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Abstracts

Abstract

Frailty is a multidimensional syndrome charactetid®y an increased vulnerability.
Nowadays, frailty identification is based on phepatal features. Use of biomarkers for frailty
identification would provide a more accurate detecof frail subjects in early stages, when
frailty can still be potentially reverted.

The main objective of this study was to evaluagegbssible association between frailty
and several cellular and molecular biomarkers -ogen instability, DNA damage, and DNA
repair capacity — so that they can be proposerhitybiomarkers. To that aim, a cross-sectional
study was conducted in a population of older adalged 65 or over) classified according to their
frailty status.

A systematic review of the literature on genetitcomes related to frailty was conducted
to establish the current knowledge on the topicidiss, the most critical issues limiting the use
of the phosphorylated H2AX assay as DNA damage aiker in human population studies were
addressed.

Results from the population study showed a sigmificand progressive increase of
micronuclei in lymphocytes and phosphorylated H2&h frailty severity,supporting their use
for frailty identification. No association of frail with micronuclei in buccal cells, frequency of

mutation in T-cell receptor, comet assay, or DNpaie capacity was found.
Resumen

La fragilidad es un sindrome multidimensional ctdzado por una vulnerabilidad
aumentada. Actualmente, la fragilidad se identiieaandose en caracteristicas fenotipicas. El
uso de biomarcadores para la identificacién deilfdag proporcionaria una deteccion mas
precisa de individuos fragiles en sus etapas Iegi@uando puede ser revertida.

El principal objetivo del presente trabajo fue d&u la posible relacion entre
biomarcadores celulares y moleculares - inestailgenémica, dafio en el ADN y capacidad de
reparacion del ADN - para su propuesta como bioatnes de fragilidad. Para este propésito,
se realizdé un estudio transversal en ancianos (B&% afos) clasificados segun su estado de
fragilidad.

Se realizé una revision sistematica de la liteeatsobre biomarcadores genéticos
relacionados con fragilidad para establecer el cioniento actual sobre el tema. Ademas, se
abordaron los puntos criticos que limitan el udcedeayo dgH2AX en estudios poblacionales
humanos.

Los reultados mostraron un aumento significativprggresivo de micronucleos en
linfocitos y yYH2AX con el grado de fragilidad, apoyando su usmadiomarcadores. No se

observo relacion entre el estado de fragilidadfyeeuencia de microndcleos en células bucales,
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frecuencia de mutacion en receptores de célulaasgyo del cometa o capacidad de reparacion
del ADN.

Resumo

A fraxilidade € unha sindrome multidimensional ceggzada por una vulnerabilidade
aumentada. Actualmente, a identificacion da frdadie baséase en caracteristicas fenotipicas. O
emprego de biomarcadores na identificacion da lfdaxie ofreceria unha deteteccion mais
precisa has sus primeiras etapas, cando podeveetida.

O obxectivo principal deste traballo foi estudampasible relacion dunha serie de
biomarcadores celulares e moleculares - inestaldiéickendmica, dano no ADN e capacidade de
reparacion do ADN- co estado de fraxilidade, parsila proposta coma biomarcadores de
fraxilidade. Para este proposito, realizouse uandestransversal nunha poblacién de ancias (65
ou mais anos) clasificados segundo o seu estaftexdiidade.

Se realizou unha revision sistematica da literatswhre biomarcadores xenéticos
relacionados coa fraxilidade, para establecer @amiiento actual sobre o tema. Ademais, se
abordaron os puntos criticosque limitan o uso dmiendeyH2AX en estudos en poboacions
humanas.

Os resultados amosaron unha asociacion signifecatprogresiva entre micronucleos en
linfocitos eyH2AX co estado de fraxilidade, dando apoio o seassna biomarcadores. Non se
observou asociacion do estado de fraxilidade camnomilcleos en células bucais, frecuencia de

mutacion dos recepteores das células T, ensaiordeta ou capacidade de reparacion do ADN.
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Extended summary in Spanish - Resumen amplio

El envejecimiento poblacional es un fendmeno quelaemactualidad se da en las
sociedades de todo el mundo. Es debido principaeredos causas: un descenso de la fertilidad
y un aumento de la esperanza de vida. Esta situasi@éspecialmente pronunciada en Europa, en
donde la fertilidad se sitta por debajo del niwaasario para regeneracion poblacional (alrededor
de 2.1 hijos por mujer), mientras que se esperalaj@speranza de vida en el momento del
nacimiento aumente en 6-7 afios en 2045-2050, sibsé@rcerca de los 85 afios. En este momento,
el porcentaje de personas mayores de 65 afios epd=es el mayor en todo el mundo, alcanzado
el 25% de la poblacion. A su vez, se estima qui&dfilcanzara porcentajes similares en 2050,
mientras Europa podria alcanzar el 35% de acuelds @stimaciones de las Naciones Unidas.
Este fendbmeno supondria un cambio dramatico esttactura demografica de las piramides

poblacionales, siendo el grupo de edad de 65-88 @ffaas numeroso en 2060.

Sin embargo, el aumento de la longevidad no neie@sante lleva consigo un estado de
buena salud y bienestar. Muy al contrario, en msiclgasiones el envejecimiento va acomparado
de un aumento del riesgo de mala salud, aislamsati@l y dependencia, lo que se traduce en
una pérdida de calidad de vida. Es por ello quaezesario un cambio sistematico de las
sociedades, no solo en los sistemas de sanidatgp8bio en todos los sectores sociales, para
afrontar los desafios y el aumento de los costesgpone el envejecimiento de la poblacion. En
este contexto, Europa ha seguido dos principailesdide accion: (i) el desarrollo de iniciativas
gue promuevan el envejecimiento saludable y (ifégora de las metodologias de identificacion
de individuos mayores vulnerables, para prevedisminuir el impacto del declive cognitivo y

funcional, y para promover la especializacion yspealizacion de la asistencia médica.

A nivel biologico, el proceso de envejecimientocaeacteriza por una acumulacion progresiva
de un amplio rango de alteraciones molecularedwates. Por esta razén y bajo el marco del
segundo curso de accion previamente mencionadmnekepto de fragilidad ha surgido en los
ultimos afios como una medida de la edad biolégé&s pnecisa que el tradicional concepto de
edad cronoldgica. La fragilidad es un importanteligime geriatrico cuya prevalencia aumenta
con la edad. Es una condiciébn que supone un inctendel riesgo de aparicion de efectos
adversos para la salud en adultos mayores, indaydiscapacidad, dependencia y finalmente

mortalidad.

La fragilidad en sus primeras etapas es potenciaémeeversible, por lo que su
identificacion temprana resulta de gran importangiala actualidad, no existe un consenso en
cuanto a la definicién de fragilidad o a los citerespecificos para identificar a personas fragile
existiendo multiples indices y criterios para elfin embargo, son dos los criterios mas

comunmente aceptados y utilizados para la ideatiin del estado de fragilidad en personas de
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65 aflos o mas: El criterio fenotipico, propuestoRreed y colaboradores en 2001, y el modelo

de acumulacién de déficits descrito por Mitnitskigtaboradores en el mismo afio.

El criterio de Fried se basa en la presencia o@issee cinco parametros fenotipicos: (i)
pérdida de peso involuntaria, (ii) actividad fisieaucida, (iii) reduccion de la velocidad al
caminar, (iv) pérdida de fuerza muscular medida acdoerza de prension, y (v) fatiga
autorreportada. Aquellos individuos que presentas @ mas de estos parametros se clasifican
como fragiles, los que presentan uno o dos, coradragiles, y aquellos que no presentan
ninguno se consideran no fragiles o robustos. Eslgpdanto un método muy sencillo de
implementar y aplicar, y por esta razén se utiieaforma muy amplia tanto en investigacion

como en clinica.

Por otro lado, Mitnitski, junto con Rockwood y dotaiadores, definen la fragilidad como
el efecto acumulativo de una serie de déficits guerren con la edad, incluyendo sintomas,
signos, valores de analisis clinicos anormalesrerddades y discapacidades. Se trata de un
indice cuantitativo en el cual, cuanto mayor estehero de déficits que presente el individuo,

maor sera la probabilidad de ser fragil.

La fragilidad tiene un fuerte componente bioldgiafectando a multitud de sistemas y
procesos fisioldgicos; sin embargo, su etiologitodavia desconocida. Esto se debe en parte a
que no hay una unica alteracion, sino que todocparadicar que se trata de una red
interconectada de multitud de anomalias a difesemiteeles (celular, sistémico, del organismo)
los que llevan a un estado de fragilidad. A nivelular, la fragilidad se ha relacionado
previamente con la acumulacién de dafio genéticaoomonsecuencia de alteraciones en los
mecanismos de reparacion del ADN. La inestabilidg@thdémica es una de las posibles
consecuencias de esta acumulacion de dafio. Rotttn tin mayor conocimiento de los procesos
a nivel celular podria aportar una potencial hereata para la detencion temprana de la
fragilidad, ya que el uso de biomarcadores periaitietectar individuos vulnerables a desarrollar

un estado de fragilidad con anterioridad a la afaride los signos clinicos.

El principal objetivo de este estudio ha consist&lo la evaluacion de la posible
asociacion existente entre el estado de fragilelaghersonas mayores y varios biomarcadores
celulares y moleculares, para que puedan ser pstgsugara su utilizacion como biomarcadores
de fragilidad. Para ello, se realiz6 un estudiaepiiolégico transversal en una poblacién de
adultos mayores (de 65 afios 0 mas) clasificado® dodgiles, pre-fragiles o no fragiles, de
acuerdo con los criterios fenotipicos propuestasHpiedet al. (J. Gerontol. A Biol. Sci. Med.
Sci. 2001; 56:M146-156). Ademas de la determinad®ihos biomarcadores, se evalué también

la influencia de parametros clinicos (estado nioinal y estado cognitivo).
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Con la finalidad de conocer el estado actual deustion y para entender en mayor
profundidad las bases biologicas de la fragilidadel Capitulo Il de esta tesis se llevé a cabo
una revision bibliografica sistemética de estuglioblacionales en personas de 60 afios 0 méas
publicados hasta la fecha en los que se estudiposible asociacion entre fragilidad y
biomarcadores de estrés oxidativo, alteracionergmas, y reparacion del ADN. Como
resultado de la basqueda se encontraron 26 estpdioiicados entre 2006 y 2017, que cumplian
los criterios de inclusion y exclusion establecid@® estos 26 estudios, 8 evaluaron
biomarcadores de estrés oxidativo, mientras guecldian biomarcadores genémicos. Ademas,
un estudio evalu6 biomarcadores tanto de estrésivd, como gendmicos y de reparacién del
ADN.

De los nueve estudios que relacionan fragilidadtyée oxidativo, cuatro midieron la
capacidad celular antioxidante total o de alguioaittante especifico. Mientras que siete de ellos
midieron los efectos directos de las R@&¢tive oxygen speciesn lipidos (71%), proteinas
(57%), y ADN (29%). Ademas, en dos de ellos serdetearon los niveles d-ROMdérivatives
of reactive oxygen metaboli)esEn cuanto a la relacion entre biomarcadores m@os y
fragilidad, de los 17 estudios incluidos en las&n, seis de ellos (35.3%) evaluaron el contexto
genético de individuos fragiles, incluyendo varggnianto del ADN nuclear (tres estudios) como
mitocondrial (otros tres estudios), ocho (47%) stigaron la relacion entre inestabilidad
gendmica y fragilidad, y tres (17%) estudiarorpasibles caracteristicas epigenéticas del estado
de fragilidad. De los ocho estudios que evaluaiomarcadores de inestabilidad gendémica, siete
analizaron la longitud telomérica, el octavo esiwatializo la frecuencia de micronucleos (MN)

en linfocitos.

Los resultados de esta revision mostraron que sai@mmarcadores de estrés oxidativo,
incluyendo sistemas antioxidantes, aumento de lesles de peroxidacion lipidica y dafio
oxidativo en el ADN, asi como metilacion del ADN ajgunos polimorfismos genéticos
especificos, estan asociados con el estado dédeahen personas mayores. Por el contrario, la
inestabilidad genomica, o al menos los dos biondames estudiados hasta el momento — MN y
longitud telomérica — no parece estar asociaddraddidad. El Unico estudio que ha evaluado

la posible relacion entre fragilidad y reparaci@ ADN tampoco encontrd ninguna asociacion.

A pesar del nimero de alteraciones organicas inmiei@e asociadas con la fragilidad,
todavia hay muy pocos estudios y se limitan a ppaas de las posibles dianas celulares. Por lo
tanto es necesaria una mayor investigaciéon encdmiada exploracién de estas alteraciones
antes de ser utilizadas como biomarcadores paidetdificaciéon de individuos fragiles. Sin
embargo, dada la fuerte relacion entre la inestiaoilgendmica, la capacidad de reparacion del
ADN vy la edad, asi como enfermedades relacionadaset envejecimiento, no se deberia

descartar esta linea de investigacion.
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En base a ello, para el estudio epidemiologicoesed evaluar biomarcadores que
atendieran a diferentes dianas a nivel celulaa Blagstudio de la inestabilidad gendémica se eligié
el ensayo de MN, ya que la frecuencia de estasiaibmes es un biomarcador de inestabilidad
gendmica bien establecido. Este ensayo se reatizinfecitos, consideradas buenas células
indicadoras (reveladoras de lo que sucede en & = organismo por sus propiedades
circulantes), y en células de exfoliado bucal, oidizs mediante un procedimiento no invasivo.
Ademas, en el estudio de la mucosa bucal se evalias alteraciones (citoma) que han sido
previamente utilizadas como biomarcadores de dafid ADN (yemas nucleares), defectos en
la citoquinesis (células binucleadas), alteraciares! potencial de proliferacién (frecuencia de
células basales), y anomalias en la muerte cé€héarlas picnéticas, cariorréxicas, carioliticas o

con alteraciones en la condensacion de la cromatina

El estudio de la relacion entre fragilidad y mutsdgelad se llevé a cabo mediante el
ensayo de mutacién del receptor de las célulasCR}TLa frecuencia de mutacién en el TCR se
ha utilizado previamente como biomarcador de bidtadracion y como predictor de riesgo de
cancer. EI TCR es un complejo formado por proteiimagrales de la membrana plasmatica que
participa en la activacion de las células T enuesta a un antigeno. Mutaciones en los genes
TCR pueden resultar en la expresion fenotipicaétidas T defectuosas para TCR, y por lo tanto

en una deficiencia en la respuesta de las células T

El ensayo del cometa y el ensayo de fosforilac&tadistona H2AX, se emplearon para
estudiar la posible relacion entre fragilidad yalef el ADN. El ensayo del cometa est4 basado
en una electroforesis en microgel de una suspeunsiatar tras su lisis. EI material genético que
presente roturas sera capaz de migrar a travéssdporos del gel por su carga negativa,
adquiriendo finalmente la célula la forma de un etanEste ensayo es capaz de detectar un
amplio espectro de lesiones primarias en el ADNnimées que lggH2AX identifica un tipo de
dafo especifico, las roturas de doble cadena. Cespuesta a las roturas de doble cadena tiene
lugar la fosforilacién del extremo C-terminal de laistonas H2AX que se encuentran en las
proximidades de las roturas, como un mecanismesjiesta temprana al dafio en el ADN. De
esta forma, evaluando los nivelesy@2 AX es posible cuantificar las roturas de doblkdere en

el ADN y/o estudiar la respuesta temprana a undgmecifico de dafio genético.

Finalmente, se decidio estudiar la posible reladéma fragilidad con alteraciones en la
capacidad de reparacion del ADN, utilizando pai@edlensayo de competencia de reparacion,
basado en el tratamiento de las células (linfogitaéricos) con un agente genotdxico conocido
(bleomicina). Tras permitir la reparacion duranteperiodo de tiempo prefijado, se evalla el

dafio remanente en las células mediante el ensagordeta.
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Sin embargo, para poder llevar a cabo el engd&\X fue necesario realizar un estudio
previo para determinar las condiciones experimestaptimas para su aplicacion en estudios
poblaciones, debido a la gran diversidad de comaés empleadas en los estudios recogidos en
la bibliografia, que dificultan la reproducibilidael mismo y la comparacion de los resultados
entre diferentes laboratorios. Este trabajo segeea el Capitulo Il de esta Tesis. Se testoeel us
de linfocitos frescoss.congelados, asi como de linfocitos estimuladoro estimulados, frente
a diferentes concentraciones de cuatro agentesdy@rus con diferentes mecanismos de accion:
bleomicina (BLM), agente radiomimético que actlafalena directa; camptotecina (Campt),
genotoxico indirecto que causa roturas de cadenplesique se convierten en roturas de doble
cadena durante la replicacién; actinomicina D (Bgt- agente intercalante; y

metilmetanosulfonato (MMS), agente alquilante guaElpce roturas de cadena simple.

En los resultados obtenidos se pudo observar quel, @so de la BLM, para todas las
condiciones testadas (linfocitos frescos y congeladstimulados y no estimulados) se obtuvo
un incremento del ¥%12AX respecto al control negativo. Los resultadesrén similares para
los linfocitos frescos tratados con Campt y Actdin embargo, en los linfocitos congelados
Unicamente se observd un incremento significativdas células estimuladas tratadas con la
concentracion mas alta de Campt y todas las caacémmes de Act-D. En el caso del MMS, so6lo
los linfocitos congelados estimulados tratadoslaenayor concentracion mostraron un aumento

significativo del %9H2AX, no asi los no estimulados ni los frescos.

De acuerdo con los resultados obtenidos, tantdirifixcitos estimulados como los no
estimulados se pueden emplear en ensayo de fasforilde la histona H2AX. Sin embargo,
cuando no se estimulan, las células se encuentrastado quiescente y, por lo tanto, se debe
tener en cuenta que las roturas de doble cademéscexactamente la respuesta temprana de
reparacion que se esta evaluando, son consecukahciaiio directo sobre el ADN, mientras que
en células estimuladas, que se encuentran enguedifn, las roturas de doble cadena que se
estan analizando puede formarse a partir de dpos de dafio que se hacen detectables durante
la division celular. Por lo tanto, la decision dgiraular o no los linfocitos antes de realizar el
ensayo de laH2AX se debe de tomar en funcion del tipo de daf® quiera evaluar o que se

espere en los individuos del estudio.

Por otra parte, en los estudios poblaciones corahasno siempre es posible realizar la
recogida de muestras y su procesado de forma iataedin estos casos, la criopreservacion
parece ser la mejor solucidon a este problema. Derdo a los resultados obtenidos en este
estudio, cuando se utilizan linfocitos congeladaa el analisis de kH2AX, la estimulacion de
las células es necesaria, ya que el dafio basakaldseen las células congeladas sin estimular es
demasiado alto, probablemente como consecuenqaieiso de congelacion y descongelacion.

En base a todos estos resultados, se decidiautdizel estudio poblacional linfocitos de sangre
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periférica congelados y estimulados para el asalsila fosforilacion de la histona H2AX como

indicador de dafio persistente en el ADN.

Como se menciond con anterioridad, en el Capitlde esta tesis se estudié la posible
relacion del estado de fragilidad con una seriedieadores genéticos que han sido previamente
empleados como biomarcadores, en una poblaciébtipesonas de 65 afios 0 mas, a los cuales
se les clasifico como fragiles (34%), pre-fragii®8.6%) o no fragiles (15.4%), atendiendo al
criterio fenotipico de Friedt al Ademas, se evalud el estado nutricional y ebestagnitivo de
todos los participantes en el estudio, mediants@lde las escalas Mini Nutritional Assessment-

Short Form y la versién espariola del Mini-MentatStExamination, respectivamente.

La implicacion de la inestabilidad gendmica, comsuitado de un desequilibrio entre el
dafo producido en el ADN y los mecanismos de repamaen fenotipos relacionados con la edad
ha sido previamente descrita. Ademas, el ensajiNdes uno de los mas comunmente utilizados
para evaluar dafios cromosdmicos, siendo la fre@elecMN un biomarcador de inestabilidad
gendmica ampliamente reconocido y empleado enedifes tejidos. El ensayo de MN con
bloqueo de la citoquinesis en linfocitos de samugdférica se utiliza habitualmente para la
evaluacion de dafio en el ADN en estudios de bioimorécion de humanos expuestos a agentes
genotoxicos. Ademas, la frecuencia de MN esta duomehte asociada al proceso de
envejecimiento, y se han observado incrementos e kiomarcador en enfermedades
relacionadas con la edad. Por otra parte, el endaydN en células bucales es un interesante
candidato para el estudio de poblaciones humanbiladea que, ademas de permitir la
identificacion de las anomalias indicativas de otipos de alteraciones celulares previamente

mencionadas, presenta un caracter no invasivd@#sena de muestras.

Los resultados obtenidos mediante analisis esi@mistunivariantes mostraron un
incremento progresivo de la frecuencia de MN efoditos y células bucales binucleadas con el
estado de fragilidad. Por el contrario, se obsarsa vez un descenso de la frecuencia de células
bucales picndéticas en el grupo fragil respectcsadtoos dos grupos, y de las células carioliticas
respecto al grupo de no fragiles. Ademas, se afrtoviincrementos altamente significativos en
la frecuencia de MN en linfocitos en individuos itiees para el criterio “baja actividad fisica”.
Los analisis multivariantes, ajustando por eda#p seconsumo de tabaco, confirmaron los

resultados anteriores.

Por lo tanto, este estudio muestra una posibleagso6n entre la frecuencia de MN en
linfocitos con el estado de fragilidad, al contwague el Unico estudio relacionado hasta la fecha.
Ademas, el incremento en la frecuencia de céluiaalbs binucleadas podria indicar a defectos
de la citoquinesis en individuos fragiles, mientga® el descenso de las células picnéticas y

carioliticas muestra alteraciones en la muertdlare&n individuos fragiles. Todo esto, junto al
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hecho de que en nuestro estudio no se encontrélalasbasales, sugiere que estos individuos

presentan una menor capacidad de regeneraciomuectssa bucal.

El estudio de la posible influencia del estadoiolatnal y el estado cognitivo sobre los
parametros estudiados mostré que los individuoshut@dos o en riesgo de malnutricién
presentaban valores significativamente mas altosMdle en linfocitos y células bucales
binucleadas, y frecuencias de células picnotigasfgiativamente menores, que aquellos con un
estado nutricional normal. Resultados equivalestesbtuvieron en individuos con deterioro
cognitivo respecto a los sujetos con un estado itegmormal. Esto sugiere una posible
influencia tanto del estado nutricional como deéhés cognitivo en los resultados obtenidos en

el estudio de la relacién con el estado de freayilid

Los datos obtenidos del estudio de mutagenicidafp grimario del ADN y capacidad
de reparacion celular no mostraron asociacion ¢astado de fragilidad. Este es el primer
estudio, para nuestro conocimiento, que evallUeel&cidon de estos dos parametros con la
fragilidad, y el segundo en evaluar la capacidadeg@aracion del ADN. A pesar de que los
resultados de la capacidad de reparacion muesteatendencia a descender con la severidad de
la fragilidad, no se llegan a observar diferensigsificativas, lo que concuerda con los resultados

obtenidos previamente.

El andlisis de los niveles gel2AX mostrd una asociacion con la fragilidad. Aderaa
estudiar su relacion con cada uno de los criteléosagilidad, se observaron resultados paralelos
a los obtenidos en el andlisis de MN, obteniéndoseimportante contribucion de la actividad
fisica, velocidad de desplazamiento y fuerza dexgd@, mientras que la pérdida de peso
involuntaria y el agotamiento apenas contribuynwariacion del %H2AX y a la frecuencia de
MN. Estos resultados dan mayor apoyo a la relasnbre el dafio genético fijado y la fragilidad,
sugiriendo ademas que una combinacion de crit@iagipicos y biomarcadores puede mejorar
la identificacion de la fragilidad.Considerando jomtamente los resultados de la frecuencia de
MN en linfocitos y el ensaygH2AX, la hipotesis de la existencia de una conexatre la
inestabilidad gendémica, entendida como dafio genéjado, y el estado de fragilidad parece
plausible y apoyada por los datos de este traPajesto que ambos biomarcadores, las tasas de
yH2AX y MN, aumentaron significativa y progresivanenoon la fragilidad, podrian proponerse
como herramientas para la identificacion o preditde fragilidad. Sin embargo, la validacion
posterior de estos resultados es necesaria patanfiumacion. Por otra parte, los niveles de
yH2AX resultaron alterados tanto en sujetos preFagcomo en fragiles, mientras que la
frecuencia de MN Unicamente se incrementd en gbqgude fragiles. En consecuencia, la
combinacion de ambos parametros podria proporciaf@macion Gtil sobre la severidad de la

fragilidad, permitiendo a los clinicos distinguittiee los estados de pre-fragilidad y fragilidad y
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ayudandoles asi a proporcionar cuidados persodaBz&or tanto, los resultados del presente
trabajo pueden contribuir a mejorar las estratetpasuidados terapéuticos en pacientes mayores.
Sin embargo, se requiere profundizar en la invastim en este sentido para probar si estos
resultados son consistentes y reproducibles emedifes poblaciones y mayores tamafos de
muestra, para estandarizar estos biomarcadores @atgue puedan ser utilizados en clinica, y

para entender completamente la influencia del idetecognitivo sobre estos parametros.
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I-Introduction

1. Introduction

The phenomenon known as population ageing is rapitturring at a global level. This
process is due to two main causes: the declinerafity and the rise of life expectancy. This
situation is especially pronounced in Europe, wierdity is nowadays below the level needed
for the replacement of the population (around 2ith® per woman) whereas life expectancy at
birth is projected to rise in 6-7 years by 2045@Qfom 77.2 years in 2010-2015). At present,
the percentage of population aged 65 or over iniiis the highest in the world (25%); however,
the rapid ageing is not a phenomenon exclusiveuobe. It is expected that all regions of the
world, with the exception of Africa, will reach silar percentages of population aged 65 or over
by 2050, while Europe could reach 35% (United Natj@017). In this context, the 2015 Ageing
Report from the European Commission, predicts amdti@ change in the structure of
demographic population pyramids. In 2013 the masterous cohorts were reported to be those
around 45 years old, for both males and femaless. Wil change in 2060 in favour of the older
people groups (65-80 years old) (Figure 1.1).
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FIGURE I.1. Age structure of the population in 2013 (dark pansd 2060 (light
bars), in the 28 countries of the European Unioadjfired from The 2015 Ageing
Report, Underlying Assumptions and Projection Mdtilogies, Joint Report
prepared by the European Commission (DG ECFIN) t&wed Economic Policy
Committee (AWG), European Economy Series 8/2014).
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This increase in longevity does not necessarilympralonged health-span and welfare.
On the contrary, in many cases old age comes witgharisk of social isolation, poor health and
financial privation, accompanied with limited acees affordable, high-quality health care and
social services. For this reason, a systematicgghanall societies is needed. A comprehensive
response, not only in the public-health systemibull social sectors, is required to face the
challenges and increased expenditures due to fhdgimn ageing, to ensure that the strategies
proposed to assist the wellbeing in old age anti¢adthy ageing process can extend to everyone,

regardless where they live or the socioeconomiamtbey belong to.

