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RESUMEN

Se ha estudiado el potencial de regeneracién muscular en pacientes EPOC con
y sin sarcopenia. También se ha investigado otro mecanismo de regeneracion
muscular mediante el analisis del estrés a nivel de reticulo endoplasmatico
(RE) en el cuadriceps y en el diafragma de pacientes con patologia respiratoria

aguda (neoplasia pulmonar localizada) y crénica (EPOC).

El musculo esquelético de pacientes EPOC con sarcopenia tiene incrementado
el potencial regenerativo asociado con un aumento de los inhibidores de
crecimiento muscular (miostatina) y del dafo muscular que produce
modificaciones del fenotipo muscular (cambio de fibras lentas a rapidas, que

son mas pequenas y existencia de miofibras hibridas).

En el cuadriceps de los pacientes con sarcopenia y EPOC y especialmente en
los enfermos con neoplasia de pulmon hay marcadores de estrés de RE. En el
diafragma de los pacientes EPOC, a pesar de presentar menor fuerza, no se

detecta alteraciones en el estrés del RE.






ABSTRACT

Muscle regeneration potential has been studied in COPD patients with and
without sarcopenia. Another mechanism of muscle regeneration has also been
investigated by analyzing endoplasmic reticulum (ER) stress in the quadriceps
and diaphragm of patients with acute (localized pulmonary neoplasia) and

chronic (COPD) respiratory pathology.

The skeletal muscle of COPD patients with sarcopenia has increased
regenerative potential associated with an increase in muscle growth inhibitors
(myostatin) and muscle damage that produces modifications of the muscle
phenotype (change from slow to fast fibers, which are smaller and existence of

hybrid myofibers).

In the quadriceps of patients with sarcopenia and COPD and especially in
patients with lung neoplasia there are markers of ER stress. In the diaphragm of
COPD patients, despite presenting less strength, no alterations in ER stress are

detected.






INDICE

PREFACIO ...ttt ekttt ettt ettt aeaas 9
ABREVIATURAS ...tttk ettt ettt 11
INTRODUGCCION ........cooomiriimmreiimmeeessseeessssesssssssssssssse st sss st sess s st sesssnas 15
1. Definicién de la Enfermedad Pulmonar Obstructiva Crénica..............ccocccveueennee. 17
2. Epidemiologia de 1a EPOC .............ocooiiiieeee ettt 17
3. Clasificacion de la gravedad de Ia EPOC...............ccoiiiiiininineeeee e 18
3.1 Valoracion unidimenSioNal................c.cuueecreoneinineeneineeseeietseeseee et 18
3.2 Valoracion multidimenSioNal................cccueeeoineirneenieinieensietseeseeiese et 19
321 INAICE BODE ........oooeeveieeviieesiiseseiseseise st ssisssssssesssssss s s sssssssses s sssssssees 19
3.2.2 ClasSifIcaCiON GOLD ..ottt 20
3.2.3  Clasificacion GESEPOC ...ttt ettt naesenes 22
4, Comorbilidades............coooiiiiiii e 23
4.1, CANCEr A PUIMON ...ttt sttt sttt ae et 25
4.2.  Alteraciones nutricionales y disfuncion MUSCUIAr...............c.ccceeecvoenenennieseneneeen, 25
HIPOTESIS .......oorviitieeiieeeetses et essss st 39
OBUETIVOS ...ttt bbbttt ettt ettt nenas 43
METODOLOGIA Y RESULTADOS............ooooeiiecieeeeeeeeeeeseesses s sees s 49
CONCLUSIONES. ...ttt ettt sttt seaenas 119
BIBLIOGRAFIA ...ttt ettt 123






PREFACIO

Comunicaciones

En los siguientes congresos se han presentado los resultados preliminares de la presente

tesis doctoral

Congresos Internacionales:
e Congreso American Thoracic Society (ATS), Dallas, Texas 17 — 22 Mayo 2019.

e Congreso European Respiratory Society (ERS) Madrid, 28 Septiembre — 2 Octubre

2019.

e Congreso Barcelona-Boston Lung Conference Barcelona, 17 Septiembre — 18

Enero 2020.

e Congreso European Respiratory Society (ERS) Virtual 6 — 9 Septiembre 2020.

Congresos Nacionales:

e XXXVII Diada Pneumolodgica Societat Catalana de Pneumologia (SOCAP) Terrassa

4— 6 Abril 2019.

e 53° Congreso Sociedad Espafiola de Neumologia y Cirugia Toracica (SEPAR)

Virtual 12 — 14 Noviembre 2020.



Publicaciones derivadas de la presente tesis

e Sancho-Muioz A, Guitart M, Chiaradia DAR, Gea J, Martinez-Llorens J, Barreiro
E. Deficient muscle regeneration potential in sarcopenic COPD patients: Role of

satellite cells. J Cell Physiol doi:10.1002/jcp.30073. Q1

e Barreiro E, Salazar-Degracia A, Sancho-Mufioz A, Gea J. Endoplasmic reticulum
stress and unfolded protein response profile in quadriceps of sarcopenic patients
with  respiratory  diseases.J Cell Physiol. 2019;234(7):11315-11329.

doi:10.1002/jcp.27789. Q1

e Barreiro E, Salazar-Degracia A, Sancho-Munoz A, Aguilé R, Rodriguez-Fuster A,
Gea J. Endoplasmic reticulum stress and unfolded protein response in diaphragm
muscle dysfunction of patients with stable chronic obstructive pulmonary disease. J
Appl Physiol (1985). 2019;126(6):1572-1586. doi:10.1152/japplphysiol.00670.2018.
Q1

Otros estudios

e Barreiro E, Sancho-Muioz A, Puig-Vilanova E, et al. Differences in micro-RNA
expression profile between vastus lateralis samples and myotubes in COPD
cachexia. J Appl Physiol (1985). 2019;126(2):403-412.

doi:10.1152/japplphysiol.00611.2018. Q1
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ABREVIATURAS

ADN: Acido desoxiribonucleico

ARN: Acido ribonucleico

ASK1: Quinasa reguladora de la senal de apoptosis 1

ATF 4: Factor de transcripcion activador 4

ATF 6: Factor de transcripcion activador 6

ATP: Adenosin trifosfato

ATS: American Thoracic Society

BAX: Regulador apoptoético X asociado a BCL2

BIP: Proteina inmunoglobulina de unién

BODE: Body mass index, Airflow Obstruction, Dysnea and Exercise capacity
CAT: COPD Assessment Test

CHOP: Proteina homologa C/EBP

CSA: Cross sectional area

DE: Desviacion estandar

DLco: Capacidad de trasferencia de mondéxido de carbono
EiF2a: Factor 2 a de iniciacién de la traduccién eucariotica
EPOC: Enfermedad pulmonar obstructiva crénica

ERS: European Respiratory Society

FEV1: Volumen espiratorio forzado en el primer segundo
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FFMI: Fat free Mass index

