Axio Observer
D1, Zeiss, Oberkochen, Alemanha), em objetiva de 5x (Martinotti & Ranzato, 2020). O
fechamento da area da lesdo foi analisado no software ImageJ (NIH, Bethesda, Maryland,

EUA), sendo a migragdo quantificada pela contagem de células presentes na area do scratch.

Ensaio de proliferacéo celular

A proliferacdo celular foi avaliada por meio da coloragdo com Azul de Tripan. As
células (5 x 10* células/pogo) foram semeadas em placas de 24 pogos e expostas as condi¢des
experimentais em meio livre de soro, a fim de evitar interferéncias de fatores de crescimento
presentes no soro fetal bovino. Apos 24 h e 48 h, as células foram desaderidas com tripsina
(Tripsina-EDTA,; Gibco, Invitrogen, Grand Island, NY, EUA) a 0,25%, ressuspendidas e
misturadas a solucdo de Azul de Tripan a 0,4% (Sigma Aldrich) (1:1, v/v) (Crowley et al.,
2016). As células viaveis foram contadas em camara de Neubauer sob microscopia dptica,

excluindo-se as células coradas, consideradas ndo viaveis.

Analise da expressao génica de marcadores inflamatorios, anti-inflamatorios e de
senescéncia

A expressdao génica foi quantificada por PCR em tempo real utilizando o sistema

StepOnePlus™ Real-Time PCR (Applied Biosystems, Thermo Fisher Scientific). Foram
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avaliados os niveis de expressdo dos genes associados a processos inflamatérios, anti-
inflamatorios e a senescéncia celular, incluindo TNF-a, IL-6, IL-10, TGF-£1 e p53, utilizando
0 gene Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) como controle endégeno. As
reagoes de amplificagdo foram realizadas com o SYBR™ Green PCR Master Mix (Thermo
Fisher Scientific), e as sequéncias especificas dos primers para cada gene estdo descritas na
Tabela 1. A aquisicdo da fluorescéncia ocorreu ao final de cada ciclo de amplificacdo. A
expressao génica relativa foi calculada pelo método 2-AACT, utilizando o grupo controle como
calibrador (Livak & Schmittgen, 2001).

GENE FOWARD REVERSE
GAPDH TCAACGACCACTTTGTCAAGCTCAGCT GGTGGTCCAGGGGTCTTAC
TGF-41 GCTGTATTTAAGGACACCGTGC TGACACAGAGATCCGCAGTC
TNF-a CACAGTGAAGTGCTGGCAAC GATCAAAGCTGTAGGCCCCA
IL-10 GGTGGTCCAGGGGTCTTAC ACTCTGCTGAAGGCATCTCG
IL-6 TCAATATTAGAGTCTCAACCCCCA TTCTCTTTCGTTCCCGGTGG
p53 AGAAAACCTACCAGGGCAGC ACATCTTGTTGAGGGCAGGG

Tabela 1. Sequéncias dos primers de cada gene utilizados no ensaio de gPCR.

Anélise Estatistica

O teste t de Student (para dados paramétricos) ou o teste de Mann—Whitney (para dados
ndo paramétricos) foram utilizados. Comparacbes envolvendo multiplos grupos foram
analisadas por ANOVA de uma ou duas vias, seguida dos testes post hoc apropriados,
conforme indicado nas legendas das figuras. Os dados sdo apresentados como média + desvio-
padrao (DP). Valores de p < 0,05 foram considerados estatisticamente significativos. Todas as
analises foram realizadas utilizando o software GraphPad Prism versao 8 (GraphPad Software,
CA, EUA).
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CAPITULO 1 (Intended submission: Wound Repair and Regeneration; IF: 3.4)

The impact of mesenchymal stem/stromal cell senescence on wound repair and
regeneration: A Systematic Review

ABSTRACT

Mesenchymal stem/stromal cells (MSCs) are key mediators of wound repair and tissue
regeneration due to their proliferative, differentiation, migratory, and immunomodulatory
capacities. However, cellular senescence induced by donor aging, in vitro expansion, or
inflammatory stress may impair these functions and limit therapeutic efficacy. Thus, this
systematic review aimed to evaluate the impact of cellular senescence on functional properties
of human MSCs relevant to wound repair and regeneration. This systematic review will include
experimental in vitro and in vivo studies that assessed senescence in primary human MSCs
induced by chronological aging, serial passaging, or inflammatory stimuli. Following PRISMA
2020 guidelines and registered in PROSPERO, searches were conducted in MEDLINE (via
PubMed), Embase, Web of Science, Cochrane Library, and grey literature without language
restrictions (updated December 2025). Risk of bias was assessed using PETRICCS-based
criteria for in vitro studies and SYRCLE’s tool for in vivo studies. Forty-five studies met the
inclusion criteria, with thirty-five using in vitro designs and ten combining in vitro and in vivo
methodologies. Across MSC sources, senescence was consistently associated with reduced
proliferative capacity, while effects on osteogenic, adipogenic, and chondrogenic
differentiation were heterogeneous. Migratory capacity and in vivo regenerative outcomes were
generally impaired in senescent MSCs, and senescence was frequently associated with a pro-
inflammatory immunomodulatory profile. Overall, cellular senescence adversely affects key
MSC functions critical for wound repair and regeneration, highlighting the need for
standardized senescence screening and quality control in regenerative therapies.

INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) have emerged as a promising cell source for
tissue engineering and cell-based therapies due to their capacity for self-renewal, multilineage

differentiation, and immunomodulatory effects(Pittenger et al., 1999). These cells can be
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isolated from a wide range of human tissues, including bone marrow (BM-MSCs), adipose
tissue (AD-MSCs), dental tissues, such as dental pulp stem cells (DPSCs) and periodontal
ligament stem cells (PDLSCs), as well as umbilical cord cells (UC-MSCs), including
Wharton’s jelly—derived MSCs (UC-MSCs-WJ) and umbilical cord blood—derived MSCs (UC-
MSCs-CB)(Heo et al., 2016; Kern et al., 2006). The therapeutic potential of MSCs is closely
linked to their functional properties, including their capacity to migrate to sites of injury,
modulate immune responses, and promote tissue repair predominantly through paracrine

signaling, in addition to limited proliferative and differentiation potential (Zuk et al., 2001).

Despite their considerable therapeutic potential, MSCs are susceptible to cellular
senescence, a complex process characterized by irreversible cell cycle arrest, accompanied by
morphological and metabolic changes, such as the acquisition of a senescence-associated
secretory phenotype (SASP)(Kirkland & Tchkonia, 2017). Key functional impairments include
reduced proliferative capacity, decreased migratory ability, and compromised osteogenic,
adipogenic, and chondrogenic differentiation — standard indicators of MSC
multipotency(Wenjing et al., 2024a). In addition, senescence is associated with the
development of SASP, characterized by the sustained release of pro-inflammatory mediators,
which impair tissue regeneration and perpetuate a chronic inflammatory microenvironment,
further exacerbating MSC functional decline(Coppé et al., 2008; Su et al., 2020). In
experimental MSC research, senescence has been investigated in the context of chronological
aging, as well as through in vitro models of biological aging, including replicative senescence
induced by repeated cell passaging and stress-induced senescence triggered by inflammatory
stimuli(Choudhery et al., 2014; X. Feng, Feng, et al., 2014; Gruber et al., 2012). However, the
extent to which these distinct contexts of senescence differentially affect MSC functional
outcomes remains insufficiently synthesized. Understanding these changes is important for the
clinical translation of MSC-based therapies, as the administration of senescent cells may not
only reduce therapeutic efficacy but also pose safety concerns due to their pro-inflammatory

secretome.

Although numerous studies have examined senescence-associated changes in MSCs,
findings remain fragmented and difficult to compare across experimental models and outcome
measures. This inconsistency stems from the wide variety of markers and methods that are used
to confirm the senescent state, including senescence-associated f-galactosidase activity, the
upregulation of cell cycle-related proteins (pl16, p21, and p53), telomere length or

activity(Horibe et al., 2014a; Zhang et al., 2024). Beyond differences in senescence models
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and markers, the tissue source of MSCs represents an additional layer of biological variability

that may influence senescence-associated functional outcomes(Ma et al., 2019a).

Given the heterogeneity of experimental models, senescence contexts, and MSC tissue
sources, a comprehensive synthesis of the available evidence is warranted. Rather than
focusing on a single tissue source or senescence model, this systematic review integrates
findings from multiple MSC origins and aging contexts to provide an overarching
understanding of how cellular senescence affects their functional properties. Therefore, this
review aims to evaluate the effects of cellular senescence on key functional characteristics of
mesenchymal stem cells derived from adipose tissue, bone marrow, dental pulp, periodontal
ligament, Wharton’s jelly, and umbilical cord blood, considering chronological donor aging,

serial in vitro passaging, and inflammatory stimulation as relevant senescence contexts.

METHODS

Eligibility Criteria

This review was conducted in accordance with PRISMA 2020(Page et al., 2021)
guidelines and the protocol was registered in PROSPERO (CRD42025638850). This
systematic review addressed the question: “How does cellular senescence in stem cells from
various tissues affect their regenerative potential and tissue repair mechanisms?” The eligibility
criteria were defined based on the PECO framework (Population, Exposure, Comparison, and
Outcome). The Population (P) included human MSCs derived from adipose tissue, bone
marrow, dental pulp, periodontal ligament, umbilical cord blood, or Wharton’s jelly. The
Exposure (E) was defined as cellular senescence induced by donor aging, serial passaging, or
exposure to inflammatory stimuli. These contexts were compared against Comparators (C)
consisting of non-senescent counterparts (derived from young donors, early-passage cultures,
or unstimulated controls) used as comparators. These three senescence induction contexts were
selected based on their distinct biological and translational relevance to MSC-based therapies:
chronological aging reflects donor-related variability; serial passaging express in vitro
expansion during manufacturing; and inflammatory stimuli mimic the chronic wound
microenvironment where MSCs are therapeutically applied. Studies were required to assess at
least one Outcome (O) related to regenerative capacity of the investigated MSCs, including

proliferation, differentiation, migration, immune modulation, or in vivo repair outcomes. and
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to confirm the cellular senescence state using at least one established marker (e.g., SA-p-gal
activity, CDKN2A (pl16)/CDKN1A (p21)/TP53 (p53) expression, or telomere-related
measures). Studies were only included if investigating primary, non-genetically modified stem
or progenitor cells. No restrictions on language or publication year were applied. Reviews,
conference materials, case reports, studies using immortalized or genetically modified cells,
studies without a non-senescent comparator, or without confirmation of senescence were

excluded.

Information Sources and Search Strategy

Searches were performed in MEDLINE/PubMed (via the National Library of
Medicine), EMBASE (via Elsevier), Web of Science Core Collection (via Clarivate), and the
Cochrane Database (via the Cochrane Library). Grey literature was searched using Google
Scholar and ProQuest, and reference lists of included studies were manually screened. The
initial search was conducted on 28 February 2025 and updated on 12 December 2025. Full

search strategies for all databases are provided in Supplementary Table 1.

Selection Process

Duplicate records were removed using EndNote and Rayyan®. Titles and abstracts
were independently screened by two reviewers, followed by full-text assessment for eligibility.
Disagreements were resolved by a third reviewer. The study selection process is summarized
using a PRISMA flow diagram(Page et al., 2021).

Data Collection Process and Data Items

Data extraction was independently performed by two reviewers using a standardized
form. The Deep-Seek Al-assisted tool was used to support extraction of general study
characteristics and population data, with all outputs manually verified. Non-English articles
were translated using automated translation software. Extracted data included MSC tissue
source, senescence induction and confirmation methods, comparator group characteristics, and
functional outcomes related to proliferation, differentiation, migration, immune response, and
tissue repair. When multiple assays were reported for a given outcome, a predefined hierarchy
was applied to select one representative measure for synthesis. Quantitative data not reported

in the text were extracted from figures using PlotDigitizer (Version 3.1.6, 2025).
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Effect Measures and Synthesis Methods

Due to substantial heterogeneity in senescence models, MSC sources, and outcome
assessments, a quantitative meta-analysis was not performed. Results were synthesized
narratively and summarized in tables organized by outcome category, senescence induction
method, and MSC tissue source. Statistical significance was reported as described in the
original studies; when comparative statistics were unavailable, outcomes were recorded as not
reported (NR). Data handling and tabulation were performed using Jamovi Statistical Software
(Version 2.6).

Study Risk of Bias Assessment

Risk of bias was independently assessed by two reviewers using a critical appraisal tool
based on the PETRICCs guideline for in vitro studies and SYRCLE’s tool for in vivo
studies(Hooijmans et al., 2014; Monteiro et al., 2025). Discrepancies were resolved by
consensus with a third reviewer. Studies were classified as high, moderate, or low risk of bias
based on predefined thresholds.

RESULTS

Study Selection

The study selection process is summarized in the PRISMA 2020 flow diagram (Figure 1).
Database searches identified 4,857 records, of which 1,127 duplicates were removed. After
title and abstract screening, 113 full-text reports were assessed for eligibility. Of these, 76 were
excluded based on predefined criteria (Figure 1; Supplementary Table S2). An additional eight
records were identified through citation searching and included. In total, 45 studies met the
inclusion criteria and were included in the systematic review, with 35 in vitro studies and 10

combining in vitro and in vivo methodologies.
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Study Characteristics

A summary of study characteristics is presented in Figure 2 and Supplementary Table 3.
Included studies were published between 2006 and 2025, with a higher concentration of
publications observed from 2014 onwards. Most studies originated from China (n=17; 37.8%),
followed by South Korea (n = 5; 11.1%) and the United States (n = 4; 8.9%). AD-MSCs (28%),
BM-MSCs (22%), and DPSCs (22%) were the most frequently studied cell types, while UC-
MSCs and PDLSCs were less commonly evaluated (Figure 2A). Serial passaging was the most
common method used to induce senescence (n = 24, 53%), followed by chronological donor
aging (n =11, 24%); 16% (n = 7) of studies assessed both approaches. Inflammatory stimuli—
induced senescence was investigated only in 3 studies (4%) (Figure 2B). Senescence was most
frequently confirmed using SA-B-gal staining (91.1%), followed by CDKN2A (p16)
(53.3%)/CDKN1A (p21) (48.9%)/TP53 (p53) (26.7%) expression (Figure 2C). Proliferation
(86.7%) and osteogenic (73.3%) differentiation were the most frequently assessed functional
outcomes, whereas migration (6.7%), immune response (8.9%), and in vivo tissue repair (8.9%)

were evaluated in relatively few studies (Figure 2D).



46

A Stem Cell Type B Senescence Induction Method
Natural Aging Serial Passaging
(18) (32)
16%
24% * o 53%
0
0 2%
4%

Inflammatory Stimuli

@

C Senescence Confirmation Method D Outcomes Assessed
SA-B-Gal 91.1% Proliferation 86.7%
p16—|N 53 3% Osteogenesis—{N 73.3%
p21- 48.9% Adipogenesis 51.1%
P33 26.7% Chondrogenesis 28.9%
Others{1011.1% Tissue Repair (in vivo) il 8.9%
Telomere length—{ll 11.1% Immune Response—|  8.9%
Telomerase activity—  6.7% Migration—{|6.7%
0 ZI(} 4|0 6IO 8‘0 1(|10 0 ZIO 4‘0 6|0 SIO l(I)O
Percentage of studies (%) Percentage of studies (%)

FIGURE 2 Characteristics of the included studies. (A) Distribution of mesenchymal stem cell (MSC) types
analyzed across studies. (B) Venn diagram of senescence induction methods. (C) Methods used to confirm
cellular senescence, highlighting the predominance of SA-B-gal staining and molecular markers. (D) Outcomes
assessed in the included studies. In graphs C and D, the x-axis represents the number of included studies, with

percentages indicate the proportion of studies evaluating each variable (n = 45).
Results of Individual Studies

Results were synthesized according to senescence induction method (chronological aging,
serial passaging, or inflammatory stimuli). Due to limited data, immune response, in vivo tissue
repair, and inflammatory stimulus—induced senescence were analyzed descriptively. Detailed
outcome-specific data are provided in Supplementary Tables 4-10. A graphical summary of
proliferation and differentiation outcomes according to chronological aging and serial

passaging is presented in Figure 3.
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FIGURE 3 Comparative effects of chronological aging versus serial passaging on MSC functional capacities.

Mirrored horizontal bar charts display the percentage of studies reporting increased, reduced, not significant,

or not reported outcomes: (A) proliferation, (B) osteogenesis, (C) adipogenesis, and (D) chondrogenesis. Left-

side bars represent chronological aging models; right-side bars represent serial passaging models. All values

are expressed as percentages of total studies for each functional assay.

Proliferation

Inflammatory stimuli, chronological aging, and serial passaging were frequently

associated with reduced proliferative capacity, although this outcome was not uniformly

reported across studies (Supplementary Table 4). Repeated inflammatory stimulation led to
diminished proliferation in DPSCs(G. Feng etal., 2018a; X. Feng, Feng, etal., 2014). Similarly,
chronological aging was predominantly associated with reduced proliferation in AD-MSCs(Alt
etal., 2012; Choudhery et al., 2014; Gruber et al., 2012; Kornicka et al., 2015; S. H. Wu et al.,
2022), BM-MSCs(Huang et al., 2023), and DPSCs(Chen et al., 2024; X. Feng, Xing, et al.,
2014; lezzi et al., 2019; X. Wang et al., 2025), although several studies did not perform direct
statistical comparisons(Katsube et al., 2008; Stolzing et al., 2008; Wagner et al., 2008) (n = 10,

66.7%). Serial passaging showed a variable but generally negative impact on proliferation (n =
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6, 25%), with significant reductions more frequently reported in AD-MSCs(Danisovic L et al.,
2017; Zhang et al., 2024) and PDLSCs(Hu et al., 2024; Jia et al., 2025), while studies on UC-
MSCs rarely performed formal comparative analyses(Christodoulou et al., 2013; Jin et al.,
2016; S. N. Kim et al., 2021; Zhuang et al., 2015). Studies using serial passaging to induce
senescence were included only when independent measures of proliferative capacity were
reported, as cumulative population doublings primarily reflect replicative history rather than

proliferative function.