In order to achieve this goal, in the last yearsobge has followed two main courses of
action: (i) developing initiatives (e.g. physicalisity, healthy diet, fulfilling social relations,
participating in meaningful activities...) to promdtealthy ageing, defined by the World Health
Organisation (WHO) athe process of developing and maintaining the fanat ability that
enables wellbeing in older agand (ii) evolving better methodologies for theesmning and
identification of older subjects in a state of \ardability, to prevent or diminish the impact of
cognitive and functional decline, and to developcéalized healthcare policies and personalized

medical assistance.

At a biological level, the ageing process is chi@®ed by a progressive accumulation
of a wide range of molecular and cellular alteragithat occur in a non-linear or consistent way.
For this reason and under the frame of the secondse of action previously mentioned, the
concept ofrailty has emerged in the last years as a more accueagune of biological age than
the traditional concept of chronological age. Fyais an important geriatric syndrome with
increasing prevalence in advanced age (Topinko@@8R Frailty syndrome represents an
increased risk of poor health outcomes for those 6% years old, which offers an interesting
and reliable tool to identify people in a statevoinerability (Cesariet al, 2016). Frailty,
especially in its early stages, is potentially rsilde, thus early identification of this syndrome
may be crucial for the implementation of persoraipreventive strategies against age-related
conditions (Gillet al, 2006; Espinozat al, 2012; Rolanekt al, 2014). Even though the critical
time frame for interventions that target frailtyshaot yet been unmistakably established, frailty
prevention should start at early ages in adulthaad,not be exclusively delegated to older age,

in order to avoid negative outcomes in the old @gsariet al, 2016).
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2. Frailty
2.1. Concept and history

As mentioned above, the chronological age critertcaditionally employed for
determining whether an individual must be refetederiatric care or not is no longer reliable
(Cesariet al, 2016). Instead, frailty criteria should be usedderiatricians and healthcare
professionals in order to provide a proper andgreatized care to the individual. However, until
this moment there has not been a consensus inieanational official definition of frailty, being

considered as a condition, syndrome or status diépgion the author or publication.

The concept of frailty appeared for the first timethe research literature in 1968 in a
study carried out by O'Brien et al. In this stutig tauthors outlined the gradual development of
frailty as an excessive and disproportionate renatif subjects to adverse events. However, it
was not until 1988 that a first quantitative measuoir frailty was established by Winograd et al.
According to their operational definition, fraild#r adults had one or more of 15 common
geriatric clinical conditions including malnutritipdepression, impairment of activities of daily
living, incontinence or confusion. Since these piemstudies, frailty has long been considered
synonymous of disability and comorbidity, to behijgprevalent in old age and to confer a high

risk for falls, hospitalization and mortality (Laegal, 2009).

The quantitative and qualitative change in fradlbncept comes at the beginning of this
century with two independent studies. Firstly, &riand colleagues (2001) introduced a
phenotypical definition of frailty, defining it athe display of three or more out of five
physiological deficits (muscle weakness, low gaiexd, unintentional weight loss, exhaustion,
and low physical activity). Those people presenting or two of these deficits were classified
as pre-frail. Closely, Mitnitski, Rockwood, and lealgues (Mitnitskiet al, 2001; Rockwoockt
al., 2005) defined frailty as the cumulative effectrafividual deficits occurring with ageing that
include symptoms (e.g., low mood), signs (e.gmt, abnormal clinical laboratory values,
disease states, and disabilities. The more deficésent in an individual, the more likely to be
frail (Rockwood and Mitnitski, 2007).

Throughout all this time to present, the definitadrrailty has evolved from a description
of a state of dependency to a more dynamic modektincompasses biomedical and psychosocial
aspects (Langt al,, 2009). Consequently, numerous definitions andsemesnents of frailty have
arisen in the literature in these last years. Hardhese two previously described criteria, Fged’

and Rockwood'’s, or their variants, are still thestrexccepted and used ones.

Trying to reach a consensus, in 2008, the IntesnatiAcademy of Nutrition, Health and
Aging postulated a new definition of frailty comiyvig components of both Rockwood's and

Fried's definitions in the acronym “FRAILFatigue, Resistance (cannot climb one flight of
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stairs), Ambulation (cannot walk one block)inesses (more than five) ahass of weight (>5%
over one year or less) (Abellan van Katral, 2008). Later, in 2013, a group of experts frorthbo
North America and Europe released a consensuseatefinition of physical frailty that suggests
it is an important medical syndrome, caused by ipieltfactors, characterized by decreased
strength, endurance and physiological functioncWvimcreases the vulnerability of a person for

greater dependency and/or death (Modewl, 2013).

Several international groups, including the WHO #&mel International Association of
Gerontology and Geriatrics (IAGG), are currentlyriing on an internationally accepted
standard frailty definition (Derat al, 2016). Nevertheless, there is no consensus Keough
there is an increasing tendency to consider nof phlsical criteria but also cognitive and

sensorial loss, and even biological parameters.
2.2. Prevalence

The prevalence of frailty varies largely betweardss mainly due to the different tools
employed to identify frailty, but also becauselwd bwn features (gender, age, ethnic...) of the
populations considered. Collaed al. (2012) carried out a systematic review to estimhbee
prevalence of frailty in the elderly including ddtam 61,500 older adults from 21 different

studies. The reported prevalence varied substhraieloss studies, ranging from 4.0% to 59.1%.

When analyses were restricted to studies usingtieaotype model proposed by Fried
and colleagues (2001), the weighted average pres@las 9.9% and 44.2% for frailty and pre-
frailty, respectively. And even using the sameecid, factors as gender, race, or socioeconomic
conditions have been reported to influence thisvgdence, with higher values in women
compared with men (Collaet al, 2012; Theowt al, 2015), in Hispanic and African Americans
regarding other ethnic groups (Espinoza and Haz@@8), and in people showing limited
education and poverty regarding other more socfallpurable populations (Friezt al, 2001).

A recent cross-sectional study including 331 Spanistitutionalized older people of both
genders, showed that the prevalence of frailtyhred®8.8% (Gonzalez-Vaea al, 2014).

2.3. Frailty identification

Currently, several tools are used in clinics failfy screening in older adults. As
previously mentioned, the two most well-known instents to identify frailty are the phenotypic
model proposed by Fried and colleagues (2001) tendleficit accumulation model developed
by Rockwood, Mitniski and collaborators (Mitnisit al, 2001; Rockwoodkt al, 2005). The
model proposed by Friegt al.is based on five criteria that include shrinkirrguaintentional
weight loss, muscular weakness, self-reported estltay slow walk and low physical activity

level. Those individuals with three or more of thasiteria are considered frail, while those with
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one or two are considered pre-frail, and thoseviddals who do not show any of those are

considered non-frail or robust (Frietlal, 2001).

The cumulative model proposed by Rockwood and gkin{Mitniski et al, 2001;
Rockwoocket al, 2005), also called frailty index (Fl), is calcigd as the ratio between the number
of deficits the individual presents divided by toéal of deficits considered in the computation.
The deficits evaluated are a total of 92 parameteas include physical criteria, neurological
examinations, psychological symptoms, and clinlehbratory values, among others. Fl is a

simple calculation of the presence or absencedif eariable as a proportion of the total.

These two instruments are evidently very differientheir constructs, but also in their
objectives. In particular, frailty phenotype is mdocused on screening the physical domain of
frailty, while the deficit accumulation model stefnam the results of a comprehensive geriatric
assessment. Indeed, FI was previously suggestbeitter identify older adults at high risk for
adverse outcomes than the frailty phenotype iretirey stages of frailty (Blodgett al., 2015).
Still, a recent study compared these two approaahdsconfirmed their agreement and their

association with falls and overnight hospitalizatidZhuet al, 2016).

In another study, the capacity to predict futurgability and mortality of four different
frailty models — including again Fried criteria aRt plus the FRAIL model proposed by the
International Academy of Nutrition Health and Agirand the SOF (Study of Osteoporotic
Fractures) frailty scale — were compared in a lajnal study on an African American
population (Malmstronet al, 2014). Together with validating the use of FRAltale in clinical
practice, results from this study concluded thaaid the FRAIL scale exhibited the strongest

predictive validity for disability and mortality.

Together with the two more common models, therenamay other screening tools to
identify frailty, including a number of variants tfese pioneer ones. For instance, in a recent
review the existence of more than 260 differensiagrs of the frailty phenotype published in the
literature was reported. And even though all ofnthmight potentially identify frailty, the
modifications introduced in the original phenotypdteria had important impact on its
classification and predictive ability (Theetial, 2015). This observation was later confirmed by
Dentet al.(2016), who published another complete reviewentihg all the frailty measurements
employed to date to identify this syndrome, and alsinted out that many frailty measurements
were modified somewhat from their original validhtersion, and that this could eventually have
a striking impact on frailty classification. Deat al. (2016) reviewed a total of 422 studies
classifying older adults (ageeb5 years) according to frailty status by employamy method,
thus reporting 29 different frailty instruments. uf@en out of these 29 instruments were

previously validated to be used in older people theg were deeply compared, concluding that
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there is no “one” perfect frailty measurement imseence today; some measurements are better
for population-level frailty screening and others enore suitable for clinical use. In that study,
authors also claimed the necessity of unifyingecidt, or even developing a new gold frailty
measurement, in order to establish a standard mezasuat for frailty, especially to be employed

in clinical practice, and to make the differentds#s comparable. This would also help to know
the actual frailty prevalence worldwide. But, asvds also pointed out, several reasons would
explain why reaching this objective is so compkchtincluding the complex frailty aetiology,
the differences between populations, or the inHatificulty in distinguishing frailty from both

ageing and disability, among others.

Until a standard criterion to identify frailty islapted, the choice of the most appropriate
frailty instrument has been suggested to rely enpilrpose of the evaluation, the outcome for
which the definition was originally validated, thalidity of the tool, the studied population, and

the setting in which the assessment will be coratli(Cesaret al, 2016).

Still, despite the high number of available instamts to measure frailty and their
different bases and criteria, it seems that thaliptige value of frailty for negative health
outcomes, including falls, hospitalizations, didifpi institutionalization, and mortality, is
consistently confirmed across assessment instrangmget populations, and settings (Fre¢d
al., 2009; Clegeet al, 2013; Theowet al, 2013).

Even though all efforts focused on establishingmmon definition and a more accurate
measurement of frailty, the truth is that the oneppsed by Fried and collaborators is, even
nowadays, the most worldwide extended and emplayiéeria to identify frail individuals in
clinical practice and research. Indeed, the ‘Frdiisk Force’ of the American Geriatrics Society
adopted the suggestion of Frietal.as the best current working definition (Lagtgal, 2009).

This working definition of frailty, based on Friedriteria, is very useful; however, it is
only based on physical symptoms and signs. It eegl@ther potentially important components
of the syndrome such as mood, cognition, sensopaimments and socioeconomic aspects of
older adults’ lives (Abellan van Kaat al,, 2008; Zaslavskgt al, 2013). Moreover, no biological
markers are included in the frailty syndrome dedibg Friedet al.(2001). Numerous researchers
have argued that frailty is a multidimensional amailtisystem process that cannot be
comprehensively captured by applying physical detenly (Dentet al, 2016; Zaslavskgt al,
2013).

Consequently, in the last years, more and moreoaaitigree with the fact that it is not
satisfactory to define frailty in the physical ddmanly, highlighting the need for searching for

other markers of frailty at different levels, ander several publications started to address
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separately physical and cognitive frailty (Duladakubertin-Leheudre, 2016; Kelaidii al,
2013; Wood=t al, 2013).

2.4. Biological basis of frailty

Although, frailty was initially linked to physicalecline and considered as synonymous
of disability or comorbidity, currently it is becang recognized as a distinct clinical syndrome
with a biological basis (Lanet al, 2009). Indeed, frailty is commonly accepted teeha strong
biological component that result from cumulativdudar damage over the life-course (Dextt
al., 2016). As people age, many systems and proceaselse modified (reviewed in Fielding,
2015). Similarly, a number of physiological proasfunctions have been demonstrated to be

altered in frail subjects (reviewed in Walston, 200

However, the specific pathophysiological changeslired in frailty aetiology remain
undefined. This is mainly due to the fact that mgle system impairment characterizes frailty.
Instead, it seems that an intertwined network ofdgjical anomalies at different levels is likely
to be part of the pathophysiological chain of esdeading to frailty (Zaslavskst al, 2013). In
2009, Langet al. already highlighted the importance of improving amderstanding on the
complex biological factors leading to age-relatagsote loss (sarcopenia, a typical clinical sign
in frail subjects) beyond those attributable toimpte decrease in physical activity and to

deleterious chronic undernutrition.

All the processes or physiological functions knawrbe altered in frail patients can be
grouped into three different dimensions accordathé organizing level affected (Figure 1.2). At
the cellular level, frailty status has been linkeddeficiencies in cellular repair ability and
consequent DNA damage accumulation (Dehil, 2016). The biological consequences of
increased levels of this damage can be wide rangiolyding altered gene expression, genomic
instability, mutations, loss of cell division potah, cell death, impaired intercellular
communication, tissue disorganization, organ dysions, and increased vulnerability to stress
and other sources of disturbance (Rattan, 200@hé\systematic level, more and more evidence
suggests that frailty-associated physiological elyskation involves multi-organ systems,
including the musculoskeletal, immune, endocrinematologic, and cardiovascular systems
(Friedet al, 2009). Finally, as more systems show abnormaitfom, frailty severity increases,
and all these dysregulations, although initiallkersi, become physically evident, affecting the
whole organism and showing up as the clinical sigh§railty: muscle mass loss, cognitive

impairment and sensorial loss, among others.
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FIGURE |.2. Frailty biological levels.

Recent research efforts have helped to better aldfie clinical and physiological
characteristics of frailty (Lang@t al, 2009; Sieber, 2017). However, and despite thase |
evidences on the biological basis of frailty, umtmv no biological feature has been validated to

be used as a useful biomarker to identify fraititiss.
3. Biomarkers
3.1. Genomic instability

As mentioned above, many physiological procesgsesed in frail individuals as well in
many age-related diseases (cancer, neurodegeeal&orders) and ageing signs are related to a
dysregulation between DNA damage and the correction of cellular DNA repair mechanisms.
This loss of balance can lead to a gradual destatidn of the genomic integrity, which is known
as genomic instability (Gl), one of the ageing gaxchallmarks (Garmt al. 2013; Gorbunova
and Seluanov, 2016; kt al.2016a; Fischer and Riddle, 2017). Cytogeneticysssee often used
to detect GI; among them the micronucleus (MN) ieehe of the most widely accepted (Maslov
and Vijg, 2009). Micronuclei (MN) originate from @mosome acentric fragments or whole
chromosomes that lag behind at anaphase duringanudivision (Figure 1.3). During telophase,
these fragments and whole chromosomes are surrduoglea nuclear envelop, acquiring a
morphology similar to a small interphase nucleuMbt. Hence, the presence of MN in the cell
cytoplasm is indicative of chromosome damage (Fen2000) and the MN assay provides a

reliable measure of both chromosome damage andncisamme loss.
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FIGURE 1.3. Micronuclei formation from a whole chromosome d¢wramosome
fragments (modified from Feneet al, 2007).
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3.1.1. The cytokinesis-block micronucleus assay

Since one cell division is necessary for the MNb® displayed, it is essential to
discriminate those cells that have undergone onesigito be considered for the MN scoring.
The cytokinesis-block micronucleus (CBMN) assanstly described by Fenech and Morley in
1985, allows to identify cells that have experigheecell division due to their appearance as
binucleated cells after blocking cytokinesis wititachalasin-B (Cyt-B) (Figure 1.4). This
chemical is an inhibitor of microfilament ring asgdy required for the completion of cytokinesis
(Fenech, 2007); hence, in its presence cells dividie nuclei normally (mitosis), but cytoplasm
division is avoided, thus appearing as binucleateliN frequency in peripheral blood
lymphocytes (PBL) is a reliable measure and widshployed in molecular epidemiology and
cytogenetics to evaluate chromosomal damage in hypopulations (Valdiglesiast al, 2015;
Hintzcheet al, 2017). PBL present several biological and pcat@dvantages. These cells are
routinely collected and considerable amounts ofscale easily obtained from a small blood
sample, cell cycle effects do not interfere sinostunulated lymphocytes are non-cycling (they
are quiescent in the (Gphase of the cell cycle), show reproducible resuind have been
demonstrated to be suitable surrogate cells, sireielevel of DNA damage reflects the level of
genetic damage in other types of cells and tisfumset al, 2003; Pardinet al, 2017). For these
reasons, MN frequency in peripheral blood lymphesyevaluated by the CBMN assay has
traditionally been one of the most used tests faluation of chromosomal alterations and is

considered a reliable biomarker of Gl (Fenethl, 2007; Bonasst al 2011a).

11
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FIGURE |.4. Fluorescence microscopy image of a binucleatedhouyte
with a micronucleus.

It has been previously reported that the ageinggs®is highly associated with the MN
frequency. Also age-related disorders, like canmehrosis, cardiovascular disease and diabetes
alongside neurodegenerative diseases (i.e. Alzlsiroe Parkinson’s) are characterised by an
increase in the MN frequency (Petroetial, 2002; Andreassit al, 2011; Bonassét al, 2011;
Migliore et al, 2011; Corbkt al, 2014; Franzket al, 2014). Moreover, high MN frequency in
PBL of healthy subjects has been shown to refléiglaer risk of developing cancer later in life,

suggesting a predictive role of this biomarker (8ssiet al, 2007).
3.1.2. The buccal MN cytome assay

In recent years a new alternative assay to evaMbltérequency as a biomarker of Gl in
population studies has emerged: the buccal MN cgtBMNCyt) assay (Figure 1.5). This assay
was firstly proposed in 1983 by Stich and Rosird amce then it has been used to assess the
impact of nutrition and lifestyle factors (e.g.c@lhol, smoking, drugs, and stress) as well as
exposure to genotoxic agents. It has also beerestutdcancer-associated congenital syndromes,
such as ataxia telangiectasia or Bloom's syndr@nd, other disorders also characterised by
defects in the DNA repair processes (reviewed iloguesiet al, 2015). The buccal epithelium
is the first barrier for the inhalation or ingestionain absorption routes of carcinogenic agents;
for this reason, buccal cells are likely to be higéxposed to genotoxic agents (Holland et al,
2008). In this context, the BMNCyt assay is nowadeymmonly employed in biomonitoring
studies assessing environmental or occupationalsexps to genotoxic agents (Bonastsal,
2011b; Benedettt al, 2013; Ledn-Mejiaet al, 2014). Besides, it has been reported an existing
strong correlation of MN frequency in buccal exftdid cells with MN frequency in lymphocytes
(Ceppiet al, 2010). This means that buccal cells can alsortepstemic genotoxic effects
present in the bloodstream (Bonasisal, 2011b).

12
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FIGURE I.5. Fluorescence microscopy image of a micronucletmigtal cells.

In addition, the BMNCyt assay presents a seriemdofintages. It is a non-invasive and
relatively simple technique that do not involvel eeilturing, and, therefore, it is well suited for
large biomonitoring studies (Bonasst al, 2011b). Moreover, BMNCyt assay allows the
evaluation of a variety of complementary toxicotmdi events related to cell proliferation,
differentiation and cell death. Hence, the BMNCsgay provides several biomarkers associated
with increased risk of accelerated ageing, cancdmeurodegenerative diseases (Hollandl,
2008; Thomaet al, 2009).

The oral epithelium is composed of four stratatafctural, progenitor, and maturing cell
populations (Figure 1.6). These strata, from bassitface, are (i) the lamina propria, connective
tissue orstratum germinativum(ii) the basal cell layer astratum basalg(iii) the prickle cell
layer orstratum spinosurand (iv) the keratinised layer stratum corneumrhe basal cell layer
is continuously producing new cells by mitosis timigrate to replace the cells that are constantly
shed as a result of the wear and tear of the sutisgue. The stem cells present in the basal cell
layer may express DNA damage as chromosome breakagss during nuclear division that

may or may not originate MN (Thomasal, 2009).

During this renewal cell process of oral epitheljsaveral types of cells and nuclear
anomalies are originated. For this reason, BMNGgaw is a useful tool that provides biomarkers
for DNA damage (MN and/or nuclear buds), cytokioekefects (binucleated cells), proliferative
potential (basal cell frequency) and/or cell ddatindensed chromatin cells, karyorrhectic cells,

pyknotic cells and karyolytic cells) (Thomesal, 2008, 2009).
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FIGURE I|.6. Diagrammatic representation of the different layend cell types
conforming the oral epithelium (source: Thorsagl, 2009).
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3.2. T-cell receptor mutation assay

The T-cell receptor (TCR) is a heterodimeric celiface receptor, composed by alpha
and beta chains, present in almost every matuyenphocyte (Kronenbergt al, 1986). These
alpha and beta chains contain each, one constaoingvariable domain to specifically recognise
an enormous number of peptide antigens bound topaeskbnted by major histocompatibility
complex (MHC) proteins (Howt al, 2016). The recognition of the antigenic peptidiei/
complexes by TCR is a crucial step in the activatmd regulation of the adaptive immune
response (Let al, 2016b).

Mature T cells are believed to experience a meshani allelic exclusion similar to the
one which occurs to immunoglobulin genes in B lyoplies; as a consequence, they only
actively express one of the two TCR alleles (they@henotypically hemizygougélKronenberg
et al, 1986). Hence, a single mutation at the functidi@R gene will lead to the absence of the
phenotypic expression of TCR in the cell surfacgdigumi et al, 1992). Moreover, TCR does
not possess itself signalling domains, it need®tm a non-covalent bound with the surface
protein CD3 (Figure 1.7). T cell mutants lackingeoor more of the TCé& chains are able to
form TCR/CD3 complexes in the cell cytoplasm b anable to transport these complexes to

the cell membrane surface (Clevetsl, 1988).
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FIGURE I.7. Diagrammatic representation of the structure ofRITD3
complex, involved in antigen recognition and T-@adtivation.

Mutations in any of the TC# chains can be detected by flow cytometry employing
antiCD3 specific antibodies. This technique allawsidentify and quantify TC&3 mutants
(CD3 cells) within the population of T helper cells (Télls) expressing CD4 (CD¥(Akiyama
et al, 1995). Total mutations in TCR genes are consdjesgthout differentiating betweemnor
B chains. Besides, the analysis is relatively rapid only requires a small sample of fresh whole

peripheral blood.

TCR mutation frequency (TCR-Mf) has been previoustyployed as a biomarker of
mutagenicity in occupational exposure biomonitositydies as well as a predictor of cancer risk
(Lanzaet al, 1999; Vershenyat al, 2004; Chen et al., 2006; Taooka et al., 2006¢@dreston
et al, 2011, 2012).

3.3. Alkaline comet assay

The single cell gel electrophoresis assay, commkmbyvn as comet assay, is a simple,
fast and sensitive technique for DNA damage idimatifon and quantification in single cells
(Singhet al, 1988). The comet assay protocol was originalbppsed by Ostling and Johanson
in 1984 and later modified by Singi al. (1988).

Depending on the pH employed, the comet assay sllistection of several types of
DNA damage, such as single and double strand hréakemplete excision repair sites,

crosslinks, and alkali-labile sites (Colliasal, 2014). The alkaline version of the comet assay is
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the most commonly used. In brief, this assay ct&si§ obtaining nucleoids displayed in an
agarose layer over a slide by cellular lysis emiplgya solution containing a detergent, to remove
the membranes, and high salt concentrations, moredie the nuclear proteins. Subsequently, the
nucleoids are incubated in an alkaline solutiofemlitate DNA unwinding. After running the
electrophoresis, DNA is stained with a fluorescdge. During the electrophoresis, DNA
fragments migrate to the anode wandering off frben tucleoid due to their negative charge,
forming a comet shape (Figure 1.8). The more damhdlyje DNA, the farther migration to the
anode. Length and intensity of the comet tail @pprtional to the number of breaks in the DNA.

Not damaged cells will not show a talil.

3 L

FIGURE 1.8. Fluorescence microscopy image of leucocyte nudteafter comet assay:
A) not damaged nucleoid, B) mildly damaged nucle@iphighly damaged nucleoid.

L

The comet assay is widely and commonly employeelvtduate primary DNA damage.
It is used in (i) genotoxicity testing, to screevel drugs, cosmetics, or chemicals for potential
carcinogenic properties, boih vivo andin vitro, (i) in human biomonitoring, to evaluate the
effects of toxic agent at DNA level, the effectliédstyle factors, or its involvement in diseases
or individual variations, for instance in DNA repaiapacity, (iii) in ecogenotoxicology, as a
marker of genetic damage by pollutants, and (ivbasic research into mechanisms of DNA

damage and repair (Azqueta and Collins, 2013).

As mentioned before, both ageing and processes/gvan frailty development, such as
loss of muscle mass, are associated with highdexeDNA damage (Franzlet al, 2015). So
far, several authors have studied the relationshipNA damage and age, by means of the
alkaline comet assay, obtaining different resufiswever, the use of this methodology in
population studies on frailty is still an unexpldreeld.