FVC: Capacidad vital forzada

GAPDH: Antigliceraldehido-3-fosfato deshidrogenasa

GOLD: Global Iniciative for Chronic Obstructive Lung Disease

HSP: Proteina de choque térmico

IMC: indice de masa corporal

IRE 1: Enzima requeridora de inositol 1

LABA: Agonista Beta 2 de larga duracién

LAMA: Anticolinérgico de larga duracion

LC3: Proteina 1 de cadena ligera asociada a los microtubulos 3

MDA: Antimalondialdehido de proteinas

MMRC: Escala modificada del Medical Research Council

MRF: Factor miogénico regulador

MyHC: Cadena pesada de la miosina

Myf-5: Factor miogénico 5

MyoD: Proteina 1 de diferenciacién miogénica

P62: proteina de la nucleoporina p62

PaOz2: Presion parcial de Oxigeno

Pax: Paired box protein

PCR: Reaccién en cadena de la polimerasa
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PDIA3: Proteina disulfuro isomerasa-3

PERK: Proteina quinasa similar a la ER

PI3K: Fosfatidilinositol 3-quinasa

PKR: proteina quinasa R

PVDF: Difluoruro de polivinilideno

gRT-PCR: Reaccién en cadena de la polimerasa de transcripcion inversa

QMVC: Contraccion isométrica maxima del miembro inferior dominante

RE: Reticulo endoplasmatico

RER: Relacion de intercambio respiratorio

SC: Célula satélite

SpOa2: Saturacion periférica de oxigeno

TRAF2: Factor 2 asociado al receptor del factor de necrosis antitumoral

UPR: Respuesta compensatoria a proteinas no plegadas/mal plegadas

VCO:2: Produccién de diéxido de carbono

VE: Ventilacién minuto

VL: Vasto lateral

VO2: Consumo de oxigeno

XBP1: Proteina de unién a la caja X 1
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1. Definicion de la Enfermedad Pulmonar Obstructiva Crdénica

La enfermedad pulmonar obstructiva cronica (EPOC) es una neumopatia
prevenible cuyos sintomas mas frecuentes incluyen disnea, tos y/o produccion
de esputo. La disnea es el sintoma mas discapacitante de todos ellos. Aparece
en estadios iniciales durante la actividad fisica, llegando a estar presente en
reposo en fases avanzadas de la enfermedad. La tos con produccion de esputo
de forma regular durante un minimo de 3 meses al afio durante 2 afios
consecutivos constituye los denominados criterios clinicos de bronquitis cronica
tipicos de esta patologia (“Definition and Classification of Chronic Bronchitis for

Clinical and Epidemiological Purposes,” 1965).

Se caracteriza por una limitacién al flujo aéreo parcialmente reversible y
progresiva (Agusti, 2022). Esta limitacion al flujo aéreo esta asociada a una
respuesta inflamatoria del pulmén debida a exposicion a gases o particulas
nocivas, derivadas fundamentalmente del humo del tabaco. Ademas de las
exposiciones, esta influenciada por factores del huésped como el desarrollo
pulmonar anormal, el envejecimiento acelerado y las anormalidades genéticas.
Para el diagndstico de la limitacion al flujo aéreo que caracteriza a la EPOC, es
necesaria la realizacion de una espirometria forzada. En ella, observamos un
descenso del cociente entre el volumen espirado en el primer segundo (FEV1) y
la capacidad vital forzada (FVC), que es inferior a 70 tras la prueba
broncodilatadora (Agusti, 2022).

2. Epidemiologia de la EPOC

La EPOC constituye un importante desafio de salud publica mundial al
representar una causa importante de morbilidad y discapacidad ya que muchos

pacientes que la padecen durante ainos mueren prematuramente debida a la
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propia enfermedad o a sus complicaciones (Mathers & Loncar, 2006; Pauwels
et al., 2001). La prevalencia de la EPOC es de un 10% de la poblacién en edad
adulta en paises desarrollados (Buist et al., 2007;). En nuestro pais asciende
hasta un 12% aproximadamente (Soriano et al., 2020). Ademas, se prevé que
la prevalencia aumente en los afios préximos (Miravitlles et al., 2017; Miravitlles
& Soler-Cataluia, 2017; Vogelmeier et al., 2017).

3. Clasificacion de la gravedad de la EPOC

3.1 Valoraciéon unidimensional

Inicialmente se ha clasificado el estadio de la EPOC en base a la gravedad de
la limitacion del flujo aéreo, es decir, en funcion del FEV; obtenido en
estabilidad clinica (% del valor de referencia, teniendo en cuenta edad, peso,

talla, género y etnia).

En el consenso entre European Respiratory Society (ERS)y American Thoracic
Society (ATS) de 2004 se definieron los siguientes estadios de gravedad (Celli
& MacNee, 2004).

GRAVEDAD de la EPOC % FEV/FVC FEV, (%ref)
En riesgo >70 >80%
Leve <70 >80%
Moderado <70 80-50%
Grave <70 30-50%
Muy grave <70 <30%

Tabla 1: Clasificacion de la gravedad de la EPOC segun la ATS-ERS 2004
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3.2 Valoracion multidimensional

La evidencia cientifica ha puesto de manifiesto, que valorar la gravedad de la
EPOC teniendo en cuenta unicamente el grado de obstruccion de la via aérea
mediante la medicion del FEV4, no es suficiente. Es necesaria la valoraciéon de
otros parametros como los sintomas, el riesgo de exacerbaciones, la presencia
de comorbilidades, el estado nutricional o la capacidad de ejercicio del
paciente. Esto ha motivado el desarrollo de diferentes clasificaciones
multidimensionales de la EPOC. A continuacién, se describen las principales

clasificaciones multidimensionales con implicaciones pronosticas.

3.2.1 indice BODE

El indice BODE (Body mass index, Airflow Obstruction, Dysnea and Excercise
capacity), se realiza una valoracion de la EPOC en la que no solo se tiene en
cuenta la esfera pulmonar. Engloba cuatro variables (Celli et al., 2004): estado
nutricional evaluado por el indice de masa corporal (IMC), grado de obstruccion
de via aérea (FEV1) escala disnea (mMMRC, modificada del Medical Research
Council) y la capacidad de esfuerzo (metros caminados en la prueba de

marcha de 6 minutos).

En la siguiente tabla se ilustran las 4 variables que componen el indice BODE y

los valores de las mismas:

0 1 p 3
FEV, (%) >65 50-64 36-49 <35
Distancia, prueba 6 minutos (m) 2350 250-349 150-249 <149
IMC (Kg/m?) <21 <21
Puntuacion escala disnea mMRC 0-1 2 3 4

Tabla 2: Variables y valores asignados para el calculo del indice BODE
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Se realiza la suma de puntos asignados a cada una de las cuatro variables que
componen el indice. De esta forma se clasifican los pacientes con EPOC en

cuartiles segun el valor del indice BODE (Tabla 3).

Puntuacion en escala BODE Mortalidad global al afio

0-2 puntos 20%
3-4 puntos 30%
5-6 puntos 40%
7-10 puntos 80%

Tabla 3: Mortalidad segun la puntuacion del indice BODE

El indice BODE, es capaz de predecir la mortalidad en pacientes con EPOC,
tanto por causas exclusivamente respiratorias como por todas las causas (Celli
et al., 2004; JM, 2004).