Osteogenic Differentiation

Osteogenic differentiation was variably affected by senescence depending on the
induction method and cell source (Supplementary Table 5). In a single study evaluating BM-
MSCs and DPSCs under inflammatory stimulation, osteogenic differentiation appeared reduced
in senescent cells; however, the absence of statistical analysis precludes confirmation of this
finding(Ma et al., 2019a). Under chronological aging conditions, 7 studies (53.8%) reported
reduced osteogenic potential in AD-MSCs(Choudhery et al., 2014; Kornicka et al., 2015; W.
Wu etal., 2013; Ye et al., 2016), BM-MSCs(Stolzing et al., 2008), and DPSCs(X. Feng, Xing,
et al., 2014, lezzi et al., 2019), with occasional reports of preserved (n = 1, 7.7%) or increased
(n =1, 7.7%) differentiation depending on donor characteristics(Horibe et al., 2014a; S. H. Wu
et al., 2022). Serial passaging demonstrated heterogeneous effects: while 7 studies (28%)
reported reduced osteogenesis in AD-MSCs(Ma et al., 2019a), BM-MSCs(H. Cheng et al.,
2011a; Ma et al.,, 2019a), PDLSCs(Jia et al., 2025; Yang et al., 2021), and UC-
MSCs(Govarthanan et al., 2025), one study (4%) reported increased osteogenic differentiation
in late-passage cells(H. Cheng et al., 2011a), and others found no significant differences (n =7,
28%), indicating heterogeneous osteogenic outcomes(Bertolo et al., 2016; Diomede et al.,
2017; Gruber et al., 2012; Jin et al., 2016; Ma et al., 2019a; Wenjing et al., 2024a).

Adipogenic Differentiation

The effects of senescence on adipogenic differentiation were variable (Supplementary
Table 6). Chronological aging was associated with both increased(Kornicka et al., 2015; S. H.
Wu et al., 2022) (n = 2, 20%) and reduced(X. Feng, Xing, et al., 2014; Ye et al., 2016) (n = 2,
20%) adipogenic potential in AD-MSCs, whereas BM-MSCs and DPSCs generally showed
non-significant(Horibe et al., 2014a; Stolzing et al., 2008) (n = 3, 30%) or no reported

changes(lezzi et al., 2019) (n = 3, 30%). Following serial passaging, qualitative or non-
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comparative analyses predominated, with 8 studies (57.1%) not reporting direct statistical
comparisons(Bonab et al., 2006; Jin et al., 2016; S. N. Kim et al., 2021; Legzdina et al., 2016a;
Scheers et al., 2013; Truong et al., 2019; Wagner et al., 2008; J. Wang et al., 2025a). Among
studies providing comparative data, one study (14.3%) reported reduced adipogenic
differentiation in senescent cells, with this finding observed in two different MSC populations
analyzed within the same study®. In contrast, another single study (7.1%) described increased

adipogenic differentiation in senescent cells*,

Chondrogenic Differentiation

Few studies evaluated chondrogenic differentiation of senescent MSCs (Supplementary
Table 7). Chronological aging was generally associated with reduced chondrogenic
capacity(Choudhery et al., 2014; Ye et al., 2016) (n = 2, 33.3%), with occasional reports of
preserved(lezzi et al., 2019; Stolzing et al., 2008) (n = 2, 33.3%) or enhanced(S. H. Wu et al.,
2022) (n =1, 16.7%) differentiation. Serial passaging more consistently impaired chondrogenic
differentiation in AD-MSCs(Truong et al., 2019; J. Wang et al., 2025a), BM-MSCs(Bertolo et
al., 2016), and UC-MSCs(Govarthanan et al., 2025), although the limited number of studies

precludes firm conclusions.

Migration

Cell migration was rarely assessed (Supplementary Table 8). However, the available
evidence suggests that both chronological aging and serial passaging reduce migratory capacity
in DPSCs(Chen et al., 2024), BM-MSCs(Wenjing et al., 2024a), and PDLSCs(Yang et al.,
2021) (n = 3, 100%).

Immune Response

Data on immunomodulatory function were scarce (Supplementary Table 9).
Chronological aging was associated with a phenotypic shift towards a pro-inflammatory profile
in BM-MSCs(Huang et al., 2023), although direct comparisons were limited. Serial passaging
altered immune-related marker expression in UC-MSCs, generally favoring increased
expression of immunosuppressive mediators, such as PGE2, although comparative statistical

analyses were not consistently performed(Yu et al., 2014).

In Vivo Tissue Repair
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Evidence regarding in vivo tissue repair capacity was limited (Supplementary Table 10).
Inflammation-induced, aging-related, and serial passaging—induced senescence was generally
associated with impaired tissue regeneration properties across different MSC sources; however,
most studies relied on qualitative or non-comparative analyses(Chen et al., 2024; Horibe et al.,
2014a; Ma et al., 2019a; Yang et al., 2021) (n =4, 80%).

Additional Narrative Evidence

One study assessing replicative senescence was not included in the summary tables
because cells were grouped according to high versus low proliferative potential rather than
donor age, passage number, or inflammatory exposure. Results from this study were therefore
synthesized only in narrative form. High-proliferative clones sustained more than 80 population
doublings. Osteogenic differentiation, assessed by Alizarin Red staining, was positive at 30 PDs
but markedly reduced at 75 PDs, whereas adipogenic differentiation, evaluated by Oil Red O
staining, was positive at 30 PDs and increased at 75 PDs. All differentiation outcomes were

evaluated qualitatively, without statistical analysis(Alraies et al., 2017).
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Risk of Bias in Studies

Most in vitro studies demonstrated low overall risk of bias according to the PETRICCS-
based assessment, with high reporting adequacy and no studies classified as high risk
(Supplementary Figure 1). Common limitations included insufficient reporting of blinding,
randomization, and replicate numbers. In vivo studies assessed using SYRCLE’s risk of bias
tool demonstrated low to moderate methodological quality. Frequent deficiencies were
observed in domains related to blinding of caregivers/investigators and outcome assessors,
random housing procedures, and selective outcome reporting, which may compromise internal

validity and limit translational relevance (Supplementary Figure 2).

DISCUSSION

Cellular senescence is a fundamental biological process induced by chronological and
biological aging, as well as diverse cellular stressors. Beyond its physiological role in
development and tissue homeostasis, senescence has emerged as a key driver of organismal
aging and age-related diseases, a promising target for therapeutic strategies aimed at modulating
aging and aging-associated conditions, and a potential determinant of cell therapy product
quality(Kirkland & Tchkonia, 2017) . Accumulating evidence indicates that cellular senescence
is associated with a set of well-defined molecular and functional events; however,
investigations across different cell types suggest the existence of cell-type—specific features and

responses.

The synthesis of the current literature reveals that the most consistent hallmark of MSC
senescence is a marked reduction in proliferative capacity. This decline was observed across all
tissue sources and was independent of the induction model employed (chronological aging,
serial passaging, or inflammatory stress). This universal loss of proliferation capacity confirms
that the core machinery of senescence—primarily the activation of p16 and p21 pathways—is
robustly conserved in MSCs(Gruber et al., 2012; Ma et al., 2019a). In contrast, the impact of
senescence on other functional properties, such as differentiation and immunomodulation,

appears far more heterogeneous.

Osteogenic differentiation shows heterogeneous responses, largely dependent on

cellular origin and experimental context. While many studies report impaired osteogenesis,
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others describe preserved or even enhanced osteodifferentiation, particularly in DPSCs and UC-
MSCs(Bertolo et al., 2016; Diomede et al., 2017; Ma et al., 2019a). Similarly, adipogenic and
chondrogenic differentiation outcomes range from reduced to increased potential, with no
consistent pattern across senescence models or cell types, with findings ranging from functional
impairment to unexpected gain-of-function(Kornicka et al., 2015; Ye et al., 2016). This lack of
consistency suggests that the multilineage differentiation program may be more resilient to
senescence-associated changes than the cell cycle machinery. The predominance of non-
significant findings suggests that differentiation capacity may be less sensitive to senescence
than proliferation(Diomede et al., 2017; Horibe et al., 2014a; Stolzing et al., 2008; Wenjing et
al., 2024a). Furthermore, age-group definitions significantly influence outcomes; for instance,
studies labeling ‘mature adult' donors as senescent rather than focusing on truly elderly

populations may mask the full extent of age-related functional decline(S. H. Wu et al., 2022).

Although fewer studies evaluated migration, available evidence consistently indicates
impaired migratory capacity in senescent MSCs derived from DPSCs, BM-MSCs, and
PDLSCs, using both chronological aging and serial passaging models(Chen et al., 2024;
Wenjing et al., 2024a; Yang et al., 2021). This convergence suggests that migration is a
senescence-sensitive function, with potential implications for tissue homing and regenerative
efficacy in cell-based therapies and wound repair(Akram et al., 2013). In parallel, senescence
is associated with marked alterations in the immunomodulatory profile of MSCs, characterized
by increased expression or secretion of pro-inflammatory cytokines such as TNF-a, IL-6, IL-
1B, and IL-8, alongside variable regulation of anti-inflammatory mediators including IL-10,
IDO-1, and TGF-B1(Horibe et al., 2014a; Huang et al., 2023; Yu et al., 2014; Zhuang et al.,
2015). These findings support the concept that senescence shifts the MSC secretome towards
SASP, modifying immune regulatory functions rather than uniformly suppressing them(Coppé
et al., 2008; Rodier et al., 2009).

Evidence from in vivo studies, although limited, consistently indicates reduced
regenerative capacity of senescent MSCs. Across different senescence models, MSCs derived
from bone marrow, dental pulp, and periodontal ligament demonstrated impaired
mineralization, reduced bone formation, and compromised neo-angiogenesis in regenerative
settings(Chen et al., 2024; Horibe et al., 2014a; Ma et al., 2019a; Yang et al., 2021). In
particular, aged/senescent DPSCs exhibited significantly decreased pulp regeneration and
vascularized tissue formation compared with young/non-senescent cells, highlighting the

functional consequences of senescence in complex tissue environments(Horibe et al., 2014a).
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This compromised reparative potential likely stems not only from the loss of proliferative and
differentiation capacity but also from the deleterious effects of the SASP(Gnani et al., 2019;
Lopes-Paciencia et al., 2019). In a physiological context, senescent MSCs can actively impair
the local microenvironment through a ‘bystander effect,” where the secretion of pro-
inflammatory cytokines and reactive oxygen species propagates senescence to neighboring
healthy cells and inhibits the endogenous regenerative response(Acosta et al., 2013). Despite
frequent lack of statistical significance, the consistent direction of these findings suggests

compromised reparative potential of senescent MSCs in vivo.

Despite these insights, several elements explain the inconsistencies found in the
literature and represent limitations of the current evidence. Donor-related factors such as
chronological and biological age, genetic background, and underlying inflammatory status
contribute to inter-study variability. Methodological differences, including the senescence
induction model employed, the level of senescence-induction achieved (i.e. the lack of unified
senescence level thresholds), culture conditions, and timing of analysis, might result in
divergent molecular and functional outcomes. Furthermore, the lack of standardized criteria for
senescence definition—reflected in variability in marker selection and functional readouts—
complicates direct comparisons between studies. Such substantial heterogeneity in senescence
induction methods, donor age definitions, passages evaluated, and functional assays preclude
quantitative synthesis. Small sample sizes and also limited direct statistical comparisons further
constrain interpretation. Two studies from the same research group reported highly similar
proliferation data(G. Feng et al., 2018a; X. Feng, Feng, et al., 2014), which may limit
independence for this outcome. Furthermore, our search strategy may have introduced a
selection bias. Although the term “mesenchymal stromal cell” is currently recommended by the
International Society for Cell & Gene Therapy (ISCT) (Viswanathan et al., 2019), the search
strategy relied on the historically predominant term “mesenchymal stem cell”. Consequently,
studies that exclusively used the term “stromal” without referencing “stem” may have been

missed, which represents a limitation of this review.

Although some of these factors are inherent to primary cell culture research,
collectively, they likely underlie the diverse and sometimes conflicting results reported in the
literature regarding the impact of senescence on MSC biology and therapeutic potential.
Furthermore, given that most included studies were based on in vitro experiments, with few
investigations involving in vivo models and no clinical trials being included, a moderate to high

risk of bias in several in vivo studies suggests that the translational interpretation of the findings
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is indeed limited at this point. Due to these limitations, results were synthesized narratively,
and some data extracted from figures may introduce minor imprecision. Overall, the consistent
functional impairment observed in senescent MSCs contributes to the understanding of how
these cells act throughout aging and underscores donor age and passage number as critical
quality parameters in cell manufacturing(Danisovic L et al., 2017; Truong et al., 2019).

Senescence-associated changes in inflammatory and immunomodulatory profiles
further emphasize the need for careful control of inflammatory stimuli during cell expansion,
especially for therapeutic application purposes(G. Feng et al., 2018a; X. Feng, Feng, et al.,
2014; Ma et al., 2019a). These findings support the implementation of standardized senescence
screening, inflammatory profiling, functional quality control criteria, and upper passage limits
for clinical-grade MSCs to ensure therapeutic efficacy and reproducibility(Chen et al., 2024;
Yang et al., 2021). Future studies should prioritize standardized senescence models, direct
comparisons across MSC tissue sources, and greater use of in vivo and translational models
with clinically relevant endpoints, as well as strategies to prevent or mitigate senescence-related

functional decline.

CONCLUSION

This systematic review based on pre-clinical studies demonstrates that cellular
senescence consistently affects key MSC properties essential for wound repair and tissue
regeneration. Proliferative and migratory capacities are most consistently impaired, while
differentiation and immunomodulatory functions vary according to cell source and senescence
model. Available in vivo evidence indicates reduced regenerative efficacy of senescent MSCs,
contributing to a better understanding of how aged MSCs might contribute to organismal aging.
Despite limitations related to methodological heterogeneity and the predominance of in vitro
studies, these findings identify donor age, culture expansion, and inflammatory exposure as
critical determinants of MSC functional quality. Standardized senescence screening and
thresholds, functional quality control measures, and defined passage limits are therefore
essential to improving the safety, efficacy, and reproducibility of MSC-based regenerative

therapies.
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SEARCH

QUERY

ITEMS FOUND

PUBMED

("Stem Cells"[MeSH Terms] OR
"Stem Cells"[All Fields] OR "Stem
Cell"[All Fields] OR "Mother
Cell"[All Fields] OR "Progenitor
Cell"[All Fields]) AND ("Cellular
Senescence"[MeSH Terms] OR
"Cellular Senescence"[All Fields] OR
"Cell Senescence"[All Fields] OR
"Cell Aging"[All Fields] OR "Cellular
Aging"[All Fields] OR "Cell
Ageing"[All Fields] OR "Cellular
Ageing"[All Fields]) AND
("Regenerative Medicine"[MeSH
Terms] OR "Regenerative
Medicine"[All Fields] OR "Tissue
Engineering"[MeSH Terms] OR
"Tissue Engineering"[All Fields] OR
"Cell Engineering"[MeSH Terms] OR
"Cell Engineering"[All Fields] OR
"cell and tissue based therapy"[MeSH
Terms] OR "cell and tissue based
therapy"[All Fields] OR
"Regeneration"[MeSH Terms] OR
"Regeneration"[All Fields] OR
"Wound Healing"[MeSH Terms] OR
"Wound Healing"[All Fields] OR
"Wound Repair"[All Fields] OR
"Tissue Therapy"[All Fields])

2,434

EMBASE

(‘'stem cells'/exp OR 'stem cells' OR
'stem cell'/exp OR 'stem cell' OR
'mother cell'/exp OR 'mother cell' OR
'‘progenitor cell'/exp OR 'progenitor
cell') AND ('cellular senescence' OR
'cell senescence' OR 'cell aging' OR
'cellular aging' OR 'cell ageing' OR
'cellular ageing') AND ('regenerative
medicine' OR 'tissue engineering' OR
'cell engineering' OR 'cell- and tissue-
based therapy' OR 'regeneration' OR
'wound healing' OR 'wound repair' OR
'tissue therapy') AND ([embase]/lim
NOT ([embase]/lim AND
[medline]/lim) OR [preprint]/lim)

968




“Stem Cells” OR “Stem Cell” OR
“Mother Cell” OR “Progenitor
Cell” in Title Abstract Keyword
AND “Cellular Senescence” OR
“Cell Senescence” OR “Cell
Aging” OR “Cellular Aging” OR
“Cell Ageing” OR “Cellular
Ageing” in Title Abstract Keyword
AND “Regenerative Medicine” OR 9
"Tissue Engineering" OR "Cell
Engineering" OR "Cell- and
Tissue-Based Therapy" OR
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Exclusion Criteria

1. Studies that evaluate the impact of senescence on other cell types (e.g., somatic cells,
fibroblasts, or epithelial cells).

2. Studies that evaluate the impact of senescence in disease models unrelated to regenerative
therapies (e.g., cancer, aging-related diseases, etc.).

3. Studies using immortalized/cancer cell lines or genetically modified cells (e.g., knock-
in/knock-out for senescence-related genes).

4. Studies without a direct comparison between non-senescent and senescent groups.

5. Studies that do not confirm the senescent state of the cells.

6. Studies that focus solely on the mechanistic pathways of senescence without assessing its
direct impact on tissue repair or regenerative therapies.

7. Full paper copy not available or inaccessible.

8. Reviews articles, systematic reviews, meta-analyses, abstracts, protocols, short

communications, personal opinions, letters, posters, conference abstracts, and case report.