3.4. yH2AX assay

DNA double strand breaks (DSB) can be the resudtewtral endogenous processes (i.e.
normal cellular procedures, senescence, generafiogactive oxygen species) and exogenous
exposures (i.e. ionizing radiation or genotoxic poomds) (Matet al, 2010). Due to the severity
of this kind of DNA damage, the organism has DNAndge response (DDR) mechanisms that
are quickly initiated at the side of the DSB wilte taim of repairing it. The phosphorylation of
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the C-terminal of the histone variant H2AX (Figl® is an early response to DNA DSB and an
important step in the DDR process that has beerlogegh as a biomarker of DNA damage

(Siddiquiet al, 2015).

. A A
HZ2AX HZ2A DNA

FIGURE 1.9. Scheme of H2AX phosphorylation as response to ldostiband breaks
(DSB). ATM, ataxia telangiectasia mutated (modifiemin Hoeller and Dikic, 2009).

The H2AX histone was firstly reported by West arahBer in 1980, as a specific variant
of the H2A histone family. H2AX is ubiquitously difbuted along the genome and differs from
the other members of the family by the presen@ndavolutionarily conserved C-terminal motif:
KKATQASQEY (Rogakouet al. 2000; Takahashi and Ohnishi 2005). In responséhé¢o
formation of DSB, H2AX flanking the DSB sites am@prdly phosphorylated at the serine 139
residue to becomgH2AX (Redonet al.2011). For each DSB,@2AX focus is formed, making
it possible to estimate the number of DNA DSB byameing theyH2AX foci (Ivashkevichet
al., 2011). Hence, the formation @fi2AX foci is a sensitive marker for DSB, for bothmber
and location (Banath and Olive, 2003). Under noroalditions, they appear within few minutes
after the lesion, reach maximum levels after al38umin and then decline and disappear after
approximately 24 h (Rogakoef al, 1999; Bourtoret al, 2011). In the main, the half-life of
yH2AX foci after DNA damage has been estimated t@-b€h (Bouquett al, 2006). Therefore,
H2AX phosphorylation represents an early evenh@@NA damage response against DSB and
plays a central role in sensing and repairing thesiens (Matsuzalét al. 2010; Scarpatet al.
2013). Two different types ofH2AX foci were detected in cells: one is transitarjile DSB
repair is being carried out, and the other one nesnafter DSB repair suggesting that it may
represent DNA lesions with unrepairable DSB duedhular senescence (Sedelnikostaal,
2004, Siddiquiet al, 2015).

According to the idea of a gradual accumulatio®bfA damage with age leading to a
lack of DNA integrity, recent studies have repotteelimplication of H2AX phosphorylation and

DDR in age-related diseases, such as Werner symdralzheimer’s disease, obesity, diabetes,
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prostate cancer, hypertension, and Hutchinson-@ilfiogeria syndrome (Sedelnikoea al,
2008; Schurmasmt al, 2012).

However, there is a notable lack of standardizatidche methodological procedure used
to determine the levels gH2AX, which leads to a wide heterogeneity in theuits obtained and
their interpretation. This heterogeneity is maidiie to extensive variability in the experimental
procedures, affecting the reliability of the assHyerefore, it is necessary to standargid@AX
assay and to determine the main experimental &atfiuencing its results, in order to establish

this technique as a routine biomarker in populasiolies.
3.5. DNA repair competence assay

DNA repair mechanisms are the cell defence systepndtect and maintain the genome
integrity. DNA repair involves three main mechargsrdirect reversal of the damage, excision
repair — which involves three pathways, accordimghe type of DNA damage induced: base
excision repair, nucleotide excision repair andmaitch repair — and DSB repair, which may be
conducted by two routes, depending on the cellecghbhse: homologous recombination and non-

homologous end-joining (Walker and Rapley, 1997).

Deficiencies in these systems are often considire@dause of the development of age-
related diseases or cancer (Valdiglesasal, 2011a). It has also been proposed that frailty
syndrome might be driven by alterations in the cedlair mechanisms (Deet al, 2016). DNA
repair capacity of human leucocytes has been prsljionvestigated as a biomarker in human

biomonitoring and cancer prediction (Bausinger Spdit, 2015).

The DNA repair competence assay, or challenge assay cytogenetic approach to
measure the repair competence of cells. In thisnigoe, cells are challenged by exposure to a
defined dose of a genotoxic agent that inducesitefamount of DNA lesions (e.g,rays or
bleomycin). After an additional incubation in fresledium, during which DNA repair is allowed,

the remaining damage is measured by using diffengngenetic techniques (Au, 1993).

The use of comet assay to measure DNA damage iDX#erepair competence assay
provides a powerful tool to detect repair abiliBesides, it offers the advantage of quantifying
the repair as progress of the DNA damage levelsesiin contrast with other cytogenetic
techniques such as chromosome aberrations, it alwaluating the damage in different time
points (i.e., after damage induction and afterititeibation period in fresh medium) (Rajaee-
Behbahanet al,, 2001; Schmezeat al, 2001).

On the basis of what was explained in this memaoryas, it is necessary to develop
biomarkers that may help identify individuals ir tharly stages of frailty or at risk of developing
this syndrome, when it can be prevented or eveerted. Due to their association with ageing

and age-related diseases, biomarkers related aigemtcomes are promising for this objective.
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Thus, as the first step of this work, a systemawew of the epidemiological studies published
till date evaluating the association of frailty Wwibiomarkers of oxidative stress, genomic
alterations and DNA repair was carried out (ChafjerAccording to the results obtained in the
systematic review, and in order to acquire a beitelerstanding of the biological basis of frailty,
a set of biomarkers of genomic instability, and Di#mage and DNA repair was selected to be
applied in a cross-sectional study with older a&lwimed at determining their possible
relationship with frailty status and thus theirguatfal as biomarkers of frailty (Chapter IV). Sgnc
one of these biomarkers was phosphorylated H2AXohés a quite novel assay for DSB
evaluation, optimization of theH2AX assay experimental conditions to be appliedhtman

population studies was necessary (Chapter IlI).
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Objectives

The rapid ageing of the global populations andsti@al, economic and health challenges
that come with it require a comprehensive respoosnsure the wellbeing of the older people
through a healthy ageing. Frailty represents areaged risk of poor health outcomes in the old
age. In this context, the main objective of thisrkvavas to improve the understanding of the
biological basis of frailty evaluating alteraticaisthe cellular level in a population of peopledge
65 years and over classified according to theiityratatus following the Friegt al (2001)

criteria.

This overall goal will be achieved through the daling specific objectives:

1. To carry out a systematic review of the literatpigblished containing epidemiological
studies conducted in older adults, evaluating dteration at the cellular level, including
biomarkers of oxidative stress, genomic alteratiand DNA repair, in relation to frailty
status.

2. To optimise the experimental conditions of #2AX assay for being used as DNA damage

biomarker in human population studies.

3. To study the relationship of the frailty statustwid set of genetic outcomes (genomic
instability, DNA damage and DNA repair) in a pogida of older adults classified into frail,
pre-frail and non-frail according to Fried al. (2001) criteria, in order to test their potential

to be established as biomarkers of frailty.

Each one of these objectives will be fully exploredhapters Il, Il and IV of this Thesis,

respectively.
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1. Introduction

The concept dfrailty is getting more and more attention as a new ane urate way
to define biological age as well as to identifynedability in elderly. Identifying frail people as
early as possible is socially and economically iedusince evidence from different studies
suggests that frailty status, particularly at gsyearliest stages might present characteristics o
reversibility (Espinozat al, 2012; Gillet al, 2006; Rolancet al, 2014). Thus, frailty criteria
should be used by geriatricians and healthcareegsainals in order to provide a proper and
personalized care to the older individual. Howewarrently there is no consensus in an

international official definition of frailty.

Due to this lack of an official definition, sevewsareening tools are currently employed
to identify frailty. However, the two most commoniged instruments are the frailty phenotype
(Fried et al. 2001) and the frailty index (FI) (Mitnitslét al, 2001; Rockwoodet al, 2005).
Nevertheless, multiple variations of the Friedsesia (260 according to Theai al. 2015) and
FI, employing different deficits and/or diverse rem of deficits (Searlet al, 2008; Dentt al,
2016), exist which can affect the predictive abitf the specific tool. As it has been mentioned
in the Introduction of this memory, the instrumehbsen in every case depends on a combination

of factors, such as the study population, the med the evaluation, or the available resources.

Some examples of these different screening to@saarfollows. Montesanto scale is a
population-specific survey consisting of a clustealysis based on three phenotypic parameters
[Mini Mental State Examination (MMSE) (Folstedhal, 1975), hand grip strength, and Geriatric
Depression Scale (GDS) (Sheikh and Yesavage, 1986)listed by physical and clinical
parameters (height, weight, knee-to-floor heighd araist and hip circumferences, functional
activity and health status) (Montesasmtoal, 2010). Hospital admission risk profile (HARP) is
another different instrument for stratifying oldeatients at the time of hospital admission,
according to their risk of developing new disakahtin activities of daily living (ADL) following
acute medical illness and hospitalization (Saget, 1996). This index is based on demographic
information (age, gender, mental status, livingaagement, race), ability to perform six ADL
(bathing, dressing, transferring, walking, toilgtimnd eating) and seven instrumental activities
of daily living (IADL) (managing finances, takingedications, telephoning, shopping, using
transportation, preparing meals, and doing houdéewtwo weeks before admission. An

abbreviated MMSE (range 0-21) is also obtainednduttie admission interview.

Frailty has been reported to have an importanbgiokl basis (Langt al, 2009); still,
the extent of this basis and its aetiology is gtiite unknown. The study of the biological causes

of frailty and the alterations and interrelationstvieen the different physiological systems
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affected in the frailty status will contribute taderstand the development of frailty, to reduce

variability among different studies, and to reactoasensual definition of frailty.

In this frame, the use of biomarkers to identifgilfsubjects not only would be a more
precise and objective method for frailty identifica, but also would allow to compare
epidemiological studies and to draw suitable casiols from them. Due to its link to age and
age-related disorders, frailty has been suggestée tassociated with loss of genome integrity
caused by an unbalance between DNA damage andittecicfunctioning of the DNA repair
mechanisms (Gorbunova and Seluanov, 2016); howévsrhypothesis has not been clearly
demonstrated so far. For this main reason, a tlgpreaarch of the literature published related to
clinical/epidemiological studies conducted in oldi@il adults, evaluating any alteration at the
cellular level — including biomarkers of oxidatis&ress, genomic alterations and DNA repair —
was performed, and the findings were reviewed is thapter, in order to identify parameters
that could be associated with frailty condition armhsequently be proposed as biomarkers of

frailty.
2. Material and Methods

2.1. Bibliographic search

The identification and selection of studies to beluded in the review was carried out
through an extensive literature search using thMVed database (National Library of Medicine,
National Institutes of Health, Bethesda, MD, US&pH/www.ncbi.nih.gov/PubMed), and was
updated to October, 2016.

The search strategy developed comprised two tehaiswere intersected using the
Boolean term “AND”. The first one included descars related to frailty (‘frail’, ‘frailty’ or
‘frailty elderly’), and the second one included clgstors related to biomarkers at the cellular
level (‘cellular damage’, ‘DNA’, ‘genomic’, ‘oxidate’, or ‘DNA repair’). All searches were

focused on title or abstract.

2.2. Selection criteria

Eligible studies to be included in the review wallestudies conducted in humans, written
in English or Spanish, and focused on populatiddder adults (mean age60years old). Study
individuals must have been classified according fngilty status following any of the currently
validated criteria for frailty identification. Moower, any cellular or molecular biomarkers must
have been evaluated using any methods. In pantj¢hka studies selected for this review can be

classified within the following subgroups:

- Those evaluating oxidative stress biomarkersait &nd non-frail older adults
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- Those evaluating genomic biomarkers in frail and-frail older adults
- Those evaluating DNA repair ability in frail andn-frail older adults

Studies not considering frailty but ageing, revigstsidies carried out in animals, and
articles not written in English or Spanish were leded. Finally, studies using criteria not
validated to identify frail individuals, or emplayg frailty as a confounder instead of outcome,
were also not included in this review. Whenevergame group of authors published papers on
the same group of patients, only the most recentast complete report was considered.

Two hundred and sixty-six citations (after exclugltuplicates) were initially obtained
and manually reviewed (Figure 11.1). Among themy&8ulted eligible after an initial revision of
abstracts. The whole publications of all theseistidiere fully reviewed, finding 21 studies that
fulfilled the selection criteria. Other five additial publications were identified and included in
the revision after reviewing the references seatiopublished articles.

Pub Med Search
n= 266 (excluding duplicates)

Title and abstract review.
B — n= 191 excluded

75 eligibles ]
Whole text review.

I*‘mw—i' n= 54 excluded

21 eligibles ]
References review

l B — n= 5 included

.
— | ™

Oxidative Stress Genomic Biomarkers Repair
n=9 n=18 n=1

FIGURE Il.1. Flow chart of the systematic review conducted. &@aper (Collerton
et al, 2012) addressed the three aspects considereis ireview.
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3. Results and Discussion

As a result of the searching process, a total oft@fies published from 2006 to 2017
suited inclusion/exclusion criteria and, consediyentere included in this review. Among them,
8 evaluated oxidative stress biomarkers and 17 rgendiomarkers. Besides, one study
(Collertonet al, 2012) evaluated oxidative stress and genomic dikens, plus DNA repair
ability on the same population of older adults. gtlidies but one (Pereis al, 2016) were
written in English. According to the affiliation d@he first author, these studies were mostly
conducted in Europe (54%), USA (27%), and Asia (L@8igure 11.2). The number of individuals
analysed per study ranged from 15 to 5,275, withean sample size of 499 per group. Four
papers only (15.4%) included less than 100 indiisiu7r 3% included more than 300, and in eight
out of 26 reviewed studies (30.8%) the sample i size was larger than 1,000 subjects,
confirming the robustness of the data evaluatatigreview (Figure 11.3). The mean age of the
studied individuals ranged from 61.9 to 99 yearsgueup, with a total mean age of 66.8 years.
Considering all studies in which patients were sifeed by frailty, the mean age in frail groups

was 78.1 years, in pre-frail groups 76.4 years,iamebn-frail groups 74.4 years.

Canada
4%

Asia

Europe
54%
USA
27%

FIGURE 11.2. Geographical distribution of the studies includadhis systematic
review, according to the affiliation of the firaitaor.
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73%

75%

60%

45%

30%

% STUDIES

0,
30% 15%

0%

<100 > 300 >1,000
N2 OF INDIVIDUALS/STUDY

FIGURE I1.3. Distribution of studies regarding the size of tlopplation analysed.

Regarding the criteria employed to identify fradigple, almost all studies (24 out of 26)
employed either Fried’s or Rockwood’s criteria (Fel) even both of them. Among these studies,
the great majority (67%) employed Fried’s critefga frailty identification, and only in two
studies a modified version was used instead obtiggnal one. Five out of 24 studies (21%) used
FI to identify frail subjects, and three out of 2ddies (13%) employed both of them. However,
the number of items analysed in studies employihgv&s always different among studies,
ranging from 17 to 40. The two remaining studiesusing Fried’s or Rockwood’s criteria were
Bellizi et al. (2012) and Pereirat al. (2016), which employed the Montesambal. (2010)
method, and the Hospital Admission Risk Profile (R together with FI, respectively (Figure
11.4).

All studies included in this review are presented ables I.1 and 1.2, and described in
the following sections according to the type ofgmaeter evaluated. Although performing a meta-
analysis of these studies was initially consideite@as not possible to carry this out due to the
high variability in the outcomes addressed togetbithr the limited number of studies assessing

the same outcome.
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Fried + FI
11%

Modified Fried
criteria
8%

FIGURE II.4. Distributrion of studies regarding the frailty enia used. Fl, Frailty Index.

3.1. Oxidative stress biomarkers

Reactive oxygen species (ROS) are free radicamsddrduring the cellular metabolism.
Generally, these ROS are not harmful for the detlesthey are neutralized by cellular antioxidant
systems, but their production can also be induge@xmgenous agents that include ionizing
radiation, air pollution and a wide range of cheatéc(Halliwell, 2007). In such cases, the
imbalance between increased ROS production andxafaint defences leads to an oxidative
stress state which is highly destructive for thik @ed the organism. It has been demonstrated
that oxidative stress plays an important role inradegenerative diseases, often associated with
ageing (Migliore and Coppede 2002; Peztyal, 2002); indeed, oxidative DNA damage is one
of the events that can be detected earlier in #thogenesis of these diseases. Furthermore,

oxidative stress is considered a risk factor failag (Coppedé and Migliore, 2009).

Besides, increases in oxidative stress with ageiag also contribute to the development
of chronic inflammation and disease (Woedsl, 2012). Indeed, there are a variety of potential
mechanisms linking oxidative stress to inflammatiamcluding disturbances in the redox
equilibrium, decrease of oxidation-sensitive bioatoiles related to immune response, such as
vitamins or 5,6,7,8-tetrahydrobiopterin (BH4), dtegations in pattern recognition receptors of
the innate immune system, such as toll-like reaspi@ill et al, 2010). Accordingly, a number
of previous studies have related immune systemaalbas to frailty (reviewed in Fuloet al,
2015). still, this kind of immunological alteratinalthough may be classified as cellular
alterations in some cases, were considered biomsaskeystematic level and, consequently, not

included in the present work.
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The relationship between oxidative stress andtyraihs been studied in several studies.
Table 1.1 shows all human population studies eatathg the possible association between
markers of oxidative stress and frailty in old a@yeotal of 9 studies were found in the literature
addressing this issue. The total antioxidant calwdbility or the levels of some specific
antioxidants in the frail subjects regarding the-fsail and non-frail individuals was measured in
4 (44.4%) out of 9 reviewed studies. In 7 studilggct effects of ROS on lipids (71%) (Collerton
et al, 2012; Ingléset al, 2014; Liuet al, 2016; Pereirat al, 2016; Serviddiet al, 2009),
proteins (57%) (Serviddiet al, 2009; Inglést al, 2014; Pereirat al, 2016) and DNA (29%)
(Namiokaet al, 2016; Wuet al, 2009) were evaluated; evaluation of more thantarget in the
same study was common. Moreovetr, just in 2 casasidkaet al, 2016; Saunet al, 2015), the

levels of derivatives of reactive oxygen metabslifg-ROM) were determined.

Results from these studies do not clarify if oxidatstress is consequence of frailty (or
vice-versa), or if - as suggested by kiual. (2016) - there is a bidirectional relationship whe

the presence of one of them increases the rigkeobther.
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TABLE Il.1. Studies assessing oxidative stress biomarkers

Study Total population ~ Case population  Control Frailty Outcomes Assay method Results
(mean age + SD) (mean age + SD) population criteria
(mean age +
SD)
Bleetal. n=827 (73.6 +6.4) Frail n=54 Pre-frail n=313; Fried etal. Plasma Vit-E Reverse-phase HPLC Levels of vitamin E decreased
(2006) 446 females, 381 non-frail n=460 (2001) levels gradually from the non-frail to
males the frail group
Serviddio n=62 (76.7 £5.1) Frail n=43 n=19 non-frail Fried et al. GSSG Alkaline hydrolysis ofN- A significant increase in the
etal. 23 females,39 (2001) ethylmaleimide GSSG was observed in frail
(2009) males patients when compared to
non-frall
Whole blood Spectrophotometry No association GSH level with
total GSH level frailty
Frail patients exhibited an
increase in the GSSG/GSH
ratio as compared to non-frail
Plasma MDA Spectrofluorimetry MDA and HNE adducts were
and HNE significantly higher in frailty as
proteins adducts compared to non-frail patients
Plasma oxidized Western Blot An appreciable decrease in
proteins oxidized proteins was detected
in non-frail subjects when
compared to frail patients
Wuetal. n=90 Frail n=21 (79.9 Pre-frail n=56 Fried etal. Serum 8-OHdG ELISA Frail subjects had higher serum
(2009) +5.8) (76.8 £5.8); (2001) 8-OHdG level than pre-frail
non-frail n=13 and non-frail individuals
(73.1£5.3)
Collerton n=552 (85) 332 Frail n=119 (85) Pre-frailn=333 Fried etal. Plasma lipid LC/MS/IMS No association lipid
etal. females, 220 males 92 females, 27 (85) 193 (2001) peroxidation: peroxidation with frailty
(2012) males females, 140 isoprostanes iPF2
males; FI (40 alpha-Ill and
Non-frail n=100 deficits) iPF2 alpha-VI
(85) 47 females,
53 males
Inglés et  n=742 Frail n=54 (78.8 + Pre-frail n=278 Friedetal. Plasma lipid HPLC Frail people had higher MDA
al. (2014) 6.0) 36 females, (73.8+4.7) 160 (2001) peroxidation: levels than non-frail subjects.
18 males MDA




females, 118

Plasma protein

Western blot

Frail people had higher levels

males; carbonylation of protein carbonylation than
n=410 non-frail non-frail subjects
(72.4 £4.2) 237
females, 173
males
Saumet n=2518 Frail n=210 (73.7 Pre-frail n=1463 Fried etal. Plasma dROM Spectrophotometry Correlation betwétdM
al. (2015) +6.0) 136 (70.3 £6.2) 820 (2001) levels and frailty was
females, 74 males females, 643 statistically significant, but
males; attenuated after adjustment
non-frail n=845 with multiple covariates.
(67.8 £5.8) 367 Plasma TTL An inverse statistically
females, 478 significant association with
males frailty was observed for TTL.
Plasma BAP No association BAP with
frailty
Liuetal. n=1919 Frail n=142 (77 + Pre-frail n=864 Fried etal. Plasma LpPLA2 ELISA Frailty was individually
(2016) 6) 77 females, 65 (72 +7) 495 (2001) activity and associated with isoprostanes,
males females, 369 mass, serum LpPLA2 mass, ICAM-1, and
males; ICAM-1 and MCP-1.
non-frail n=913 MCP-1, and Pre-frailty was individually
(69 £ 6) 463 urine 8-epi- associated with elevated levels
females, 450 PGFRu of LpPLA2 activity, ICAM-1,
males isoprostanes and MCP-1
In those individuals 70 years
old, associations between
isoprostanes and frailty, and
betweerpre-frailty and MCP-1
were no longer significant
Namioka n=140 Frail n=34 Pre-frail n=62 Fried etal. Plasma dROM Free radical analyzer dROM levels: frail > pre-frail >
etal. (82.316.1) 23 (80.5+4.9)40 (2001) system non-frail individuals
(2016) females, 11 males females, 22 (spectrophotometry)
males; Plasma BAP Free radical analyzer BAP levels were significantly
Non-frail n=44 system(spectrophotometry)lower in the frail group than in
(78.2 £6.0) 19, the non-frail group
females, 25 Endogenous Bromocresol purple Bilirubin levels were
males plasma anti- staining, vanadic acid significantly lower in the frail
oxidants: oxidation, and uricase group than in the non-frail
albumin, assay, respectively group. No association albumin

or uric acid with frailty




bilirubin, uric
acid

Urinary 8-OHdG HPLC and enzyme Urinary excretions of 8-OHdG
and 8-epiPGR2  immunoassay, respectively and 8-epiPGF2 were
significantly higher in the frail
and pre-frail groups than in the
non-frail group
Pereiraet n=15 (88 £9.78) High risk of Intermediate or HARP Lymphocyte UV spectrophotometry Elderly patients with a higher
al. (2016) frailty (HARP) low risk of membrane lipid degree of frailty had
n=7 frailty (HARP) peroxidation: significantly higher level of
n=7 Fl conjugated dienes in both frailty scales,
dienes and and significantly higher level of
trienes trienes only in FI
Intermediate or Non-frail/mild Plasma protein  TBARS test Elderly patients with a higher

severe frailty (FI)
n=12

frailty (FI) n=3

oxidation: MDA
protein adducts

degree of frailty (HARP)
presented significantly higher
levels of MDA than those with
milder levels of frailty

8-OHdG, 8-hidroxy-2’-deoxyguanosine; BAP, biolodiaatioxidant potential; dROM, derivatives of regetoxygen metabolites; ELISA, enzyme-linked immsoibent assay;
Fl, frailty index; GSH, glutathione; GSSG, glutathé disulfide, oxidized glutathione; HARP, hospitalmission risk profile; HNE, 4-hidroxy-2,3-nonen&lPLC,high
performance liquid chromatography; ICAM-1,intracédlr adhesion molecule-1; LC, liquid chromatographpPLA-2,lipoprotein phospholipase A2; MCP-1, moyte
chemoattractant protein-1; MDA, malondialdehyde;,Mfass spectrometry; TBARS, thiobarbituric bindawid reactive species; TTL, total thiol levels;-¥it vitamin E.
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Cells have different mechanisms to limit the lev@lROS and the damage they induce.
The cellular defence mechanisms against oxidatiess include both enzymatic (e.g. catalase,
superoxide dismutase) and non-enzymatic (e.g. witefn[vit-E], glutathione) antioxidants,
which play a central role in maintaining the cellutedox balance essential for cell survival
(Birbenet al, 2012). Several alterations in different antioxitdain association with frailty have
been obtained in the studies reviewed. For instanicE, ora-tocopherol, is the major lipophilic
antioxidant in humans; low levels of vit-E are ddesed an indirect biomarker of oxidative stress
and, therefore, it has been hypothesized to beciassd with an increased risk of frailty.
According to this, Bleet al. (2006) found a significant decrease of vit-E levalfrail individuals,
after adjustment for multiple confounders, in a ydagion of 827 older individuals classified

according to Fried’s criteria.

Also, increases of both oxidized glutathione (GS8@®) the oxidized/reduced glutathione
ratio (GSSG/GSH), but normal reduced glutathion&SHGE levels, were found in 43 frall

individuals (Fried'’s criteria) regarding 19 nonifrsubjects (Serviddiet al, 2009).

Investigating the association between oxidativesstrand frailty, Sauret al. (2015)
evaluated three biomarkers of oxidative stress5a&individuals classified according to Fried's
criteria: total thiol levels (TTL), d-ROM, and bagical antioxidant potential (BAP). Whilst no
statistically significant difference was observedtie levels of BAP in frail individuals as
compared with the pre-frail and non-frail subjed¢t® frail group showed higher d-ROM but
lower TLL levels. Also, significant positive coreglons between d-ROM and BAP, and BAP and
TTL were observed, as well as a weak inverse associbetween d-ROM and TTL. The authors
concluded that TTL was the biomarker most consiktesssociated with frailty in all the

regression models.