3.2.2 Clasificacion GOLD

La iniciativa global para la Enfermedad Pulmonar Obstructiva Crénica (GOLD)
recomienda también la consideracion de otros parametros ademas del grado
de obstruccion bronquial para una mejor valoracion de la gravedad de la
EPOC. Los parametros en los que se basa son: el grado de obstruccion al flujo

aéreo (FEV+ postbroncodilatador), sintomatologia y riesgo de exacerbaciones.

20



Spirometrically _) Assessment of airflow . of
confirmed diagnosis limitation - i /risk of
Moderate/ severe exacerbations
exacerbation history
i 22 : i
Grodo | revixotwedond [ o | e
- e 4 21 leading to c H D
Post-broncodilator GOLD1 280 i hospital admission ! :
FEV,/FVC<0.7 GOLD2 50-79 R FOURUUUURUURUU: SUUURURRURRURRRR
GoLD3 30-49 { 0o1 : H
GoLD4 s30 : (not leading to i A : B
: hospital admission) H :
""" mMRCOT TTmMREEZ T
...... CAT<10 & L GAT210
Symptoms
FEV, = forced expiratory volume in the fist second. FVC = forced vital capacity; mMRC= modified Medical Research Council dyspnea
questionaire; CAT = COPD assessment test

Figura 1: GOLD COPD Strategy 2020 (Singh et al., 2019)

e La valoracion del grado de limitacion al flujo aéreo se evalua mediante
FEV+ postbroncodilatador. En base al valor obtenido se clasifica al
paciente en uno de cuatro grupos: GOLD 1: FEV1=280% ref.; GOLD 2:
FEV+ entre el 80 y 50% ref.; GOLD 3: FEV entre el 50 y 30% ref. y
GOLD 4: FEV1<30% ref.

e La evaluacién de la sintomatologia se realiza mediante cuestionarios
validados para la EPOC (CAT — COPD Assessment Test) (Jones, 2013)
o el cuestionario clinico para la EPOC (CCQ - Clinical COPD
Questionnaire) (van der Molen et al., 2003). También se utiliza la escala

mMRC que proporciona exclusivamente una evaluacion de la disnea.

e La evaluacién del riesgo de exacerbaciones se realiza mediante la
recogida del numero de estos episodios detectados y tratados en el afio
previo. Se valora la presencia de dos 0 mas episodios moderados o uno
0 mas graves por afo. Se entiende por episodio moderado aquel que,
de forma ambulatoria, es necesario tratar con corticoesteroides
sistémicos y/o antibioticoterapia para su estabilizacién. Estos episodios
no precisan de consulta a Urgencias o ingreso hospitalario. Se considera
episodio grave aquel que requiere de consulta a Urgencias o ingreso en

hospital para su estabilizacion.
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Asi pues, clasificamos los pacientes en 4 categorias: GOLD A, B, C o D, todos

ellos con implicaciones terapéuticas (Singh et al., 2019).

3.2.3 Clasificacion GeseEPOC

La guia espainola de la EPOC (GesEPOC) propone en primer lugar: estratificar
a los pacientes en alto o bajo riesgo, es decir en aquellos con mayor o menor
probabilidad de presentar agudizaciones, progresion de enfermedad,

complicaciones o mayor mortalidad.

Los factores que se evaluan para la estratificacion del riesgo son, de igual
modo que en la clasificacion GOLD, el grado de obstruccion al flujo aéreo
medido por el FEV+ postbroncodilatador, el nivel de disnea medido por la
escala mMRC y la presencia de agudizaciones en el ultimo afio. A mayor nivel

de riesgo, mayor necesidad de intervenciones terapéuticas.

En la siguiente figura se muestran los valores de los factores a considerar para

la estratificacion de los pacientes en riesgo bajo o alto.

Archivos de Bronconeumologia s {3000) 300¢ - o
M. Miravitlles, M. Calle, J. Molina et al.
[ Estratificacién ]
-
RIESGO ALTO
(Se deben cumplir al menos 1 de los
\ siguientes)
Obstruccién > 50% <50%
(FEV  postbroncodilatacién (%))
|D15nua(m,‘v1RC] | I 0-1 | | 2-4 |
I Exacerbaciones (ultimo afio) | | 0 - 1 (sin ingreso) | | 2 o mas o 1ingreso |

Figura 2: Estratificacion del riesgo en pacientes con EPOC
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En los pacientes de alto riesgo se realizan a su vez, 3 categorias llamadas
fenotipos que son: no agudizador, agudizador eosinofilico, agudizador no

eosinofilico (Miravitlles et al., 2021).

4. Comorbilidades

Con frecuencia, los pacientes con EPOC asocian enfermedades cronicas y
comorbilidades. Son de elevada importancia por su relevancia clinica e
implicacion prondstica. Son responsables del impacto en el numero de
hospitalizaciones, el gasto sanitario y la mortalidad (Barnes & Celli, 2009;
Mannino et al., 2008, 2015).

Es posible que factores etiolégicos como el tabaco, la contaminacién o la
disminuciéon de actividad fisica, sean algunas de las causas de las
manifestaciones extrapulmonares y comorbilidades en la EPOC como por
ejemplo la osteoporosis, la caquexia y la disfuncidn muscular entre otras. Estos
factores también podrian influir en la aparicion o empeoramiento de otras
enfermedades concomitantes como la afectacion cardiovascular, la
ansiedad/depresion y el cancer de pulmon (Barnes & Celli, 2009; Fry et al.,
2012).

Mas del 75% de los pacientes con EPOC grave y muy grave presentan algun
tipo de comorbilidad, y un 45% tiene mas de una (Kessler et al., 2011). La
hipertension arterial sistémica es la mas frecuente (42%) seguida de problemas
cardiovasculares (20%), diabetes mellitus (14%), osteoporosis (11%),
depresion (9%) sindrome metabdlico (9%) y cancer (6%) (Kessler et al., 2011).
Ademas, solo un 61% de los pacientes recibe medicacion especifica para el