SUPPLEMENTARY TABLE 3 Characteristics of the included studies (n=45).
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Outcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
. SA-B-Gal Proliferation and Short.telon}eres:
Alraies et al., . . L . e lproliferation
Experimental NR Serial staining, P16,  Differentiation .
2017 L DPSCs 18-30 years 3 . . losteogenesis
50 (in vitro) (>80 PD) Passaging P21 and P53 (osteogenic and . .
2L S expression adipogenic) jigihezenens
p pog lchondrogenesis
Group 1: <20 ) )
years ?Sr oup 1: Proliferation and %liaf%ation
Alt efgal., 2012 Equrlmental AD-MSCs Group 2: 30- Group?2:  PI-P5 Chror}ologlc P16 expression leferentlgtlon losteogenesis
USA (in vitro) 40 years 17 al Aging (osteogenic and Ladipogenesis
Group 3: =50 Group 3: 8 adipogenic) lchondrogenesis
years
Proliferation and Late-Passage:
Bertolo et al., . 17-57 years . Differentiation lproliferation
2016 ](Eiz[i}e;;;gl)ental BM-MSCs (Mean: 34+ 7 P7-P11 IS’ZZISZI i S{:‘iﬁfjal (osteogenic, losteogenesis
Switzerland*? 13 years) g & adipogenic and  fadipogenesis
chondrogenic) lchondrogenesis
. . . :
Bonab et al., Experimental 2.5-63 years Serial Telomere Eri(t)‘gafreerr?‘:ile?triloind Iia;(e)lif;zizzoen
2006 xpe BM-MSCs (Mean: 25 11 P1-P10 . . . p .
47 (in vitro) Passaging shortening (osteogenic and  |osteogenesis
Iran years) . . ; .
adipogenic) ladipogenesis
Proliferation, Aced Groun:
. SA-B-gal Differentiation =~ —oo—2roub:
Chen et al., Experimental Chronologic stainine. P21 E— lproliferation
2024 (in vitro, in DPSCs 16-70 years 25 P3-P5 10108 & 108 ’ losteogenesis
.23 . al Aging and P53 Migration and NN
China Vivo) . .. lmigration;
expression Bone Repair (in

Vivo).

lbone repair
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction  Confirmation OQOutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
Proliferation and Late-Passage:
ZC(:llelng et al., Experimental gl\c/l__MSCS Median: 19 5 P2-P13 Serial SA-B-Gal Differentiation | proliferation
China® (in vitro) MSCs. W] Years 4 P2-P25 Passaging staining (ogteogemc and iadlpogeneS}s
adipogenic) Tosteogenesis
Group 1: <30
years (mean
255+ 1:6) Group 1: 8 Proliferation and Group 3:
Group 2: 35- : SA-B-Gal . " . .
Choudhery et . Group 2: . L Differentiation | proliferation
Experimental 55 years Chronologic staining, P16 . .
al., 2014 o AD-MSCs 10 P1-P3 . (osteogenic, losteogenesis

9 (in vitro) (mean 46.4 + al Aging and P21 . . . .
USA Group 3: . adipogenic and  —adipogenesis

2ll) 11 expression chondrogenic) lchondrogenesis
Group 3: >60 & &
years (mean

66.0 = 1.4)

i . - - . i i - :
Christodoulou Experimental UC Fetal (full 5 P2-P20 Serial SA-B-Gal Pr.ohferat.lor.l and Late .Passa.ge
etal, 2013 (in vitro) MSCs-WJ  term) 3 PY-P10  Passasin stainin Differentiation =~ |proliferation
Greece™ AD-MSCs 44 + 11 years ging & (osteogenic) losteogenesis
Danisovic et . .

: . . - ge:
al., 2017 E.xpe.rlmental AD-MSCs Mean: 34 5 P1-P30 Sl . Telp mete Proliferation Loz .Passa. £
Slovakia® (in vitro) years Passaging activity lproliferation
Diomede e SA-B-Gal Proliferation and Late-Passage:

¢ Experimental ~ DPSCs Serial staining, P16  Differentiation —proliferation
al., 2017 o NR NR P2-P15 . . .
Ttaly® (in vitro) PDLSCs Passaging and P21 (osteogenic and  —osteogenesis
y expression adipogenic) —adipogenesis
Feng et al Inflammator
2014 Experimental  ppoce 1323 years 9 P3 L e
China!' (in vitro) LPS (1x, staining lproliferation

3x, 6x)
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
5-12 years . . ]
Feng et al., . 12-20 years . SA-B-gal PI'.OllfeI'at.IOI.I and - Aged Group: ed. Groq )
Experimental Chronologic L Differentiation lproliferation
2014 o DPSCs 20-35 years 33 P3 . staining and . .
. 24 (in vitro) al Aging . (osteogenic and  |osteogenesis
China 35-50 years p16 expression adipogenic) Ladipogenesis
>50 years pog pog
Feng et al Inflammator
2018 Experimental = 5 1323 cars e P3 LA e B T
China!® (in vitro) LPS (1x, staining lproliferation
3x, 6x)
Figiel- Experimental Serial SA-B-Gal Late-Passag
-B- . ) - :
Dabrowska et . Po O ADMSCs  NR NR p3-p22 oM “houa Proliferation ale- rassage
al., 20225 (in vitro) Passaging staining lproliferation
Gao et al., Experimental Chronologic Stii-nﬁi;lGalP 16 Proliferation and —g—ll? rf)(lligizzozn
2023 (in vitro, in BM-MSCs NR NR P3-P4 10108 g Cardiac Repair Y™ ;
. 58 . al Aging and P21 . lcardiac repair (vs
China Vivo) . (in vivo)
expression young group)
Difterentiation
Govarthanan . . . Late-Passage:
et al., 2025 Experimental - UC- NR NR p3prs  Seral SA-p-Gal (osteogenic, losteogenesis
.41 (in vitro) MSCs-WJ Passaging staining adipogenic and .
India . lchondrogenesis
chondrogenic)
Chronologic dged e s
Gruber et al., Experimental 30-73 years al Agin & SA-B-Gal Differentiation =~ Late-Passage:
2012 Xpe AD-MSCs (Mean: 52.6 11 P1-P13 gmng L (osteogenic and | proliferation
10 (in vitro) and Serial staining . .
USA + 12.8 years) . chondrogenic) —osteogenesis
Passaging .
—chondrogenesis
Horibe efal,  Experimental Young: 19-30 Chroqologlc SA—Q-gal Pr'ohferat.lol?, Aged Group ‘de
o years al Aging staining, p/6,  Differentiation =~ Late-Passage:
2014 (in vitro, in DPSCs 6 P5-P20 - . . :
12 . Aged: 44-70 and Serial p21, (osteogenesis |proliferation
Japan Vivo) . .
years Passaging telomerase and —osteogenesis
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
activity, adipogenesis), —adipogenesis
telomere Pulp Ipulp regeneration
length Regeneration TL-1B, IL-6, IL-8
and Immune and Groa
Response
SA-B-Gal
Hu et al., 2024 Experimental Serial staining, P16 . . Late-Passage:
China™! (in vitro) LABILRIES AT 2 LSl Passaging and P21 o lproliferation
expression
Chronologic SA--Gal o T
Huang et al., Experimental ol Acin staining. P16 Proliferation and Late-Passage:
2023 xpe BM-MSCs NR NR P3-P12 sing & Immune lproliferation
China? (in vitro) and Se?lal and P2]. Response 1TNF-a and IL-6
Passaging expression LTL-10
Group A
(Young): 20-
23 years
grrl(e)zn %1) SA-B-Gal Proliferation and Aged Group:
lezzi et al., . up ) . staining, P16  Differentiation  |proliferation
Experimental (Middle): 42- Chronologic > . .
2019 o DPSCs 12 NR . expression and  (osteogenic, losteogenesis
25 (in vitro) 45 years al Aging . . . .
Italy o 42) telomere adipogenic gnd ladipogenesis '
Crop T length chondrogenic) —chondrogenesis
(Old): 62-66
years (mean
64)
. Experimental . SA-B-gal Proliferation, Late-Passage
‘gﬁ.i;?zl" 2025 (in vitro, in PDLSCs NR NR P5-P20 IS)erlal . staining and Differentiation | proliferation
! Vivo) assaging P21 expression (osteogenic) and |osteogenesis
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction  Confirmation OQOutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
Bone Repair (in
Vivo)
SA-B-gal
Jeoung et al., . . staining,
Experimental  UC- 31-34 years Serial Telomerase . . Late-Passage
2015 o 2 P5-P17 . .. Proliferation » :
Korea®® (in vitro) MSCs-CB  (Mothers) Passaging activity, lproliferation
Expression of
p33, p21, p27
SA-B-Gal Proliferation and Late-Passage
Jinetal, 2016 Experimental UC- NR 27 P5-P15 Serial staining, P16,  Differentiation  |proliferation
Korea* (in vitro) MSCs-CB Passaging P21 and P53 (osteogenic and | osteogenesis
expression adipogenic) ladipogenesis
SA-B-gal
Katsube et al., . . staining and ;
2008 f"pe;;m)emal BM-MSCs l’egfs HETTA P3 Elh/_r\o?r‘l’loglc expression oi Brolieration %
Japan?’ S y 8BNS 16, p21, and p
MMPI
Kim ez al., Experimental ucC- Serial stl;ﬁ;lGaIIDI 6 Late-Passage
2020 (in vitro, in NR 10 P2-P15 . & * Proliferation ~ale-1assage
60 . MSCs-CB Passaging P21 and P53 lproliferation
Korea Vivo) )
expression
Kim et al SA-B-gal Proliferation and Late-Passage
” Experimental Serial staining, P15 Differentiation lproliferation
2021 L BM-MSCs NR 1 P5-P15 . . .
Korea® (in vitro) Passaging and P16 (osteogenic and | osteogenesis
expression adipogenic) —adipogenesis
Kornicka ef >20 (age SA-B-Gal Proliferation and Aged Group:
Experimental range 2029, Chronologic staining, P/16  Differentiation lproliferation
al., 2015 o AD-MSCs 28 P1-P3 . . .
Poland? (in vitro) mean age 24 al Aging and P53 (osteogenic and  |osteogenesis
+ 1.4 years) expression adipogenic) l/Tadipogenesis
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
>50 (age
range 50-60,
mean age
57.5+0.7)
>60 (age
range 60—69,
age 67)
>70 (age
range 70-79,
mean age 75
+2.8)
. 27-63 years Chronologic Sad Al Bl a0 e'lnd
Legzdina ef Experimental (27, 38, 38 al Agin S et Differentiation Late-Passage:
al., 2016 e AD-MSCs =" =%>% 8 P2-P14 S8 relative CTENMation | proliferation
. 44 (in vitro) 43,47, 57, and Serial (osteogenic and .
Latvia 61, 63) Passacin telomere i) losteogenesis
’ ging length analysis pog ladipogenesis
SA-B-gal
Li ?t a6l.1, 2025 Exp§r1mental DPSCs NR NR P3-P12 Serial . stalnlng, Pl6 D1fferent1gt10n Late-Passag§
China (in vitro) Passaging expression (osteogenic) losteogenesis
ROS levels
Late-Passage
DPSCst Serial . ‘ ‘ Lparoléferatlon ‘
a Passaging Proliferation, —?/| "osteogenesis
. PDLSCs SA-B-Gal . . .
Ma et al., Experimental and L Differentiation ~ |bone/periodontal
. . BM- staining, P16, . .
2019 (in vitro, in MSCsP 16-20 years 5 P3-P6 Inflammator P21 and P53 (osteogenic) and repair
China'* Vivo) y Stimuli — : Bone/Periodonta LPS and TNF- a
AD- expression . 5
MSCsP LPS and 1 Repair | osteogenesis
TNF- o | bone/periodontal

repair
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
. Proliferation and Late-Passage
Scheers et al., E.Xpe.rlme.n tal UC- Full-term Serial SA-B-Gal Differentiation ~ |proliferation
2013 (in vitro, in 14 P1-P21 . L . .
.48 . MSCs-WJ  newborns Passaging staining (osteogenic and | osteogenesis
Belgium Vivo) . . : .
adipogenic) ladipogenesis
Y:;lrlgg 7-18 SA-B-Gal Proliferation and Aged Group:
Stolzing et al., . y . L Differentiation | proliferation
Experimental Adult: 19-40 Chronologic staining, P2/ . .
2008 . BM-MSCs 33 P1-P5 . (osteogenic, losteogenesis
28 (in vitro) years al Aging and P53 . . . .
UK ) . adipogenic and  |adipogenesis
Aged: >40 expression . .
chondrogenic) lchondrogenesis
years
Differentiation Late-Passage
Truong, et al, Experimental Serial SA-B-gal (osteogenic, —osteogenesis
2019 o AD-MSCs NR 3 P5-P15 . L . . : .
Vietnam*s (in vitro) Passaging staining adipogenic and  —adipogenesis
chondrogenic) —chondrogenesis
Chronologic Proliferation and Aged Groupiand
YR et Experimental 8 22 20, 2 al Agin SA-B-gal Differentiation (Lt aize:
2008 xpe BM-MSCs 29, 31,32,59 8 P2-P12 ging P8 ; Iproliferation
29 (in vitro) and Serial staining (osteogenic and .
Germany years Passacin iyt Tosteogenesis
ging pog ladipogenesis
) SA-B-Gal Differentiation  Late-Passage:
Wang et al., Experimental Serial staining, P16  (osteogenic Tosteogenesis
2025 (in vitro, in AD-MSCs NR NR P4-P10 . & HLCOBENIC, cogenest
.46 . Passaging and P21 adipogenic and  |adipogenesis
China Vivo) : . .
expression chondrogenic) lchondrogenesis
. SA-B-gal
Chronologic L . . Aged Group and
Wang et al., Experimental al Aein staining, Proliferation and Late-Passace:
. . . - .
2025 Xxpe DPSCs 16-70 years ~ NR P3-P12 ging yH2AX Differentiation =~ o 2o008C:
. 26 (in vitro) and Serial X . |proliferation
China . immunofluores (osteogenic) .
Passaging losteogenesis

cence,
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
P16/P21
expression
Proliferation, Late-Passage:

s SA-B-gal Differentiation  |proliferation
Wenjing et al., Experimental Serial staining, (osteogenic, losteogenesis
2024 e BM-MSCs NR NR P5-P15 . . ) : .
China® (in vitro) Passaging  pl6/p21/p53 adipogenic and  |adipogenesis

expression chondrogenic) lchondrogenesis
and Migration | migration
Infant: <1
year (3 mo, 4
mo, 6 mo, 1
yr)
Wu et al., . Adult: 20-54 . . oy )
Taiwan®’ i vitro 35,37, 44, ging g g losteog
45)
Elderly: >55
years (51, 55,
71)
. Proliferation and Aged Group and
Chronologic SA-B-gal . . Late-Passage:
Wuetal, Experimental al Agin stainin Differentiation lproliferation
2022 xpe AD-MSCs NR 6 P3-P10 ing & (osteogenic, p !
. 21 (in vitro) and Serial ~ pl6/p21/p53 . . Tosteogenesis
Taiwan . : adipogenic and . .
Passaging expression . ladipogenesis
chondrogenic) .
lchondrogenesis
. SA-B-gal Proliferation, Late-Passage:
Yang et al., E.Xpe.rlme.n tal Serial staining, p/6  Differentiation | proliferation
2021 (in vitro, in PDLSCs 11-16 years NR P3-P12 . dp21 . d .
China® ) Passaging and p2 . (osteog:emc) an Los‘teog.enes1s
expression Migration lmigration
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Senescence Senescence
Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
|bone formation
Group A
(Young): 20—
38 years SA-B-Gal Pr.ohferat.lor.l and Aced Group:
) (mean 26.33 . L Differentiation =~ —oo—=1ou:
Ye et al., 2016 Experimental i Chronologic staining, P16 . losteogenesis
. 38 o AD-MSCs +5.48); 20 PO-P9 ! (osteogenic, . .
China (in vitro) al Aging and P53 . . ladipogenesis
Group B expression adipogenic and lchondrogenesis
(Old): 50-67 p chondrogenic) &
years (mean
56.44 + 5.83)
skl . Late-Passage:
Passaging lproliferation
Experimental and SA-B-gal Proliferation and *P
Yuetal,2014 F° UC- L |PGE2
49 (in vitro, in NR 3 P5-P20 Inflammator staining and Immune
Korea . MSCs-CB N . 1COX-2
Vivo) y Stimuli —  p/6 expression Response
—TGF-B1
IFN-y and _NO
TNF- a
Zhang et al., Experimental Serial sstiﬁ;lgal Proliferation and Late-Passage:
2024 Xxpe AD-MSCs NR NR P4-P10 . & Differentiation | proliferation
. 13 (in vitro) Passaging  pl6/p21/p53 . .
Australia . (osteogenic) losteogenesis
expression
Late-Passage:
lproliferation
Zhuang et al., Experimental  UC- Full-term Serial SA-B-Gal i B it i oxa
2015 (in vitro) MSCs-WJ  deliveries 10 RIS st stainin Immune ML-10
China® ging & Response 1iNOS
T1L-6

|IL-10
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Senescence Senescence

Author Stem Cell Donor age n Passage Induction Confirmation Qutcomes Key Findings
/year/Country Study Design  Source (as reported) (donors) Number Method Method Assessed (Senescent group)
JIL-1P
JIFN-y

SUPPLEMENTARY TABLE 3 Methodological characteristics and main findings of included studies on senescence in MSC. The table summarizes the experimental designs,
cell types, senescence induction and confirmation methods, assessed outcomes, and key results from the selected studies. Abbreviations used include: DPSCs (dental pulp stem
cells), AD-MSCs (adipose-derived mesenchymal stem cells), BM-MSCs (bone marrow mesenchymal stem cells), UC-MSCs' (umbilical cord mesenchymal stem cells derived
from Wharton's jelly), UC-MSCs? (umbilical cord mesenchymal stem cells derived from cord blood), PDLSCs (periodontal ligament stem cells), SA-B-Gal (senescence-
associated B-galactosidase), LPS (lipopolysaccharide), NR (not reported). The symbols |, T, and — denote, respectively, a decrease, increase, or no significant change in the

assessed parameter in the senescent group compared to controls.



SUPPLEMENTARY TABLE 4 Individual results for the proliferation outcome.
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Senescence Stem N° of NS (mean S (mean+ Signific Lower
Author Induction Cell replicates Assay = SD or SD or ance (p- Proliferative Notes
Method Type (n) SEM) SEM) value) Potential
grféjnﬁiay ~089%  ~037=
(Feng et al., Inflammatory 0.1 0.04 p<0.05 S: LPS 10 ng/mL,
2014)a Stimuli DPSGs 3 Cell 6513+ ~3497+ p<005 Ooneseent gy
Number
(10%) 59 3.06

(Feng et al., Inflammatory Prohferatlon data

2018)b Stimuli DPSCs See (Fengetal., 2014)a - identical of Feng
etal., 2014,

The CFU assay
showed a
. significantly

(Alt et al., Chronologica AD- ~46.19 = ~62.67 = .