Namiokaet al. (2016) studied oxidative stress in a sample of didér adults with mild-
to-moderate Alzheimer’'s disease, classified acogrdo their frailty status using the Fried's
criteria. To that end, levels of several oxidatbteess biomarkers were evaluated including d-
ROM, BAP, and endogenous plasma antioxidants (namidélumin, bilirubin, and uric acid).
Consistently with the observations by Saetnal. (2015), results showed significantly increasing
levels of dROM in non-frail < pre-frail < frail gups. On the other hand, BAP and plasma
bilirubin levels were significantly lower in thedif group. Plasma albumin and uric acid levels

showed no significant differences among the threejs.

ROS attack all biological molecules including DNproteins and lipids. Lipids and
lipoproteins are particularly susceptible to ROk because hydrogen abstraction by a radical
can initiate a devastating chain reaction: lipidopédation (Anderson and Philips, 1999). Several

studies evaluated lipid peroxidation and oxidizeatgin levels in relation to frailty. Serviddet

37



Maria Sanchez Flores

al. (2009) analysed plasma levels of malonaldehyde AM&nhd 4-hydroxy-2,3-nonenal (HNE)
protein adducts (both of them recognized biomarkélipid peroxidation), and plasma oxidized
proteins (as expression of oxidative protein darpagea population of 62 old individuals,
classified as frail and non-frail accordingly te thried’s criteria. Higher levels of MDA and HNE
adducts and oxidized proteins were observed i iindividuals as compared with non-frail

subjects.

Liu et al. (2016) studied the association of frailty (Friedtgeria) with several oxidative
stress biomarkers related to cardiovascular diseaseely isoprostanes (accurate markers of
lipid peroxidation) and the lipoprotein phosphoipaA2 (LpPLA2) (an enzyme involved in
hydrolization of oxidized phospholipids) in a pogiibn of 1,919 older individuals. They
concluded that significantly increased levels opi®stanes and LpPLA2 mass were related to
greater odds of frailty, since they found indivitlaasociation of frailty with elevated levels of

isoprostanes and LpPLA2 mass, and of pre-frailth wlevated levels of LpPLAZ2 activity.

Ingléset al. (2009) employed MDA and protein carbonylation i@wating indicator of
oxidative damage to proteins) to assess the raktiip between frailty and oxidative stress, and
the capacity of these two parameters as possibimdrkers of frailty. Their results showed
significantly higher levels of MDA and carbonylatptbteins in older individuals classified as
frail, according to Fried’s criteria, than in namif; no relationship with age or sex was found in

any case.

Also, Pereiraet al. (2016) found in a small population (n=15) thateslthdividuals with a
higher degree of frailty, measured by Fl or HARReca, showed higher levels of lipid
peroxidation. In this study, protein oxidation ls/é@MDA protein adducts) were also evaluated,
showing higher levels in individuals with higheskiof frailty determined by HARP criteria, but
not by FI.

Collertonet al. (2012) carried out a study with 552 older adulissified by means of both
Fried's criteria and FI (40 items), evaluating fiessible association between frailty status and
biomarkers of lipid peroxidation, namely isoprostsnPF2 alpha-lll and iPF2 alpha-VI. No

association between frailty and the oxidative sti@emarkers was found in this case.

As previously indicated, ROS may react with difféereiomolecules in cells, and one of
the main targets is DNA. This kind of damage igofteferred to as oxidative DNA damage. The
consequences include different types of DNA altenst ranging from simple oxidation of bases
to large deletions, through single and double sttaraks (Rao, 2009). Pathogenic roles for DNA
oxidation include the induction of mitochondrialsfiynction, promotion of cytotoxicity and

modulation of inflammatory responses (Evans anck€o006). According to our revision, only
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two studies have evaluated consequences of oxadstiess on DNA in frail and non-frail older
people. Wuet al. (2009) evaluated the relationship between oxidastress and frailty by

measuring the level of serum 8-hidroxy-2’-deoxygusine (8-OHdG) in a sample of Chinese
older individuals (n=90). The frailty status wasedeined by using the Fried’s criteria. Results
showed significantly increased serum 8-OHdG leirefsail individuals with respect to the pre-

frail and non-frail subjects. More recently, Narma@ al. (2016) observed that urinary excretions
of 8-OHdG and 8-isoprostane were significantly leigin frail and pre-frail individuals than those

determined in the non-frail group.

Together with these 9 selected studies, two additiepidemiological studies, not included
in the final reviewed works because they did nactsy fulfil the inclusion criteria, addressed the
relationship between frailty and oxidative stresan indirect way. Firstly, Caballeet al.(2014)
assessed the role of oxidative stress on defi@enai functional physical performance of the
lower and/or upper body limbs, that could affeftitare pre-frailty phenotype (Fried’s criteria).
To this aim, they studied the concentrations ofipla proteins, carbonylated proteins, lipid
peroxidation and plasma total antioxidant activiag measures of oxidative damage, in a
population of 200 individuals aged70 years. Their results showed significantly lovesels of
total antioxidant capacity in women76 years old with deficiencies in the physicafpenance
of both lower and upper body limbs, but not in won¥r6 years old or in men of any age,
suggesting that deficient oxidative defence indluerly could significantly affect the functional

physical performance and future outcomes of priéifrdividuals.

Secondly, Baptistat al. (2012) used the gait speed as a measure of phpsidarmance
in older adults, in a population of 280 individual$fie objective of this study was to evaluate the
superoxide anion production, and its interactiothvpihysical frailty measured by gait speed in
older adults. They found no differences in the liasdevels of superoxide anion production
between subjects with slower and faster gait spetdvever, after stimulation with PMA
(lucigenin and phorbol 12-myristate 13-acetate)e thuperoxide anion production was
significantly higher in slow walkers (gait speed.&0n/s). Hence, they suggested that the
production of the superoxide anion can be involveithe decline of physical performance in the

older age and, therefore, in the frailty process.

Methodologies used in the studies mentioned diffan one another. Four out of these 9
studies used chromatographic assays. Ingiéd. (2009) and Namioka et al. (2016) employed
high perfomance liquid chromatography (HPLC). Thkéshnique allows the elution of a
component from a mixture or sample in order to iifigland quantify the particular component.
The basis of the technique consists of passing@ssprize sample, contained in a liquid solvent,

through a stationary solid adsorbent HPLC colunire gomponents of the sample flow through
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the column at a different rate due to their differéegrees of interaction with the column filling

material, allowing their separation. Bé¢ al, (2006) employed a reverse-phase HPLC. In this
case, the mobile phase containing the sampleataa @ aqueous solution that is pumped through
a non-polar stationary column. Separation of theymanents is conducted according to their

hydrophobic interactions with the stationary ph@anene-Adams, 2013).

Collerton et al, (2012) evaluated lipid peroxidation by liquid ehratography (LC)
coupled to mass spectrometry (MS). The MS has geasitivity and is highly specific as
compared to other chromatographic detectors. MS$atpdy converting the analyte molecules
to an ionized state. Hence the analysis of thesg, ion the basis of their mass to charge ratio

(m/z), offers a profile of the components presardg sample (Pitt, 2009).

The enzyme-linked immunosorbent assay (ELISA) wseslby Liuet al. (2016) to study
lipid peroxidation, and by Wu et al. (2009) to assthe effect of oxidative stress on DNA. ELISA
tests are immunoenzymatic biochemistry tests tbatam enzyme in a liquid sample to detect the
presence of an antigen attached to a surface hg spiecific antibodies. The reaction between
the enzyme and the antigen of study produces &igagte. a change of colour in the enzyme
substrate) that can be measured by different mgasiin, 2005).

In order to analyse oxidative damage in proteins,Western blot assay was utilized by
Serviddioet al. (2009) and Inglést al. (2014). This technique is used for immunodetectiod

quantitation of specific proteins in complex cadhmogenates (Taylor and Posch, 2014).

Five studies used spectrophotometry assays to aeallevels of different plasma
biomarkers of oxidative stress (Saetal, 2015; Namiokat al, 2016; Pereirat al, 2016), and
whole blood levels of GSH (Servidded al, 2009), as well as peroxidation of lipids of thedl c
membrane (Pereirat al, 2016). The basic principle of this techniqguehatteach compound
absorbs or transmits light over a certain rangavafelength. Thus, a substance present in a
sample can be quantified by measuring the interditight detected as a beam of light passes
through the sample solution. Also, Peratal. (2016) and Serviddiet al. (2009) evaluated the
levels of plasma MDA and HNE proteins by a spetimimetric assay, whose basic principle is

the same but using fluorescence, conferring a higbeuracy to the method.

3.2. Genomic biomarkers

The contribution of the individual genetic profite the development of frail is still
uncertain. Whether and to what extent the individgenetic features affect the individual
susceptibility to frailty is not well establishedtyIn this regard, studies involving analysistaf t
contribution of genetic background to frailty amd particular evaluating the association of

genomic instability to this condition may help toowide insights into biologically relevant
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pathways that contribute to frailty. Among the s$&sdreviewed here addressing genetic
alterations, 17 in total, six of them (35.3%) ewéd genetic background of frail individuals,

including variations in both nuclear (three stujieasd mitochondrial (other three studies) DNA,
eight (47%) investigated the relationship betweenagnic instability and frailty, and three

(17,7%) addressed the possible epigenetic chaistaterof frailty status (Table I1.2).

3.2.1. Individual genetic background

Three out of the 17 studies reviewed here evalugtedndividual genetic differences
associated to frailty, employing different multipleg bead chip arrays to genotype whole
genomes (Kirret al, 2015) or specific single nucleotide polymorphigi@sIP) (Matteiniet al,
2010; Hoet al, 2011).

Kim et al.(2015) studied the heritability of healthy ageasgan attempt to find the more
beneficial genetic variants or less disadvantageatiants present in healthy, long-lived people.
The authors performed a genome-wide linkage arsabysil fine-scaled association mapping of
linkage regions, using the FI (34 deficits) as amiitative measure of frailty in a population of
320 older adults. Three healthy ageing sites (HA&&E found at 12q13-14 in intergenic regions
(HAS-1 and -2 with enhancer activity, HAS-3 withesicer activity).

Ho et al. (2011) studied different biological pathways inxed in frailty to try to find
variations in genes related to the frailty syndroiine this aim, they genotyped 1,354 SNP from
134 candidate genes involved in inflammation andseteu maintenance, two of the main
phenotypic characteristics of frailty, in a popidatof 348 subjects classified according to Fried'’s
criteria. Twenty SNP, indirectly related to inflaratary process, were found to be associated

with frailty, although statistical significance wast reached.

Matteiniet al. (2010) also investigated genetic variants of amdidate genes (MTHFR,
MTR, MTRR, CBS, TCN1, and TCN2) involved in VitamBil2 metabolic pathway and their
association with frailty (Fried's criteria), in 4X8der women. For this purpose, 56 SNP from
those six candidate genes were genotyped. Thagdesuhd SNP in the TCN2 gene showing
significant association with frailty. Moreover, NP in MTRR gene showed 2-4 times greater

odds of being frail compared to robust.
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TABLE 11.2. Studies assessing genomic biomarkers

Study Total population Case population Control Frailty Outcomes Assay method Results
(mean age + SD) (mean age + SD) population criteria
(mean age + SD)
Ashar et al. n=4,892; 2,774 females, na na Fried et al. mtDNA copy gPCR Lower mtDNA copy
(2015) 2118 males (2001) number number was significantly
associated with prevalent
frailty only in white
participants
Bellizi et al. Cross-sectional study: na na Montesanto et Global DNA CpGlobal assay Global DNA methylation
(2012) n= 318 (S1+S2). al. (2010) methylation levels were correlated
S1: n=217 (median age with frailty in S1 but not
75 years) 123 females, in S2.
94 males, classified in
non-frail, pre-frail and
frail.
S2: n=101(median age
99 years) 51 females,50
males, classified in frall
and very frail
Longitudinal study 7 Lower global DNA
years later: n=37, methylation levels in pre-
random sample from S1 frail subjects that became
pre-frail and non frail frail after 7 years
groups
Breitling et al. Dataset 1: n=969 na na FI (34 deficits) DNA methylation Infinium Association of DNA
(2016) (62.1+6.5) 484 females, age acceleration HumanMethylation450 methylation age
485 males (methylation age = BeadChip acceleration with FI
minus increased with increasing
chronological age) age acceleration
Dataset 2: n=851 TL gPCR Interaction between TL
(6346.7) 464 females, and epigenetic age
387 males acceleration did not
improve the prediction of
FI
Collerton etal. n=321 (85) 184 females, na na Fried et al. DNA methylation  Highly quantitative Association CpG island

(2014)

137 males

(2001) (CHS
modified)

in CpG islands pyrosequencing

methylation with frailty




n=231 (85) 148 females,
83 males

LINE-1
methylation levels
(surrogate for
genome-wide DNA
methylation levels)

No association genome-
wide methylation (LINE-
1) with frailty

Collerton et al.

(2012)

n=552 (85) 332 females,
220 males

Fried et al.
(2001)

Pre-frail n=333
(85) 193 females,
140 males;
non-frail n=100
(85) 47 females,

Frail n=119 (85) 92
females, 27 males

FI (40 deficits)

TL

lonized radiation-
induced DNA
damage and repair

gPCR

Automated fluorimetric
alkaline DNA unwinding

No association of TL or

ionized radiation-induced
DNA damage and repair
with frailty

53 males
Collertonetal. n=1,173(85.5) Frail n=696 (FI), 3 ethnically Fried et al. mtDNA Sequenom Mass ARRAY No association between
(2013) n=477 (Fried etal.,  matched (2001) haplogroups common genetic variants
2001) population FI (40 deficits) of mtDNA and frailty
control data sets
Jylhava et al. n=174 Frail n=144 n=30 young Fried et al. Total cf-DNA in Fluorimetry (Quant-iT™ In nonagenarians:
(2013) (nonagerians) 101 controls (range  (2001) plasma DNA high-sensitivity assay  Higher levels of total and
females, 43 males 19-30 years) 21 kit) unmethylated cf-DNA
females, 9 males Unmethylatedcf- ELISA (DNA Methylation were associated with
DNA Kit) increased frailty
Genomic gPCR No association with frailty
equivalents of the
RNase P-coding cf-
DNA
Alu repeat cf-DNA  gPCR No association with frailty
mMtDNA copy gqPCR mtDNA copy humber was
number directly correlated with
increased frailty
Marzetti et al. n=142 (74.916.5) 84 Frail n=74 Pre-frail/non- Fried et al. TL gPCR No association with frailty
(2014) females, 58 males frail: n=68 (2001) (Fried or FI)
FI (30 deficits)
Moore et al. Pilot study: n=315 Frail n=154 (75+4.45)Non-frail: n=161 Fried et al. mtDNA variations  Oligonucleotide sequencing Three mtDNA SNPs
(2010) 112 females, 42 (81.35+3.16) 111 (2001) (SNP) microarray (mt146, mt204, and

males. females, 50 males

mt228) were associated
with frailty




Frail white: n=262
(77.3616.36) 174
females, 88 males;
frail black: n=102
(75.4446.76) 76
females, 26 males

Cross-sectional study:
total n=5,275

Non-frail white:
n=4,223
(72.4345.37)
2377 females,
1,846 males; non-
frail black: n=688
(72.05+5.09) 425

Real-time PCR TagMan
assays for individual SNP
selected for follow-up
(mt146, mt204, and mt228)

mt204 C allele was
associated with greater
likelihood of frailty

females, 263
males
Saum et al. n=3,537 (61.916.6) na na FI (34 deficits) Relative TL (T/S gPCR No difference of the FI
(2014) 1963 females, 1574 ratio) between the T/S ratio
males. tertiles was observed.
Validation in a Absolute TL in Southern blot TL measurements by the
subpopulation n=20 base pairs T/S ratio were highly
correlated with absolute
TL
Woo et al. n=2,006. 1,030 females na na FI (17 deficits) TL qPCR No correlation begw
(2008) (72.0245.191), 976 TL and frailty
males (72.75+5.026)
Valdiglesias et  n=180 Frail n=93 (76.9+6.6) Non-frail n=87 Fried et al. MN frequency CBMN with automated No association between
al. (2015) 52 females, 41 males (72.946.1) 50 (2001) scoring MN frequency and frailty

females, 37 males

Yu et al. (2015)

n=2,006 (72.4 £5.1)  Frail n=127

1030 females, 976 males

Fried et al. TL

(2001)

Pre-frail n=967;
non-frail n=912,

gPCR

No association between
TL and frailty at baseline,
nor in 4 year follow-up

Brault et al.
(2014)

n=53 & 75 years old) na

Fried et al.
(2001)

TL in leukocytes
and aortic tissue

na

No association between
TL and frailty.
Association between
longer leukocyte and
aortic T/S ratio and
greater number of clinical
frailty criteria.

Kim et al.
(2015)

n=320. Parents at least na
90 years old and their
offspring (50-80 years

old)

Genome-wide
linkage scanning
followed by fine-
scale association

mapping

na FI (34 deficits)

Genotyping: BeadChip array
(lumina Infinium Linkage
24 set);

association

mapping:llluminaGoldenGate

assay

They found three sites
associated with healthy

aging




Hoetal. (2011) n=348 females (74.2) Frail n=152 re-fPail n=165;  Fried et al. SNP variations Bead Array (lllumina custom 20 SNP (from 11 genes)
non-frail n=32 (2001) (134 genes, 1354 GoldenGate 1536 SNP panellassociated with frailty
SNP) (not significantly)
Matteini et al. n=326 females (74.1) na na Fried etal. 56 SNP from six lllumina BeadArray SNP in the TCN2 showed
(2010) (2001) candidate genes significant association

involved in
Vitamin
B12metabolic
pathway: MTHFR,
MTR, MTRR,
CBS, TCN1 and
TCN2

with frailty.

Two SNP in MTRR
showed 2-4 times greater
odds of being frail
compared to robust

Gao et al. (2017) Discovery set n=978  Frail n=100
(62.1 +6.5)
Validation set n=531 Frail n=48

(62.0+6.6)

Pre-frail n=443;
non-frail n=435

Pre-frail n=220;
non-frail n=263

FI (34 deficits)

DNA methylation
profiles

lllumina Human Methylation
450 BeadChip

17 smoking-related CpG
sites were associated with
the FI.

9 of those sites were
designated as frailty
associated loci. Six of
them [cg02657160
(CPOX, cg05673882
(POLK), cg07826859
(MYO1QG, cg19859270
(GPR1Y, cg23667432
(ALPP), and cg25189904
(GNG132] were mapped
showing methylation
intensity in frail < pre-
frail < non-frail

Sl, based on those 9
smoking-related CpG
sites, manifested a
monotonic dose-response
relationship with the FI

CBMN, cytokinesis-blocked micronucleus test; cf-DNokll free DNA; CHS, cardiovascular health stud§yE-1, long interspersed nuclear elements 1; Mi¢ranucleus; mtDNA, mitochondrial
DNA,; na, not available; gPCR, quantitative PCR;S&hoking index; SNP, single nucleotide polymorphi3i$ ratio, mean telomere repeat copy to singitegmpy number; TL, telomere length.
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Mitochondria are involved in several major cell étinns, such as cell production of
energy, metabolic and apoptotic processes, asaselieing a major site of ROS generation.
Mitochondrial function experiences alterations watlle and these changes are associated with
several age-related diseases. Thus, age-relategehand variations in the mtDNA have been
proposed as plausible candidates to play a roteegenerative and senescent processes, and to
contribute to increases in vulnerability in late I[Mooreet al, 2010); hence they are likely to
be associated with frailty syndrome. Three studiese found in the literature search that
evaluated the possible association between mtDlkadions (in copy number or in sequence)
and frailty. Firstly, Collertoret al. (2013) evaluated the association between commauoatige
variants of mtDNA and frailty as a mean to studyitability of human longevity and healthy
ageing, since frailty is considered an "unhealthgiag" phenotype. They evaluated a population
of 1,173 older adults. No association between mtOidflogroups and frailty, assessed by both

Fried's criteria and FI (40 deficits), was observed

On the contrary, Ashagt al. (2015) evaluated the association between mtDNAy cop
number, evaluated by quantitative polymerase cheaction (QPCR) and prevalent frailty
(Fried’s criteria; n= 4,892). They reported lowalDNA copy number in frail white, but not in
frail black, individuals. They also observed a ffigant inverse association of mtDNA copy
number with age, and higher mtDNA copy number ima&a relative to men. Finally, Moos
al. (2010) studied how mtDNA variations (SNP) with agay increase the susceptibility to
frailty. In a pilot study of 315 individuals clafisid according to Fried's criteria, three mtDNA
SNP were associated with frailty (mt146, mt204, antéd28). From these three SNP, mt204 C
was confirmed to be the allele associated withtgrdielihood of frailty in the cross-sectional

further study including 5,275 subjects.

After cell damage or death, DNA is released in®¢hiculation; this is why plasma cell
free DNA (cf-DNA) reflects systematic inflammatiamd cell death, what makes it a potential
biomarker of ageing and frailty. For that reasgthavaet al.(2013) quantified the plasma levels
of total cf-DNA, unmethylated cf-DNA, gene-codin§-@NA, and Alu repeat cf-DNA, and
MtDNA copy number to study their potential as biokeas of frailty (Fried’s criteria; n= 174).
Their results showed increased levels of total amdethylated cf-DNA associated with frailty.
Also mtDNA copy number was correlated with frailifowever, neither gene-coding cf-DNA
nor Alu repeat cf-DNA were associated with frail§imilarly, the same group (Jylhaea al,
2014) studied the association of these biomarkéhsmortality, finding that frailty is detrimental

for survival when used to adjust the results oletéin
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3.2.2. Genomic instability

As mentioned before, eight out of 17 studies evelli@enomic instability in frailty.
Genomic instability refers to a set of genetic ésarapable of causing temporary or permanent
unscheduled alterations within the genome, inclgdiiverse types of chromosomal alterations
(e.g. inversions, deletions, duplications and fioaions of large chromosomal segments)
(Migliore et al, 2011; Valdiglesiagt al, 2015). Thus, genome instability could lead teraid
gene dosage and gene expression as well as coattdthe risk of accelerated cell death in
neuronal tissue (Thomas and Fenech, 2007). In danoe, genomic instability is considered a
hallmark of a number of ageing-related diseasdsidivtg cancer, and is related to the ageing

phenotype and neurodegenerative disorders (CogpetiMigliore, 2010; Migliorest al, 2011),

Among the studies evaluating genomic instabilitybat one (Valdiglesiast al, 2015)
analysed telomere length (TL) in the older subjéstaising qPCR. TL analysis is a common
approach to evaluate genomic instability in bloathples. Telomeres are regions of repetitive
nucleotide sequence at each end of the chromos@rhit) contribute to maintain their integrity.
They progressively shorten as the cell dividesijtiimg the number of divisions that normal
somatic cells can undergo (Marzedtial, 2014). The observation that telomeres shortenthee
life course has led to the hypothesis that teloratirgion may be a mechanism driving the ageing
process (Mikhelson and Gamaley, 2012). Neverthebdbshe studies reviewed here failed in
finding an association between frailty and TL sanimg: Collertonet al. (2012), using both
Fried's criteria and FI (40 deficits; n=552), Mattzet al. (2014) (n=142) and Yet al. (2015)
(n= 2,006) employing the Fried’s criteria, Saetmal. (2014) (n=3,537) and Woet al. (2008)
(n=2,006) using the FI (34 and 17 deficits, regpebt). Lack of association between TL and
frailty (Fried’s criteria) was also obtained by Blaet al. (2014) in older subjects with
cardiovascular disease (n=53); however, in thie,césey found an unexpected association
between longer leucocyte and aortic T/S ratio (ntedomere repeat copy to single gene copy
number) and greater number of clinical frailty erid. Together with these studies, Breitligtg
al. (2016) evaluated the possible association betWeeand DNA methylation age acceleration
(methylation age minus chronological age) in a feten of 851 older adults. They found no
correlation between the two parameters, suppottiagpreviously mentioned observations and

the idea that TL is not a good biomarker for thentification of frailty.

The frequency of micronucleus (MN) in peripheralda lymphocytes is also a biomarker
of genomic stability widely employed in molecul@igemiology. Similarly to TL, MN frequency
has been previously associated with age-relatexhsies and the process of ageing (Boretssi
al., 2001; Miglioreet al, 2011). Valdiglesiast al.(2015) evaluated the frequency of MN to study

the association of genomic instability and frailtya population of 180 older adults classified
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according to Fried’'s criteria. Again, no associatieetween MN frequency and frailty was

observed in this case.

Thus, despite the well-reasoned working hypoth@gsomic instability is involved in
the pathogenesis of frailty syndrome), all thesmliss resulted surprisingly fruitless, with no
positive association between genomic instabilitg &ailty severity. Two possible explanations
were suggested for this lack of association (Vadddigset al, 2015). Firstly, the negative
findings reported in all these studies may be cdimsethe high rate of basal genomic damage
present in healthy older individuals and reportegrevious studies (Mladinigt al, 2010). And
secondly, this lack of association may be due ® physiological accumulation of genome
damage in the elderly, which could limit the rategenomic damage production. This condition

could, for instance, limit the rate of MN formation

3.2.3. Epigenetics

It has been previously reported that the genetiriah of cells experiences epigenetic
variations during the ageing process (reviewedeines al, 2016). A total of 3 studies out of 17
evaluating genomic biomarkers, addressed the stiuelgigenetics in frail older adults. The three
of them showed positive correlation between fradiigtus and DNA methylation. Belliet al.
(2012) reported the first study investigating thesgible correlation between age-related
functional decline, including frailty status, angigenetic modifications. They measured global
DNA methylation levels by means of the CpGlobabgssleveloped by Anisowicz al. (2008),
that utilizes methyl-sensitive restriction enzymts detect the biotinylated nucleotides
incorporated in an end-fill reaction and a lumintenéo measure the chemiluminescence. A total
of 318 older people, divided in middle/advancedebgebjects (median age 75 years) and
ultranonagenarians (median age 99 years) were aealun a cross-sectional study, and in a 7
year follow-up of a subsample of pre-frail and ricail middle aged subjects. Frailty status was
determined using the Montesaetcal. (2010) scale, a hierarchical cluster analysisheligyalues
of global DNA methylation were observed in frailddle aged subjects respect to pre-frail and
non-frail, but no difference between very frail drail was observed in the ultranonagenarians.
In the follow-up study, those individuals that beeafrail after 7 years showed a significant

increase of DNA methylation levels.