tratamiento de estas comorbilidades (Kessler et al., 2011).
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Una forma de evaluar las comorbilidades o enfermedades asociadas a la
EPOC es mediante los indices de comorbilidad. Uno de los mas usados es el
indice de Charlson. Se trata de un sistema de evaluaciéon de la supervivencia a
largo plazo (en concreto a diez afos) en funcion de la edad y de las
comorbilidades del sujeto (Charlson et al., 2008). La comorbilidad medida por
este indice constituye un factor predictor independiente de mortalidad en los
pacientes con EPOC y se ha demostrado que guarda relacion con una mayor
probabilidad de ingreso hospitalario tras una exacerbacién, con una mayor tasa
de reingreso y con una estancia hospitalaria mas prolongada (Almagro et al.,
2012). Entre sus inconvenientes, sin embargo, se encuentra el hecho de que
no incluye las patologias frecuentemente asociadas a la EPOC como la
hipertension arterial, las arritmias, la anemia, un indice de masa corporal bajo y
trastornos mentales como la ansiedad y la depresion, por lo que las
comorbilidades pueden quedar infravaloradas si se utiliza el indice de Charlson
como unico método de cuantificacion (Almagro et al., 2010). Por eso, en 2012
se propuso el indice de COTE (Comorbidity test), que considera
especificamente la comorbilidad asociada a la EPOC en relacion con la
supervivencia de los pacientes. De esta forma, ayuda a evaluar el riesgo de
mortalidad en estos pacientes (Divo et al., 2012). Consta de 10 items y su
valoracion se obtiene sumando la puntuacion asignada a las enfermedades
presentes en el paciente. Entre ellas se incluyen la arritmia (la fibrilacion
auricular es frecuente en pacientes con EPOC), asi como la ansiedad,
proporcionando a esta ultima patologia un gran peso, por su fuerte asociacion
con el riesgo de mortalidad. Una puntuacion igual o mayor a 4 se asocia con un

aumento del riesgo de muerte en 2,3 veces (Divo et al., 2012).

Se describiran brevemente las comorbilidades asociadas a los pacientes con
EPOC que se han analizado en esta tesis, ya sea por su elevada prevalencia
(alteraciones nutricionales y disfuncion muscular) o por su relevancia clinica

(cancer de pulmon).
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4.1. Cancer de pulmon

El tabaquismo es el principal factor etiologico que tienen en comun tanto la
EPOC como el cancer de pulmon. No obstante, el incremento de riesgo de
cancer de pulmon en pacientes con EPOC se produce incluso en pacientes
que nunca han fumado (Turner et al., 2007). Por lo tanto el riesgo de cancer de
pulmén en los pacientes con EPOC es independiente al tabaquismo (Turner et
al., 2007).

Los pacientes con EPOC tienen entre 3 y 4 veces mayor riesgo de padecer
cancer de pulmén que la poblacion general (Wasswa-Kintu et al., 2005) siendo
éste una de las causas frecuente de muerte de estos enfermos (Calverley et
al., 2007). Los tipos histolégicos de cancer de pulmoén asociados a EPOC son

el carcinoma escamoso y el de célula pequefa (Wasswa-Kintu et al., 2005).

4.2. Alteraciones nutricionales y disfuncion muscular

Las alteraciones nutricionales son frecuentes en los pacientes con EPOC. Se
han descrito problemas a nivel de ingesta caldrica, como de composicion
corporal y de metabolismo basal e intermediario (A. M. Schols & Wouters,
2000). Pérdidas de peso sin causa aparente pueden ocurrir hasta en el 50% de
pacientes con EPOC grave, pero también en el 10-15% de enfermos en
estadios leve-moderado (Creutzberg et al., 1998). No obstante, existe una gran
variabilidad geografica en esta pérdida de peso de los pacientes con EPOC.
Mientras que en EEUU, Europa del Norte y del Este el bajo peso parece afectar
al 10-30% de los pacientes con EPOC (Vermeeren et al., 2006), en Espaia se
ha descrito que afecta unicamente al 2-3% de la poblacion con la enfermedad
(Coronell et al., 2002).
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Actualmente existen tres formas de identificar alteraciones nutricionales
asociadas a la EPOC (Gea et al., 2014):

e El porcentaje del peso del paciente sobre su peso ideal, aceptandose

como bajo peso valores inferiores al 80-85%

e Indice de masa corporal (IMC) inferior a 18,5 kg/m?, siendo grave por

debajo de 16 kg/m? y muy grave si esta por debajo de 15 kg/m?

 Indice de masa libre de grasa (Fat Free Mass Index o FFMI) inferior a 16

kg/m? en varones y 15 kg/m? en mujeres

La pérdida de peso de los pacientes con EPOC se produce fundamentalmente
a expensas de la disminucion de masa muscular, siendo menos relevante la
pérdida de grasa y masa Osea. También puede haber alteraciones en la
composicion corporal en ausencia de pérdida de peso, sobre todo en mujeres
(Agusti, 2005; A. M. Schols & Wouters, 2000). La pérdida de masa muscular
conlleva un empeoramiento en la calidad de vida y en el prondstico de la
enfermedad (A. M. Schols et al., 1998; Swallow et al., 2007).

La pérdida de masa muscular en pacientes con EPOC probablemente se debe
a un desequilibrio entre la sintesis y destruccion de proteinas o protedlisis (Fig.
3) (Gea et al., 2014).
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"

Figura 3: Factores implicados en la aparicion del desequilibrio entre sintesis y degradacion

proteica en los pacientes con EPOC y bajo peso. Tomada de. Gea J, Martinez-Llorens J,
Barreiro E. Alteraciones nutricionales en la enfermedad pulmonar obstructiva crénica. Med Clin
(Barc). 2014,;143:78-84

A continuacion, se describen los diferentes mecanismos moleculares de
protedlisis. El sistema mas importante de destruccion proteica esta ligado al
proteosoma, que es un complejo encargado de realizar la degradacién de
aquellas proteinas que han sido sefalizadas con anterioridad por el sistema de
la ubiquitina o que han sido modificadas por el estrés oxidativo. Este
mecanismo se encuentra claramente incrementado en los pacientes con EPOC
y bajo peso (Fermoselle et al., 2012). En el tejido muscular de estos pacientes
se ha observado también la presencia de un mayor numero de nucleos con
signos apoptoéticos (Barreiro et al., 2011), lo que probablemente sea reflejo del
proceso de recambio nuclear, con disminucion de la capacidad de sintesis
proteica. Otro mecanismo de proteolisis, es el de las calpainas (enzimas muy

presentes en el tejido muscular) que pueden llevar a una accion proteolitica
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perjudicial en situaciones como la reduccion de actividad fisica. Por el momento
no existe evidencia de su papel en la EPOC. La autofagia (sistema
autofagosoma-lisosoma) parece que se hallaria también anormalmente
incrementado en los musculos de pacientes con EPOC que presentan bajo
peso (Hussain & Sandri, 2013).

Las alteraciones nutricionales en pacientes con EPOC, pueden ocasionar
alteraciones musculares mediante disminucién y/o alteracion en la sintesis de
proteinas. Se ha descrito que las alteraciones nutricionales producen una
disminuciéon de la masa muscular con cambios en las proporciones y los
tamarios de las fibras (Puig-Vilanova, Rodriguez, et al., 2015). Asi también las
alteraciones musculares producen una disfuncion muscular (Remels et al.,
2013).

La disfuncién muscular se define como la incapacidad de un musculo para
cumplir su cometido y se expresa como alteraciones en la fuerza, en la
resistencia o en ambas (Maltais et al., 2014). La disfuncion muscular en
pacientes con EPOC constituye una de las comorbilidades mas importantes,
con repercusiones negativas en la capacidad de ejercicio, la calidad de vida y
prondstico (Gea et al., 2018, 2019; Gea & Martinez-Llorens, 2019; Gosselink et
al., 1996; Kwan et al., 2019; Marquis et al., 2002; Seymour et al., 2010;
Shrikrishna et al., 2012; Swallow et al., 2007). Es muy prevalente en los
pacientes con EPOC, afectando a una tercera parte de estos enfermos, y
aunque es mas frecuente en estadios avanzados puede estar presente en

fases iniciales de la enfermedad (Seymour et al., 2010).