2012) | Al MSCs 8 PDT (hours) 3 14 387 p<0.01 Senescent hlghqr colony-
forming
percentage in the
young group.
CFU assay
showed ~30%
reduced colony
formation in aged

(Choudhery et Chronologica AD- 89.1 donors;

al., 2014) 1 Aging MSCs 3 PDT (hours)  62.0% 3.9 26.6 p<0.05 Senescent quantitative

values could not

be extracted. TPD
was also assessed,
with higher values



Author

Senescence Stem
Induction Cell
Method Type

N° of NS (mean
replicates Assay + SD or
(n) SEM)

S (mean £  Signific
SD or ance (p-
SEM) value)

Lower
Proliferative
Potential

84

Notes

(Gruber et al.,
2012)

(Kornicka et
al., 2015)

(Legzdina et
al., 2016b)

Chronologica AD-
1 Aging MSCs

Chronologica AD-
1 Aging MSCs

Chronologica AD-
1 Aging MSCs

Mean DT ~55.56 £
(hours) 4.2

3 PDT (hours) 55+9.8

2-3 CPD 28.97*

~89.41+  p<0.000
5.84 1

~130+5.5 p<0.01

not
23.28%* significa
nt

Senescent

Senescent

not
significant

observed in the
younger group.

S: 40-75 years

S: >70 years.
CFU-E assay was
performed, but
quantitative data
were not extracted
for synthesis;
however, the aged
group showed a
lower percentage
of CFU-E.

NS: CS-8 (27
years), S: CS-3
(63 years). Cells
from eight donors
showed
pronounced
donor-dependent
heterogeneity in
proliferation
kinetics
(PD/PDT). CFU
and MTT assays
and PDT curves



Author

Stem
Cell

Type

Senescence
Induction
Method

N° of
replicates

(n)

Assay

NS (mean
+ SD or
SEM)

Lower
Proliferative
Potential

S (mean £  Signific
SD or ance (p-
SEM) value)

85

Notes

(S. H. Wu et
al., 2022)

(Gao et al.,
2023)

AD-
MSCs

Chronologica
1 Aging

BM-
MSCs

Chronologica
1 Aging

PDT (days)

Ki-67 (%)

~1+£0.03

~49.78
+4.08
~11.42*

~1.26 +

0.09 Senescent

p<0.01

~9.92 +
1.9 p<0.001
~6.33%

Senescent

were performed,
with no significant
differences
observed between
younger and older
donors.

S: adult. A growth
curve assay was
performed;
however,
quantitative data
were not extracted
for synthesis. The
fold increases in
the cell numbers
of the infant were
significantly
higher than those
of the adult.

The CPD analysis
revealed that the
proliferative
capacity was
exhausted by
passage 7 in the
aged group, while
remaining active
until at least



Author

Senescence
Induction
Method

Stem
Cell

Type

N° of
replicates

(n)

Assay

NS (mean
+ SD or
SEM)

S (mean +
SD or
SEM)

Signific
ance (p-
value)

Lower

Proliferative

Potential

86

Notes

(Huang et al.,
2023)

(Katsube et al.,
2008)

(Stolzing et al.,
2008)

(Wagner et al.,
2008)

Chronologica

1 Aging

Chronologica

1 Aging

Chronologica

1 Aging

Chronologica

1 Aging

BM-
MSCs

BM-
MSCs

BM-
MSCs

BM-
MSCs

NR

NR

Ki-67 (%)

Growth
Rate (fold
increase)

CPD

CPD

~74.15 £
2.25

~20%*

~32.25%

~9.06*

~23.66 +
2.09

~21.69*

~7.84%*

NR

NR

NR

NR

Senescent

NR

NR

NR

passage 12 in the
young group.

NS: Lenti-Control
(fig.:20), S:
Control-siRNA
(fig.: 3C). Groups
were not directly
compared.

NS: “High” (1
year), S: “Low”
(74 years).

NS: mean of two
18-year-old
donors; S: mean
of two 50-year-old
donors. Cell
cultures from
donors <9 years
old exhibited early
proliferative arrest
(CPD). CFU-f
assay was
performed and a
significant decline
was seen in the
older age group
(p=0.007).

NS: donor 7 (25
years), S: mean of
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Senescence Stem N° of NS (mean S (mean=+ Signific Lower
Author Induction Cell replicates Assay + SD or SD or ance (p- Proliferative Notes
Method Type (n) SEM) SEM) value) Potential
44- and 42-years
old donors.
. Data were

(Chenetal,  Chronologica  pypgg CCR-B(50 8% ~179*  p<0.001 Semescent extracted from

2024) 1 Aging nm)
day 9.
NS: 5-12 years, S:
>50 years. Growth
curve was
performed and
after day 4, cells
from younger
group exhibited

(Feng et al., Chronologica BrdU (370  ~0.87 ~0.32+ more rapid

2014)b 1 Aging DIRES 2 nm) 0.15 0.05 RS SO proliferation rates
compared to other
groups. These
results indicated
that the capacity
of proliferation
was gradually
inhibited by age.

. . Cumulative
%‘fﬂ)’e etal, f:gﬁ;loglca DPSCs 6 Cell ~10%  ~10"*  NR NR i
Number
gloelzgz; etal, lcilrg(ﬁ;loglca DPSCs 3 PDT (days) Ot§4 - 1.1()3695 - p<0.05  Senescent ;:r}g). 2D (& (5265
. Data were
%‘;ag;g etal., ICXrgci)ngloglca DPSCs 5 gnCl)K -8 (450 5.31'53 * 6‘11.§9 * p<0.001  Senescent extracted from

day 7.




Author

Senescence
Induction
Method

Stem
Cell

Type

N° of NS (mean
replicates Assay + SD or
(n) SEM)

S (mean £ Signific
SD or ance (p-
SEM) value)

Lower
Proliferative
Potential

88

Notes

(Christodoulo
uetal., 2013)

(Danisovic et
al., 2017)

(Figiel-
Dabrowska et
al., 2022)

Serial
Passaging

Serial
Passaging

Serial
Passaging

AD-
MSCs

AD-
MSCs

AD-
MSCs

~210 +

NR PDT (hours) 5538

Proliferatio ~40.72 +
n Index (%) 0.43

~3.81 =

4-6 PDT (days) 037

~623.07 +

83.08 DR

~34.78 +

0.26 p<0.01

~13.53 +
0.03

NR

Senescent

NR

NS: P3, S: P10.
CPD and
Proliferation
Index was
performed and
exhibited severely
limited
proliferative
capacity, with an
early plateau in
cumulative PD
and a rapid
decline in
proliferation index
after passage 2.
NS: P1, S: P30.
The proliferation
index increased
until P10, slightly
decreased, and
remained stable
until P25; by P30,
proliferative
activity was
reduced to 32%.
NS: P3, S: P20.
The study
evaluated different
O: concentrations,



89

Senescence Stem N° of NS (mean S (mean= Signific Lower
Author Induction Cell replicates Assay + SD or SD or ance (p- Proliferative Notes
Method e n SEM SEM value Potential

(Gruber etal., Serial AD- Mean DT ~55.56 + ~89.07 + NS: P1-P4, S: P5-
2012 Passagin MSCs hours 4.2 10.63 P11.

~1.48 + NS: P3; S: P10.
. ~1+0.03 ' Infant and adult
(Wuetal.,, Serial AD- N 0.04
2022) Passaging MSCs 3 PDT (days) 010.26 + 567+ NR NR donors. Grovyth
.09 051 curve analysis

showed higher



Senescence
Author Induction
Method

Stem
Cell

Type

N° of NS (mean S (mean =+ Signific Lower
replicates Assay = SD or SD or ance (p- Proliferative
(n) SEM) SEM) value) Potential

90

Notes

(Zhang et al.,  Serial
2024) Passaging

(Bertolo et al., Serial
2016) Passaging

(Bonab et al., Serial
2006) Passaging

AD-
MSCs

BM-
MSCs

BM-
MSCs

BrdU (360  ~0.25+ ~0.21 +

nm) 0.008 0.006 p<0.05  Senescent

~4,309.63  ~7,405.85

7 PDT (hours) 37657 4 1317.99

p<0.05 Senescent

not
NR PD 2.6 +0.68 LA US 2 significa npt .
(passage) 0.73 ot significant

fold increases in
cell number at
early versus late
passages.

NS: P4, S: P10.

NS: P3; S: P10.
P3 vs P9 (p<0.05).
CPD and CFU
assays were
performed,
revealing marked
inter-donor
variability in
cumulative
population
doublings and
CFU counts, with
progressive
decline in colony
numbers from P3
to P11.

NS: P3; S: P10.
CPD analysis was
performed and
revealed a gradual
decline in
proliferative
potential. After
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Senescence Stem N° of NS (mean S (mean =+ Signific Lower
Author Induction Cell replicates Assay + SD or SD or ance (p- Proliferative Notes
Method Type (n) SEM) SEM) value) Potential
120 days in
culture,
proliferative
potential
decreased more
rapidly.
NS: P5, S: P15.
The acronyms
LD, MD, and HD
LD: LD: refer to Low-
1.3+0.02 3.4+0.10 Density (50

(Kim et al., Serial BM- MD: MD: cells/cm?),

2021) Passaging MSCs R PDT(days) 191003 s56t082 R NR Medium-Density
HD: HD: (1,000 cells/cm?),
1.8+0.05 22.2+3.48 and High-Density

(4,000 cells/cm?)
cultures,
respectively.

(Maetal., Serial BM- Cell Count NS: P3, S: Pé6.

2019a) Passaging MSCs (10°) ~6.94% ~7.96* NR NR Data from day 3.

(Wenjing et Serial BM- MTT (490 NS: PS5, S: P15.

al., 2024) Passaging MSCs 3 nm) ~0.743 ~0.447 NR NR Data from day 7.

NS: P2; S: P15.

(Diomede et Serial DpsCs 3 MTT (650  ~186664 ~179259 " not e &

al., 2017) Passaging nm) 5144445 2464198 SN significant ¢ ypan Blue

nt exclusion test was

performed and
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Senescence Stem N° of NS (mean S (mean =+ Signific Lower
Author Induction Cell replicates Assay + SD or SD or ance (p- Proliferative Notes
Method Type (n) SEM) SEM) value) Potential
revealed no
statistically
significant
differences
between passages.
(Maetal., Serial Cell Count ~27.79 + NS: P3, S: Pé6.
2019) Passaging DPSCs 5 (10%) 2.04 ~37.38% NR NR Data from day 3.
NS: P2; S: P15.
Data from day 7.
The Trypan Blue
; exclusion test was
(Diomede et Serial PDLSC MTT (650  ~10,447.5 ~9661.57 ‘Sll" g DOt performed and
al., 2017) Passaging ] nm) 9+425.77 +425.76 o tg significant revealed no
statistically
significant
differences
between passages.
(Hu et al., Serial PDLSC 3 CCK-8 (450 ~0.43 + ~0.27 + p<0.001  Senescent NS: P4, S: P20.
2024) Passaging S nm) 0.03 0.02 ' Data from day 7.
(Jia et al., Serial PDLSC CCK-8 (450 ~0.31 £ NS: P5, S: P20.
2025) Passaging S . nm) A 0.05 DL tsesesi Data from day 6.
(Maetal., Serial PDLSC 5 Cell Count ~20.67 £ ~27.87 + NR NR NS: P3, S: Pé6.
2019) Passaging S (10%) 2.71 1.77 Data from day 3.
(Yang et al., Serial PDLSC 3 CCK-8 (450 ~2.46+ _1.5% NR NR NS: 3, S: P12.
2021) Passaging ] nm) 0.1 ’ Data from day 7.
UcC- NS: P3,dS: P10.
(Christodoulo  Serial ~34.46 + ~38.98 + CPD an
uetal, 2013)  Passaging %?CS_ NR PDT (hours) 7.5 6.25 NR NR Proliferation

Index analysis
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Senescence Stem N° of NS (mean S (mean =+ Signific Lower
Author Induction Cell replicates Assay + SD or SD or ance (p- Proliferative Notes
Method Type (n) SEM) SEM) value) Potential
demonstrated a
high and sustained
proliferative
capacity, with
continuous
accumulation of
PD over at least
15 passages and a
peak Proliferation
Index at passage
6.
. UC-
(Zhuang et al., Serial MSCs. 3 MTT (570 ~0.64 £ ~0.42 + NR NR NS: P3, S: P15.
2015) Passaging W1 nm) 0.04 0.04 Data from day 6.
MSCI:
MSCl:~1 034
uc +0.03 1%[08%2'
(Jin et al, Serial MSCs. 2 Fold MSC2:~1 h20:  NR NR NS: P5, S: P13.
2016) Passaging Increase +0.1
CB 0.03
MSC3: ~1
0.0 MSC3:
~0.37 £
0.09
NS: P3, S: P14.
(K I Sl e 4.05 1.74 o od b
im et al., eria ~4.05 £ ~1.74 £ grouped by size
2020) Passaging 1(\:4]; Cs- 4 PD 1.3 0.46 NR NR (heterogeneous,

large, and small);
the reported data
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Senescence Stem N° of NS (mean S (mean =+ Signific Lower
Author Induction Cell replicates Assay + SD or SD or ance (p- Proliferative Notes
Method Type (n) SEM) SEM) value) Potential
refer to the
heterogeneous
group.

Supplementary Table 4. Individual results for the proliferation outcome. This table summarizes individual study results evaluating proliferation-related outcomes in non-
senescent (NS) and senescent (S) stem cell populations. Studies are first grouped according to the type of senescence induction (inflammatory stimuli, Chronological aging, and
serial passaging) and then sub-grouped by cell type (AD-MSCs, BM-MSCs, DPSCs, PDLSCs, UC-MSCs-WJ and UC-MSCs-CB). Data are presented as mean + SD or SEM,
as reported in the original studies. Different assays were used to assess proliferative capacity, including BrdU incorporation, cell number, population doublings (PD), doubling
time (DT), population doubling time (PDT), cumulative population doublings (CPD), and colony-forming unit (CFU) assays. When more than one assay was used to assess the
same outcome, only one was included in the table. NR indicates not reported. Values preceded by a tilde (~) indicate data extracted manually from figures when numerical
results were not reported in the text. An asterisk (*) indicates that SD or SEM was not reported in the original study. In some studies, NS and S groups represent different

experimental controls (e.g., Lenti-Control or Control-siRNA) and were not directly compared.
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Senescence Stem N° of NS (mean S (meanz* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
LPS:
. ~25.33 +
Inflammatory Alizarin LPS: 1 pg/mL
(Mactal,  Simui—LpPs S s Red (area- o0 232 \R NR TNF-o: 100 ng/mL
2019) and TNF- o MSCs %) 5.28 TNF-a: 7 weeks
~22.24 £ :
1.76
LPS:
(Ma et al Inflammatory Alizarin 8436 + 23;‘91'64 - LPS: 1 pg/mL
? Stimuli—LPS DPSCs 5 Red (area - : : ) NR NR TNF-a: 100 ng/mL
2019) and TNF- a %) 8.15 TNF-o: 2 weeks
~19.82 £+ :
3.52
NS: group 1 (<20
years), S: group 3
(>50 years). 12
ALP days. Significantly
(Alt et al., Chronologica AD- 5 Concentrat ~48.73 £  ~21.34+ NR NR decreased with age;
2012) 1 Aging MSCs . 1.66 1.18 although the p-value
ion (ng)
was not reported,
this finding was
described in the
results.
Von Kossa I;IeSa.rsg)rOél. p glro(ljsg
i - ining (% % + % + > -
Cluthery Qg AD. ) SO 0005 S22 g e Loy, S
area) results were

obtained when gene
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Senescence Stem N° of NS (mean S (mean+ Significa Lower
Author Induction Cell replicates Assay + SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential

expression of OST
and ALP was
analyzed through
quantitative RT-
PCR. Induction time

was not reported.




Author

Stem
Cell

Type

Senescence
Induction
Method

N° of
replicates

(n)

NS (mean

+ SD or
SEM)

Assay

S (mean +

SD or
SEM)

Significa

nce (p-
value)

Lower
Differentiation
Potential

97

Notes

(Legzdina et
al., 2016b)

(Wu et al.,
2013)

AD-
MSCs

Chronologica
1 Aging

AD-
MSCs

Chronologica
1 Aging

NR

NR

Alizarin
Red S
staining
(Calcium
deposits)

positive

Calcium
content

(umol/ug)

~6.41 +
0.59

positive

~4.0.3 £
0.13

NR

p<0.05

NR

Senescent

isolated from older
donors.

NS: CS-8 (27
years), S: CS-8 (63
years). 30 days.
Alkaline
phosphatase activity
was positive in both
age groups.

NS: infant, S: adult.
Data are shown for
day 21; days 7 and
14 were also
evaluated.
Osteogenic
differentiation
decreased with age,
with higher
mineralized matrix
deposition and
RUNX-2 expression
in infant donors and
reduced calcium
phosphate content in
elderly donors.
Paracrine
osteoinductive
factor expression,
including BMP-2
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Senescence Stem N° of NS (mean S (mean=* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
and TGF-f, was
preserved across
ages.
NS: Infant, S: Adult.
(Wu et al., Chronologica AD- RIGPCR - ~196+  ~27.14% 0001 NonSenescent Zxﬁzzsf)gjgs
2022) 1 Aging MSCs OCN 0.51 3.08 ' higher in the adult
group.
2 weeks. Alizarin
Alizarin Red S solubilization

(Ye et al., Chronologica AD- Re(.i . 86.7 65.1 + (OD 562 nm)

2016) 1A MSCs 6 Stalnlng' 10.0 151 p<0.05 Senescent r;vegled a ‘
(% positive significant reduction
area) in the S group (p <

0.01).
ALP
. . activity
Stozl(z)lonsg) et firg(i)ggloglca 1]\3/11\;[65 NR (nmol p- 1.45+0.1 (0)(5)1 = p<0.001  Senescent 10 days.
” NP/min/10 '
“ cells)
. Alizarin 21 days. No

(Gl el Chrqnologlca DPSCs NR Red S positive reduced NR NR quantitative analysis

2024) 1 Aging ..
staining was performed.
Alizarin

. ' ~0.29 +
%il‘:lg))et al., lCirg(i)ngloglca DPSCs 3 IS{tea(iining ~1+£0.08 0%29 p<0.05 Senescent 21 days.