More recently, Breitlinget al. (2016) evaluated the association between DNA
methylation age acceleration, assessed by a matwyfarofiling high throughput platform, and
frailty in a population of 969 older adults, cldssl according their frailty status by using the FI
(34 deficits). Their findings showed significanihcreasing accumulation of frailty deficits with
increasing methylation age acceleration, supporingassociation between epigenetic age

acceleration and frailty status. Also on this reg&aoet al.(2017) examined the associations of
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smoking-related DNA methylation biomarkers andiyan a population of older adults classified

according to FI, and observed that methylatiomisity of each locus in the validation panel was
significantly lower in the frail, when compared ion-frail, population, whereas intermediate
levels of methylation intensity were observed im pine-frail subjects. On the basis of their results
authors suggested that CpG sites identified coale hthe potential to be prognostic biomarkers

of frailty or frailty-related health outcomes.

Following the same assumption that DNA methylattbanges with age, especially in
gene promoter regions, Collertenal.(2014) studied the importance of altered DNA misttign
in frailty in 552 subjects (Fried’s criteria). Thi$ end, methylation at specific cytosine residues
within CpG islands associated with gene transacmijati start sites was quantified using highly
guantitative pyrosequencing. This technique is dhasethe sequencing-by-synthesis principle,
similar to the one used in the Sanger method, eg bloth require the direct action of DNA
polymerase. Furthermore, to estimate the genome-@NA methylation levels, they quantified
methylation at LINE-1 repetitive elements as a @gate, showing no association with frailty.
However, a clear association between CpG islanchytaton and frailty was observed,
suggesting a potential role for age-related raimg&pG island methylation in the development

of frailty.

3.3. DNA repair ability

The DNA repair system has been recognized as ahe ofiost important cellular defence
mechanisms responsible for the integrity of DNAcE&ased DNA repair ability is exhibited in
various clinical conditions and associated withréased frequency of carcinogenesis, since
inefficient repair leads to an accumulation of ahktons in the genome that culminate in the

genetic instability typical of many malignancieslamther pathologies (Valdiglesiasal, 2011a).

Daily exposure to environmental agents (such adizirg chemicals, methylating agents,
UV light, and ionizing radiation), and even norrpalysiological processes (such as replication
and recombination), all may damage cellular comptseincluding DNA. While modified
proteins and lipids can be degraded and resyngmhdNA must be repaired before replication
and cell division take place (Klungland and BjetlaB007). Toxic and mutagenic consequences
are minimized by distinct pathways of cellular riephat include different enzymes and protein
complexes encoded by a number of human DNA repaiegt Genomic instability, previously
described, is highly related to failures in celtulgpair since aberrant DNA polymerases and other
components of the transcriptional and translatiomathinery are accumulated with age (Rattan,
2012). Thus, during ageing, accumulation of mistalaées place in the genetic material due to
the loss of efficiency of these DNA repair systears] contributes to the development of genomic

instability. Indeed, most age-related diseases ageing signs are associated with genomic
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instability and with unrepaired or erroneously e genome damage (Burkle, 2001). Besides,
it is known that the accumulation of DNA damageinsolved in premature ageing and
neurodegenerative processes, suggesting thattateyan the DNA repair mechanisms may be
relevant to these disorders (Coppede and Migli@@]0). Indeed, the impact of cellular
senescence on ageing of organisms was previoualyaed in different studies revealing an
accumulation of DNA damage in both senescent eelisageing organisms (Sedelniketal,
2008). In particular, several works described aadatadyH2AX foci, which reveal persistent
DNA double-stranded breaks, in senescing humarcaklires and in ageing mice (Sedelnikova
et al, 2004), in early thymocyte subsets of aged as apetpto young mice (Hesséal, 2009),

in different organs from ageing C57BI6 mice (Waataal, 2009) and in fibroblasts taken from
patients with Werner syndrome (Sedelniketal, 2008).

To our knowledge, the only study that evaluates Did¥nage and repair capacity in association
with frailty in human population-based studieshe bne reported by Collertat al. (2012),
where no association was observed using both Briedferia and Fl (40 deficits) to identify

frailty status.
4. Conclusions

Frailty is gaining attention in the last decadegéniatrics and research areas, with more
and more professionals claiming frailty measurenefite incorporated into clinical practice as
part of routine care for older patients. Howevheg turrently used criteria identify frailty only
after clinical manifestations are obvious. Incrag®vidence suggest that the clinical concept of
frailty —based mainly on phenotypical signs and giygims and barely considering its biological
basis — is obsolete since no single altered syatene defines frailty, but multiple systems are

involved in this syndrome.

In order to achieve a more thorough and objectdgssment for early identification of
frailty, it is necessary to develop new tools thdow to recognize those individuals more
vulnerable and more prone to develop the frailtydsgme. Within this framework, cellular and
molecular biomarkers could be used to reach a morarate identification of frailty, as well as
those individuals in early and potentially revelsifrailty stages (pre-frail individuals). The
development of these new tools and their inclusidhe criteria to identify frailty would facilitat
the implementation of personalized care and treasn@s well as improve outcomes by means
of prevention and intervention programmes. Addaiaresearch is needed to further explore the

pathophysiological bases of frailty.

In this review, population studies evaluating atens associated with frailty status at

cellular and molecular level — by means of oxidaswess, genomic and DNA repair biomarkers
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— were revised and compared in order to gathethalinformation and to identify potential
biomarkers that could be useful in frailty iderd#tion, as well as to point out gaps of knowledge
and new research areas needed in this field. Resfuthis revision showed that several oxidative
stress biomarkers —including alterations in anteri systems, increased levels of lipid
peroxidation and DNA oxidative damage, as well As\Dnethylation and some specific genetic
polymorphisms —are associated with frailty statuslder people. On the contrary genomic
instability, or at least the two biomarkers testedar (telomere length and MN rate) seems not
to be linked to frailty. The only study which adsised the possible relationship between DNA

repair modulations and frailty status also failedinding associations.

Despite the number of cellular alterations initiakssociated with frailty, studies on this
regard are still very scarce and limited to somthefpossible cellular targets. Additional research
is needed to further explore these alterationg poionclude any of them in the frailty assessment
criteria. However, given the solid link between DXpair ability, genomic instability, and age
and age-related disorders, deeper investigatiotisisiine must be carried out before reaching

solid conclusions.
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1. Introduction

H2AX phosphorylation is an early event in the DNAnthge response (DDR) in the
vicinity of double strand break (DSB) sites. H2AX iiapidly phosphorylated, at its highly
conserved amino acid Ser 139 present in the C@lraerine/glutamine motif by PI3 kinases, to
becomeyH2AX (Nakamuraet al, 2010) (Figure 111.1).

DSB
DNA Damage
MO Y2000
e

H2AX T~ H2ax
H2AX

phosphorylation

- - >
MOV Y20
@ P
Serl39 a Ser139
Recruitment of DDR proteins

D7\ 7 N2

MRN

complex complex

DNA repair

D 7AN VAN VAN LN LN L

FIGURE IIl.1. Scheme of H2AX phosphorylation as response to leostrand

breaks and its involvement in recruitment of thet@ins MDC1 (mediator of DNA
damage check point), 53BP1 (p53 binding proteiarid MRN (MRE11-RAD50-
NBS1) complex in the early DNA damage response. ARthxia telangiectasia
mutated.

The ataxia telangiectasia mutated (ATM) proteinakim is the main kinase involved in
the phosphorylation of H2AX under physiological ddions. This phosphorylation is believed
to lead to a change in the chromatin conformatiothé damaged area to allow a better access of
repair enzymes (Nikolovat al, 2014; Siddiquiet al, 2015).yH2AX role is to recruit DDR
proteins and retain those mediators nearby DSB.gH2AX binds to mediator of DNA damage
check point 1 (MDC1), which recruits p53 bindingtain 1 (53BP1). These two mediators then
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interact with the MRE11/RAD50/NBS1 (MRN) complex et of the signalling pathway that
leads to the DDR through either homologous recoatlnin (HR) or non-homologous end joining
(NHEJ) (Bouquetet al, 2006; Nakamuraet al, 2010; Siddiquiet al, 2015). H2AX
phosphorylation occurs within minutes apd2AX foci disappear after 24 hours. However,
residualyH2AX foci can persist permanently in the genome@ssequence of defects in the
efficiency of repair mechanisms; hence, they camderl as biomarker of fixed DNA damage
(Sedelnikoveet al, 2004).

Since DSB originate in many processes that disteffular stability, yH2AX foci
detection has several practical uses in both besearch and epidemiological studies. It was used
as biodosimeter for drug development étial, 2014), radiation exposure (Beelsal, 2009),
and in cancer chemo- and radiotherapy clinicalstrieeviewed in Pouliliou and Koukourakis,
2014; Saket al, 2007). Furthermore, it was used as a detectdoaf environmental agents
(reviewed in Geriet al, 2014) and chronic inflammation (Blanebal, 2007), and as biomarker
for ageing and cancer (Gasnal, 2013; reviewed in Redat al, 2011). Very recently, Nikolova
et al.(2014) confirmedH2AX assay as a reliable biomarker for genotoxjposxires after testing
14 well-known genotoxic compounds and comparingitiaéth 10 non-genotoxic chemicals. All
chemicals in the first group showed increased &wéyH2AX foci, versus none in the second

group, confirming the specificity of this assay BRINA damaging agents.

The analysis of H2AX phosphorylation has a numbierdvantages that make this assay
very suitable to be employed as biomarker of DN&dge in population studies; among others,
the specificity in recognizing DSBs and the sewigjtin detecting low frequencies of DSB, the
short time frame of the protocol, the small quantf biological sample required, and the
possibility to perform automated scoring. Besidegecent study compared the reliability of
several DNA damage biomarkers by testing a varidtyvell-known genotoxic agents with
different assays, namely Ames tegt2AX assay, mouse lymphoma assay and chromosome
aberration assay (Smat al, 2011). Among all of themyH2AX analysis, performed by flow
cytometry, showed the highest average sensitidf@4) and specificity (89%). Nevertheless,
despite all applications mentioned and its promgigootential as genotoxicity and genomic
instability biomarker, there is an important lack siandardization in the methodological
procedure that makes it difficult to establish thpgproach as a routine biomarker in population
studies and also hinders the comparison betweethestuFor instance, the measurement of
yH2AX foci formation has been already performedeanesal previous human population studies
using different cell types (isolated leucocytedpkated buccal cells, fibroblasts), different cell
culture proliferative state (usually peripheraldiddeucocytes [PBL] unstimulated or stimulated
with phytohaemagglutinin [PHA]), different cell séme conditions (fresh or cryopreserved

samples), different approaches to evaluateyt®AX foci levels (microscopy, flow cytometry,
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Western blot), etc. (reviewed in Valdiglesiaes al, 2013). All these dissimilarities between
laboratory protocols are to a great extent respbm$or the high variability of results regarding

this biomarker.

The objective of this study was to address the matstal issues limiting the use of the
YH2AX assay as DNA damage biomarker in human pojpuatudies. To this aim, differences
in YH2AX levels between employing fresh or cryopresdiv8L, as well as the influence of PHA
stimulation prior to thgH2AX analysis, were assessed by flow cytometry.rébg, cells were
treated with four known genotoxic agents with vegliracterizegH2AX foci formation potential
(bleomycin [BLM], camptothecin [Camp@ctinomycin-DjAct-D] andmethyl methanesulfonate
[MMS]). All these four agents induce DSB by meansdifierent mechanisms, direct or indirect;
thus they were chosen to provide evidenceytHatAX analysis detects DNA damage regardless
of the DSB origin or experimental condition tested.

2. Material and Methods

2.1. Chemicals

Bleomycin (BLM) (CAS number 11056-06-7), camptoiine(Campt) (CAS number
7689-03-4), actinomycin-D (Act-D) (CAS number 50-0% methyl methanesulfonate (MMS)
(CAS number 66-27-3), RNase A, and propidium iodRI¢ were purchased from Sigma-Aldrich
Co. BLM and MMS were dissolved in sterile distilledter (dHO), and Campt and Act-D were
dissolved in dimethyl sulfoxide (DMSO) (CAS numl&at+68-5) from Sigma-Aldrich Co.

2.2. Leucocyte isolation and processing

Peripheral blood was collected from three healtbg-smoker female donors (27-40
years old) by venipuncturausing BD Vacutainér CPT™ tubes with sodium heparin (Becton
Dickinson) (Fig. 111.2) The study followed ethical criteria establishgdhe Helsinki declaration.

Written consent was obtained from each donor poigoining the study.
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FIGURE Ill.2. BD Vacutaineé? CPT™ tubes: empty (left), after collecting perigie
whole blood (middle), and after centrifugation [rly showing the location of plasma,
peripheral blood mononuclear cell (PBMC) buffy ¢ogel plug and red blood cells
(RBCs) and granulocytes layers.

Mononuclear leucocytes (lymphocytes and monocytegye isolated following
manufacturer’'s instructions, immediately after ldoextraction. In briefCPT™ tubes were
centrifuged at 9,000 rpm for 30 min at 4°C. Subsatjy, the buffy coat containing the leucocytes
was transferred to another tube, washed plitbsphate-buffered solutioRBS) and centrifuged
(20 min 1,500 rpm 4°C).

After a second washing with PBSolated mononuclear cells from each donor were
divided in two fractions: cells to be cultured arehted in fresh and those to be frozen. For fresh
treatments, cells (5x¥nl) were suspended in 900 ul of RPMI 1640 mediumta@ioing final
concentrations of 15% (v/v) heat-inactivated fo&taine serum (FBS), 1% (v/v) L-glutamine
(200 mM), and 1% (v/v) penicillin (5,000 /ll)/streptomycin (5,00Qug/ml) (all from Life
Technologies), in the presence or absence of 19pgfaytohaemagglutinin (PHA) depending on
whether they would be stimulated or not, respebltivehe cells to be frozen were suspended in
appropriate freezing medium (50% of FBS, 40% RPB&#4d, 10% DMSO) at a concentration of
10’ cells/ml, and stored at —80°C in a Nalgei@ryo 1°C Freezing Container (Nalgene Nunc

International), until use.

2.3. Treatments

To carry out the treatments with the different gerixz chemicals, both frozen and fresh
cells were divided in two subgroups: unstimulatediscand cells stimulated with PHA.
Unstimulated cells were treated with the differgahotoxic agents right after isolation or after
being quickly thawed at 37°C. Stimulated cells wecebated prior to treatments for 24 h at 37°C

in the presence of PHA.
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Cells were then exposed for 4 h at 37°C with tleeifis genotoxic agent at four different
concentrations (1% of final volume): BLM (1, 5, 48d 20 pg/ml), Campt (0.17, 0.7, 1.74 and
3.48 pg/ml), MMS (6.5, 13, 32.5 and 65 pg/ml) ard-B (0.25, 0.5, 1 and 2 pg/ml). The negative
control used for BLM and MMS experiments was.@Hwhereas DMSO was employed for
Campt and Act-D experiments. The chemicals usest thspective concentrations, as well as
the treatment time, were selected on the basiseofqus studies (Mischet al, 2005; Wattergt
al., 2009); trypan blue exclusion technique confirntieat cytotoxicity was below 20% in all

cases.

2.4. yH2AX analysis

yH2AX analysis was performed following the protodekcribed by Tanalet al. (2009)
and Watterset al. (2009), with some maodifications (Valdiglesias al, 2011b). After the
treatments, the cell suspensions were centrifug&joQ0 rpm for 5 min and supernatant was
removed. Remaining cell pellets were washed withdff®BS and centrifuged at 2,000 rpm for
5 min. Subsequently, supernatants were removed cafidpellets were fixed in 1%p-
formaldehyde. After a new centrifugation (2,500 rfam5 min), cells were post-fixed with cold
70% ethanol (—20°C) and stored at 4°C overnightsGspensions were then centrifuged at 2,500
rpm for 5 min, washed in PBS, and incubated fomiis in the dark with 10Ql anti-human
yH2AX-Alexa Fluor 488-conjugated antibody (Bectorckinson) (1:20 dilution in 1% bovine
serum albumin [BSA] in PBS). Subsequently, cellseaeentrifuged again (2,500 rpm for 5 min),
and suspended in PBS containing 0.¥midRNase A and 4(ig/ml Pl and incubated for 30 min
in the dark. The flow cytometry analysis was perfed in a FACSCalibur flow cytometer
(Becton Dickinson). The lymphocyte population wagegl according to size (forward scattering)
and complexity (side scattering). A minimum of 1MQCevents in the lymphocyte region were
acquired, obtaining data from FL¥H2AX-Alexa Fluor 488) and FL2 (PI) detectors (Figur
I11.3). Data were analysed using Cell Quest Pravearie (Becton Dickinson); the percentage of
gated cells (referred as PBL from now on) posifivebothyH2AX and Pl were calculated with
respect to the total PBL gated and indicate#gd2AX.

2.5. Statistical Analysis

Three independent experiments were performed fcn eaperimental condition tested,
and each experiment was performed in duplicateefixgntal data were expressed as mean *
standard error. Distribution of the response véemhleparted significantly from normality
(Kolmogorov—Smirnov goodness-of-fit test) and there nonparametric tests were considered
adequate for the statistical analysis. Differenoesveen groups were tested with the Kruskal—
Walllis test and Mann—-Whitney-test. Associations between two variables wereyaedl by
Spearman’s correlation. pvalue of<0.05 was considered significant. Statistical analysas

performed using the IBM SPSS software package V. 20
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FIGURE 111.3. yH2AX-Alexa Fluor 488/PI dot plot showing the reg#oof negative cells
(a) and positive cells (b) for phosphorylated H2AXa control cell population (left)
and cells treated with BLM (right).

3. Results

Flow cytometry analysis with antH2AX antibodies was performed with the aim of
comparing the early DDR against a panel of knowmogexic chemicals, through the detection
of yH2AX foci formation in frestvs.cryopreserved lymphocytes, and unstimulatedtimulated
cells. To that ending, human PBL were treated forwith BLM, Campt, Act-D or MMS, at 4

different concentrations, and results obtainedshoavn in Figures 111.4 to 1ll.11, respectively.

As it is shown in Figure 1ll.4 and Figure III.5 pectively, fresh and cryopreserved
lymphocytes presented higheryPi2AX in samples treated with BLM when compared with
control at all concentrations tested, in both unstated and stimulated cells. Also significant
dose-dependent increases in the DDR were evideimcedl conditions (fresh unstimulated
r=0.847,P<0.01; fresh stimulated r=0.708<0.01; cryopreserved unstimulated r=0.5260.01;
cryopreserved stimulated r=0.8250.01).
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FIGURE Ill.4. Results offH2AX assay in unstimulateds stimulated fresh PBL treated
with BLM. Negative control: dbD. **P<0.01, significant difference with regard to the
control (Mann—-WhitneyJ-test).
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FIGURE IIl.5. Results ofyH2AX assay in unstimulateds. stimulated cryopreserved
PBL treated with BLM. Negative control: dB. *P<0.05; **P<0.01, significant
difference with regard to the control (Mann—-Whitriéyest).

A similar response was obtained in fresh lymphaeyteated with Campt (Fig. 111.6. )
(unstimulated r=0.56%<0.01; stimulated r=0.89%<0.01) and in those exposed to Act-D (Fig.
[11.8.) (unstimulated r=0.795,P<0.01; stimulated r=0.460P<0.05). Nevertheless, only
cryopreserved stimulated lymphocytes treated wighnighest Campt concentrations, or with all
Act-D doses, showed statistically significant irages in the early DDR, and significant dose-
dependent relationships (r=0.7%%0.01 for Campt; r=0.5192<0.01 for Act-D) (Fig. lll.7 and
[11.9, respectively).
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FIGURE I11.6. Results offH2AX assay in unstimulateds stimulated fresh PBL treated
with Campt. Negative control: DMSOP%0.05; **P<0.01, significant difference with
regard to the control (Mann—Whitnéjtest).
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FIGURE III.7. Results ofyH2AX assay in unstimulateds. stimulated cryopreserved
PBL treated with Campt. Negative control: DMS@®<0.05; **P<0.01, significant
difference with regard to the control (Mann—-Whitriéyest).
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FIGURE 111.8. Results ofH2AX assay in unstimulateds. stimulated fresh PBL treated

with Act-D. Negative control: DMSO. <0.01, significant difference with regard to
the control (Mann—Whitney-test).
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FIGURE III.9. Results ofyfH2AX assay in unstimulateds. stimulated cryopreserved
PBL treated with Act-D. Negative control: DMSO.P%0.01, significant difference
with regard to the control (Mann—Whitn&jytest).

Finally, only stimulated cryopreserved lymphocytesated with MMS at the highest
concentration tested showed a statistically sigaifi increase in H2AX phosphorylation (Fig.
[11.11), not evidenced in fresh cells (Fig. 11l.10) in unstimulated cryopreserved lymphocytes
(Fig. 11.112).
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FIGURE [I.10. Results ofyH2AX assay in unstimulateds. stimulated fresh PBL
treated with MMS. Negative control: dg.
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FIGURE Ill.11. Results offH2AX assay in unstimulatees stimulated cryopreserved PBL
treated with MMS. Negative control: d@. *P<0.05, significant difference with regard to
the control (Mann—Whitney-test).

Figure 111.12. summarizes the comparisonyb2AX levels in negative controls (water
and DMSO, see sectioh.3. Treatmen)sin unstimulatedvs. stimulated cells and frests
cryopreserved cells. No differences were obsenatdiden unstimulated and stimulated PBL
employing fresh samples; howev@rd2AX levels were significantly higher in unstimutgtcells
when cryopreserved samples were used. Furthernfépel2AX were always higher in

cryopreserved lymphocytes when compared to thosensa from fresh samples.
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FIGURE II1.12. Comparison between the bagbhRAX levels in both negative controls
used (dHO and DMSO) for all the experimental conditionstddsin this study.
** P<(0.01, significant difference with regard to therresponding fresh sample;
#P<0.01,"P<0.05, significant difference with regard to thgapreserved unstimulated
sample (Mann-Whitney-test).

4. Discussion

In recent years, an increasing number of epidemiolstudies usingH2AX assay as a
biomarker of genotoxicity were reported, especibigause this assay provides a valuable and
highly sensitive method to monitor DSB presenciégenome. DSB are the most toxic form of
DNA damage since a single unrepaired DSB couldtrgsaell death, and inaccurate DSB repair
can lead to chromosomal rearrangements (Yamanwitoal, 2011). Besides, since
phosphorylation of H2AX is an early event in the BEhat disappears soon, persistiftR AX
even after DNA repair may be considered as indieadf genomic instability (Podhoreckaal.,
2010), or cellular senescence (Meathal, 2010). The residugH2AX could also be a sign of
lethal DNA damage, so that it may be possible @miifly drug-resistant tumour cells simply by
measuring the fraction of cells that lack residid2AX foci (Banéathet al, 2010).

The sensitivity of this assay, its practical acitBkty, and its demonstrated utility in
detecting early stages of cancer (Sedelnikova andn&, 2006) and other chronic and
degenerative age-related diseases (Porostcla2006; Sedelnikovat al, 2008), emphasize the
potential of this technique for an extensive usaliBgnosis, prevention and management of
pathological conditions, in environmental surveite and, in general, for DNA damage
biomonitoring (reviewed in Valdiglesiast al, 2013). Nevertheless, the lack of experimental
standardization ofH2AX assay leads to a wide heterogeneity in thalt®@®btained and their
interpretation, which affects the reliability ofetlassay and makes its establishment as routine
biomarker in population studies difficult.

65



Maria Sanchez Flores

On this basis, the aim of the present study wasltivess the most urgent issues dealing
with the validity of this approach to be employsdaNA damage biomarker in human population
studies, namely the use of fresh or cryopreseniid Bnd the stimulation of lymphocyte cell
cycle progression with PHA. To achieve this, floyjtammetry was employed to analygd2AX
levels in PBL treated with different genotoxic campds under diverse experimental conditions.
PBL are routinely used in human biomonitoring tseassDNA damage and repair due to their
availability (Allione et al. 2013). They are also the most frequently emplogelll type in
population studies for the specific casgld2AX analysis (Valdiglesiast al, 2013).

Antibody-specific immunofluorescence is normallyddo visualize the phosphorylated
H2AX levels either by microscopy or by flow cytometMicroscopy is more specific since it
allows to locate the breaks within the nucleusetbgr with providing the measure of the exact
number of DSB. However, the assessmentH2AX using flow cytometry has a number of
advantages particularly interesting for populatstudies. It provides an automated high-
throughput platform that is fast, practical, reprotle, and may take into consideration
variations due to cell-cycle effects (Wattetsal, 2009). Besides, it increases considerably the
number of cells evaluated, diminishing the varigpbénd enhancing the statistical power of the
results (Brzozowskat al, 2012). In short, the simplicity of flow cytomethe small quantity of
biological sample required, and the short time ededr the analysis offer a great benefit for
handling a huge amount of samples. According teghieasons, and also considering that results
obtained from these two methods were demonstratdzk tcorrelated (Nikolovat al, 2014;
Watterset al, 2009), flow cytometry seems to be the most slétatethodology to be employed

in human population studies.