La afectacién a nivel de musculos periféricos conllevara la pérdida de fuerza en
ellos (Vermeeren et al., 2006) asi como una limitacién en la actividad fisica y la

capacidad de ejercicio (Gea et al., 2014). Sin embargo, la disfuncion muscular
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de los miembros inferiores difiere enormemente de la que se produce en los
musculos respiratorios (Barreiro, 2019; Gea et al., 2019; Gea & Martinez-
Llorens, 2019; Jaitovich & Barreiro, 2018). Los musculos de las extremidades
inferiores suelen estar mas gravemente afectados y tienen mas implicaciones
en sus actividades de la vida diaria (Barreiro, Bustamante, et al., 2015;
Barreiro, 2017; Barreiro et al., 2018; Barreiro & Jaitovich, 2018; Jaitovich &
Barreiro, 2018; Maltais et al., 2014). Mientras que en los musculos
respiratorios, los pacientes EPOC con baja masa muscular pueden presentar
problemas de ventilacion, sobre todo durante el ejercicio y en las

exacerbaciones.

La pérdida de masa muscular en pacientes con EPOC y su consiguiente
pérdida de funcionalidad ocasionando la denominada sarcopenia,
probablemente tiene un origen multifactorial (Gea et al., 2014; Macario et al.,
2009).

A continuacion, se describen los factores implicados en la pérdida de masa
muscular y la consiguiente disfuncion, también conocida como sarcopenia, en

los pacientes con EPOC.

1. Inflamacién local y sistémica: Pueden conducir a la activacion de
diferentes vias celulares produciendo atrofia y/o disfuncion muscular
mediante apoptosis, autofagia, estrés oxidativo y activacion de sistemas
catabdlicos como el del proteosoma-ubiquitina (Gea et al.,, 2013). Los
mediadores inflamatorios pueden activar diferentes procesos biologicos y
vias metabdlicas que favorecen las alteraciones en el estado nutricional
(Gea et al., 2014). Por ejemplo, se ha demostrado que los niveles
plasmaticos de TNF-a y de sus receptores | y Il, asi como de algunas otras
citoquinas (IL-6 e IL-8) se encuentran mas elevados en los pacientes con

EPOC que presentan pérdida de peso que en sus controles con peso
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normal (Barreiro et al., 2011; De Godoy et al., 1996; Di Francia et al., 1994;
A. M. W. J. Schols et al.,, 1996; Swallow et al., 2007). Ademas el TNF-a
pueden inhibir per se la contraccion muscular (Reid et al., 2002). Sin
embargo, el papel de las citoquinas a nivel local muscular no esta claro.
Algunos estudios sugieren que podrian participar no sélo en el dafio y la
disfuncion muscular si no también en los mecanismo de reparacion
(Barreiro, 2019; Barreiro, Sznajder, et al., 2015; Donaldson et al., 2012; Gea
et al., 2019; Gea & Barreiro, 2008; Gea & Martinez-Llorens, 2019; Jaitovich
& Barreiro, 2018).

. Estrés oxidativo local y sistémico: Cuando la presencia de radicales
libres (se hallan presentes tanto a nivel sistémico como en el musculo y
grasa de los pacientes con EPOC) supera la capacidad de los mecanismos
antioxidantes, se producen lesiones de diferentes estructuras moleculares
(proteinas, lipidos, ADN), con importantes consecuencias en la estructura y
funcion celulares (Gea et al., 2009; Jackson & Farrell, 1993). El aumento de
estrés oxidativo y nitrosativo (Barreiro et al., 2003, 2005; Fermoselle et al.,
2012; Puig-Vilanova, Rodriguez, et al., 2015) y por otra parte, la reduccion
de la capacidad enzimatica en las vias oxidativas (Natanek et al., 2013),

contribuyen también a la disfuncion muscular en los pacientes con EPOC.

. Estado nutricional: Como ya se ha mencionado anteriormente, las
alteraciones nutricionales son frecuentes en los enfermos con EPOC (A. M.
Schols & Wouters, 2000). Estas alteraciones pueden ocasionar disminucion
de la masa muscular, cambios en las proporciones y tamafos de las fibras
(Puig-Vilanova, Rodriguez, et al., 2015) y finalmente disfuncion muscular
(Remels et al., 2013).

. Decondicionamiento: incide directamente en el estado nutricional y esta
asociado al pronostico de la enfermedad (Laveneziana & Palange, 2012).
Hoy en dia se cree que es la causa principal de las alteraciones musculares

periféricas que presentan los sujetos con EPOC. La reduccion de la

30



actividad fisica ya sea secundaria a la limitacion ventilatoria, al estilo de vida
o a la depresién reactiva que a menudo acompanfa a la enfermedades son
muy frecuentes en los pacientes con EPOC (Garcia-Aymerich et al., 2004;
Pitta et al., 2005). Los musculos esqueléticos de las extremidades inferiores
de los pacientes con EPOC tienen alteraciones que son similares a los que
presentan pacientes con inmovilizacion o desuso de un grupo muscular,
produciendo fibras de menor tamafio y aumento de la proporcion de las de
tipo Il (Bloomfield, 1997). Sin embargo, estos cambios pueden ser
reversibles, al menos parcialmente con el entrenamiento (Maltais et al.,
1996; Sala et al., 1999). Es mas, se ha demostrado que el incremento de la
actividad fisica puede favorecer también la recuperacion nutricional
(Ferreira et al., 2008).

. Cambios mecanica ventilatoria: La longitud precisa a la que deben
contraerse las fibras musculares del diafragma determina en gran medida
las diferencias entre la disfuncion muscular respiratoria y la de las
extremidades (Barreiro & Jaitovich, 2018; Gayan-Ramirez & Decramer,
2013; Gea et al., 2013; Jaitovich & Barreiro, 2018). Como tal, la limitacion
del flujo de aire impone mayores cargas inspiratorias que modifican la
geometria del térax y conducen a un acortamiento de la longitud del
musculo del diafragma (Barreiro & Jaitovich, 2018; Gayan-Ramirez &
Decramer, 2013; Gea et al., 2013; Jaitovich & Barreiro, 2018). Ademas, las
cargas inspiratorias continuas a las que estan expuestos los pacientes
también inducen un efecto similar al del entrenamiento en el diafragma que
puede compensar en parte los efectos nocivos de otros factores y hacer
que el musculo sea mas resistente a la fatiga desde el punto de vista
estructural y molecular, al menos en las primeras fases de la enfermedad
(Gea et al., 2013; Similowski et al., 1991).