(OD)
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Senescence Stem N° of NS (mean S (mean=* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
28 days. OCN
. . Alizarin Not expression assessed
(Horibe et al., Chrqnologlca DPSCs 6 Red S positive positive significa  not-significant bprT-PCR was
2014a) 1 Aging .. o
staining nt similar in both
groups.
NS: group A (21
years), S: group C
(64 years). 14 days.
3 weeks. Reduced
ALP staining and
Alizarin significantly
(Iezzi et al., Chronologica Red ~5.40 £ ~2.32+ decreased
2019) 1 Aging DPSCs 3 Staining 0.29 0.13 p<0.05 Senescent osteogenesis-related
(540 nm) gene expression
were observed in
aged group
(RUNX2, BGLAP,
BMP2, p-catenin,
DMPI, DSPP).
. Alizarin
QWELHGUELS Chrqnologlca DPSCs NR red S positive reduced NR NR 7 days.
2025)b 1 Aging .
staining
NS: P2, S: P10. 21
days. Early passage
(Christodoulo Serial AD- Alizarin >50 <20 showed ro bust .
u et al., 2013) Passaging MSCs 3 Regl . nodules nodules NR NR osteogenic cap aglty
Staining assessed by calcium

deposition, and
CFU-ALP assays,



Author

Senescence
Induction

Method

Stem
Cell

Type

replicates

Assay

NS (mean S (meanz* Significa

Differentiation

100

Notes

(Gruber et
al., 2012)

(Legzdina et
al., 2016b)

(Ma et al.,
2019a)

Serial
Passaging

Serial
Passaging

Serial
Passaging

AD-
MSCs

AD-
MSCs

AD-
MSCs

Alizarin
Red
Staining

Alizarin
Red S
staining
(Calcium
deposits)

Alizarin

Red (area -

%)

not-significant

whereas late
passage (P10) cells
exhibited reduced
osteogenic
outcomes.

NS: P1, S: P12. No
quantitative analysis
was performed;
however, both
passages analyzed
tested positive for
osteogenic potential
by forming
mineralized nodules
in vitro. Induction
time was not
reported.

NS: P3, S: P9. CS-8
donor (27 years)
Alkaline
phosphatase activity
was positive in both
passages. Induction
time was not
reported.

NS: P3, S: P6. 2
weeks.
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Senescence Stem N° of NS (mean S (mean=* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
(Truong,et  Serial AD- Alizarin y NS: PS, S: P15. 30
’ ) NR Red positive reduced NR NR ’
al., 2019) Passaging MSCs . days.
staining
Alizarin
(Wang et al.,  Serial AD- 3 Red ~2.77 £+ ~3.12 £+ NR NR NS: P4, S: P8. 3
2025)a Passaging MSCs Staining 0.89 0.18 weeks.
(405 nm)
NS: P3.S: P11. 21
days. Mineralized
matrix deposition
assessed by von
Not Kossa staining was
(Bertolo et al., Serial BM- 7 RT-PCR - 14001 ~0.58 + significa  not-significant higher in early
2016) Passaging MSCs OPN ' 0.63 ot passages and
decreased with in
vitro aging, with
significant inter-
donor variability
(P3 vs P9).
. Von Kossa
(Bonab et al., Serial BM- NS: P1-4, S: P10. 2-
2006) Passaging MSCs NR ?(f/lg ALP 100 20 NR NR 3 weeks.
Ns: P4, S: P12. 21
(Chengetal.,  Serial BM- 3 ﬁélj ?51;15 ~0.32+ ~0.54 & p<0.01 Senescent SigiéiiLQLwas
2011a) Passaging MSCs 0.03 0.04 ' . :
nm) higher in late

passage group.
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Senescence Stem N° of NS (mean S (meanz= Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
NS: P5, S: P15.
Alizarin Red S
mineralization
decreased in a
passage-dependent
manner, with
LD: ~0.49 reduced ALPP and
+005 D023 SPPI in late
. . Alizarin MD: = 0'93 passage; no direct
(I Gl sl . BM- NR Red (405 ~0.54 + R NR NR statistical test
2021) Passaging MSCs +0.02
nm) 0.1 between P5 and P15
HD: ~0.11
HD: ~0.48 L 0.00 was performed
+0.03 ’ (described in text).
LD, MD, and HD
denote low-,
medium-, and high-
density cultures.
Induction time was
not reported.
(Maetal,  Serial BM- ﬁgfgfia _oBB63E SS260% o0 gocen NS: P3, S: P6. 2
2019a) Passaging MSCs %) 6.94 6.95 - weeks.
NS: P3, S: P11. 21
Alizarin days. Von Kossa
(Wagner et Serial BM- NR Red ~0.22 + ~0.42 + NR NR Staining showed
al., 2008) Passaging MSCs Staining 0.02 0.13 higher
(595 nm) mineralization in

late passage.
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Senescence Stem N° of NS (mean S (mean=* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
ALP
. . Staining Not NS: PS5, S: P15.
g\lVezn d;‘lg et Is’zzlsa;lging E/Il\é[&?s 3 (Positive 94.1+33 824+87 significa not-significant Induction time was
” Cell Rate- nt not reported.
%)
NS: P2, S: P15. 28
days. RUNX
expression was
assessed and
showed higher
(Diomed Serial RT-PCR - ~0.9 1.1 o b Eaﬂy
iomede et eria qRT- - ~09+ ~1.1+ . . passage; however,
al., 2017) Passaging |2 ALP 0.05 0.08 Islltgmﬁca L
difference was
observed. Alizarin
Red S staining
revealed
mineralized nodules
in both passages.
Alizarin
(Li et al., Serial Red ~2.24 + ~0.66 + NS: P3, S: P12. 21
2025) Passaging DPSCs 3 Staining 0.34 0.12 p<0.001  Senescent days.
(562 nm)
(Ma et al., Serial DPSCs 5 ﬁgj"gﬁa  ~80.14%  ~T146+ Is\gn fica notsignificant NS1P3 51 P62
2019a) Passaging %) 5.21 5.71 ot weeks.
(Diomede et Serial PDLSC QRT-PCR- ~098+  ~1.06+  Of - RUNX expression
al., 2017) Passaging S 2 ALP 0.04 0.09 significa  not-significant  was assesged and
nt showed higher
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Senescence Stem N° of NS (mean S (mean=* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
levels in late
passage; however,
no significant
difference was
observed. Alizarin
Red S staining
revealed
mineralized nodules
in both passages.
NS: P5, S: P20. 21
days. COLI, ALP,
and RUNX2
ALP expression was
. ‘ At assessed and
nga et al., Serial _ PDLSC 3 Y- ~81.94% ~14.85+ p<0.001  Senescent showed decreased
025) Passaging S Wiz 0.96 levels at late
; passages, along with
sy fewer mineralized
nodules observed in
the Alizarin Red S
staining assay.
. Alizarin Not
(Ma etal., Serial . PDLSC 5 Red (area - =702+ ~55.834 significa  not-significant ~ NS: P3, S: P6.
2019a) Passaging s %) 6.2 3.97 nt
. NS: P3, S: P12. 28
A days. ALP activit
(Yang et al.,  Serial PDLSC Red S ~0.46 + yS. Y
. 3 . ~1 +0.09 p<0.01 Senescent was reduced, as
2021) Passaging S Staining 0.07 o
indicated by
(562 nm)

quantitative



Author

Senescence
Induction

Method

Stem
Cell

Type

N° of
replicates

(n)

Assay

NS (mean S (meanz* Significa

+ SD or
SEM)

SD or
SEM)

nce (p-
value)

Lower
Differentiation
Potential
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Notes

(Cheng et al.,
2011a)

(Christodoulo
u et al., 2013)

(Govarthanan
et al., 2025)

Serial
Passaging

Serial
Passaging

Serial
Passaging

UucC-
MSCs-
WJ

UC-
MSCs-
W1J

UC-
MSCs-
WIJ

Alizarin
NR Red (595
nm)

Alizarin
3 Red
Staining

OPN

RT-gPCR -

~043 +
0.03

>50
nodules

~8.09 +
0.57

~1.18 £
0.03

<20
nodules

~2.03 +
0.11

p<0.01

NR

p<0.0001

Non-Senescent

NR

Senescent

assessment and
weaker staining.
Expression of
osteogenic genes
(ALP, RUNX2,
OCN, COL-I) was
lower compared
with late passage.
NS: P4, S: P23. 21
days. ALPL
expression was
higher in late
passage group.

NS: P2, S: P20. 21
days. Early passage
showed robust
osteogenic capacity
assessed by calcium
deposition, and
CFU-ALP assays,
whereas late
passage (P20) cells
exhibited reduced
osteogenic
outcomes.

NS: P3, S: P15. 21
days. COLIAI,
RUNX?2 expression
were assessed and
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Senescence Stem N° of NS (mean S (mean=* Significa Lower
Author Induction Cell replicates Assay = SD or SD or nce (p- Differentiation Notes
Method Type (n) SEM) SEM) value) Potential
showed reduced
levels in late
passage, along with
fewer mineralized
nodules observed in
the Alizarin Red S
staining assay.
NS: P3, S: P21. A
significant
Alizarin difference was
Red observed between
. UC- Staining P9 and P21 (p <
ch‘(’)elr;)et 183:?:: - MSCs- 5 Bone 193163 s 5142’ 6+ \r NR 0.001). The
" ging Wi matrix : : percentage of area
deposition with bone matrix
area - %) deposition was
similar at passages
3,9, and 18.
(Jin et al. Serial ue- ALP iy NS: P5,S: P13. 14
’ . MSCs- NR .. positive reduced NR NR ’
2016) Passaging CB staining days.

Supplementary Table 5. Individual results for the osteogenic differentiation outcome. This table summarizes individual study results evaluating osteogenic differentiation

capacity in non-senescent (NS) and senescent (S) mesenchymal stem cell populations. Studies are grouped by senescence induction method (inflammatory stimuli, Chronological

aging, serial passaging) and sub-grouped by cell type (AD-MSCs, BM-MSCs, DPSCs, PDLSCs, UC-MSCs-WJ, UC-MSCs-CB). Data are presented as mean = SD or SEM, as

reported in the original studies. A variety of osteogenic assays were used, including Alizarin Red staining (area, optical density), von Kossa staining, alkaline phosphatase (ALP)
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activity, calcium content, RT-qPCR of osteogenic markers (e.g., OCN, OPN, RUNX?2), and others. When multiple assays were reported for the same outcome, only one
representative assay was included. NR indicates “not reported”. Values preceded by a tilde (~) indicate data extracted manually from figures when numerical results were not

reported in the text. An asterisk (*) denotes that SD or SEM was not provided in the original article.
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NS S
Senescence Stem N° of (mean (mean Sienificance Lower
Author Induction Cell replicates Assay = SD = SD ( %value) Differentiation Notes
Method Type (n) or or P Potential
SEM) SEM)
NS: group 1 (<20 years), S:
Oil Red O group 3 (>50 years). 12
(Alt et al., Chronological AD- Sotammg ~33.29 ~9.78 + e LPL AL
. 5 (% NR NR CEBPA expression and
2012) Aging MSCs " +2.6 221 . .
positive increased LEP expression
cells) were observed in the elderly
group.
Oil Red O NS: group 1 (<30 years), S:
.. o
(Choudhery Chronological AD- staining g 4o, 022% o - group 3 (>60 years). 21
etal,2014) Agin MSCs > (% +7.1% significant MOt significant - days. PPAR-y, LPL
” £ing positive S 13.0% & expression showed no
cells) difference between groups.
NS: >20 years, S: >70 years.
14 days. LPL and CEBPA
expression were reduced and
(Kornicka  Chronological AD- o .R.ed > ~21.53  ~39.27 {:EP CXpIession was
. >2 positive p<0.01 Non-Senescent increased in the senescent
et al.,, 2015) Aging MSCs 0 +195 +£2093 . .
area (%) group. Lipid droplet
formation was higher at
early time points and similar
between groups by day 14.
(Legzdina . )
Chronological AD- Oil Red O . . NS: CS-8 (27 years), S: CS-
etal, Aging MSCs NR staining positive  positive  NR NR 8 (63 years). 16 days.

2016b)
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NS S
Senescence Stem N° of (mean (mean Sienificance Lower
Author Induction Cell replicates Assay = SD = SD ( %value) Differentiation Notes
Method Type (n) or or P Potential
SEM) SEM)
QO EREL,  Chisnslgzienl AD- NR LEOIRCISem ) e TRty <0.01 Non-Senescent Ic;IaS:sII}f;jt;QS:eidrléls;iz)i was
2022) Aging MSCs _LPL +359 +935 P days. LARy exp
increased in adult group.

Oil Red O
(Yeetal, Chronological - AD- 6 (S"t/alnlng ~78.7%  ~39.4% <0.05 Senescent 61:: (12Zssi.oflP\i§ryeZS?nr(1iiéfiltl
2016) Aging MSCs ° +98 +127 P pressic & y

positive reduced in old group.

cells)

Oil Red O

. : Staining 0 0

(Stolzing et Chronological BM- NR (% 66%+ 59%+ Not not sienificant NS: young (7-18 years), S:
al., 2008)  Aging MSCs ° 12 9.5 significant £ aged (>40 years).

positive

cells)

. Oil Red O

(Feng et al., Chronological . ~0.76 £ ~0.16 +
2014)b Aging DPSCs 3 i{;l}l;)lng 0.08 0.04 p<0.05 Senescent 3 weeks.
(Horibe et  Chronological Oil red O > > Not . PPARy and aP2 expression
al., 2014) Aging DlESCY staining positive  positive significant ISR T were similar in both groups.
(Iezzi et al., Chronological Oil Red O o NS: group A (21 years), S:
2019) Aging DPSCs — NR staining positive  reduced NR NR group C (64 years). 14 days.
(Legzdina  Serial AD- Oil Red O i NS: P3, S: P9. CS-8 donor
etal, 2016) Passaging MSCs NR staining SRV I NS NR (27 years). 16 days.
(Truong, et Serial AD- NR Oil Red O ositive positive NR NR I(\)Ilsle:llfi)tsa’tii:ef;lrlzl 7522 };iowed
al., 2019) Passaging MSCs staining p p Y

almost no difference.



110

NS S
Senescence Stem N° of (mean (mean Significance Lower
Author Induction Cell replicates Assay = SD = SD val Differentiation Notes
Method Type (n) or or (p-value) Potential
SEM) SEM)
. Oil red NS: I"4, .S: P8. 2 weeks.
(Wang et Serial . AD- 3 St Sosifive mediezd MR NR Quahta}we analyses showed
al., 2025)a  Passaging MSCs dramatically decayed in late
(450 nm)
passage.
NS: P3, S: P11. 3 weeks.
(Bertoloet  Serial BM- RT.GPCR  ~0.98+ ~644% Nom.S  Qualitative analysis of Ol
al, 2016)  Passaging ~ MSCs -PPARy 008 166 P On-SEniescet - jfed 7 SIS SIOWe
increased lipid accumulation
at late passages.
Staining
with Oil
(Bonab et Serial BM- red O NS: PQ-P4, S: P9. 2-3
al, 2006)  Passaging ~ MSCs R dipid U NR NR ek
vacuoles —
%)
0il Red-O NS: P4, S: P12. 21 days.
(Cheng et Serial BM- 3 staining ~0.65+ ~02+ p<0.01 Senescent CEBPa, PPARRYy expression
al., 2011)a  Passaging MSCs (490 nm) 0.06 0.05 ’ was significantly higher at
early passages.
NS: P5, S: P15. Oil Red O
LD: LD: staining decreased in a
~0.98 £ ~0.55=+ passage-dependent manner;
(Kim et al., Serial BM- NR OilRed O 0.05 0.03 NR NR however, no direct statistical
2021) Passaging MSCs (500 nm) MD: MD: test between P5 and P15 was
~1.05+ ~0.48 + performed (described in the
0.14 0.05 text). PPARy and FABP4

expression appeared similar
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NS S
Senescence Stem N° of (mean (mean Significance Lower
Author Induction Cell replicates Assay = SD = SD val Differentiation Notes
Method Type (n) or or (p-value) Potential

SEM) SEM)

HD: HD: across passages. LD, MD,

~1.05+ ~0.53+ and HD denote low-,

0.14 0.05 medium-, and high-density
cultures. Induction time was
not reported.

(Wagner et Serial BM- Oil Red ~048+ ~0.17+ ) )
al,2008)  Passaging MSCs R (595nm) 002 014 R NR NS:P3, S: P11. 21 days.
Oil Red O
(Wenjing et Serial BM- 3 (Slizlslﬁfi 408+ 342+ Not Dot sionificant  NS: P3, S: P15. Induction
al., 2024) Passaging MSCs 2.0 1.8 significant & time was not reported.
Cell Rate
- %)
NS: P2, S: P15. 28 days. Oil
red solution staining
(Diomede et~ Serial DPSCs 2 RT-gPCR ~1+  ~1.06+ Not Somifieant ﬁe‘?zionsmtfs thf prteselnce of
al., 2017) Passaging S - PPAR-y  0.06 0.08 significant not sighttican 11p1 vacuo'es at cytopiasmic
evel in both passages.
FABP4 expression showed
no difference.
NS: P2, S: P15. 28 days. Oil
red solution staining
(Diomede et Serial PDLSCs 2 RT-gPCR  ~131+ ~132+ Not CGionie f.e‘.réomtratfs thte presehe of
al., 2017) Passaging > - PPAR-y 0.1 0.12 significant hot sighttican Ip1c vacto es at cytoplasmic

level in both passages.
FABP4 expression showed
no difference.
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Senescence Stem Significance Lower
Author Induction Cell replicates Assay Differentiation Notes
Method Type Potential
. NS: P4, S: P12. 21 days.
(Cheng et Serial &(;_Cs- g;lirireld_o Senescent CEBPo increased at late
al., 2011)a  Passaging Wi (490 mi ) passages, while PPARy was
higher at early passages.
Oil Red O NS: P3, S: P21. A significant
staining difference was observed
. ucC- (% of between P9 and P21 (p <
Sef;%elr;)et ls)zzglging MSCs- cells . NR 0.001).‘ The percentage of
’ WJ containing area with lipid droplets was
lipid similar at passages 3, 9, and
droplets) 18.
(Jin et al., Serial [l\iI(S:-Cs— Oil Red O NR NS: PS5, S: P13. Induction
2016) Passaging CB staining time was not reported.