The phosphorylation of H2AX histone occurs aft&%B in the genome, which may be
originated from different types of DNA damage —attdusingle strand breaks (SSB), replication
or transcription blocking lesions (Sedelnikataal, 2010) — or even as a consequence of other
processes different from DNA damage such as celitass, heat or apoptosis (Dickatyal,
2009; Laszlo and Fleischer, 2008he four genotoxic compounds chosen for this stu@yM,
Campt, Act-D and MMS —, were all reported to indwmecentration-dependent increases in
yH2AX levels in previous works (Takahashi and Ohni2B05; Watterst al, 2009), although
through different pathways. BLM behaves as a radiwetic direct-acting agent, capable of
inducing a wide spectrum of mutagenic lesions immalian cells, including DNA base damage,
abasic sites, and alkali-labile sites (Milic andpfar, 2004; Wozniaket al, 2004), which
eventually result in DNA SSB and DSB. BLM inducéastogenicity acting in an S-independent
manner (Povirk and Austin, 1991). Results obtaimedur study for BLM treatments support
these observations since it induced dose-depentfemeases ofyH2AX levels in all

circumstances tested, regardless of cell-cycleusition or sample storage condition. Still, BLM-
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induced H2AX phosphorylation increase was highestimulated cells. Although it may seem
that this is not true for cryopreserved cells, Blifdatment in stimulated cryopreserved PBL
increasedyH2AX level by 3-fold in the highest dose tested,ilesiin unstimulated cells this
increase was only 2-fold, mainly due to the promtrigasal damage in control cells. Indeed, the
correlation coefficient for the dose-response retathip in stimulated cells was higher than the
one obtained for unstimulated PBL (r=0.825 and 526, respectively, both significant at the
0.01 level). Our results agree with other previstiglies that found concentration-dependent
increases of H2AX phosphorylation in different ¢gtles after BLM exposure (Banath and Olive,
2003; Liuet al, 2014).

Campt is a known topoisomerase | S-phase spealfiibitor, frequently used in basic
research as apoptosis inducer (Stataal, 2002). It is an indirect-acting genotoxic ageante
it does not cause DSB directly but it binds to ispmerase | forming a covalent ternary complex
that blocks DNA re-ligation (Staket al.,2005) leading to single strand breaks that argexed
to double strand breaks upon replication and, apresgtly, is associated with extensive H2AX
phosphorylation (Banatkt al,_2010). In this study, significant increasegdRAX levels were
found after Campt treatments in all fresh cellsiarstimulated cryopreserved cells. These results
agree with other previous studies which also regbimcreases in DSB induction evaluated by
the same assay after Campt exposure in HL60, JankBMCF7 cells (Rogakaat al., 2000), and
in Chinese hamster V79 and CHO cells (Bargdthl, 2010). Besides, progression of apoptosis
was previously found to be paralleled by a decréasel2AX immunofluorescence (Huarey
al., 2003) which would explain why, in our studfH2AX levels were higher in unstimulated
cells (in the G-phase of the cell cycle) compared with stimule®&L (going through S-phase
and so more sensitive to Campt apoptosis inductieyertheless, since this compound is also a
well-known apoptosis inducer, the increase/lf2AX levels most likely reflects the onset of
DNA fragmentation catalysed by nucleases in respoogro-apoptotic stimuli, and therefore
may be an artefact of cytotoxicity rather than cir€ampt-mediated genotoxicity (Smattal,
2011).

Act-D is a chemotherapeutic agent commonly usedréatment of childhood cancers
such as Wilms' tumour and Ewing's sarcoma (Estith ¥eal, 2003). This is an intercalating
agent; it intercalates into DNA strands leadind®A damage (SSB produced via nucleotide
excision repair, and a fraction of them can be eded to DSB) and inhibition of mRNA
synthesis by interfering with RNA polymerase (Traskl Muller, 1988; Bensauds al, 1999).
Also, even low concentrations of Act-D are abl@tevent the religation step of topoisomerase |
inducing both SSB and DSB (Misclet al, 2005). After treatment with Act-D our fresh PBL,
independently on PHA stimulation, and also the skated frozen cells showed significant dose-

dependent increase gH2AX levels. Analogous genotoxic effects of thisngmound were
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reported in several previous studies employingtme approach (Misclat al, 2005; Porcedda
et al, 2006), or evaluating micronucleus induction (Kiigk et al, 2005; Hashimotet al, 2010).
Cell division is required for the conversion of SlBB DSB, since it occurs during the S-phase
of the cell cycle: when a replication fork collidesth a covalently bound topoisomerase |
cleavage complex, the extension of the leadingndtrsiterminated at the 5' -end of the template
strand, which generates a DSB (Strumbetrgl, 2000). As a result, DNA damage (specifically
DSB), and the cellular response to this damage gigltosphorylation), evaluated in stimulated
cells treated with Act-D is expected to be higlmantthat found in unstimulated cells, as actually

happened in our study.

MMS is an alkylating compound which methylates DNbases, mainly guanine
producing G-methylguanine adducts, in a random manner é¥al, 2011). It causes SSB that
lead to DSB through either the replication or repasocesses (Zhoet al, 2006). Particularly,
MMS-induced SSB are considered a source of DSBrasut of collapsed replication forks at
the lesions or processed intermediates ¢, 2011). Accordingly, MMS was shown to induce
concentration-dependent H2AX phosphorylation imiaber of previous studies (Nikoloeaal.,,
2014; Watterset al, 2009). Nevertheless, no increaseyl2AX levels was observed in the
current study employing fresh cells, and just stated cryopreserved PBL exposed to the highest
MMS dose showed a slight effect in this regard. Mtficentrations used in this study were
chosen on the basis of Wattetsl.(2009), who employed these MMS doses and fouruiiye
dose-response relationship for H2AX phosphorylatidawever, they used cultured cell lines
(namely mouse embryonic fibroblasts and mouse hmh L5178Y cells) instead of PBL,
which are known to be highly resistant to genotogftects (Valdiglesiaset al, 2011c).
Furthermore, MMS-induced DNA adducts need two@gtles to be converted into DSB (Quiros
et al, 2010). Since cell cycle of cultured cell lineeddy Watterst al. (2009) is shorter than
the leucocytes cell cycle, this fact may also helpxplain the differences between studies. As a
result, higher concentrations of MMS would likelg bhecessary to enhance the effects of this

compound on PBL.

Phosphorylation of H2AX in response to DNA damages Ibeen observed in both
quiescent and cycling cells, and during all phadeke cell cycle, including mitosis (Giunta and
Jackson, 2011). However, it usually decreases iesqgant cells (Hamasaékt al, 2007; Tianet
al., 2011). Accordingly, taking all our results togaththe levels of phosphorylated H2AX
induced in stimulated cells in all cases, excepfrish PBL treated with Campt, were higher than
those in unstimulated lymphocytes. This observatignrees with other previous studies in which
resting cells resulted less sensitive to the indacof DNA damage than proliferating cells
(Huyenet al, 2004; Mohrinet al, 2010; Tiaret al, 2011). There are two possible explanations

for these findings. On one hand, the responsetasred stimuli of resting unstimulated cells may

68



IlI- }H2AX assay as DNA damage biomarker for human ptipalatudies

be indeed different from proliferating cells respenas it was reported before (Teiral, 2011).
On the other hand, when unstimulated cells are @yepl, just DSB coming mainly from directly
induced DNA damage are revealed, while after PHiiudation, cell cycle progression favours

DSB production from other types of DNA lesions, efhare also detected bl2AX assay.

When designing a population study which inclugd2AX assay, the decision about the
advisability of stimulating PBL depends on the tgbestudy to be carried out. In environmental
or occupational exposure biomonitoring cohort stadhe main aim is to assess the genotoxic
effects associated with the exposure. Henceadvssable to PHA stimulate lymphocytes in order
to detect DSB coming not only from direct DNA daredgut also from other types of damage,
which become DSB during progression of cell cydonsequently, a general view of
genotoxicity events will be obtained. Regardingeeasntrol studies, as the main purpose of using
H2AX assay in this case is to evaluate the perditggels of phosphorylated histone as indicative
of DNA damage already fixed (Sedelnikaataal, 2004), no previous stimulation is hecessary to
carry out the assay since the remainyrtPAX will be already present in the DNA without
requiring cell division. In such studies, this apgch is applied as a biomarker of genomic
instability, likely as a result of deficienciesIMNA repair processes, more than as a biomarker of

genotoxic effects.

To the best of our knowledge, no studies testing differences between H2AX
phosphorylation in fresh and cryopreserved PBL vpergished so far. Merely, Porcceeial.
(2008) reported that peripheral blood mononucleds érozen samples, stored in liquid nitrogen
for up to 4 years, showed comparable basi@AX levels to fresh samples, although data on the
comparison were not provided. Alliom al. (2013) compared the influence of different blood
storage conditions on DNA damage, and they foundrasignificant slight increase of H2AX
phosphorylation in isolated PBL after 24 h of bl@drage (both at room temperature and at 4°C)
with regard to fresh samples. Similarly, severatvpus studies reported no significant
differences in DNA strand breakage evaluated bynmefcomet assay between fresh and frozen
PBL (Visvardiset al, 1997; Duthieet al. 2002). In contrast to these studies, results pétain
the current work for basaH2AX levels (negative controls) from cryopreserR®L were always
significantly higher than those obtained from freshis under the same experimental conditions.
Still, basal histone phosphorylation was signifibanower when cryopreserved cells were
previously stimulated with PHA than when they wesed unstimulated. This behaviour is likely
due to the fact that PHA stimulation implies inctuya of PBL for 24 with complete culture
medium after thawing. Therefore, it is probable #haring this time the cells repair their basal

DNA damage, caused in part by the storage, freemigthawing processes.
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On the whole, interpretation of the results obtdimeyH2AX assay depends on the assay
design. WhenyH2AX measurement is carried out at one single piiat, it provides information
on early DDR more than on actual repair procesatbgreas, when the outcome kinetics is
assessed (at two or more different time poimdRAX loss correlates with DSB repair activity,
as indeed was observed in a number of previousestBorceddat al, 2006; Bourtoret al,

2011; Brzozowskat al, 2012); thus it allows to evaluate alterationthi@ DNA repair systems.
5. Conclusions

In conclusion, these findings support that floworgetry analysis of phosphorylated
H2AX histone {H2AX) levels in human PBL may be used as a rapigesing tool for
genotoxicity or genomic instability in human popida studies, even though consensus in the
methodological procedure should be reached in dodéiminish the heterogeneity in the results.
According to our results, both unstimulated andhstated fresh PBL could be employed as
cellular material to carry out thé12AX assay. Yet, when unstimulated quiescent eetsused,
it must be considered that DSB evaluated (moreigelcthe early repair response to DSB) are
the consequence of direct damage on DNA, whereas whlls are stimulated to divide with
PHA, DSB may also come from other different kindsdamage which become “visible” (i.e.
measurable by this technique) during the cell divisTherefore, the decision about stimulating
cells prioryH2AX analysis should be taken during the study giesiccording to the kind of

damage to be evaluated or that is expected imthieiduals.

Furthermore, in human population studies, collgcttamples and processing them
immediately is not always possible. In such casgmpreserving cells seems to be the best
option. On the basis of the current results, PHiAwgation is necessary fgH2AX analysis when
cells are stored frozen, since basal damage iBighoin cryopreserved unstimulated cells, likely
as a result of freezing and thawing processeshé&ustudies are required in order to completely
standardize the protocol gfl2AX assay to be employed as biomarker of genoityxic genomic

instability in human biomonitoring studies.
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IV- Exploring genetic outcomes as frailty biomasker

1. Introduction

Despite being phenotypically well-characterizede thiological basis of frailty still
remains fairly unknown. This is due to the factttlfais syndrome is not characterised by
impairment of a single system, but by several evamid anomalies in multiple physiological
systems in an intricate process that leads tayrédbslavskyet al, 2013).

As it has been mentioned before, to date identiéinaof frail subjects is performed using
clinical features, being the most commonly emplogieynostic criteria, due to their simplicity
of implementation, those proposed by Fried al. in 2001, based on five phenotypical
characteristics (muscle weakness, low gait spegdtantional weight loss, exhaustion, and low
physical activity). The major limitation of this sessment is the late identification of frailty,
which is possible only after the onset of clinicenifestations. Therefore, to improve the clinical
impact of frailty screening, it is necessary to@ep new tools that allow a timely identification
of those individuals more prone to develop thisdsgme. The availability of these new tools
would facilitate the implementation of personalizbdrapies, as well as the improvement of
health outcomes by means of prevention and intéreprograms. A deeper knowledge on the
biological basis of frailty is required for the @gdopment of biomarkers for this syndrome what
would allow an earlier and more objective identfion of frail individuals.

The involvement of genomic instability in differeage-related phenotypes has been
previously reported as a consequence of the ldsalahce between DNA damage and the correct
function of cellular DNA repair mechanisms (Gagtal, 2013; Liet al, 2016a). However, recent
studies reviewed by Gorbunova and Seluanov (20d¢gest the possibility that this imbalance
can be the cause of the ageing process and agedrelaenotypes, rather than its consequence.
These authors suggested that not only mutationsvadate with age but also the rate of mutation
accumulation increases with age, which could betdilee DNA repair pathways becoming less
efficient (Garmet al., 2013).

The evaluation of chromatin alterations could bpantant for a better understanding of
mutations in age-related changes (Gorbunova andSeV, 2016). The micronucleus (MN) test
is one of the most commonly used methods for asgpshromosome damage. MN assay
provides a reliable measure for both chromosonme dosl chromosome breakage since MN are
formed from chromosome fragments or whole chromeasothat lag behind during anaphase in
cell division (Fenech, 2000). MN frequency can laleated in different cells and surrogate
tissues. For a number of reasons, including eassaofple collection and reproducibility,
peripheral blood lymphocytes and exfoliated bucedls are the most suitable, and consequently,
the most frequently employed tissues for MN studidsuman populations (Feneehal, 2011).

The cytokinesis-block MN (CBMN) cytome assay pemed in peripheral lymphocytes

is a comprehensive system for measuring DNA danfggaech, 2007); it has been regularly
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applied in human biomonitoring of genotoxic exp@suand is increasingly used in preventive
medicine and nutrition (Leet al, 2003; Fenecht al, 2005; El-Zeiret al.,, 2006). MN frequency

Is strongly associated with the ageing processjrammdases of this biomarker have been reported
in several age-related diseases including cancabetks, neurodegenerative diseases such as
Alzheimer’s or Parkinson’s, and arthrosis (Bonassil, 2011b; Miglioreet al, 2011).

The buccal MN cytome (BMNCyt) assay is an attractandidate for the study of human
populations due to its non-invasive nature. Thitibéque, firstly proposed by Stich and Rosin in
1983, has been employed in multiple studies assitsge biomarker of genetic damage and cell
death caused by lifestyle-related factors sucHaahal and tobacco consumption, or nutritional
deficiencies, and environmental exposures to patlst medical procedures, as well as inherited
genetic defects in DNA repair (Fenech, 2007; Thoatas, 2009). Together with MN formation,
this assay allows as well to identify other abnditiea indicative of different kind of cellular
alterations. These abnormalities are shown asatittes in the nuclear morphology, such as
binucleated cells, nuclear buds, pyknosis, karyaxid) abnormally condensed chromatin and
karyolysis (Torres-Bugariet al., 2014).

Frailty is commonly accepted to have a strong lgiclal component resulting from
cumulative cellular damage over the life-courseni® al, 2016). Increased levels of damage
can lead to different cellular alterations, inchgligenomic instability, mutations, altered gene
expression, loss of cell division potential, cedlath or impaired intercellular communication,
among others (reviewed in Chapter Il). These dltara at the cellular and molecular levels could
be a good basis to establish frailty biomarkerudxibeless, their relationship with frailty has not
been established yet. It is not clear whether evhith way genetic outcomes may influence the
susceptibility to frailty, and even the few prelimary studies in this regard are not completely
clear in finding any association, as it was show@lhapter 1. However, due to the well-founded
belief that genome instability and other genetitcomes are involved in the frailty syndrome,
given their strong association with ageing and radgted diseases, further investigations should

be carried out in this line.

Hence, in order to improve the understanding oftlloéogical features associated with
frailty status, and consequently identify potertiaimarkers of frailty, in the present study selera
genomic instability and genetic parameters, sealeateording his previous reported association
with the ageing process, were evaluated in a ptipalaf Spanish older adults (aged 65 and over)
classified into frail, pre-frail and non-frail aaciing to Friedet al (2001) criteria. Genomic
instability was assessed by MN frequency in bottipperal blood lymphocytes and exfoliated
buccal cells, together with other cellular altevasi in buccal mucosa. Genetic outcomes analysed
included mutation rate (by means of the T-cell ptoe[TCR] mutation assay), different types of

genetic damage (by employing the comet assay amgHRBAX assay), and cellular repair
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capacity (by the DNA repair competence assay).rovige a more comprehensive evaluation of
clinical features associated with frailty, the pblesassociation between nutritional status and
cognitive impairment with the level of genomic sility and the different genetic outcomes was

also evaluated.
2. Material and Methods

2.1. Subjects and sample collection

A total of 257 volunteer donors (84 males and 1413dles), aged 65 years or more
(79.4£8.8, range 65-102), were recruited from 14 assiocisof retired older people and nursing
homes located in Galicia (NW of Spain) (Table 1Y.1A post hocassessment of the statistical
power of the study, based on the MN frequency ih,PBiowed that — given the actual size of
the three groups — the study had adequate statiptigver (80%) to detect with a | type error of
0.05 a minimum increase of 21.6% in frail vs colstand of 20.1% in pre-frail vs controls (Post-
hoc Power Calculator by www.ClinCalc.com). All despor their relatives in case of inability,
signed an informed consent form and completed atmumnaire to collect demographic, lifestyle,
and medical information. The study protocol foll@itbe principles embodied in the Declaration
of Helsinki and was approved by the University dEérufia Ethics Committee (reference number
CE 18/2014). Qualified staff with extensive expede in the gerontology field (i.e.
psychologists, occupational therapists, nurses)imaBarge of the clinical evaluation. To unify
the criteria in completing the clinical evaluatiall, staff members were equally trained prior to
the start of the study. Participants were exclutidtey were taking medications included in the
Anatomical Therapeutic Chemical (ATC) category Intif@eoplastic or immunomodulating
agents (WHO collaborating centre for drug statsstiethodology, 2013)) or they had cancer or
any chronic infection (e.g., HIV, HCV, HBV), ortiey denied signing the informed consent.
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TABLE IV.1. Associations of retired older people and nursiogés

Centre Subjects Percentage
ATEGAL (Aulas de tercera edad de Galicia) Santiago 7 2,7
NCG (Novacaixa Galicia) A Coruia 5 1,9
NCG (Novacaixa Galicia) Betanzos 5 1,9
NCG (Novacaixa Galicia) Ferrol 30 11,6
NCG (Novacaixa Galicia) Pontedeume 5 1,9
NCG (Novacaixa Galicia) Santiago de Compostela 6 2,3
UDP (Unién democratica de pensionistas y jubiladi®s

Espafia) A Corufia 27 104
UDP (Unién democratica de pensionistas y jubiladios 15 5.8

Espafia) Sofan-Carballo
UGT Ferrol 9 3,5
UDP (Unién democratica de pensionistas y jubiladios

Espafia) Los Rosales, A Corufia 2 8>
CSC (Centro Socio Comunitario) Vilalba 28 10,8
Complejo Gerontolégico La Milagrosa, A Corufia 86 33,2
Servicio residencial Fundacion AdcoR, A Corufia 6 2,3
Sanitas Residencial, A Coruia 8 3,1
Total 259 100,0

Table 1V.2 shows the general characteristics of the studylatipn. Due to the small
number of current smokers and ex-smokbks5yandN=48, respectively) a new category, “ever
smokers”, was created combining both conditionmil&ily, a single category was considered
including together malnourished individuals=(l4) and individuals at risk of malnutrition
(N=80).
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TABLE 1V.2. Description of the study population

Total Non-frail Pre-frail Frail P-value
Total N (%) 257 (100) 39 (15.4) 131 (50.6) 87 (34.0)
Gendem (%)
Males 84 (32.7) 26 (66.7) 36 (27.5) 22 (25.3) <0.00P
Females 173 (67.3) 13 (33.3) 95 (72.5) 65 (74.7)
Age (years-old) 79.4:8.8 73.3t5.6 77.1+7.7 85.6+7.8 <0.00fx
(65-102) (65-85) (65-100) (65-102)
65-69 43 (16.8) 12 (30.8) 29 (22.1) 2(2.3) <0.00?
70-74 41 (16.0) 11 (28.2) 26 (19.8) 4 (4.7)
75-79 47 (18.4) 10 (25.6) 24 (18.3) 13 (15.1)
80-84 46 (18.0) 5(12.8) 27 (20.7) 14 (16.3)
=85 79 (30.9) 1(2.6) 25 (19.1) 53 (61.6)
Smoking habitsN (%)
Non-smokers 199 (79.0) 22 (56.4) 102 (78.5) 75 (90.4) <0.00P
Ever smokers 53 (21.0) 17 (43.6) 28 (21.5) 8 (9.6)
No. cigarettes/day 18.4+13.8 16.1+8.8 15.#13.9 31.4+15.7 0.020
(2-60) (3-40) (2-60) (20-60)
Years smokirfg 26.716.6 19.49.1 30.4t18.7 29.3t18.2 0.154
(4-66) (10-34) (4-66) (6-52)
BMI (kg/m?) 2 28.5t5.6 28.143.2 29.145.0 27.#7.0 0.19F
(16.5-53.2) (21.1-35.1) (18.9-47.4) (16.5-53.2)
Nutritional statubl (%)
Normal nutrition status 158 (62.7) 35 (89.7) 106 (80.9) 17 (20.7) <0.00%
At risk or malnourished 94 (36.3) 4 (10.3) 25 (19.1) 65 (79.3)
MNA-SF scorg 11.8:2.5 13.3t1.4 12.8:1.7 9.742.4 <0.00F
(4-14) (8-14) (4-14) (4-14)
Cognitive statudN (%)
No cognitive impairment 174 (69.6) 39 (100) 118 (90.1) 17 (21.2) <0.00?
Cognitive impairment 76 (30.4) 13 (9.9) 63 (78.8)
Living conditionsN (%)
Family home 157 (61.1) 39 (100) 113 (86.3) 5(5.7) <0.00P
Family home+daycare 27 (10.5) 4 (3.1) 23 (26.4)
center
Nursing home 73 (28.4) --- 14 (10.6) 59 (67.9)
Education yearsl (%)
<8 115 (45.3) 19 (48.7) 73 (55.7) 23 (27.4) <0.00P
9-17 96 (37.8) 12 (30.8) 32 (24.4) 52 (61.9)
>17 43 (16.9) 8 (20.5) 26 (19.9) 9 (10.7)

a\Meantstandard deviation (rangéLhi-square test (two-tails)ANOVA test (two-tails).
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2.2. Frailty criteria

All subjects included in the study were classifeedfrail (N=87), pre-frail (N=131) or
non-frail (N=39) according to the Fried’s crite(laiedet al, 2001), which included 5 items: (i)
shrinking or unintentional weight loss, at leastig in the previous year; (i) muscular weakness:
grip strength in the lowest 20% at baseline, adpidr gender and body mass index (BMI); (iii)
self-reported exhaustion, identified by two questidrom the modified 10-item Center for
Epidemiological Studies-Depression (CES-D) scalad{Bf, 1977), employing the Spanish
version (Ruiz-Grosset al, 2012); (iv) slow walk: the slowest 20% at baselibased on time to
walk 4.6 m, adjusting for gender and standing heighd (v) low physical activity level, the
lowest 20% at baseline, based on a weighted sédioalories expended per week, measured
by the Minnesota Leisure Time Activity (MLTA) irsitvalidated Spanish version (Ruiz Comellas
et al, 2012), according to each participant’s report] adjusting for gender. Individuals positive
for three or more of these items were classifieflal those positive for one or two criteria were

classified as pre-frail, meanwhile those with ngipee items were classified as non-frail.

Table IV. 3 shows the number of individuals pogtier each one of the Fried criteria,
being grip strength the most common criteria ingbpulation of study (83%), followed by slow
walk (44%) and low physical activity (34%).

TABLE IV.3. Fried frailty criteria in the population of study [%0)]

Criteria Negative Positive
Unintentional weight loss 237 (92.2) 20 (7.8)
Muscular weakness 44 (17.1) 213 (82.9)
Self-reported exhaustion 209 (81.6) 47 (18.4)
Slow walk 144 (56.0) 113 (44.0)
Low physical activity 169 (65.8) 88 (34.2)
Number of positive criteria
0 39 (15.2)
1 89 (34.8)
2 42 (16.4)
3 45 (17.6)
4 35 (13.7)
5 6 (2.3)

2.3. Clinical assessment

The nutritional statusof the participants in the study was screenedgutie Spanish
version (Nestlé Nutrition Institute) of the Mini-itional Assessment-Short Form (MNA-SF)
(Kaiseret al, 2009). This tool includes 6 questions extradtech the full MNA questionnaire
(Guigoz et al, 1994): declined food intake over the past threnths due to appetite loss,
digestive problems, chewing or swallowing diffidgedt; involuntary weight loss during the last

three months; mobility; psychological stress or tacdisease in the past three months;
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neuropsychological problems (severe dementia aredsfn); and BMI. The sum of the MNA-
SF score distinguishes between elderly patienth: wjtnormal nutritional status (MNA-SF
between 12 and 14 points); ii) at risk of malnurit(MNA-SF 8-11 points); and iii) malnourished
(MNA-SF 0-7 points).

The Spanish version (Blesaal, 2001) of the Mini-Mental State Examination (MMSE
scale (Folsteiret al, 1975) was employed to evaluate the glaoginitive statusMMSE scores,
ranging from 0 to 30, were adjusted for age anellef education, and participants were

considered as cognitively impaired if they scoree.

2.4. Biological sample collection and leucocyte isolation

Peripheral blood and buccal mucosa samples wettected by nurses and trained
technicians. Whole blood was collected by venipurginto Vacutainer tubes containing heparin
as an anticoagulant for MN assay in peripheral dltyonphocytes, and into BD Vacutaifer
CPTO with sodium heparin (Becton Dickinson), for theol&ion of peripheral blood
mononuclear leukocytes (PBL, lymphocytes + monayfelowing manufacturer’s instructions.
Fresh PBL were employed in the TCR mutation asSaythe cometyH2AX and DNA repair
competence assays, isolated PBL were frozen aE 4804 solution composed of 50% foetal calf
serum, 40% RPMI 1640, and 10% DMSO, at d€lls/ml, and stored until analysis.

Exfoliated buccal cells were obtained by gently Ishiag oral mucosa on the inner side
of both cheeks with a cytobrush, and kept in adyuffolution (see below). Samples were
transported to the laboratory immediately, wheeytivere processed within 4 h of collection.