. Hipoxia-hipercapnia: La hipoxia puede influir en la produccion de algunos

péptidos implicados en el apetito (leptina, grelina y proteincinasa activada

por AMP), puede reducir las concentraciones de determinadas hormonas
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anabolizantes. También puede aumentar el nivel de inflamacion sistémica y
de estrés oxidativo, asi como producir un desequilibrio proteico, apoptosis y
alteraciones en la regeneracion muscular (Brunelle & Chandel, 2002; Gea &
Barreiro, 2008; Gonzalez & Wood, 2010; Kulisz et al., 2002; Yun et al.,
2005). Todo ello puede conducir a una reduccion en la fuerza y en la
resistencia musculares. La hipercapnia por su parte puede producir también
disfuncion muscular (Rafferty et al., 1999), aunque en general, ésta ultima
es producto de la acidosis secundaria, que induce un descenso en la
reserva energetica y desequilibrio en la sintesis y degradacion proteica
(England et al., 1991; Gea et al., 2014) y afecta también directamente a la

contraccion muscular (Rafferty et al., 1999).

. Hormonas anabolizantes: La hormona del crecimiento (GH) aumenta la
produccion y acciones del factor de crecimiento asociado a la insulina (IGF-
1), que interviene en la sintesis proteica e inhibe la degradacién. Aunque los
niveles de GH pueden ser normales en los pacientes con EPOC, la
interaccion entre GH e IGF-1 parece estar alterada (Creutzberg & Casaburi,
2003). Por otra parte, la testosterona, hormona anabolizante que aumenta
la sintesis proteica muscular, podria también estar disminuida en algunos
pacientes con EPOC, contribuyendo asi a reducir su masa muscular (Laghi
et al., 2005).

. Comorbilidades y envejecimiento: Factores externos a la EPOC, pero
frecuentemente asociados a ella, como posibles etiologias adicionales de la
pérdida ponderal, masa muscular y disfuncion muscular. Se trata de
enfermedades muy prevalentes como la insuficiencia cardiaca, la diabetes
mellitus o el cancer de pulmon. Por otra parte, el envejecimiento per se
implica una pérdida de masa muscular y atrofia de las fibras musculares
(Morley, 2012; Puig-Vilanova, Rodriguez, et al., 2015; Rehn et al., 2012;
Sun et al., 2008).
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9. Exacerbaciones: Es uno de los factores que se cree contribuye de forma
determinante a la disfuncion muscular, tanto por su propio efecto, al
aumentar la inflamacion y estrés oxidativo, como por otros factores
asociados a ella como son el encamamiento y los farmacos esteroideos
(Gea et al., 2013; Maltais et al., 2014; Man et al., 2009). Estos farmacos
utilizados de forma sistémica principalmente durante las exacerbaciones,
inhiben la sintesis proteica y activan el catabolismo causando una miopatia
y/o pérdida de masa muscular (Gea et al., 2014). Los farmacos agonistas
B2 por su parte, pueden aumentar también el gasto energético incluso en
reposo (Amoroso et al., 1993). Por otra parte, los pacientes con EPOC con
mayor grado de disfuncidon muscular también tienen un riesgo superior de

exacerbaciones (Vilaro et al., 2010).

10.Tabaco: El tabaco es un anorexigeno de efecto central. Se ha descrito un
desequilibrio energético, con aumento del gasto energético basal que se
estima en un 120% del normal. Puede también dar lugar a pérdida de masa
muscular aumentando la protedlisis, la apoptosis, la autofagia y a través de
mecanismos epigenéticos (Barreiro et al., 2011; Barreiro & Gea, 2014;
Fermoselle et al., 2012; Guo et al., 2013). También produce un aumento de
la inflamacion sistémica y del estrés oxidativo (Barreiro et al., 2010). Todo
ello disminuye la proporcion de fibras de tipo |, lesiona las fibras y reduce la

actividad mitocondrial (Barreiro & Gea, 2014).

11.Alteraciones epigenéticas: Diversas modificaciones epigenéticas identi-
ficadas hasta el momento, como la metilacion de ADN vy la acetilacién y
metilacion de histonas, pueden contribuir a la miogénesis, asi como a la
respuesta frente a la inmovilizacion o ejercicio en los pacientes con EPOC
contribuyendo a la estructura final del musculo (Puig-Vilanova, Ausin, et al.,
2014; Puig-Vilanova, Martinez-Llorens, et al., 2015).

12.Disminucién capacidad regeneracién de los musculos esqueléticos:

Los musculos esqueléticos tienen un potencial regenerativo tras lesionarse.
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Los mioblastos progenitores se fusionan durante el desarrollo para formar
los musculos esqueléticos. Las células satélite (SC) quiescentes pueden
activarse, e iniciar el proceso de miogénesis. El numero de células satélite
se modifica en condiciones especificas como el envejecimiento (Suetta et
al., 2013), la atrofia muscular por desuso (Snijders et al., 2014), el reposo
prolongado en cama (Arentson-Lantz et al., 2016) y la exposicion al tabaco
(Chan et al., 2020). En los musculos intercostales de pacientes con EPOC
grave se detecto la activacion de las células satélite junto con cambios
microestructurales (Martinez-Llorens et al., 2008). Sin embargo, la
regeneraciéon muscular y los recuentos de ceélulas satélite se redujeron en el
vasto lateral (VL) de pacientes con EPOC con composicién corporal
preservada (Menon et al., 2012; Thériault et al., 2012, 2014).

Diversos factores regulan la actividad de estas células satélite, produciendo
su activacién como manteniéndose en situacion quiescente. Los principales
factores de regulacion de la fase miogénica inicial de proliferacién son el
Six1/4, Pax3 (Paired box protein) y Pax7, mientras que Myf5 (factor 5
miogénico) y MyoD (proteina 1 de diferenciacion miogénica) conducen las
células hacia el proceso de diferenciacion. Esta ultima fase conlleva
también la fusion de los miocitos formando miotubos y se lleva a cabo a
través de los factores miogenina (MyoG) y el MRF4 (factor miogénico
regulador 4) entre otros (Bentzinger et al., 2012).

La miostatina es un potente regulador negativo de la masa muscular en los
mamiferos. La miostatina mantiene la quiescencia de las células satélite,
mientras que su ausencia desencadena la activacion de las células satélite.
La supresion del gen de la miostatina favorece la masa muscular y puede
conducir a la hipertrofia muscular (Ohno et al., 2016). Ademas, el bloqueo
de la miostatina provocé una mejora en el potencial regenerativo de los
musculos de las extremidades de los ratones tras una lesion inducida por
cardiotoxinas (Ohno et al.,, 2016). Recientemente, también se ha
demostrado que la miostatina desempena un papel clave en la sarcopenia y
se sugiri6 que su bloqueo mejoraba la regeneraciéon muscular tras una

lesion (Scimeca et al., 2017). Ademas, la inhibicién de la miostatina redujo
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la atrofia muscular a través de la regulacion al alza de los marcadores

implicados en la regeneracion muscular en

extremidades de las ratas (Wurtzel et al., 2017).

los musculos de

las

Aunque actualmente se desconocen si estos factores estan implicados en

los pacientes con EPOC.
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Figura 4: Regulacion del proceso de miogénesis por los factores de trascripcion.
Tomada de Bentzinger CF1, Wang YX, Rudnicki MA.Building muscle: molecular

regulation of myogenesis Alteraciones nutricionales en la enfermedad pulmonar
obstructiva crénica. Cold Spring Harb Perspect Biol. 2012 Feb 1;4(2).