Supplementary Table 6. Individual results for the adipogenic differentiation outcome. This table summarizes individual study results evaluating adipogenic differentiation

capacity in non-senescent (NS) and senescent (S) mesenchymal stem cell populations. Studies are grouped by senescence induction method (Chronological aging, serial

passaging) and sub-grouped by cell type (AD-MSCs, BM-MSCs, DPSCs, PDLSCs, UC-MSCs-WJ, UC-MSCs-CB). Data are presented as mean = SD or SEM, as reported in

the original studies. Adipogenic assays included Oil Red O staining (positive area, optical density, percentage of positive cells) and RT-qPCR of adipogenic markers (e.g.,

PPARy, LPL, CEBPA). When multiple assays were reported for the same outcome, only one representative assay was included. NR indicates “not reported”. Values preceded by

a tilde (~) indicate data extracted manually from figures when numerical results were not reported in the text. An asterisk (*) denotes that SD or SEM was not provided in the

original article.
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NS S Lower
Senescence Stem  N°of (mean (mean Sienificance Differen
Author Induction Cell replicates Assay += SD g tiation  Notes
+ SD or (p-value) .
Method Type (n) SEM) or Potenti
SEM) al
S: group 3 (>50 years). 21
(Altetal., Chronological AD- RT-PCR — : e days. BMP-6 and COL10A4
2012) Aging MSCs > COL24 baseline -304  NR NR expression were reduced in
aged group.
Alcian S: group 3 (>60 years). 3
(Choudhery  Chronological AD- 3 Blue 051+ 017+ <0.001 Senesce  weeks. AGGRECAN and COL2
etal., 2014) Aging MSCs staining 0.06 0.02 p= nt expression were significantly
(620 nm) reduced in aged group.
gllgleail Non- NS: infant, S: adult. Day 21.
(Wu et al., Chronological AD- . ~201+ ~247+ SOX9, COL2 and COL10
. NR diameter p<0.05 Senesce . ..
2022) Aging MSCs 0.06 0.13 expression were significantly
of pellets nt .
reduced in adult group.
(mm)
Alcian
(Ye et al., Chronological AD- 6 Blue 0.76 £ 025+ <0.05 Senesce évovzgkv?elﬁe(}s?i]izfi?gl and
2016) Aging MSCs staining 029  0.16 P nt ot i egd o y
(620 nm) gec group-
Alcian
. . blue not
(Stolzing et Chronological BM- . 1.6 + Not . )
al., 2008) g MSCs 5 binding 32+3 1.9 S significa S: aged. 21 days.
assay (630 nt
nm)
. ) Alcian not
(lezzietal., Chronological . .. Not o )
2019) Aging DPSCs NR lsiillilreling positive  positive significant rs:g;mfu:a S: group C (64 years). 14 days.
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(Gruber et Serial

al., 2012) Passaging
(Truong, et Serial
al., 2019) Passaging

(Wang et al.,  Serial
2025)a Passaging

(Bertolo et al., Serial
2016) Passaging

(Wenjing et Serial
al., 2024) Passaging

(Govarthanan Serial
et al., 2025) Passaging

AD-
MSCs

AD-
MSCs

AD-
MSCs

BM-
MSCs

BM-
MSCs

UucC-
MSCs-
WJ

NR

NR

NR

3

Alcian
Blue
staining

Safranin O
staining
Alcian
Blue
staining
GAG/DNA
(ng/ng)
Safranin O
Staining
(Positive
Cell Rate)

RT-gPCR
— COL2AI

positive

positive

positive

~66.01
+991

943 +
6.5

~10.13
+0.39

positive

reduced

reduced

~5.82 +
4.47

84.5 £
8.5

~2.62 +
0.22

Not
significant

NR

NR
p<0.05
Not

significant

p<0.0001

not
significa
nt

NR

NR

Senesce
nt

not
significa
nt

Senesce
nt

NS: P1, S: P12. No
quantitative analysis was
performed; however, both
passages analyzed tested
positive for chondrogenic
potential by forming
micromass formation in vitro.
Induction time was not
reported.

NS: P5, S: P15. 21 days.

NS: P4, S: P8. 14 days

NS: P3, S: P11. 28 days. COL2
were significantly reduced in
late passage.

NS: P5, S: P15. Induction time
was not reported.

NS: P3, S: P15. 28 days. SOX9
expression was significantly
reduced at late passage,
whereas COL1A1 expression
was similar in both passages.
Toluidine Blue staining was
reduced in the late passage.

Supplementary Table 7. Individual results for the chondrogenic differentiation outcome. This table summarizes individual study results evaluating chondrogenic

differentiation capacity in non-senescent (NS) and senescent (S) mesenchymal stem cell populations. Studies are grouped by senescence induction method (Chronological aging,
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serial passaging) and sub-grouped by cell type (AD-MSCs, BM-MSCs, DPSCs, UC-MSCs-WJ). Data are presented as mean + SD or SEM, as reported in the original studies.
Chondrogenic assays included Alcian Blue staining, Safranin O staining, glycosaminoglycan/DNA (GAG/DNA) quantification, pellet diameter measurement, and RT-qPCR of
chondrogenic markers (e.g., COL241, SOX9, AGGRECAN). When multiple assays were reported for the same outcome, only one representative assay was included. Values

preceded by a tilde (~) indicate data manually extracted from figures. NR indicates “not reported”.
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Senescence Stem N° of 1(\In?ean 4 (Smean Sienificance Reduced
Author Induction Cell replicates Assay g Migration  Notes
Method Type (n) SD or £5D o (p-value) Potential
SEM) SEM)
(Chen et  Chronological ~173.04 ~42.54 ;
al., 2024)  Aging DPSCs 3 Transwell L1864 443 p<0.001 Senescent S: old group. 24 hours.
NS: P5, S: P15. 24 hours.
(Wenjing Serial BM- 123+ 1924+ Scratch Healing Rate was
et al., Passacin MSCs 3 Transwell 183 50 p<0.05 Senescent assessed and showed
2024a) £ing ' ' reduced migration in late
passage.
Transwell
. (relative _
SQN3EE - S . PDLSCs 3 number of  ~1£0.06 Vb p<0.01 Senescent ~ NS: P3, S: P12. 48 hours.
al., 2021) Passaging . 0.03
migrated
cells)

Supplementary Table 8. Individual results for the migration outcome. This table summarizes individual study results evaluating migratory capacity in non-senescent (NS)

and senescent (S) mesenchymal stem cell populations. Studies are grouped by senescence induction method (Chronological aging, serial passaging) and sub-grouped by cell

type (DPSCs, BM-MSCs, PDLSCs). Data are presented as mean = SD or SEM, as reported in the original studies. Migration was assessed using Transwell assays (number of

migrated cells) and scratch-wound healing assays. Values preceded by a tilde (~) indicate data manually extracted from figures. NR indicates “not reported”.
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Senescence Stem N° of -
Author Induction Cell replicates Assay 1;31\(/[1;1ean 5D or Sénl\}san =5D or (Sl%:,l;ﬁlcsnce Notes
Method Type (n) P
TNF-a: ~29.26 + ?1;15 OB S NS: Lenti-Control
(Huang . . 4.18 S (YMSCs), S: Control-
etal, ihrign(’loglcal OTE f;ls/i‘n 1) IL6:~3031+261 I7L93 He19= \r $iRNA (AMSCs). Groups
2023) ging & IL-10: ~107.14 + S were not directly
47 IL-10: ~63.90 + -
' 4.76 '
i IL-1p: ~1.5 IL-1p:~3.2
(Horibe .
Serial RT- 1L-6: ~2.2 IL-6: ~5.2
%?4'?’1) Passaging DPSCs 6 PCR IL-8:~2.5 IL-8: ~6.1 NR NS: P6, 5: P20.
Groo: ~2.1 Groa: ~4.8
IDO-1: ~1.02+0.12
HMOX-1: ~1.59 +
0.14
IL-10: ~1.56 £0.11
(Zhuang ¢ . ue R IL-6:~1.52 £0.12 p<0'0f_
etal., eriat ", 3 ) baseline: 1 iNOS: ~1.42 £0.13  SX°°P- NS: P3, S: P15.
Passaging MSCs qPCR i IDO-1 and
2015) IL-1a: ~0.59 0.1 TGF-pI
TGF-f1: ~0.98 £ K
0.08
IL-1f: ~0.53 £0.14
IFN-y: ~0.44 + 0.08
NS: P5-10, S: P15-P20. 1
;T“ & Serial uc- ; 52%32_ I 40048410922 1. 364.07+10923 ?ﬁgeiggggieggnor
. . 2 -
2014) Passaging MSCs (pe/mL) 2. 436.89+109.22 2. 327.66 +109.23 derived hMSC lines (#1

and #2).
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Supplementary Table 9. Individual results for the immune response outcome. This table summarizes individual study results evaluating immune-modulatory marker
expression in non-senescent (NS) and senescent (S) mesenchymal stem cell populations. Studies are grouped by senescence induction method (Chronological aging, serial
passaging) and sub-grouped by cell type (BM-MSCs, DPSCs, UC-MSCs-WJ, UC-MSCs-CB). Data are presented as mean = SD or SEM, as reported in the original studies.
Immune-related markers were assessed by ELISA (cytokine secretion) or RT-qPCR (gene expression) for factors including TNF-a, IL-6, IL-10, IL-1p, IL-8, Groat, IDO-1,
HMOX-1, iNOS, TGF-p1, IFN-y, and PGE:. Values preceded by a tilde (~) indicate data manually extracted from figures. NR indicates “not reported.”



SUPPLEMENTARY TABLE 10 Individual results for the tissue repair (in vivo) outcome.

NS

S
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Senescence Stem N° of (mean  (mean Significance Lower
Author Induction Cell replicates Assay +SDor +SDor ( %value) Tissue Notes

Method Type (n) SEM)  SEM) P Repair

.. Mineralization in periodontal
(At Inﬂamplatory BM- HE staining ~0.93+ ~0.53+ tissue. Nude micepLPS'
al., Stimuli — LPS 5 (mineralization ‘ : NR NR ) ’ i
MSCs 0.16 0.49 lpug/mL
2019) and TNF- a area - %) TNF-a: 100ng/mL.
. Mineralization in periodontal
(Ma et  Inflammatory HE staining N L n . . ]
al., Stimuli —LPS DPSCs 5 (mineralization 001.f8 0%§ °* \R NR tllss‘jflﬁ“de mice. LPS:
2019) and TNF- a area - %) ' ’ TLIiIgF-oc' 100ng/mL
Micro-CT . .

(Chen . . . L N Bone regeneration (rat calvarial
etal., Chfonologlcal DPSCs 6 anglysm (bonp Uels e NR NR bone defects). Sprague-Dawley

Aging mineral density  0.05 0.04
2024) rats.

g/cc)
Aged DPSCs exhibited reduced
(Horibe . Vascularization _ pulp regeneration, with smaller
etal., ihﬁ)lnologlcal DPSCs 4 area/regenerated 099'é7 * 074'%1 * p<0.05 Senescent regenerated pulp tissue and
2014) ging area ' ’ fewer odontoblast-like cells
compared with young DPSCs.

(Yang et . .
al., Sl . PDLSCs 3 HE staln} ne positive reduced NR NR NS: P3, S: P12. Nude mice.
2021) Passaging (mineralization)

Supplementary Table 10. Individual results for the tissue repair (in vivo) outcome. This table summarizes individual study results evaluating in vivo tissue repair capacity

of non-senescent (NS) and senescent (S) mesenchymal stem cell populations. Studies are grouped by senescence induction method (inflammatory stimuli, Chronological aging,
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serial passaging) and sub-grouped by cell type (BM-MSCs, DPSCs, PDLSCs). Data are presented as mean + SD or SEM, as reported in the original studies. /n vivo repair
outcomes were assessed using micro-CT analysis (bone mineral density) and histomorphometry (HE staining; mineralization area). Values preceded by a tilde (~) indicate data

manually extracted from figures. NR indicates “not reported”.



121

Risk of bias assessment - In vitro studies
10% 20% 30% 40% 50% 60% 70% 80% 90%

=
=
—
=
=
=

Alraies et al., 2017
Altetal. 2012
Bertolo et al., 2016
Bonab et al., 2006
Chen et al., 2024
Cheng et al., 2011
Choudhery et al., 2014
Christodoulou et al., 2013
Danisovic et al., 2017
Diomede et al., 2017
Feng et al., 2014 (a)
Feng et al., 2014 (b)
Feng et al., 2018
Figiel-Dabrowska et al., 2022
Gao et al., 2023
Govarthanan et al., 2025
Gruber et al., 2012
Horibe et al., 2014
Huetal., 2024
Huang et al., 2023
lezzi et al.,2018

Jia et al., 2025
Jeoung et al., 2015
Jinetal., 2016
Katsube et al., 2008
Kim et al.,2020

Kim et al., 2021
Kornicka et al., 2015
Legzdina et al., 2016
Lietal., 2025

Ma et al., 2019
Scheers et al., 2013
Stolzing et al., 2008
Truong et al., 2019
Wagner et al., 2008
Wang et al., 2025 (a)
Wang et al., 2025 (b)
Wenjing et al., 2024
Wuetal., 2013
Wuet al., 2022

Yang et al., 2020
Yeetal, 2016
Yuetal, 2014
Zhang et al.,2024
Zhuang et al., 2014

® Low Risk ®High Risk = Some Concerns

SUPPLEMENTARY FIGURE 1 Risk of bias assessment of in vitro studies. Studies were appraised using the
PETRICCS-based tool. Bars represent the percentage of items rated as “Yes” (low risk), “No” (high risk), or

“Unclear” (some concerns).
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SUPPLEMENTARY FIGURE 2 Risk of bias assessment of in vivo studies. Studies were appraised using the
SYRCLE'’S tool. Bars represent the percentage of items rated as “Yes” (low risk), “No” (high risk), or “Unclear”

(some concerns).
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CAPITULO 2 (Submitted: International Endodontic Journal; IF: 7.1)

Inflammation-Driven Senescence Reduces the Regenerative Capacity of apical
papilla stem cell in vitro: Implications for regenerative endodontic therapy.

ABSTRACT

Aim: Senescence of stem cells from the apical papilla (SCAPs) may compromise their
regenerative potential under the inflammatory conditions typical of regenerative
endodontic procedures, but its impact on key cellular functions remains unclear. This
study evaluated how senescence affects cellular metabolism, morphology, functional
behavior, and the immunoinflammatory response of SCAPs under stimuli relevant to

regenerative endodontic therapy (RET).

Methodology: Human SCAPs were assigned to non-senescent (NS) or senescent (S)
groups. Senescence was induced by doxorubicin treatment and stimulated with control
medium, LPS, or LPS plus IFN-y. Senescence confirmation (SA-B-Gal, p53),
mitochondrial activity (MTT), morphology (SEM), migration (scratch assay),
proliferation (cell count) and cytokine expression (TNF-a, IL-6, IL-10, TGF-5) were

assessed. Data were analyzed using appropriate statistical tests.

Results: Senescence induction was confirmed by increased SA-B-Gal (p = 0.000041)
activity and p53 expression (p = 0.0368). Mitochondrial metabolic activity was increased
at baseline in senescent cells but remained unchanged between groups under
inflammatory stimulation.; however, senescent SCAPs showed enlarged morphology
(control: p = 0.0006; LPS: p = 0.0008; LPS plus IFN-y: p = 0.0017) with reduced
extensions (control: p = 0.002; LPS: p = 0.0028; LPS plus IFN-y: p = 0.0085). Migration
(control: p = 0.0000000036; LPS: p = 0.00000001; LPS plus IFN-y: p = 0.0000000021)
and proliferation (control: p = 0.0026; LPS: p = 0.0042; LPS plus IFN-y: p = 0.0018)
were significantly impaired across all conditions. Senescent cells exhibited higher IL-6
(LPS p =0.002; LPS plus IFN-y p=0.000008) and lower TGF-£ expression (p = 0.0003;
LPS p = 0.0004; LPS plus IFN-y p = 0.0005), while TNF-a remained unchanged. IL-10
expression increased only under LPS stimulation (p = 0.002), but this isolated response
did not counteract the overall pro-inflammatory and dysregulated immunomodulatory

profile.
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Conclusions: Senescence markedly compromises critical SCAP functions and alters their
immunoinflammatory behavior, which may negatively influence biological events

essential for successful regenerative endodontic outcomes.
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INTRODUCTION

Treatment of immature teeth with incomplete root development, whether resulting
from pulp necrosis, irreversible pulpitis or dental trauma, poses a substantial clinical
challenge due to their inherent structural fragility and open apical foramen (Jamshidi et
al., 2018). Among the available therapeutic approaches, Regenerative Endodontic
Therapy (RET) is particularly notable because it aims not only to disinfect the canal
system but also to promote conti(Adel & Asgari, 2025; Jena et al., 2023) (Adel & Asgari, 2025;
Jena et al., 2023). The success of RET fundamentally relies on tissue engineering
principles, which require the presence of a mesenchymal stem cell (MSC) population
capable of supporting regeneration (Ma et al., 2019; Salem et al., 2025). This population
is primarily located within the apical papilla, a tissue rich in stem cells from the apical
papilla (SCAPs) that serve as key effectors of the regenerative process (Q. Cheng et al.,
2023; Smeda et al., 2022). Under favorable conditions, SCAPs are recruited into the canal
space, where they proliferate and differentiate into similar dental tissues (Tawfik et al.,
2013; Temmerman et al., 2012). Understanding the factors that modulate SCAP function

is therefore essential for advancing the predictability and biological foundations of RET.

Despite its promise, RET exhibits variable success rates, and the biological factors
underlying treatment failures remain insufficiently elucidated. It has been proposed that
the persistence of an inflammatory microenvironment within the canal may play a critical
role by inducing cellular senescence in SCAPs (Teawcharoensopa & Srisuwan, 2024b).
Senescence is characterized as a stable and irreversible growth arrest triggered by cellular
stresses such as DNA damage or chronic inflammation (Rodier et al., 2009). This state is
mediated by activation of cell cycle regulators, including p16"INK4a” and the p21/p53
pathway (Feng et al., 2018, 2014; Insinga et al., 2013). A hallmark of senescence is the
development of the senescence-associated secretory phenotype (SASP), defined by
sustained secretion of pro-inflammatory cytokines, such as IL-6, chemokines and
proteolytic enzymes (Coppé et al., 2008). The SASP not only impairs local tissue
regeneration but also perpetuates a self-reinforcing inflammatory milieu, comparable to
inflammaging, by degrading the extracellular matrix and propagating senescence in
neighboring cells (Rodier et al., 2009). These effects may critically undermine the
regenerative potential of SCAPs (Z. Li et al., 2019a; Su et al., 2020). However, direct

experimental evidence that senescence and SASP compromise SCAP functions that are
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essential for RET remains limited, representing a knowledge gap that the present study

aims to address.