All samples were coded at the moment of collectiod analyzed under blind conditions

2.5. Lymphocyte micronucleus assay

The CBMN assay was performed in duplicate followtimg protocol described by Fenech
(2007), with minor modifications. In brief, 0.5 rof whole peripheral blood was suspended in
4.5 ml of RPMI 1640 medium containing final congatibns of 15% (v/v) heat-inactivated foetal
bovine serum (FBS), 1% (v/v) L-glutamine (200 mi#9s (v/v) phytohaemagglutinin (PHA) and
1% (v/v) penicillin (5,000 U/ml)/streptomycin (5,0@g/ml) (all from Life Technologies). Cell
suspensions were incubated at 37 °C with lids laosehumidified atmosphere containing 5%
CQO; for 44 h. After this time, 10 pl of cytochalasin(ihal concentration 6 pg/ml) was added to
prevent cytokinesis and the cultures were retutaete incubator for another 2 hours, to a total
of 68 hours of incubation. Cell suspensions welssquently centrifuged at 800 rpm for 10 min
at 4 °C. After removal of the culture medium sup#ant, cells in mild agitation were
hypotonically treated with 4 ml of cold KCI (0.56%4 4°C) to lyse the red blood cells and

centrifuged immediately (800 rpm10 min at 4 °C)p&watant was removed and 4 ml of
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methanol:acetic acid (3:1) was added with mildaigit for cell fixation. To help the fixation 3
drops of p-formaldehyde were quickly added witheatBur pipette. Cells were centrifuged (800
rpm 10 min at 4 °C) and washed with two furthemges of fixative. The remaining pellets were
gently resuspended and dropped onto clean glaEesdb be air dried. Slides were storaged at -
20 °C until the moment of scoring. Before scorisliges were stained with 4',6-diamino-2-
fenilindol (DAPI) (5 pg/ml).

MN automated scoring was performed using a Meta®gitem fluorescence, connected
to an Axio Imager Z2 microscope (Carl Zeiss MiciaecGmbH, Jena, Germany), equipped with
an Automated Slide Feeder x80, controlling the oscope components for automated focusing,
light source adjustment (for bright field imagirag)d fluorescence filter changes. Slide scanning,
focusing, sample capture and image analysis weferpged as previously described (Varga
al., 2004). A minimum of 2,000 binucleated (BN) cglkx individual, 1,000 from each duplicate
culture, were automatically scored to determinentimaber of MN in lymphocytes (MN-L). After
the automated scan, the image gallery was vistedigwed by an experienced scorer, following
the criteria described by Fenech (2007) for MN Bicells, in order to reject unsuitable cells

and to correct feature values if necessary.

2.6. Buccal micronucleus assay

The BMNCyt assay was performed as described by ak@inal. (2009), with minor
modifications. Cytobrushes (Cell sampler peel-p&edfalab S.L.U.) were used to collect buccal
cells by rotating the brush 20 times in a circutastion against the inner side of each check
starting from a central position, gradually inciagshe circumference. Separate brushes were
employed for each cheek, and suspended in 5ml iffer solution (EDTA 0.1M, TrisHCI
0.01M, NaCl, 0.02M) in different tubes. After cehigation, supernatant was removed and
replaced with fresh buffer solution and washed éviwre. Cells were placed into slides and air-
dried overnight. Slides were fixed with a cold simlo absolute ethanol:acetic acid glacial (3:1

v/v;). Air-dried slides were storaged at -20°C uthie moment of staining and scoring.

Fixed slides were treated in 5 M HCI for 30 min avakhed in water. Slides were stained
with Schiff’'s reagent (Merck) at room temperatunettie dark (1-3 h). After been washed in
distillated water, slides were counterstained inF&st Green solution (Merck) for 5 sec, washed

in 70% ethanol (3 times, 2 min each) and air-dried.

Slides were scored blindly by a single scorer Milkoon E-800 fluorescence microscope
with ethidium bromide filter. The scoring critefiar the distinct cell types and nuclear anomalies
were based on those described by Tolbedl (1992) and Thomaat al (2009). A minimum of

1,000 cells was scored to determine the frequehegah cell type in the sample, including basal
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and differentiated cells, binucleated cells (BN-8B)ndensed chromatin cells (Cond-chrom-B),
karyorrhectic cells (Karyorrhectic-B), pyknotic Il (Pyknotic-B), and karyolytic cells
(Karyolytic-B). A minimum of 2,000 differentiatedelts was scored to analyse the number MN
(MN-B) and the number of cells with nuclear bud8()\D-B).

2.7. T-cell receptor mutation assay

TCR mutation assay was conducted in duplicate viollg the protocol proposed by
Akiyama et al (1995). In brief, isolated PBL were incubated f5 min with 7-amino-
actinomycin D as a viability marker, and with flescein isothiocyanate (FITC)-labelled antiCD3
and phycoerythrin (PE)-labelled antiCD4 antibodigscton Dickinson). Cell suspensions were
then centrifuged for 5 min at 2,000 rpm, supernsatamere removed and cell pellets were

resuspended in PBS. This step was repeated twice.

Cell suspensions were analysed using a FACScdliwrrcytometer (Becton Dickinson)
with Cell Quest Pro software (Becton Dickinson).eTlymphocyte population was gated
according to size and complexity. A minimum of 2L8xlymphocyte gated events were acquired,
and TCR mutation frequencies (TCR-Mf) were caladas the number of events in the mutant
cell window (CD3CD4" cells) divided by the total number of events cgpanding to CD#%cells
(Figure IV.1).

FIGURE IV.1. CD3-FITC / CD4-PE dot plot showing the mutant vand(R4) in the
determination of TCR mutation frequency.

2.8. Alkaline comet assay

To conduct the alkaline comet assay, following pietocol previously described in
Laffon et al (2002), PBL were rapidly thawed at 37°C and sgbestly centrifuged. The
supernatant was removed and the remaining pellstsuapended in PBS. Cell viability was

assessed by trypan blue exclusion technique bieiradj,cases, higher than 85%. Cells were then
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embedded in 80 pl of 0.7% low melting point agarosBBS. Cells were then dropped as two
drops onto a slide that was previously coated witayer of 1% normal melting point agarose
and covered with coverslips. Slides were placecterior 10 min and, after the second layer of
agarose was solidified, coverslips were removedeSiwere then immersed in freshly prepared
lysis solution (2.5 M NaCl, 100 mM MaDTA, 10 mM Tris-HCI, 250 mM NaOH, pH 10, and
1% Triton X-100 added just before use) for an raiut °C in the dark.

After lysis, slides were placed in a horizontalcelephoresis tank (420x300x90 mm) in
an ice bath. Slides were completely covered wighutiwinding buffer solution (1 mM NEDTA,
300 mM NaOH, pH 13) and left in the dark for 40 n#ubsequently, electrophoresis was carried
out for 30 min at 300 mA and 25 V (0.83V/cm). Afedectrophoresis, slides were washed three
times (5 min each) with neutralizing solution (4901 Tris-HCL, pH 7.5) and air dried for 10
min in the dark. DAPI was employed to stain theledi The preparations were kept in a

humidified sealed box to prevent drying of the agargel and were analysed within 48 h.

An internal standard (PBL isolated from whole bl@xtracted once from a single donor,
and stored aliquoted at -80°C) was introduced ieryeelectrophoresis run as described by
Cebuslka-Wasilewska (2003). Comet IV software (Bgtige Instruments) was used for image
capture and analysis. For all donors and standafdsells were scored from each replicate slide
(i.e. 100 cells in total) by a single scorer. Tleegentage of DNA in the comet tail (%TDNA) was

evaluated as DNA damage parameter.
2.9. yH2AX assay

YH2AX analysis was performed in duplicate followittig protocol previously described
in Chapter Ill, section 2.4. Briefly, after beingaived cell suspensions were centrifuged and
supernatants were removed. Remaining pellets wepeaded in culture medium containing 1%
PHA and incubated for 24 h at 37°C. After fixatior|l suspensions were incubated with anti-
humanyH2AX-Alexa Fluor 488-conjugated antibody (Bectonckinson) and stained with
propidium iodide (P1). Flow cytometry analysis wesformed in a FACSCalibur flow cytometer
(Becton Dickinson) with Cell Quest Pro software ¢@& Dickinson). A minimum of 10,000
events in the lymphocyte region (gated accordingsite and complexity) were acquired,
obtaining data from FL1yH2AX-Alexa Fluor 488) and FL2 (PI) detectors. Therqgentage of
gated events positive for bothl2AX and Pl was calculated with respect to thel tgtaphocytes
gated and indicated asy#2AX.

2.10. DNA repair competence assay

DNA repair competence assay was performed as prayialescribed by Laffoet al
(2010). In brief, after being rapidly thawed, PBemn centrifuged and the remaining pellet was

incubated for 24 h at 37°C in culture medium contg 1% PHA. Cells were then treated with
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the challenging agent bleomycin (BLM) for 30 min 3t°C to induce DNA damage. Two
duplicate slides were prepared for each donor fiféieones from cells that continued the comet
assay protocol as described above directly aftévl Bleatment (labelled asefore repai); the
second ones from cells that, after BLM treatmem@renncubated in fresh culture medium for 15
min at 37°C to allow DNA repair (labelled alier repair), before being processed following the
comet assay protocol. An internal standard wasediced as well in each experiment as described
by Cebulska-Wasilewska (2003). Final data are shasvpercentage of repair capacity (%RC),
calculated as follows: (% TDNg - % TDNAaRr) X 100 / % TDNAR, where “BR” is before repair

and “AR” is after repair.

PBL samples from several individuals (mostly famild a few pre-frail) were lost due to
unexpected problems in storage. Hence, the nunftaata available in comet assay and DNA

repair capacity evaluation are lower than in thet of assays.
2.11. Statistical analysis

The three groups of older adults (non-frail, prtand frail) were compared by socio-
demographic factors (i.e., gender, age, living @ik, and years of education), lifestyle factors
(i.e., smoking habit, alcohol consumption, anditiatral status), and clinical characteristics (i.e.
BMI, and cognitive status). The Chi-square test apglied for categorical variables and the

analysis of variance (ANOVA) for continuous variedl

Statistical analyses were carried out following th@ommendations given by Thomets
al. (2009) for the buccal MN cytome assay. The eftédtailty status on biological parameters
studied was preliminarily tested through ANOVA witte Tuckey'gpost-hodest. Kolmogorov-
Smirnov goodness-of-fit test was applied to assessial distribution of the data; only MN-L
and WH2AX followed a normal distribution. A log-transfoation of the data was applied to
BN-B and TCR-Mf, and a square root transformati@sapplied to Karyorrhectic-B, to achieve
a better approximation to the normal distributiddo improvement was achieved with
transformation in all other parameters, so the KalsgVallis test with Bonferroni’s correction

was applied for univariate statistics.

For the analysis of MN tests parameters, begtdjttiultiple regression models were used
to estimate the effect of frailty status, nutritabstatus and cognitive status. All models included
gender, age, BMI, and smoking habit (never/everkamg). Poisson regression was carried out
with NBUD-B, Cond-chrom-B, and Pyknotic-B, and nega binomial regression was fitted for
MN-L, MN-B, BN-B, Karyorrhectic-B, and Karyolytic-BMean ratio (MR) was used as the point
estimate of effect accompanied by its 95% confideimterval (95% CI). For those MN tests
parameters significantly influenced by frailty arwjnitive status, new models were run including

both parameters mutually adjusted, and adjustisg lay gender, age, BMI, and smoking habit.
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Negative binomial regression models were also tsedtimate the effect of frailty status
and other clinical parameters on TCR-Mf since pasameter is a count. The same effects on
%yH2AX, % TDNA, and %RC were assessed by applyingalirregression models on the log-
transformed data. All models included gender, age, smoking habit (never/ever smokers).
Similar models were run adjusting also by BMI, tegults obtained were very similar in all cases.

The results are presented as mean ratios (MR) B#tdc@nfidence intervals (95% CI).

Partial correlation coefficients adjusted by gendge, BMI, and smoking were used to
estimate associations between biological parameféhe threshold of significance was
established at 0.05. The statistical software digethe analyses were the IBM SPSS software
package V. 20 (SPSS, Inc), and the STATA/SE so#iyackage V. 12.0 (StataCorp LP).

3. Results

A total of 257 older adults (age range 65-102,udiig 31% aged 85 and over) were
included in this study. After clinical classificati based on Fried’s criteria 39 subjects (15.4%)
were classified as non-frail, 131 (50.6 %) as padé;fand 87 (34.0%) as frail (Table IV.2). Sixty-
eight per centN=89) of pre-frail subjects showed only one fradtyterion, while 32% =42)
showed two frailty criteria. The most commonly rgpd positive item among them (96%,
N=126) was muscle weakness (low grip strength). Smgokas more frequent in the non-frail
group. Although the number of cigarettes smokeddagr was higher in the frail smokers, no
significant difference in the duration of smokingiasvobserved among the three groups. The
proportion of individuals malnourished or at rigk this condition was much higher among the
group of frail (79.2%), than in pre-frail (19.1%)mon-frail (10.3%) and, accordingly, the MNA-
SF score was significantly lower in the frail grodpresence of cognitive impairment was
observed in 9.9% of pre-frail subjects and in tBe8% of frail subjects. No case of cognitive
impairment was reported in the non-frail individuahll non-frail subjects and the large majority
of pre-frail lived at family home. Most frail sulgjs lived in nursing homes, although a quarter
of them lived at family home but attending dayazgsters. The duration of education was similar
in the non-frail and pre-frail groups, while frailbjects presented a significantly lower number
of years of education.

Since MN evaluation was carried out in differessties and by means of two different
methodologies, analysis of results obtained wilplesented, compared and discussed separately

from the other genetic outcomes’ results.

3.1. Micronucleus evaluation in lymphocytes and buccal cells

Table IV.4 shows the results of both MN assay$@h and in buccal cells) in the non-

frail, pre-frail and frail groups. Buccal basallsaelvere not observed in any of the individuals
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analyzed, and all micronucleated buccal cells ¢éoathonly one MN. Univariate analysis of data
showed that the frequencies of MN-L and BN-B insesh progressively with frailty status,
showing significant differences when frail and rfaait subjects are compared. On the contrary,
decreases in the frail group were observed inrdggiencies of Pyknotic-B, as compared with the
other two groups, and Karyolytic-B, as comparedhe group of non-frail individuals. No
differences were obtained for the frequencies of -BINNBUD-B, Cond-chrom-B, or

Karyorrhectic-B.

When correlations between MN-L and all parametbtained in the BMNCyt assay were
assessed, a significant association was only fdandN-B (r=0.367,P<0.001). In order to
determine the single contribution of each frailtigezion to MN-L frequency, this parameter was
compared in the groups of subjects negative andiyamfor each individual criterion (Figure IV.
2). Highly significant increases in MN-L rate wearbserved in subjects positive for the criteria
low physical activity, slow walking time and low igrstrength when compared to those
individuals negative for the corresponding critaridlo difference was observed in unintentional

weight loss, and there was a borderline significhfiitrence in exhaustion.
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FIGURE IV.2. Micronuclei in lymphocytes (MN-L) frequency in theder adult
population, according to each frailty criterioniééret al, 2001). The number of
individuals included in each group is indicateddesach rod.P<0.05, **P<0.001,
significant difference with regard to negative (@not'st-test). Bars represent mean
standard error. UWL: unintentional weight loss;ehaustion; LPA: low physical
activity; SWT: slow walking time; LGS: low grip stngth.
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TABLE IV.4. Results of micronuclei evaluation in lymphocytesl ébuccal cells in the study group, classified
according to frailty status (univariate analysis)

Non-frail Pre-frail Frail P-

N Mean  SE N Mean  SE N Mean  SE valu¢
%oMN-L 37 13.07 = 0.78 122 1487+ 0.45 83 19.16+ 0.66"* <0.001
%oMN-B 30 0.70 + 0.36 102 0.46+ 0.10 81 0.75+ 0.17 0.582
% NBUD-B 30 0.10 = 0.06 102 0.03+ 0.02 81 0.02+ 0.02 0.151
%:BN-B 30 36.17 £ 2.85 102 43.13+ 2.18 81 82.65+ 3.42* <0.001
%oCond-chrom-B 30 0.53+ 0.40 102 0.04+ 0.02 81 0.02+ 0.02 0.554
%oKaryorrhectic-B 30 2250+ 3.12 102 18.96+ 1.34 81 22.14+ 2.06 0.537
%oPyknotic-B 30 0.57+ 0.14 102 0.33+ 0.07 81 0.11+ 0.04* 0.001
%oKaryolytic-B 30 3.37+ 0.90 102 221+ 0.26 81 2.63 = 0.65' 0.018

MN-L, micronuclei in lymphocytes; MN-B, micronucleun buccal cells; NBUD-B, nuclear buds in bucalls; BN-B, binucleated buccal
cells; Cond-chrom-B, buccal cells with condensettatin; Karyorrhectic-B, karyorrhectic buccal selPyknotic-B, pyknotic buccal cells;
Karyolytic-B, karyolitic buccal cells.

#Multiple group comparison (ANOVA or Kruskal-Walligst). TStatistically different from non-fraiFStatistically different from pre-frail
(Tukey'’s test or Bonferroni’s correction).
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Results obtained in the multivariate statisticalgses, adjusting for gender, age, BMI,
and smoking habit, confirmed previous univariatalgsis results (Table IV.5), i.e., frall
individuals showed a 44% significant increase ie frequency of MN in lymphocytes, a
significant doubling of binucleated buccal cellsdasignificant decreases in the frequencies of
pyknotic buccal cells, and of condensed chromaticchl cells. Only in this last outcome, pre-
frail subjects presented a significant result, wiill the other parameters did not significantly

differ from non-frail.

A borderline significant influence of age on th&dst outcomes was found for the
frequency of MN-L and Pyknotic-B (MR=0.99, 95% CI90-1.00P=0.022, and MR=0.96, 95%
Cl=0.92-1.00P=0.029, respectively). Females presented significaigher rates of MN-L than
males (MR=1.18, 95% CI=1.09-1.2%<0.001), but significantly lower values of Cond-chr-B
(MR=0.16, 95% CI=0.05-0.55P=0.003). BMI influenced significantly and inversethe
frequency of Karyolytic-B (MR= 0.96, 95% CI=0.9290, P=0.014).

The possible influence of nutritional status andrdtive status on the various study
parameters was assessed (Table IV.6). Individuamaurished or at risk of malnutrition
presented significantly higher values of MN-L and-B, and significantly lower frequency of
Pyknotic-B than individuals with normal nutritioBquivalent results were observed for subjects

with cognitive impairment, as compared to subjegth normal cognitive status.
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TABLE |IV.5. Effect of frailty status on MN tests parameterdyimphocytes and buccal cells; models
adjusted by age, sex, BMI, and smoking habit

%0MN-L %oMN-B %NBUD-B %0BN-B
Mean o Mean o Mean o Mean o
Ratio 95% Cl Ratio 95% Cl Ratio 95% €l Ratio 95% Cl
Frailty status
Non-frail 1.00 1.00 1.00 1.00
Pre-frall 1.07 (0.94-1.22) 0.77 (0.24-2.47) 0.39 (0.06-2.42) 1.14 (0.94-1.39)
Frail 144" (1.24-1.67) 1.23 (0.32-4.70) 0.41 (0.04-4.63) 2.06"  (1.65-2.57)
%.Cond-chrom-B %oKaryorrhectic-B %oPyknotic-B %oKaryolytic-B
Mean o Mean o Mean o Mean o
Ratio 95% C| Ratio 95% Cl Ratio 95% Cl Ratio 95% Cl
Frailty status
Non-frail 1.00 1.00 1.00 1.00
Pre-frail 0.15 (0.04-0.50) 0.84 (0.60-1.16) 0.72 (0.37-1.41) 0.68 (0.35-1.35)
Frail 0.13" (0.02-0.84) 1.02 (0.70-1.49) 0.29 (0.10-0.81) 0.85 (0.39-1.86)

Cl, confidence interval; MN-L, micronuclei in lymphytes; MN-B, micronucleus in buccal cells; NBUD4Byclear buds in
buccal cells; BN-B, binucleated buccal cells; Cahdom-B, buccal cells with condensed chromatin; yideshectic-B,
karyorrhectic buccal cells; Pyknotic-B, pyknoticcoal cells; Karyolytic-B, karyolitic buccal cells.

*P<0.05;" P<0.01.



TABLE IV.6. Effect of nutritional status and cognitive statusMN tests parameters in

lymphocytes and buccal cells; models adjusted ey s&x, BMI, and smoking habit

%oMN-L %:MN-B % NBUD-B %0BN-B
Mean o Mean o Mean o Mean o
Ratio 95% Cl Ratio 95% Cl Ratio 95% Cl Ratio 95% Cl
Nutritional status
Normal nutrition 1.00 1.00 1.00 1.00

At risk or malnourished
Cognitive status

No cognitive impairment
Cognitive impairment

1.23" (1.12-1.35)

1.00
1.40" (1.27-1.55)

1.38  (0.55-3.46)

1.00
211  (0.91-4.88)

0.73  (0.11-4.74)

1.00
0.81  (0.13-5.18)

1.50" (1.29-1.75)

1.00
1.87°  (1.61-2.17)

%o.Cond-chrom-B

%oKaryorrhectic-B

%oPyknotic-B

%oKaryolytic-B

Mean o Mean o Mean o Mean o
Ratio 95% Cl Ratio 95% Cl Ratio 95% Cl Ratio 95% Cl
Nutritional status
Normal nutrition 1.00 1.00 1.00 1.00

At risk or malnourished
Cognitive status

No cognitive impairment
Cognitive impairment

157 (0.17-14.71)

1.00
0.35 (0.07-1.72)

1.27  (1.01-1.61)

1.00
1.08  (0.84-1.38)

0.39  (0.18-0.88)

1.00
0.28°  (0.11-0.73)

1.28  (0.77-2.11)

1.00
1.15  (0.68-1.94)

Cl, confidence interval; MN-L, micronuclei in lymphytes; MN-B, micronucleus in buccal cells; NBUD-B,
nuclear buds in buccal cells; BN-B, binucleated daliccells; Cond-chrom-B, buccal cells with condehse

chromatin; Karyorrhectic-B, karyorrhectic buccalllge Pyknotic-B, pyknotic buccal cells; Karyolyt®;

karyolitic buccal cells.
*P<0.05;" P<0.01.
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When frailty status and cognitive status were milytweadjusted, the presence of frailty
and cognitive impairment were independently reldtedn increase in the frequency of MN-L
(MR=1.22, 95% CI=1.02-1.4€<0.05 for frailty, and MR=1.25, 95% CI=1.10-1.43;0.01 for
cognitive impairment) and BN-B (MR=1.59, 95% CI=3-2.05, P<0.001 for frailty, and
MR=1.45, 95% CI=1.21-1.75P<0.001 for cognitive impairment), both of them renimag
significant. A decrease of Pyknotic-B frequency agmed, not any longer significant (MR=0.54,
95% CI=0.13-2.31P=0.404 for frailty, and MR=0.38, 95% CI=0.10-1.483;0.146 for cognitive
impairment).On the contrary, the inclusion of frailty in modéiting nutritional status reduced
the strength of the association between this paenaad all endpoints of the cytome assay,

which resulted not any longer significant.

3.2. Other genetic outcomes

Table IV.7 shows the results of the different genparameters tested in the study
population. According to the univariate analysessignificant influence of frailty status on TCR-
Mf, % TDNA or %RC was obtained, although a certaer@ase in DNA damage in frail subjects
and a clear tendency to decline in repair capawitly increasing frailty status was observed.
Moreover, a significantR<0.01) and progressive increase oftf#2AX with frailty severity was

also detected.

Associations between parameters tested were nainebt according to Spearman’s
correlation. Nevertheless, when associations withrite in peripheral lymphocytes were tested,
a significant correlation was obtained for the aggmn with %yH2AX (r=0.252,P<0.001).

Results obtained in the multivariate statisticahlgses, adjusting by gender, age, and
tobacco consumption (and alternatively adjustingBl), confirmed previous results from
univariate analyses on the influence of frailty flealV.8), i.e., increasing frailty severity was
accompanied by a progressive decrease in repaicitgand increase in H2AX phosphorylation;
significance was observed for this last parameteiradil individuals with regard to non-frail
(P<0.05). TCR-Mf and comet assay results did not show significant effect. No significant
influences were obtained for gender, age or smodmgny parameter tested, and including BMI

in the models scarcely changed the results.

Given the positive influence of frailty atd2AX assay results, and in order to determine
the single contribution of each frailty criteriamtH2AX levels, this parameter was compared in
the groups of subjects negative and positive faheadividual criterion (Figure IV.3). No
differences were observed between individuals megand positive for unintentional weight loss
or exhaustion. However, significantly higher valug®oyH2AX were observed in individuals
positive for the criteria low physical activitP€0.001), slow waking timeR<0.01) and low grip

strength P<0.01) when compared to those individuals negdtweach corresponding criterion.
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TABLE IV.7. Results of biomarkers analyzed in the study greolgssified according to frailty status (univariatelysis)

Non-frail Pre-frail Frail

N  Mean SE N Mean SE N  Mean SE Pvalué
TCR-Mf 37 4.99 + 0.86 119 434+ 0.23 87 443+ 0.39 0.566
%TDNA 37 1135+ 210 114 11.00% 1.23 33 6.78+ 1.85 0.127
9%yH2AX 32 1020 + 0.59a 100 12.01+ 0.48b 86  13.55+ 0.51c 0.001
%RC 35 4108+ 381 102 3530+ 2.62 33 3060+ 4.95 0.295

TCR-MF, T-cell receptor mutation frequency; TDNANB in the comet tailyH2AX, phosphorylated H2AX histone; RC, repair capac
#Multiple group comparison (ANOVA or Kruskal-Wallfest). Different letter indicates statisticallyfdifent groups (Tukey's test).
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FIGURE IV.3. Percentage of H2AX phosphorylation in the oldendtgolpulation, according to each frailty criteri@friedet al, 2001). The number
of individuals included in each group is indicaieside each rod. Bars represent mean standard €rR0.01, ***P<0.001, significant difference
with regard to negative (Studenttest). UWL: unintentional weight loss; E: exhaastiLPA: low physical activity; SWT: slow walkingnte;
LGS: low grip strength.