13. Alteraciones funcionamiento del Reticulo Endoplasmico celular:

En situaciones de inmovilizacion en modelos animales en los que se

detecta pérdida de masa y la consiguiente disfuncidn muscular

(sarcopenia), se han descrito alteraciones en el funcionamiento del
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reticulo endoplasmico (RE). El reticulo endoplasmico (RE) es un
organulo intracelular que se encarga del plegado, procesamiento y
trafico de proteinas dentro de las células. Esta implicado en la regulacion
de la masa, la funcién y el metabolismo del musculo esquelético (Afroze
& Kumar, 2019).

La acumulacién de proteinas no plegadas/mal plegadas puede ser el
resultado de alteraciones en la homeostasis celular (envejecimiento,

infecciones, hipoxia, desordenes metabdlicos, etc.).

Las chaperonas y las foldasas normalmente restauran el plegado de las
proteinas. Sin embargo, cuando estas no pueden realizar el correcto
plegado de las proteinas en el contexto de una enfermedad cronica o
aguda, se conduce a la degradacién de estas proteinas por el RE a

través de varias vias.

El mecanismo de respuesta a proteinas no plegadas/mal plegadas
(UPR) se activa al acumularse proteinas no plegadas dentro de las
células eucariotas (Chakrabarti et al., 2011; Kelsen, 2016). La UPR
forma parte de un programa de sefalizacion que se ejecuta mediante la
accion de tres receptores transmembrana del RE con funciones distintas
(Chakrabarti et al., 2011; Kelsen, 2016). Se ha demostrado que la UPR
inducida por el RE sefala el desarrollo y la regeneracion muscular
(Bohnert et al., 2018; Nakanishi et al., 2005; Xiong et al., 2017). También
se ha descrito elevada activacion de los marcadores de la UPR en los
musculos esqueléticos de ratones con caquexia inducida por cancer de
pulmén. Se ha inducido un fenotipo menos resistente a la fatiga en los
musculos de los mismos animales bloqueando la UPR con 4-fenilbutirato

(Bohnert et al., 2016). Estos resultados sugieren que la UPR desempeiia
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un papel clave en el mantenimiento de la masa muscular, al menos en
modelos experimentales de caquexia. El estrés del RE desempefia un
papel en el mantenimiento de la fisiologia muscular, en el envejecimiento
y en la adaptacion a la actividad y el metabolismo muscular y al ejercicio
(Afroze & Kumar, 2019; Almanza et al., 2019; Bohnert et al., 2016,
2018). La actividad contractil cronica induce un aumento de la expresion
de los marcadores de estrés del RE y de la UPR en animales (Memme
et al.,, 2016) y humanos (Kim et al., 2011). El estrés del RE y la UPR
también estan implicados en la fisiopatologia de ciertas miopatias
(Afroze & Kumar, 2019). Queda por determinar si estos factores pueden
desempenar un papel en la disfuncion muscular respiratoria de los

pacientes con enfermedades respiratorias cronicas como la EPOC.
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HIPOTESIS
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GENERAL:

En los musculos de las extremidades inferiores (cuadriceps) y también en los
inspiratorios (diafragma) de los pacientes con EPOC y sarcopenia, existiran
alteraciones en la regeneraciéon muscular; y también a nivel intracelular en el

procesamiento proteico por parte del reticulo endoplasmatico.

ESPECIFICAS:
Manuscrito 1:

El potencial de regeneracion muscular estara disminuido en el vasto lateral (VL)
de los pacientes con EPOC, especialmente en aquellos que, a su vez,

presentan sarcopenia.

Manuscrito 2:

La expresion de los marcadores de estrés del reticulo endoplasmatico (RE) y
de la respuesta compensatoria a proteinas no plegadas/mal plegadas (UPR)
estara regulada de forma diferente en el vasto lateral (VL) de los pacientes con
sarcopenia asociada a enfermedades respiratorias de caracter crénico (EPOC)

o subagudo (cancer de pulmon).

Manuscrito 3:

La disfuncion muscular respiratoria asociada a la EPOC inducira diferentes
niveles de expresion de estrés a nivel de RE y UPR en el diafragma, y sera

variable en funcion de la gravedad de la obstruccién bronquial.
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OBJETIVOS
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Manuscrito 1:

e Analizar en el vasto lateral de pacientes EPOC grave con un amplio
rango de composicion corporal, incluyendo aquellos con sarcopenia, los

siguientes parametros:

1. Cuantificacion de células satélite (potencial regenerativo)

y progenitores comprometidos.
2. Marcadores de regeneracion muscular y miostatina
3. Alteraciones a nivel de estructura y fenotipo muscular
e Analizar en el vasto lateral de sujetos sanos los siguientes parametros:

1. Cuantificacion de células satélite (potencial regenerativo)

y progenitores comprometidos.
2. Marcadores de regeneracion muscular y miostatina
3. Alteraciones a nivel de estructura y fenotipo muscular

e Comparacion entre las alteraciones a nivel de regeneracion del vasto

lateral de los pacientes con EPOC vy sujetos sanos.
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Manuscrito 2:

e Explorar en muestras de vasto lateral de pacientes con EPOC con y sin
sarcopenia, diferentes alteraciones a nivel de estrés del reticulo

endoplasmatico (RE), mediante analisis de los siguientes parametros:

1. Marcadores de estrés de RE

2. Marcadores de las vias UPR (ATF6, PERK, IRE1)

3. Marcadores de estrés oxidativo, autofagia, apoptosis y
protedlisis

4. Fenotipo muscular (tipos de fibras y morfometria)

e Analizar en pacientes con cancer de pulmoén las alteraciones en el
reticulo endoplasmatico (RE), mediante la valoracion de los siguientes

parametros:

1. Marcadores de estrés de RE

2. Marcadores de las vias UPR (ATF6, PERK, IRE1)

3. Marcadores de estrés oxidativo, autofagia, apoptosis y
protedlisis

4. Fenotipo muscular (tipos de fibras y morfometria)

e Comparacion entre las alteraciones a nivel de reticulo endoplasmatico

del vasto lateral de los pacientes con EPOC y cancer de pulmon.
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Manuscrito 3:

Explorar en el diafragma de pacientes con EPOC, en funcién de la
gravedad de la enfermedad, las alteraciones en el reticulo
endoplasmatico (RE), mediante la valoracion de los siguientes

parametros:

Marcadores de estrés de RE
Marcadores de las vias UPR (ATF6, PERK, IRE 1)

Marcadores de apoptosis y protedlisis

B nh =

Estructura muscular (tipo de fibras y morfometria) y agregados de

lipofucsina.