Although several senescence-induction models are commonly used, including
hydrogen peroxide, UV radiation and genotoxic agents, there is no consensus regarding
which model best reflects the senescence processes occurring clinically (Cho et al.,
2019b; Hofig et al., 2016b; Ma et al., 2019a). Within the endodontic setting, various
pathological conditions are capable of generating a microenvironment conducive to
SCAP senescence (G. Feng et al., 2018a). In addition to necrotic pulp, irreversible pulpitis
and dental trauma can also elicit a highly inflammatory environment characterized by
bacterial products, tissue damage, hypoxia and excessive release of immune mediators.
As depicted, macrophage activation by LPS and related stimuli promotes the production
of pro-inflammatory cytokines, including IL-6 and TNF-a, and reactive oxygen species
(Hsu & Wen, 2002). T cells also modulate the immune response through signals such as
IFN-y (Zhu et al., 2024). Although regulatory mediators, such as IL-10 and TGF-j,
attempt to limit inflammation, they may fail to prevent the establishment of persistent
cellular stress (Putra et al., 2018). This constellation of factors fosters DNA damage and

favors the onset of a senescent phenotype in stem cells residing in the apical papilla.

Despite these conceptual advances, it remains unclear whether existing in vitro
models sufficiently replicate the functional consequences of this microenvironment.
Among the available experimental approaches, senescence induction using genotoxic
agents such as doxorubicin has emerged as a robust and reproducible method (Yaghoobi
et al., 2020a). Although this model does not fully mimic the chronic inflammatory
conditions observed clinically, it provides a controlled platform for investigating the
mechanisms and functional outcomes of senescence in SCAPSs, which justifies its use in
mechanistic studies. In this study, doxorubicin was used to induce a senescent phenotype,
which was subsequently challenged with immunoinflammatory stimuli, specifically LPS
and IFN-y, to more closely approximate the target clinical scenario. Then, the aim was to
determine how induced senescence affects key SCAP functions, including cellular
metabolism, proliferation, morphology, expression of senescence markers and

immunoinflammatory responses.



127

MATERIALS AND METHODS

The manuscript of this laboratory study has been written following the Preferred
Reporting Items for Laboratory Studies in Endodontology (PRILE) 2021 guidelines
(Nagendrababu et al., 2021). The flowchart is presented in Figure 1.

RATIONALE/JUSTIFICATION

The influence of apical papilla stem cell senescence on regenerative therapies remains poorly
understood. Addressing this knowledge gap is crucial for improving treatment success and
advancing senotherapeutic strategies in endodontics.

ETHICAL APPROVAL
Approval from the Institutional Research Ethics Commitee was obtained.

AL AND CONTROL GROUPS, INCLUDE INDEPENDENT
VARIABLES

Independent variables: senescence status (NS/S) and inflammatory stimulus (Control, LPS,
LPS plus IFN-y).

1. NS-Control 4. S-Control
2. NS-LPS 5. S-LPS
3. NS-LPS+IFN-y 6. S-LPS+IFN-y

METHOD USED TO ASSESS THE OUTCOME (S) AND WHO ASSESSED THE
OUTCOME(S)

1. SA-B-Gal assay and gPCR (p53); 4. Trypan blue staining;
2. MTT; 5. qPCR (TGF-4, IL-10, TNF-a and IL-6).
3. Scratch assay;

Senescence markedly impairs key SCAP functions and shifts their immunoinflammatory
profile, potentially compromising regenerative potential required for successful endodontic
treatment

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.
FIGURE 1 Flowchart for Preferred Reporting Items for Laboratory Studies in Endodontology (PRILE) 2021
guidelines.
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Isolation and culture of SCAPs

Immature third molars indicated for extraction were obtained from three patients
(two males, both aged 18 years, and one female, aged 15 years) undergoing dental
treatment at the oral and maxillofacial surgery unit of an academic health center. Written
informed consent was obtained from all participants or their legal guardians. This study

was approved by the institutional Research Ethics Committees.

Apical papilla tissues were gently removed from the apical third of the roots using
a sterile scalpel blade, fragmented, and transferred to six-well plates (Costar Corp.,
Cambridge, MA, USA) for explant culture. Tissue was cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, Invitrogen, Carlshad, CA, USA) supplemented with 20%
(v/v) fetal bovine serum (Bionutrientes, Sdo Paulo, Brazil), 100 U.mL? penicillin, 100
ng.mL* streptomycin, and 1% amphotericin (Invitrogen). Cultures were maintained at 37
°C in a humidified atmosphere containing 5% CO-, changing the medium every two days
until 90% confluence was reached. Cells were then subcultured for expansion. To prevent
replicative senescence, all experiments were performed using cells between passages 2
and 5.

Induction of cellular senescence by doxorubicin and immunoinflammatory

stimulation using LPS and LPS plus IFN-y

For senescence induction, cells were treated with 1uL.mL™* doxorubicin
(doxorubicin hydrochloride; Sigma-Aldrich, St. Louis, MO, USA) in supplemented
DMEM for 24 hours. After treatment, the medium was replaced every two days for seven
days (da Silva et al., 2025; de Farias et al., 2024). Non-senescent (NS) cells were cultured
in complete DMEM under standard conditions. At the end of the induction period, both
non-senescent and senescent (S) cells were stimulated with lipopolysaccharide (LPS;
Escherichia coli, 1 pg.mL™; Sigma) and interferon-gamma (IFN-y, 1 ung.mL"%; Sigma) for
24 hours (Hong et al., 2021). Twenty-four hours after inflammatory stimulation, all

experimental assays were performed.
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Senescence-associated pB-galactosidase assay

The B-galactosidase assay was performed in both senescent (S) and non-senescent
(NS) groups to evaluate the effectiveness of senescence induction. SCAPs (2 x 10°
cells/well) were seeded in 6-well plates (Costar Corp., Cambridge, MA, USA). The wells
were aspirated and washed twice with phosphate-buffered saline (PBS), then fixed with
2% formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes at room
temperature. After fixation, cells were washed again and incubated with 1 mL of X-Gal
staining solution (40 mM citric acid/sodium phosphate buffer, 5 mM potassium
ferrocyanide, 150 mM sodium chloride, 2 mM magnesium chloride, and 1 mg.mL™? X-
Gal). The plates were wrapped in aluminum foil to protect from light and incubated at
37°C in a humidified chamber, without CO., for 12 hours. After incubation, the staining
solution was aspirated, and the wells were washed twice with PBS for 30 seconds and
once with methanol (Sigma-Aldrich) (Yaghoobi et al., 2020). Stained cells were
quantified from five randomly selected microscopic fields per well (five images/well),
captured using a phase-contrast microscope (Axio Observer D1, Zeiss, Oberkochen,
Germany) at 5x magnification. Image analysis and cell counting were performed using
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

MTT metabolic activity assay

To evaluate cellular metabolism, NS and S groups were seeded in 96-well plates
(1 x 10* cells/well; Costar Corp., Cambridge, MA, USA) and treated with the previously
described immunoinflammatory stimuli. After the incubation period, the medium was
removed, and 100 uL. of DMEM (Sigma-Aldrich, St. Louis, MO, USA) containing 10 pL
of MTT solution (5 mg.mL™"; Sigma-Aldrich) was added to each well. Plates were
wrapped in aluminum foil and incubated for 4 hours at 37°C in 5% CO: and 95%
humidity. The medium was then aspirated, and 100 puL of dimethyl sulfoxide (DMSO;
Sigma-Aldrich) was added to each well to solubilize the formazan crystals, followed by
gentle shaking for 30 minutes. Absorbance was measured at 570 nm using a microplate
reader (SpectraMax Plus 384, Molecular Devices, San Jose, CA, USA) (Van De
Loosdrecht et al., 1994). Negative control consisted of cells treated with lysis buffer (10
mM Tris, pH 7.4, 1 mM EDTA, and 0.1% Triton X-100).
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Scanning electron microscopy (SEM)

To evaluate morphological alterations, round glass coverslips (13 mm x 13 mm;
Fisher Scientific, Suwanee, GA, USA) were placed in 12-well plates, and 5 x 10* cells
were seeded per well. After exposure to the previously described stimuli, cells were fixed
with 0.1 M Karnovsky’s solution (2% glutaraldehyde and paraformaldehyde) overnight,
followed by washing with 0.1 M sodium cacodylate buffer. Subsequently, cells were post-
fixed with 1% osmium tetroxide for 30 minutes and rinsed twice with distilled water.
Dehydration was performed through a graded acetone series (50%, 70%, 90%, and
100%). The samples were dried in critical point equipment, model CPD 030 (Balzers,
Liechtenstein) and metalized with gold with EM SCD 500 equipment (Leica, Austria).
After drying, the coverslips were sputter-coated with a conductive metal layer and
examined under a scanning electron microscope (JSM-7001F, JEOL Ltd., Tokyo, Japan)
(dos Santos et al., 2019). Images were acquired at magnifications of 1500x, 3000%, and
5000x%. Quantification of cell size and the number of cellular extensions was performed
using ImageJ software (National Institutes of Health, Bethesda, MD, USA), analyzing
approximately 15 cells per coverslip.

Cell migration assay

Cell migration was evaluated using the scratch assay, which simulates an artificial
wound in a confluent monolayer, allowing cells at the wound edge to migrate toward the
center in order to close the gap in vitro. For this assay, SCAPs were seeded in 6-well
plates (2 x 10° cells/well; Prolab, Sdo Paulo, Brazil). After reaching confluence, a linear
scratch was made using a sterile 1000 pL pipette tip. Detached cells were removed by
washing three times with PBS, and serum-free culture medium was then added to avoid
cell proliferation during the migration process. Images were captured immediately after
the scratch (0 h) and at 24 h and 48 h using a phase-contrast microscope (Axio Observer
D1, Zeiss, Oberkochen, Germany) at 5x magnification (Martinotti & Ranzato, 2020).
Wound closure was analyzed using ImageJ software (National Institutes of Health,
Bethesda, MD, USA). Cells located within the wound area were counted to provide a

guantitative assessment of migration.
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Cell proliferation assay

Cell proliferation was evaluated using Trypan Blue staining (Sigma-Aldrich, St.
Louis, MO, USA). Cells (5 x 10* per well) were seeded in 24-well plates. Cells were then
exposed to the experimental conditions in serum-free medium, to avoid interference from
growth factors present in fetal bovine serum. At 24 and 48 h, cells were detached with
0.25% trypsin, resuspended, and mixed with 0.4% Trypan Blue solution (1:1, v/v)
(Crowley et al., 2016). Viable cells were counted using a Neubauer chamber under a light

microscope, excluding stained (non-viable) cells.

Gene expression analysis of inflammatory, anti-inflammatory, and senescence

marker

Gene expression was quantified by real-time PCR using the StepOnePlus™ Real-
Time PCR System (Applied Biosystems, Thermo Fisher Scientific). Transcripts
associated with inflammatory, anti-inflammatory, and senescence-related processes were
analyzed, including TNF-o, IL-6, IL-10, TGF-41, and p53, with Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) serving as the endogenous reference gene control.
PCR amplifications were performed using the SYBR™ Green PCR Master Mix (Thermo
Fisher Scientific), and the specific primer sequences for each target gene are listed in
Table 1. Reactions were run on the StepOnePlus™ platform, with fluorescent data
acquired at the end of each cycle. Relative gene expression was calculated using the 2/-
AACT method, with the control group used as the calibrator (Livak and Schmittgen,
2001).

TABLE 1 Primer sequences for each gene used in the gPCR assay.

GENE FOWARD REVERSE
GAPDH TCAACGACCACTTTGTCAAGCTCAGCT GGTGGTCCAGGGGTCTTAC
TGF-41 GCTGTATTTAAGGACACCGTGC TGACACAGAGATCCGCAGTC
TNF-a CACAGTGAAGTGCTGGCAAC GATCAAAGCTGTAGGCCCCA
IL-10 GGTGGTCCAGGGGTCTTAC ACTCTGCTGAAGGCATCTCG
IL-6 TCAATATTAGAGTCTCAACCCCCA TTCTCTTTCGTTCCCGGTGG

p53 AGAAAACCTACCAGGGCAGC ACATCTTGTTGAGGGCAGGG
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Statistical Analysis

Student’s t-test (for parametric data) or the Mann-Whitney test (for non-
parametric data) were used. Comparisons involving multiple groups were analyzed by
one-way or two-way ANOVA, followed by appropriate post-hoc tests, as indicated in the
figure legends. Data are presented as mean + standard deviation (SD). A p < 0.05 was
considered statistically significant. All analyses were performed using GraphPad Prism
version 8 (GraphPad Software, CA, USA).

RESULTS

Senescence induction and metabolic activity assessment in SCAPs

Metabolic alterations associated with SCAP senescence are illustrated in Figure

2A. Senescent SCAPs displayed a marked increase in SA-B-Gal activity compared with
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FIGURE 2 Schematic illustration of metabolic alterations in senescent SCAPs (A). Representative images
of non-senescent control cells (B; NS) and doxorubicin-induced senescent cells (S; 500 pM) showing SA-
B-Gal-positive cells (blue). Scale bar: 100 um (C). Quantification of SA-p-Gal-positive SCAPs revealed
significant increase in senescent cells (p = 0.000041™, Mann-Whitney test; D). P53 expression,
represented as fold change, was significantly higher in senescent SCAPs compared with non-senescent
controls (p = 0.0368", Student’s t-test; E). MTT assay after 24-hour immunomodulatory stimulation with
LPS (1 pg.mL1) or LPS plus IFN-y (1 ug.mL™) showed higher metabolic activity in senescent cells under
control conditions (p = 0.0082), whereas no significant differences were observed for LPS (p = 0.2064™) or
LPS plus IFN-y (p = 0.2282) (F).
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non-senescent cells (NS vs S; 2.82 + 2.59 vs 96.64 + 5.57; p = 0.000041) (Figure 2B-D),
confirming successful senescence induction. Consistently, p53 expression was
significantly upregulated in senescent cells compared with non-senescent controls (1.02
+0.26 vs 1.7 £ 0.53; p = 0.0368) (Figure 2E). Mitochondrial metabolic activity was also
higher under baseline conditions in senescent cells (0.76 + 0.05 vs 0.84 + 0.05; p =
0.0082); however, no significant differences were detected between groups after LPS
(0.79 £ 0.03 vs 0.84 + 0.03; p = 0.2064) or LPS plus IFN-y stimulation (0.76 + 0.03 vs
0.81 + 0.03; p = 0.2282), indicating preserved cellular metabolism under inflammatory
challenge (Figure 2F).

Morphological analysis of SCAPs by scanning electron microscopy

To evaluate the impact of SCAP senescence on cellular morphology, scanning
electron microscopy (SEM) was performed at 1,500x, 3,000x, and 5,000x
magnifications. SEM analysis revealed that senescent SCAPs exhibited an enlarged and
morphologically altered phenotype with markedly fewer cellular extensions compared
with non-senescent cells across all conditions (Figure 3A-B). Cell size increased
significantly in senescent cells in control (NS vs S; 59.6 £ 7.39 vs 129.4 £ 9.48; p =
0.0006), LPS (87.06 + 12.99 vs 156.5 + 2.84; p = 0.0008) and LPS plus IFN-y conditions
(82.06 £ 5.7 vs 132.2 £ 9.99; p = 0.0017) (Figure 3C). Likewise, the number of cellular
extensions was significantly reduced in senescent SCAPs under control (12.3 + 1.4 vs
6.16 £ 0.4; p = 0.002), LPS (20.33 + 3.6 vs 6.43 + 0.11; p = 0.0028) and LPS plus IFN-y
conditions (15.6 + 2.7 vs 6.4 = 1.8; p = 0.0085) (Figure 3D), indicating compromised
structural features that may be critical for regenerative endodontic processes, suggesting
that cellular senescence may adversely affect tissue repair capacity and overall clinical

outcomes.
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Figure 3 SEM of SCAPs. Representative images of non-senescent (NS, A) and senescent (S, B) cells after immunomodulatory stimulation with LPS or LPS
plus IFN-y, shown at 1,500x%, 3,000x, and 5,000x magnifications. Scale bar: 10 um. Graphs show cell size (C) and number of cellular extensions (D) under each
condition. Cell size was significantly increased in senescent cells across all conditions (control: p = 0.0006™"; LPS: p = 0.0008™"; LPS plus IFN-y: p = 0.0017™),
while senescent cells showed a significant reduction in cellular extensions compared with NS cells (control: p = 0.002™; LPS: p = 0.0028™; LPS plus IFN-y: p
= 0.0085™). Statistical analyses were performed using Student’s t-test.
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Assessment of SCAP migration and proliferation

A schematic illustration shows the processes of migration and proliferation, which
are essential for the success of RET (Figure 4A). Migration and proliferation assays
demonstrated a marked functional impairment in senescent SCAPs. Senescent cells
exhibited significantly reduced migratory capacity at both 24 and 48 hours under control
(NSvs S; 223.7 +67.4 vs 45.17 + 13.2; p = 0.0000000036), LPS (205.8 + 51.15 vs 42.83
+17.91; p =0.00000001), and LPS plus IFN-y conditions (200.7 + 52.56 vs 62.83 +12.26;
p = 0.0000000021), compared with non-senescent cells (Figure 4B-D). Similarly,
senescent SCAPs showed significantly lower proliferative capacity at 24 hours across all
stimuli, with only a modest increase at 48 hours in the control and LPS plus IFN-y groups,
while non-senescent cells maintained exponential growth under all conditions These
differences were statistically significant (NS vs S; control 70.56 £+ 21.75 vs 49 £ 10.54;
p=0.0026), (LPS 69.89 £19.36 vs 43 + 6.69; p = 0.0042), (LPS plus IFN-y 59 + 10.59 vs
42.22 + 7.37; p = 0.0018) (Figure 4E). However, because cellular migration and
proliferation are essential for regenerative endodontic procedures, these findings indicate
that senescence may markedly impair tissue repair capacity and compromise clinical

outcomes.