TABLE 1V.8. Effect of frailty status on the biomarkers analyzeddels adjusted by
age, sex, and smoking habits.

TCR-Mf %TDNA %yH2AX %RC
'ggfi‘g 95% ClI 'ggfi‘g 95% ClI 'ggfi‘g 95% ClI 'ggfi‘g 95% ClI

Frailty status

Non-frail 1.00 1.00 1.00 1.00

Pre-frail 0.99 (0.93-1.06) 0.90 (0.64-1.27) 1.13 (0.95-1.34) 0.58 (0.30-1.15)

Frail 1.08 (0.06-1.00) 0.66  (0.41-1.08) 1.25*  (1.03-1.53)  0.46 (0.18-1.23)
Gender

Male 1.00 1.00 1.00 1.00

Female 0.99 (0.81-1.22) 127 (0.93-1.72) 1.00 (0.87-1.15) 1.17  (0.63-2.18)
Age 1.00 (0.99-1.01) 1.00  (0.99-1.01) 1.01  (0.99-1.01) 0.98  (0.95-1.02)
Smoking habits

Non-smokers 1.00 1.00 1.00 1.00

Smokers 1.16 (0.92-1.47) 0.98  (0.70-1.38) 1.09  (0.93-1.28) 1.03  (0.55-1.95)

Cl: confidence interval; TCR-MF, T-cell receptor tation frequency; TDNA: DNA in the comet talil;

yH2AX, phosphorylated H2AX histone; RC, repair capac

*P<0.05.
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Multivariate analyses were also applied to estintéee influence of other clinical
parameters on the biomarkers tested. Nutritiorslstdid not show significant effects on any
biomarker. Notably, both TCR-Mf and YHd2AX increased significantly with the 10-years
mortality risk estimationH<0.001 andP=0.026, respectively), and significant associativese
found between these parameters (r=0.1260.029 for TCR-Mf, and r=0.231P=0.001 for
%yH2AX). Moreover, subjects presenting cognitive impeent showed a significant 16%
increase (95%CI 1.02-1.3P=0.026) in the level of H2AX phosphorylation tharbgects with

normal cognitive status.

4. Discussion

Frailty is a condition of vulnerability involvingnaincreased risk of poor health outcomes
in older adults. The use of biomarkers to iderftijl subjects not only would be a more precise
and objective method for frailty identification, ttalso would make epidemiological studies more
comparable, allowing to draw suitable conclusiomsnf them. Besides, they might have the
potential of anticipating the recognition of fraildividuals thus helping to prevent or attenuate
the negative outcomes of frailty. However, and desghe last evidence supporting the
relationship between a number of cellular alteregiand frailty (reviewed in Chapter 1), up to
now no biological feature has been validated te@imployed as a biomarker to identify frailty

status.
4.1. Micronucleus evaluation in lymphocytes and buccal cells

The association of genomic instability and thergerocess has been widely described
(Thomaset al, 2008; Garnet al, 2013; Gorbunova and Seluanov, 2016). Frailgoissidered a
consequence of the deregulation of several phygimdbsystems (immune, endocrine, muscular)
occurred during the ageing process. For this reasafirect association between frailty and
genomic instability seems to be also plausible, andordingly, it has been previously assessed
by evaluating different genomic biomarkers, inchgltelomere length (Sauet al., 2014), DNA
methylation (Collertoret al, 2014), or DNA damage and repair impairment (&tdn et al,
2012). Nevertheless, all these studies failedridifig a relationship between frailty and any of

these genomic parameters.

Since MN frequency is a well-established bioma€egenomic instability, and in order
to address its suitability as a potential biomaderailty, in the present study MN formation in
peripheral blood lymphocytes and exfoliated bucetls was determined in a population of elder
individuals classified as non-frail, pre-frail arafl, according to the five phenotypic criteria
proposed by Friedt al. (2001). Results obtained showed a significangmssive increase in the
frequency of MN-L with frailty severity, while noifference among groups was found in the

frequency of MN-B. Although similar results would mitially expected from both approaches,
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this discrepancy between results obtained from hmogtes and buccal cells was previously
reported, [e.g., in subjects with Down’s syndromegarding healthy controls (Ferreieh al,
2009), and in Alzheimer’s disease patients androts(Miglioreet al, 2011)]. As suggested by
Ferreiraet al (2009), this may be due to differences in metaboland/or apoptosis levels
between exfoliated buccal cells and lymphocytes.adidition, buccal epithelial cells are
considered short-lived cells due to their contiraioenewal; therefore, the presence of MN in
buccal mucosa has been mainly linked to recentsxpdo genotoxic agents more than to fixed
genetic damage (Cerettit al, 2014), a condition which would contribute to kxp the

differences found in our study between the twaigss

As previously indicated, MN production was assaaatvith ageing and age-related
diseases in both peripheral lymphocytes and buetialin a number of previous studies (Thomas
et al, 2008; Bonasst al, 2011b; Fenecht al, 2011). Moreover, this biomarker has also been
associated with features of the ageing phenotydyding loss of function, mental retardation,
disability, and death (Fenech and Bonassi, 201&yve¥er, to the best of our knowledge, this is
the first study evaluating MN formation in buccalicnsa cells from frail older subjects and the
second one in applying this approach to lymphooytedder adults classified according to frailty
status. Opposing to our results, this single previstudy (Valdiglesiast al, 2015) failed in
finding a relationship between frailty and MN-L drngency in an Italian elder population.
However, in that work, no distinction was considebetween pre-frail and non-frail groups, so
they were analysed together. This decision coulek lpssibly masked the difference between
frail subjects and non-frail controls, due to tbeér MN-L frequency in the pre-frail group.
Moreover, their sample population size was sm@Ner180), and the regression models applied
did not include BMI and smoking habit, which coblalve consistently contributed to explain the

lack of association reported.

Even though in our study the significant increas®IN-L frequency regarding the non-
frail subjects was only found in the frail groupegrail individuals showed also a slight increase

in this parameter, supporting a possible linean@aton between genomic instability and frailty.

Another original result from this study refers tw tdifferent contribution of the five
different frailty criteria (Friedet al, 2001) to the increase of the MN-L (Figure IV; Igw
physical activity, slow walking time, and low griptrength contribute the most, while
unintentional weight loss does not contribute ktTdie lack of contribution of this last criterion
was in some way unexpected, especially conside¢niagbserved effect of nutritional status on
the final results (Table IV. 6) and the previougd#s linking diet deficiencies and chromosomal
damage (Fenech, 2002). However, it must be takeractount that unintentional weight loss in

elderly, or ageing-related sarcopenia, has muttieigal causes including disuse, changing
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endocrine function, chronic diseases, etc., beingtional deficiencies just one of them (Fielding
et al, 2011).

Although less employed than the CBMN test, the BMN&Ssay in exfoliated cells is a
useful and minimally invasive method for monitoriggnetic damage in humans. It has been
previously employed as a tool to evaluate age-#ssolt genomic instability both in healthy
individuals (Thoma®t al, 2008) and Down’s syndrome individuals, that eipee premature
ageing (Thomast al, 2008; Ferreirat al, 2009). In these cases, a positive associatitweas
MN production and ageing was found. Besides, arease in MN-B frequency was previously
reported in several age-related diseases suclabstds (Grindett al, 2017), cancer (Yildirim
et al, 2006), or rheumatoid arthritis (Ramos-Reratial, 2002).

Tissue regenerative capacity depends on the nuaniokedivision rate of the proliferating
cells, along with genomic stability and propensitycell death. This process is basic for healthy
ageing. Buccal mucosa offers the possibility talgtthe regenerative capacity of the epithelial
tissue, in an easily accessible and non-invasirgbag procedure (Thomaet al, 2009). Thus,
together with MN evaluation, BMNCyt assay allowsdsting several endpoints for other nuclear
abnormalities that occur during the normal celligion. These abnormalities have been
previously employed as a biomarker of DNA damagBR-B), defects in cytokinesis (BN-B)
and proliferative potential (basal cell frequencygnd/or cell death (Cond-chrom-B,

Karyorrhectic-B, Pyknotic-B and Karyolytic-B) (T@s-Bugariret al, 2014).

Even though the rate of BN-B decreased signifiganith age, it was found significantly
higher in the frail group and showed a progressieeease with frailty severity. Thus, these
results indicate alterations in the cytokinesiscpss, which could lead to alterations in cell
proliferation, in frail subjects. Besides, decreagere obtained in buccal cell death parameters
(Pyknotic-B, Karyolytic-B, and Cond-chrom-B, thedormer significant) in the frail group with
regard to the other two. Since significant increaigeapoptosis indicative parameters (Cond-
chrom-B, Karyorrhectic-B) were previously obseniechealthy older subjects (aged 65-70) as
compared with younger individuals (aged 18-25) (fhheet al, 2007), our results may reflect
important changes in the profile of the buccal nzacrelated to frailty and not associated with

age.

The proportion of basal cells and cells undergaialy death in buccal mucosa is an
indication of the regenerative capacity of thisuis (Thomast al, 2009). In our study, no basal
cells were found in the scored samples, possibly tduthe subjects’ advanced age and the
expected wear of their mucous tissue. Besidesrateeof cells undergoing cell death (Cond-
chrom-B, Pyknotic-B, and Karyolytic-B) resulted msificantly decreased in frail and pre-frail

groups, suggesting a minor regenerative capacitiyeobuccal mucosa in these individuals.
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Together with data on frailty, the possible inflaenof the nutritional status and the
cognitive impairment of the study subjects on thbtamed results were analyzed.
Malnourishment is a common status in the eldeny.our study population, 14.6% frail
individuals were malnourished, while 79.2 % fraida19.1% pre-frail were at risk of being
malnourished. When the influence of nutritionaliistéaon MN tests parameters was assessed,
higher levels of MN-L and BN-B, and lower levels®yknotic-B were observed in individuals
malnourished or at risk of malnutrition regardifigpge with normal nutrition. These results
coincide with those for frailty status, which istninexpected since it has been previously
described that those individuals with an impairediitional status are more likely to be frail
(Dorneret al, 2014). Furthermore, the frailty criterion unintienal weight loss is related to
nutritional status, indeed ‘involuntary weight lakging the last three months’ is one of the items

included in the MNA-SF questionnaire.

Micronutrient status plays an important role in pinetection against genome damage by
providing co-factors required for an efficient DNApair, detoxification or maintenance of
genome methylation (Thomas al, 2011). Consequently, and in agreement with eauilts,
vitamin and mineral deficiencies in diet could lss@ciated with increased genomic damage and
cancer risk (Ames and Wakimoto, 2002). On this mbgBenectet al (1997) also reported an
increase in MN-L frequency in older men (aged 5Dwidh non-optimal values of serum folate
and homocysteine regarding subjects with higheelewf these micronutrients. A complete
review on the effects of dietary intervention on Mélels concluded that micronutrient
supplementation (e.g., with vitamins, antioxidamtsvine) could lead to a significant reduction
of MN frequency, in both peripheral lymphocytes dndtcal mucosa cells, in supplemented
subjects (Thomast al, 2011). This observation, together with the iaeflae of nutritional status
found in the present study, would support the itl@eaMN-L frequency associated with frailty or

pre-frailty status could be reduced, at least ith, path a proper diet intervention in the elderly.

A similar relationship was found when the influemdéecognitive status was assessed. In
particular, increases in MN-L and BN-B cells, andexrease in Pyknotic-B were observed in
subjects with cognitive impairment. Supporting thist result, decreases in the buccal cell death
parameters (Karyorrhectic-B, Cond-chrom-B) werevianesly observed in Alzheimer’s patients
with regard to healthy controls (Thomessal, 2007). However, since the significant effect on
MN-L and BN-B cells remained when both statusesewewtually adjusted, it seems that
cognitive status has a strong influence on theimdthresults. Accordingly, a relationship
between frailty status and cognitive impairmentl@sn previously described (Hanal.,, 2014),
as well as the association between MN frequency bB®marker of genomic instability, and
cognitive impairment (Thomaet al, 2007). This demonstrated association betwedndtatuses,

frailty and cognitive, strongly complicates thetiistion between genomic or cellular alterations
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related to frailty condition and those due to caigaiimpairment. The Fried’s criteria, frequently
used in clinical settings and employed in the prestudy to identify frail people, do not consider
cognitive features of the individuals and consetjyethe initial distinction between subjects
with differential cognitive status cannot be corntddc However, more and more authors are
increasingly claiming for differentiating physicahilty from cognitive frailty (Kelaiditiet al,
2013). Our results would support the need fordiginction in order to enhance reliability when

testing the suitability of a potential biomarker frailty identification.
4.2. Other genetic outcomes

In order to fully understand the association betwBBIA cumulative damage and frailty
status, the present study also addressed the [@osslifitionship between frailty status in older
adults and different genomic outcomes, chosen emd#sis of their demonstrated link to ageing
or age-related diseases (Sledal, 2014; Siddiquet al, 2015).

TCR is a complex of integral membrane proteins paaticipate in the activation of T-
cells in response to an antigen. Induced or speontaymutations in TCR genes could result in
the phenotypic expression of TCR-defective T-calid thus contribute to impairment of T-cell
response. It has been suggested that TCR variegiidncy might be a particularly relevant
endpoint in population monitoring for genetic damd@ole and Skopek, 1994). Accordingly,
this endpoint has been previously employed as ageuicity biomarker in biomonitoring studies
of occupationally or medically exposed subjectsré¥ienyaet al, 2004; Garcia-Lestoet al,
2012), as well as a predictor of cancer risk (Taostkal, 2006). In the present study, the first
addressing the possible relationship betweenyraiid mutagenicity, TCR-Mf was not found to
be influenced by frailty status or age. Contradicteesults have been previously obtained
regarding age effect on TCR-Mf in occupationallypeged populations entirely below 65 years
old, with both absence (Lanzt al, 1999) and presence (Garcia-Lesgbral, 2012) of such
influence. Besides, significantly positive and énessociation between TCR-Mf and age was
observed by Akiyamat al (1995), in a wide age range group of subjec@g@ears). It is likely
that the age range covered by our study populdB6rl02) was not wide enough to detect
variations in TCR-Mf with age, since our resultdigate that over the age of 65 mutation rate

remains stable as well as independent of fraitiyust

DNA repair is one of the most important mechanigmsnaintain genome integrity.
Consequently, deficiencies in this process arenaftmsidered one of the key processes in the
development of diseases such as cancer and otbaelaged pathologies (Valdiglesiat al.,
2011a). Indeed, it was previously suggested thatabrthe possible causes or events involved in
frailty syndrome is the alteration of the cellulapair mechanisms that would result in the

accumulation of genetic damage (Denal, 2016). In the present study, this possible aggon
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has been evaluated by means of the DNA repair ctanpe assay. However, and despite repair
capacity showed a tendency to decrease with fradtyerity, no significant differences were
reached. To the best of our knowledge, only thdystf Collertonet al (2012) has previously
evaluated the possible association between repgiacity and frailty status in the elderly
(subjects aged over 85), and negative results alsceobtained. In both cases, repair capacity
was assessed using DNA damaging agents with simdaon mechanism, namely ionizing
radiation in Collerton’s study and the radiomimetgent BLM in the current study. These agents
induce a wide spectrum of mutagenic lesions, irolypdNA base damage, abasic sites, and
alkali-labile sites, which eventually result in DN#agle strand breaks and DSB. Considering the
demonstrated link between repair capacity and ggeirage-related diseases (Maynatdl,
2015;), further investigations in this line, maybging other assays to assess different repair

pathways, are required prior fully rejecting DNAvadr influence on frailty status.

Primary DNA damage was determined by means of iakkatomet assay, but no
association with frailty status was found in thegemt study. Similarly, Collertoet al (2012)
reported a lack of association between genetic danfjaray-induced DNA strand breakage,
evaluated by fluorimetric detection of alkaline DNAwinding) and frailty condition in an older
adult population over 85 years old. No other stai@ealuating genetic damage in frail subjects
are available in the literature; however, thereaareimber of works addressing the association
between this kind of genetic damage and age showviognsistent results. For instance,
Humphrey<=t al (2007) found a decrease in DNA damage in thesblgi®up (aged 75-82 years)
with respect to the young controls (aged 20-353)eand to the younger older people (aged 63-
70 years); Hylaneét al. (2002) reported similar levels of DNA damage lideo individuals (86-

96 years old) that in middle-aged individuals (4);6and Mladinicet al (2010) (age groups
ranges:35-47 and 65-76 years old), Piperakial (2009) (age groups ranges: children: 5-10;
adults: 40-50; old people: 70-80 years old) andlddtitirkogluet al (2003) (age groups ranges:
21-40; 61-85 years old) observed an increase of [@idmage with age. Several authors have
previously pointed out that results obtained in tenet assay are highly variable and often
difficult to interpret since several types of damage detected — including single and double
strand breaks, alkali-labile sites, and breaks igeeeé during repair processes — and can be
influenced by a number of variables (season, diample collection time...) (Azqueta and
Collins, 2013).

Opposite to comet assayi2AX assay determines not a wide spectrum of DNs#oles
but a specific kind of damage, namely double stiamreéks (DSB). The phosphorylation of the
C-terminal of the variant core histone protein H2&K2AX) at the highly conserved amino acid
Ser139 is a quickly occurring event in the earlyd#lamage response to DSB (Siddieuial,
2015). The half-life ofH2AX after DNA damage induction has been estimébdae 2-7h; after
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this time H2AX is again dephosphorylated (Boucgtedl, 2006). Still, it has been reported that
yH2AX persistent in time represent DNA lesions withrepairable DSB (Sedelnikow al,
2008). In the present study, a progressive increasige yH2AX rate with frailty severity not
influenced by age was observed, statistically icamt in both pre-frail and frail groups when
compared with the non-frail. Besides, participamts cognitive impairment showed an increase
in %oyH2AX with respect to those with normal cognitivatsis. Silvaet al. (2014) also reported
an increase ifH2AX nuclear expression levels in individuals wilzheimer’'s disease with
regard to healthy individuals, and the presentystido found that the presence of cognitive
impairment and frailty were independently relatedah increase in the frequency of MN in
lymphocytes. These results would suggest a coromelbdtween cognitive impairment and frailty
status, and give support to the quite recently amiterm ‘cognitive frailty’, introduced in an
attempt to encapsulate the cognitive decline thabtfien observed in non-demented elderly
individuals who are physically frail, with an unt@ng pathophysiology different from that

driving the cognitive trajectory in neurodegenemitilisorders (Kelaiditet al, 2013).

Although the present study is the first one in eatihg the relationship of H2AX
phosphorylation with frailty status, the relatioisbetween cellular senescence and persistent
yH2AX, as indicative of unrepaired DSB, has beereay suggested by several authors
(Sedelnikovaet al 2008; Siddiquéet al., 2015). Still, Schurmaet al (2012) reported thgH2AX
endogenous levels increase with age, peakibgayears, which is in agreement with the absence

of influence of age in the current study, wheresabjects were 65 and older.

Both comet assay and H2AX assay detect DSB, birtrwults do not always coincide.
While yH2AX was found to be associated with frailty in therent study, several reasons could
explain the lack of association for comet assayo@mhand, whereas comet assay usually reveals
recently induced and easily repairable DNA dama&mlips et al, 2014),yH2AX levels reflect
fixed genetic damage or DNA damage that could eoptoperly repaired (Valdiglesias al.,
2013). On the other hand, it is not absolutelyrclelzetheryH2AX foci do in fact always reflect
the presence of DNA breakage (Rothkamiral, 2015). For example, ageing haematopoietic
stem cells have been reported to harbour replicatiess-induced nucleolgd2AX foci which
persist due to ineffective H2AX dephosphorylatiather than ongoing genetic damage (Fleich
al., 2014). Nevertheless, the significant associatiamd in the current older adult population
betweenyH2AX levels and MN frequency in peripheral lymphtes; indicative of persistent
DNA damage, points to unrepaired DSB as the outcomfieenced by frailty status and by

cognitive impairment, according to the results oigd in the multivariate analyses.

Besides, parallel results betwegn2AX assay and MN test were also obtained when

analysing each five frailty phenotypic criteria@pndently. Thus, major contribution of physical
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activity, walking time, and grip strength to vaitet of %yH2AX and MN frequency was
observed, whereas unintentional weight loss anéustion did not contribute, or contributed
only minimally, to both parameter modifications.€Ble similar results ifH2AX and MN assays
provide further support to the relationship betwéigad genetic damage and frailty, and also
suggest that combinations of some phenotypic @itend biomarkers might improve frailty

identification.
5. Conclusions

Different studies support the reversibility of frgistatus or its improvement by changes
in diet, physical exercise and medications (Es@mbal, 2012; Rolanet al, 2014). Identifying
frail people as early as possible seems, therefongial for geriatricians and healthcare
professionals since it would allow to implementndisciplinary and personalized cares, as well
as to improve outcomes by means of prevention @teshviention programs. All this would lead
to decrease the need for admission to nursing hames hospitals, lowering the risk of
dependence and death, and eventually improve tHiereeand personal satisfaction, reducing the

health, social and economic costs associated veitttyt

The use of biomarkers could result highly helpfulidentifying frailty of pre-frailty
status. Given its sensitivity, specificity, objedly and predictive capacity, several authors have
pointed out that cellular and molecular biomarkenay potentially be used for frailty
identification (reviewed in Chapter Il). Howeveo, date, no specific biological parameter has

been identified as a definitive biomarker for fiyail

In the present study, we addressed the possildéamthip between different genetic
outcomes — namely genomic instability, mutagenjgjgnetic damage and cellular repair capacity
— and frailty status by evaluating a populatiomloier adults classified as frail, pre-frail and non

frail according to the commonly used phenotypitecia.

According to our findings, MN frequency evaluatadyimphocytes (as a marker of fixed
or accumulated genetic damage), but not in bucalid (reflection of recent damage) could be
considered as a biomarker of frailty. Thus, thesmilts demonstrate for the first time a direct
relationship between frailty in older adults andh@®e instability. Even though this association
resulted statistically significant only in the frgroup, also individuals with a pre-frail status
showed an increase in the MN-L frequency, suppgttins relationship and opening the door to
further investigations in this line. Moreover, agations between frailty and cell death
parameters were obtained from the BMNCyt assaychvBupports the use of this minimally
invasive method as a complement in frailty ideaé#fion, at least in its advanced state, where

these differences resulted statistically signiftcan
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Besides, no association of TCR-Mf and primary DNghdige with frailty was observed
in this study. DNA repair capacity showed a nom#igant tendency to decrease with frailty,

and the persistent levelsyfi2AX increased progressively and significantly withilty severity.

Taking together the results from MN frequency imipieeral lymphocytes angH2AX
assay, the hypothesis that there is indeed a kbkden genomic instability, understood as fixed
genetic damage, and frailty status seems to besiplauand supported by our data. Since both
biomarkersyH2AX and MN rates, resulted significantly and preggively increased with frailty,
they could be proposed as tools for frailty idecdifion or prediction (Figure IV.4); still, further
validation is required to confirm our results. Figntmore, agH2AX level resulted altered in both
pre-frail and frail groups, whereas MN frequencyswsgnificantly increased only in frail
individuals, a combination of both parameters cquiavide useful information regarding frailty
severity, allowing clinicians to distinguish betwegre-frail and frail status and helping them to
provide personalized care. Consequently, resybsrted in the present study may contribute to
improve healthcare/therapeutic strategies in ghdgients. Nevertheless, further investigation is
necessary to prove whether the current findingscaresistent and reproducible in different
populations and larger sample sizes, to eventstdigdardize these biomarkers before they can
be used in clinics, and to fully understand théuirfice of cognitive impairment on the results

obtained.
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TCR mutation rate Primary DNA damage yH2AX levels MN frequency Repair capacity
{Sanchez-Flores et al., 2017)
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FIGURE IV.4. Relationship between frailty and genetic outcomedysed in the study
population. Biomarkers of mutagenicity, primary DN¥amage and cellular repair
capacity do not show differences according to tiraitatus. MN frequency
discriminates between non-frail and frail subjesteanwhile H2AX levels are different
in non-frail, pre-frail and frail groups. A combiman of both MN andyH2AX rates
shows potential to be employed in frailty identfiion.

102



Conclusions.






Conclusions

From the results obtained in this study, we mayvdtee following conclusions:

Systematic review

1.

Systematic review of the literature has shown g®teral oxidative stress biomarkers —
including alterations in antioxidant systems, ised levels of lipid peroxidation and DNA
oxidative damage, as well as DNA methylation antiesgpecific genetic polymorphisms —

are associated with frailty status in older people.

. Genomic instability, or at least the two biomarkested so far (telomere length and MN rate),

seems not to be linked to frailty. The only studyicth addressed the possible relationship

between DNA repair modulations and frailty statls® dailed in finding associations.

yH2AX assay experimental optimization

3.

Both unstimulated and stimulated fresh periphel@d lymphocytes could be employed as

cellular material to carry out théd12AX assay.

. The decision about stimulating cells with phytohaggiutinin prioryH2AX analysis should

be taken during the study design, according tdihe of damage to be evaluated or that is

expected in the individuals.

Phytohaemagglutinin stimulation is necessary fid2AX analysis when cells are stored
frozen, since basal damage is too high in cryopveseunstimulated cells, likely as a result

of freezing and thawing processes.

Epidemiological study

6.

MN frequency evaluated in lymphocytes (as a maddefixed or accumulated genetic
damage), but not in buccal cells (reflection ofergcdamage) showed significantly higher

values in frail individuals as compared to nonifsaibjects.

. Associations between frailty and cell death paramsetvere obtained in exfoliated buccal

cells, supporting the use of this minimally invasimethod as a complement in frailty
identification, at least in its advanced state, wwhihese differences resulted statistically

significant.

. Persistent levels gH2AX increased progressively and significantly withilty severity.

TCR-Mf and primary DNA damage were not associatéth railty status. DNA repair

capacity showed a non-significant tendency to desaevith frailty.

10Both MN in lymphocytes angH2AX could be proposed as tools for frailty ideictftion or

prediction. Besides, sincdH2AX level resulted altered in both pre-frail anaif groups,
whereas MN frequency was significantly increaselg onfrail individuals, a combination of

both parameters could provide useful informatiayarding frailty severity
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