136

Non-senescent Senescent

control LPS LPS+IFN-y control LPS LPS+IFN-y

D Migration E Proliferation
1T
A ' control LPS+FN-y control LPS LPS+FN-y
125- 125
4 P g I .
; : i 75 ,: o 1! 75 N +
Foog ] g [ S i
S g = 3 g 4 -
a4 0 P 0 %
Sy Time (h) Time (h) Time (h)
400+ 125+
100
2 300+ = control-NS z o ICoRtioENS
8 control-S :’S = control-S
s = LPSNS % 757 + LPS-NS
.§ 2004 == LPSS = = LPSS
£ = LPSHFN--NS 3 504 o LPSH+FN--NS
3 106 LPSHFN-1-S 5 = LPS+FN--S
25
0- 0 T 1
24 48 0 24 48

Time (h)

FIGURE 4 Schematic representation of SCAP functions related to regenerative endodontic therapy. SCAP migration and proliferation are shown as essential processes for tissue regeneration
(A). Representative micrographs of NS and S SCAPs in the wound-healing migration assay at 0, 24, and 48 hours under control, LPS, or LPS plus IFN-y stimulation (B—C). Quantification of
migrated cells (control: p = 0.0000000036™; LPS: p = 0.00000001™""; LPS plus IFN-y: p = 0.0000000021""") (D). Proliferative activity evaluated by Trypan Blue exclusion at 24 and 48
hours (NS vs. S; control: p = 0.0026™; LPS: p = 0.0042™; LPS plus IFN-y: p = 0.0018™). Statistical analysis was performed using two-way ANOVA.
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Evaluation of immunomodulatory mediators

To evaluate the immunomodulatory profile of NS and S SCAPs, the expression of
pro-inflammatory mediators (TNF-« and IL-6) and anti-inflammatory mediators (TGF-4
and IL-10) was assessed. Overall, senescent SCAPs exhibited a distinct inflammatory
phenotype compared with non-senescent cells. TNF-a expression showed no significant
differences between groups under any condition (NS vs. S: control 1.014 +0.17 vs. 1.18
+0.35,p=0.8; LPS 1.03 £ 0.26 vs. 1.31 £ 0.30, p = 0.4; LPS plus IFN-y 1.06 + 0.43 vs.
1.34 + 0.88, p = 0.8) (Figure 5A). For IL-10, senescent cells displayed a significant
increase only under LPS stimulation (control 0.94 + 0.33 vs. 0.93 £ 0.17, p = 0.8; LPS
1.00 £ 0.09 vs. 2.60 + 1.10, p = 0.002; LPS plus IFN-y 1.16 £ 0.52 vs. 1.97 £ 1.22, p =
0.14) (Figure 5D). In contrast, IL-6 expression was markedly elevated in senescent
SCAPs following immunoinflammatory stimulation (control 1.01 + 0.18 vs. 0.89 £+ 0.16,
p=0.14; LPS 1.10 £+ 0.46 vs. 9.02 + 1.49, p = 0.002; LPS plus IFN-y 1.04 + 0.31 vs.
12.77 £ 3.46, p = 0.000008) (Figure 5B). Additionally, TGF-f# expression was
significantly reduced in senescent cells across all conditions (control 1.02 + 0.23 vs. 0.46
+0.09, p =0.0003; LPS 1.02 £ 0.21 vs. 0.36 = 0.22, p = 0.0004; LPS plus IFN-y 1.03 £
0.31vs.0.32£0.13, p=0.0005), indicating impaired immunoregulatory potential (Figure
5C). Together, these findings demonstrate that senescent SCAPs shift toward a pro-
inflammatory phenotype, characterized by heightened IL-6 production and reduced TGF-
S expression, while displaying limited capacity to sustain anti-inflammatory and

reparative signaling
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FIGURE 5 Gene expression of pro- and anti-inflammatory mediators in senescent and non-senescent SCAP cultures following stimulation with LPS or LPS plus IFN-y.
GAPDH was used as the constitutive gene for normalization. Expression levels of TNF-a conditions (control p = 0.8; LPS p = 0.4; LPS plus IFN-y p=0.8) (A), IL-6 (LPS p =
0.002™; LPS plus IFN-y p = 0.000008™™) (B), TGF-8 (control p = 0.0003"; LPS p = 0.0004™"; LPS plus IFN-y p =0.0005"") (C), and IL-10 (control p = 0.8; LPS p = 0.002™;
LPS plus IFN-y p=0.14) (D). Statistical analysis was performed using the Student’s t-test for TGF- and IL-6 (LPS plus IFN-y); the remaining groups did not pass the Shapiro—
Wilk normality test and were analyzed by Mann—-Whitney test.
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DISCUSSION

This study investigated how the senescence of SCAPs affects biological processes
fundamental to RET. Although still an emerging topic, accumulating evidence indicates that
stem cell senescence compromises functions directly related to tissue repair and regeneration
(Siennicka et al., 2021; J. Wang et al., 2025b). In the clinical context of RET, SCAPs are
indispensable for apical papilla survival, root maturation, and formation of vital tissue within
the canal (Yoo et al., 2016). Consequently, understanding how senescence alters SCAP
behavior is crucial for interpreting treatment outcomes, especially in immature teeth affected

by persistent infection or chronic inflammation.

To this end, aiming to reproduce the senescent phenotype commonly observed in
inflamed or necrotic immature teeth, we selected doxorubicin as the senescence-inducing agent.
This compound has been validated in dental pulp cells and offers experimental advantages such
as short induction time (Cheng et al., 2011; da Silva et al., 2025; de Farias et al., 2024). Previous
studies in dental pulp cells have shown that this agent is capable of inducing cellular senescence,
similarly to other commonly used stimuli such as H2O: or ultraviolet light (Yaghoobi et al.,
2020). These findings support its application in SCAPs under the conditions adopted in the

present study.

The senescent phenotype in doxorubicin-induced SCAPs was validated with strong and
consistent experimental evidence, confirming the robustness of this senescence induction
model. More than 96% of SCAPs stained positive for SA-p-Gal, closely matching findings from
other doxorubicin-based models (D. Wang et al., 2016). At the molecular level, senescent
SCAPs expressed markedly higher p53 levels, approximately 1.7-fold, than non-senescent
cells. Since p53 orchestrates the DNA damage response and is a key regulator of senescence,
this increase corroborates previous in vivo findings demonstrating the centrality of the p53 axis
in MSC senescence (Hofig et al., 2016b). The combination of phenotypic and molecular
evidence therefore reinforces that the model reliably replicates SCAP senescence, which is
clinically relevant because increased p53 expression has been linked to aging, impaired
proliferation, and reduced differentiation capacity, processes that may compromise the
biological basis of RET (Z. Li et al., 2019b; Shi et al., 2024; Teawcharoensopa & Srisuwan,
2024b).
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Interestingly, senescent SCAPs exhibited increased metabolic activity in the MTT
assay, diverging from previous reports showing reduced mitochondrial function in senescent
stem cells from other tissues (Cho et al., 2019b; Wenjing et al., 2024b). This finding may be
explained by transient mitochondrial hyperfunction, previously described in early phases of
senescence. During this state, increased mitochondrial mass and elevated ATP production
enhance dehydrogenase activity, yielding higher MTT reduction without necessarily reflecting
improved cellular metabolism (D. Wang et al., 2016). Additionally, discrepancies between our
findings and previous studies may be attributable to differences in the senescence induction
model and the specific stem cell source evaluated, as mitochondrial responses can vary
according to both the triggering stimulus and the intrinsic biological properties of each cell type.
When exposed to an inflammatory environment simulating clinical pulp infection (LPS or LPS
plus IFN-y), differences between senescent and non-senescent cells were no longer detected.
Because LPS itself induces senescence, both groups may converge toward similar functional
impairment under inflammatory stress (G. Feng et al., 2018b; Ma et al., 2019b). Clinically, this
suggests that inflamed immature teeth might exhibit widespread cellular dysfunction, regardless

of baseline SCAP status, thus affecting RET outcomes.

Supporting the observed functional alterations, SEM analysis revealed morphological
changes typical of senescent MSCs, larger cell size and fewer cytoplasmic extensions (He et
al., 2024). These structural characteristics correlate with reduced motility and proliferative
potential, two processes indispensable for RET (Oja et al., 2018). In line with this, senescent
SCAPs showed significantly diminished migration across all conditions. The same trend was
observed for proliferation: non-senescent SCAPs displayed progressive growth, whereas
senescent cells showed either reduced or stimulus-dependent responses. Chronic inflammatory
stimulation with LPS further impaired senescent cell proliferation, consistent with evidence that
persistent infection in the root canal system can accelerate senescence in dental stem cells (G.
Feng et al., 2018b). Within the context of RET, where SCAP recruitment and expansion within
the canal space are essential for tissue ingrowth and root maturation, these findings help explain
why regenerative procedures may fail in cases of long-standing infection or untreated pulp

necrosis (Razghonova et al., 2022).

Beyond proliferation and migration, the immunomodulatory behavior of senescent
SCAPs also aligned with the SASP (Figure 6). Senescent cells exhibited elevated IL-6 and
reduced TGF-S expression, two cytokines with opposing roles in inflammation and repair.

While IL-6 promotes chronic inflammation, TGF- is essential for immune modulation and
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tissue reconstruction. Notably, TNF-a remained unchanged between groups Interestingly, IL-
10 expression increased in senescent cells exclusively under LPS stimulation, suggesting a
stimulus-dependent and potentially compensatory anti-inflammatory response rather than a
consistent shift toward immune suppression. This selective upregulation indicates that not all
immunomodulatory mediators are uniformly altered by senescence, reinforcing the concept of
a partially dysregulated secretory phenotype. A similar IL-10 expression pattern was observed
in senescent dental pulp stem cells using the same doxorubicin-induced model with LPS
stimulation (de Farias, 2022). Additionally, increased IL-10 expression under baseline
conditions has also been reported with this protocol, suggesting that senescence alone may
modulate the immunoregulatory profile of these cells(da Silva et al., 2025). The imbalance
observed here reflects an inflammaging profile previously described in dental MSCs (Horibe et
al., 2014b; Josephson et al., 2019). This inflammatory microenvironment can significantly alter
the cell differentiation pattern, potentially leading to disorganized mineralization or the
deposition of poorly organized hard tissue, thereby deviating from the desired regenerative
outcome (Park et al., 2019). Because RET success depends on shifting the microenvironment
from pro-inflammatory to pro-regenerative, the predominance of SASP mediators in the apical
papilla may reinforce persistent inflammation, impair SCAP functionality, and hinder the
formation of new vital tissue. These findings, however, must be interpreted considering
important methodological limitations. Although LPS/IFN-y stimulation and doxorubicin-
induced senescence offer valuable mechanistic insights, they simplify the complex and dynamic
inflammatory milieu present in vivo. Moreover, chemically induced senescence may not fully
capture the heterogeneous senescent states observed in clinically infected immature teeth. Thus,
future studies incorporating animal models and ex vivo RET simulations will be essential to

validate the functional impairments observed here.
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Despite these limitations, the present findings highlight that SCAP senescence
profoundly alters cell migration, proliferation, immunomodulation, and morphology, functions
central to the biological success of RET. These results underscore the need to explore
therapeutic strategies capable of preventing, reversing, or eliminating senescent phenotypes in
apical papilla cells. Senolytic and senomorphic approaches may represent promising adjuncts

to improve predictability and long-term outcomes of regenerative endodontic procedures.
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FIGURE 6 Schematic representation of the study framework. Inflammatory
microenvironment of necrotic pulp, showing bacterial products, immune cell activation,
cytokine release, and ROS generation, which contribute to SCAP senescence and potentially
limiting pulp tissue regeneration and root maturation in immature teeth.

CONCLUSION

Senescence in SCAPs compromises essential functions such as migration, proliferation,
and morphology, while promoting a pro-inflammatory profile, with increased IL-6 and reduced
TGF-f gene expression. Even when mitochondrial activity appears preserved, these cells may
be functionally impaired, potentially limiting pulp tissue regeneration and root maturation in
immature teeth. Clinically, these findings suggest that the presence of senescent cells in the
apical papilla, particularly under chronic inflammatory conditions, may contribute to the failure
of regenerative endodontic therapies, highlighting the need for strategies that prevent or reverse

cellular senescence to improve clinical outcomes.
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CONSIDERACOES FINAIS

Esta dissertacdo, estruturada em uma revisdo sistematica seguida de um estudo
experimental in vitro, investigou o papel da senescéncia celular no reparo e regeneracdo
tecidual. O primeiro capitulo sintetizou, de forma sistematica, as evidéncias sobre o impacto
desse processo em células humanas. O segundo capitulo, derivado dessa base tedrica, delimitou
seu foco a analise dos efeitos da senescéncia em celulas da papila apical, propondo uma
interpretacdo pouco explorada para o contexto das terapias endodonticas regenerativas em
dentes com rizogénese incompleta. De forma integrada, os resultados obtidos permitem ampliar
a compreensdo dos mecanismos biologicos envolvidos na resposta tecidual, oferecendo
subsidios para a reflexdo critica sobre o papel da senescéncia celular em estratégias

regenerativas e para o delineamento de investigacOes futuras nessa area.

A revisdo sistematica evidenciou que a senescéncia celular constitui um fator critico
capaz de comprometer funcdes essenciais das MSCs. A sintese dos quarenta e cinco estudos
incluidos demonstrou que as capacidades proliferativa e migratoria dessas células séo
negativamente afetadas pelo estado senescente, independentemente da origem tecidual e do
método de inducdo da senescéncia. Em contraste, observou-se uma heterogeneidade
significativa quanto ao potencial de diferenciagdo osteogénica, adipogénica e condrogénica, o
que impossibilitou a identificacdo de um padrdo consistente entre os diferentes estudos
analisados. Outro desfecho de elevada relevancia foi o perfil imunomodulador das MSCs
senescentes. Embora esse aspecto tenha sido investigado em um numero limitado de estudos,
observou-se a predominancia de um perfil secretor pré-inflamatério, com potencial para
perpetuar um microambiente desfavoravel a reparacdo tecidual e para induzir ou propagar a
senescéncia em células e tecidos adjacentes. Por fim, os estudos in vivo que avaliaram o reparo
tecidual indicaram que a presenca de células senescentes estd associada a prejuizos na
organizacéo, qualidade e funcionalidade do tecido reparado, refor¢cando o impacto negativo da

senescéncia sobre processos regenerativos.

Além da investigacdo sobre os impactos da senescéncia MSCs nos processos de reparo
e regeneracao tecidual, o Capitulo 1 evidenciou uma lacuna relevante no conhecimento: a
escassa caracterizacdo da senescéncia celular na papila apical e de suas implicagfes para 0s
protocolos clinicos de Terapia Endodontica Regenerativa (TER) em dentes com rizogénese

incompleta. Com o objetivo de abordar essa lacuna, foi delineado um estudo experimental in
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vitro. Em consonancia com os achados do primeiro capitulo — que incluiu MSCs derivadas da
medula 0ssea, tecido adiposo, corddo umbilical, polpa dentéria e ligamento periodontal — as
SCAPs em estado senescente tambeém apresentaram reducdo significativa das capacidades
proliferativa e migratoria, tanto em condigdes basais quanto apds a exposi¢do a estimulos
inflamatérios com LPS isoladamente ou associado ao IFN-y. De forma semelhante, essas
células exibiram aumento significativo na expressao de IL-6 e reducdo na expressdo de TGF-4,
confirmando a aquisicdo de um perfil secretor pro-inflamatorio caracteristico das células
senescentes. A analise da atividade metabolica por meio do ensaio de MTT demonstrou que,
apesar das alteragOes funcionais observadas, as SCAPs senescentes mantiveram atividade
mitocondrial preservada, inclusive ap6s os desafios inflamatorios. Adicionalmente, a
caracterizacdo morfoldgica evidenciou aumento do tamanho celular e redu¢do no nimero de
prolongamentos citoplasmaticos, alteracdes compativeis com o comprometimento funcional

observado, em especial no que se refere as menores taxas de migracao e proliferacdo celular.

Diante dos achados integrados, conclui-se que a senescéncia celular representa uma
barreira biologica relevante para as TER, particularmente no contexto da participacéo da papila
apical como fonte de células-tronco. Esta dissertacdo contribui para o avanco do conhecimento
ao traduzir e contextualizar, no microambiente apical, as consequéncias funcionais da
senescéncia previamente descritas em outras fontes de MSCs, estabelecendo uma relagéo
mecanistica entre o estado senescente e 0 comprometimento de processos celulares essenciais
a REP. A observacdo de que células senescentes mantém atividade metabodlica
concomitantemente a disfuncdo morfofuncional indica um cenério biologicamente desafiador,
no qual essas células podem persistir no nicho regenerativo e, por meio do SASP, influenciar

de forma adversa o microambiente tecidual e a progressao adequada dos eventos regenerativos.

A interpretacdo dos achados desta dissertacdo deve considerar limitagdes inerentes aos
métodos empregados em cada um de seus capitulos. Para a revisdo sistematica, € importante
destacar uma possivel limitacdo na estratégia de busca. Embora o termo "células-tronco
mesenquimais™ (MSCs) seja historicamente predominante, a nomenclatura atual recomendada
pela Sociedade Internacional de Terapia Celular e Génica (ISCT) privilegia "células estromais
mesenquimais”. Dada a adocdo progressiva deste termo na literatura mais recente, é possivel
que estudos que utilizaram exclusivamente "estromal” sem mencionar "stem" tenham sido
excluidos, introduzindo um viés de selecdo. Ademais, a sintese pode ter sido influenciada pelo
viés de publicacdo e pela elevada heterogeneidade metodoldgica dos estudos primarios, como

a diversidade de modelos para induzir senescéncia, marcadores de confirmacdo e ensaios
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funcionais. Essa heterogeneidade das variaveis impediu uma meta-analise e limitou a
generalizacdo de conclusdes, especialmente sobre os efeitos na diferenciacdo celular. Quanto
ao estudo experimental in vitro, embora controlado e direcionado, apresenta limitacGes
translacionais. O modelo de senescéncia induzida por doxorubicina, ainda que robusto, ndo
replica fielmente a senescéncia gradual e multifatorial que se estabelece no nicho da papila
apical sob a influéncia crénica do microambiente inflamatorio de um canal radicular necrético.
Além disso, o proprio modelo de cultura celular bidimensional e a auséncia de interacbes com
outros componentes do nicho tecidual, limitam a extrapolagdo direta dos mecanismos

observados para a complexidade do cenario in vivo.

Nesse contexto, torna-se pertinente que investigacdes futuras avancem para a avaliacao
da senescéncia celular em modelos in vivo de RET em dentes com rizogénese incompleta, a fim
de validar os achados observados in vitro e compreender sua relevancia biolégica em um
ambiente tecidual mais complexo e dindmico. Paralelamente, a investigagdo de abordagens
senoterapéuticas, deve ser conduzida de forma criteriosa, com o objetivo de esclarecer seu
potencial para modular o microambiente da papila apical e mitigar os efeitos deletérios
associados ao acumulo de células senescentes. A translacdo desses achados para estudos
clinicos podera contribuir para o refinamento dos protocolos de RET em dentes com rizogénese

incompleta.
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Anexo 3. Trabalho elaborado durante o periodo de mestrado que se encontra submetido
para apreciacao.
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