Comparar las altercaciones a nivel de reticulo endoplasmatico del

diafragma de los pacientes con EPOC con los sujetos control.
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METODOLOGIA Y RESULTADOS
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1 | INTRODUCTION

Abstract

Sarcopenia is a major comorbidity in chronic obstructive pulmonary (COPD).
Whether deficient muscle repair mechanisms and regeneration exist in the vastus
lateralis (VL) of sarcopenic COPD remains debatable. In the VL of control subjects
and severe COPD patients with/without sarcopenia, satellite cells (SCs) were
identified (immunofluorescence, specific antibodies, anti-Pax-7, and anti-Myf-5):
activated (Pax-7+/Myf-5+), quiescent/regenerative potential (Pax-7+/Myf-5-), and
total SCs, nuclear activation (terminal deoxynuclectidyl transferase-mediated dUTP
nick-end labeling [TUNEL)), and muscle fiber type (morphometry and slow- and fast-
twitch, and hybrid fibers), muscle damage (hemataxylin-eosin staining), muscle re-
generation markers (Pax-7, Myf-5, myogenin, and MyoD), and myostatin levels were
identified. Compared to controls, in VL of sarcopenic COPD patients, myostatin
content, activated SCs, hybrid fiber proportions, TUNEL-positive cells, internal nu-
clei, and muscle damage significantly increased, while quadriceps muscle strength,
numbers of Pax-7+ /Myf-5- and slow- and fast-twitch, and hybrid myofiber areas
decreased. In the VL of sarcopenic and nonsarcopenic patients, TUNEL-positive cells
were greater, whereas muscle regeneration marker expression was lower than in
controls. In VL of severe COPD patients regardless of the sarcopenia level, the
muscle regeneration process is triggered as identified by SC activation and increased
internal nuclel Nonetheless, a lower regenerative potential along with significant
alterations in muscle phenotype and damage, and increased myostatin were pro-
minently seen in sarcopenic COPD.
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capacity of patients, thus having a negative impact on their daily-life
activities and quality of life (Kwan et al, 2019, Swikrishna et al,

)

Sarcopenia s a major comorbidity commaonly associated with chronic
respiratory  diseases including dwonic  obstructive  pulmonary
{COPD). The reduction of muscle mass and strength of the lower
limbs differs vastly from that taking place in the respiratory muscles
{Esther Barrelro, 2019, Gea & Martinez-Ulorens, 2019, Gea et al,
2019, Jaltovich & Barreiro, 2018). Sarcopenia limits the exercise

2012). Furthermore, sarcopenia predicts death for the same degree
of disease severity as measured by the level of alrway obstruction
{Marquis et al, 2002; Swallow et al., 2007)

In the multifactorial etiology of sarcopenia assoclated with
COPD, several clinical factors and conditions inherent to the re-
spiratory disease namely deconditioning, exert deleterious effects on
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the limb muscles through biological events and mechanisms as pre-
viously reported in relevant investigations. Most of the investigations
have focused on the eluc idation of factors and mechanisms primarily
invohved In the process of muscle mass lboss in the limb muscles
of the patients (Barrelro, 2019, Barrelro et al, 2015, Gea &
Martinez Uorens, 2019, Gea etal, 2019, Jaitovich & Barreiro, 20 18)
and animal models {Chacon-Cabrera et al, 20 14, 2014) Nonetheless,
few studies have addressed the issue of the ability of the skeletal
muscles to regenerate, let alone in cles of COPD patients. The
regenerative potential of a muscle will determine its capacity to
regenerate following injury.

The progenitor myoblasts fuse during development to form
skeletal muscles. Under normal conditions, in adult muscles, the
sporadic fusion of satellite cells (SC9), defined as postnatal muscle
stem cells, takes place to replace the muscle turnover related to dally
life activity. As skeletal muscle has the ability to regenerate following
injury, regeneration of muscle tissue is a very finely regulated pro-
cess in adults. The interaction between SCs and the microenviron
ment ks the basis of muscle regeneration. As such, SC numbers have
been shown to be modified under specific conditions such as in aging
{Suetta et al, 2013), disuse muscle atrophy {Snijders et al, 2014),
prolonged bed rest (Arentson-Lantz et al, 2016), and exposure to
cigarette smoking {Chan et al, 2020). These modifications may alter
the process of muscle regeneration in those conditions, which in turn,
may coincide In patients with respiratory diseases such as in COPD.

The population of SCs Is not homogeneous Indeed, it has been
proposed that SCs are heterogeneous populations of stem cells and
committed progenitor cells that play different roles in the process of

demonstrated that myostatin plays a key role in sarcopenia and it
was suggested that its blockade improved muscle regeneration fol-
lowdng injury (Scimeca et al, 2017). Moreover, myostatin inhibition
reduced muscle atrophy through upregulation of markers involved in
muscle regeneration in imb muscles of rats (Wurtzel et al, 2017)

On this basis, we hypothesized that the muscle regenerative
potential as measured by the number of stem cells and other markers
of muscle regeneration may be altered in the quadriceps of patients
with COPD, especially in those with sarcopenia Furthermore, protein
levels of the potent negative regulator of muscle regeneration
myostatin were also assessed in the VL of sarcopenic COPD patients.
Accordingly, the study objectives were that in the VL of severe
COPD patients with a wide range of body composition, inchuding
those with sarcopenia, the following events were analyzed: (1)
identification and counts of stem cells (regenerative potentiall and
committed progenitors, (2) markers of muscle regeneration and
myostatin, and {3) muscle structural abnormalities and phenotype A
growp of control subjects was also recruited for the purpose of the
investigation, in whom muscle blopsies were also obtained and ana-
lyzed accordingly.

2 | METHODS

2.1 | Study design and population

This was a prospective, controlled, cross-sectional study, in which 45
patients {25 males) with stable COPD (Miravitlles et al, 2017,

muscle regeneration The activity of the skeletal muscle infh d
the numbers of SCs in different models. For instance, aging hampered
muscle regromth following a period of disuse muscle atrophy in
healthy humans (Suetta etal, 2013). In middle-aged adults, a decline
in SC counts was observed in the atrophic muscles following a 14.day
period of bed rest (Arentson-Lantz et al, 2016). Nonetheless, chan-
ges In SC counts were not detected in the quadriceps muscle of
healthy young subjects following a 2.week period of onelegged knee
immobilization {Snijders et al, 2014).

Importantly, in the intercostal muscles of severe COPD patients,
activation of SCs along with microstructural changes was detected
Martinez-Liorens et al, 2008). However, muscle regeneration and
SC counts were reduced In the vastus lateralis (VL) of patients with
COPD with preserved body composition {Menon et al, 2012; Thér-
lault et al, 2012, 2014) Whether musche regeneration events and SC
counts and types may differ in the lower limb muscles of patients
with a different degree of disease severity and/or body composition
remains to be fully elucidated.

Myostatin s a potent negative regulator of muscle mass in

k5. Myostatin maintains the quk of SCs, whereas its
absence triggers activation of SCs. Deletion of myostatin gene favors
muscle mass and may lead to muscle hypertrophy (Ohno et al, 20 16).
Moreover, myostatin blockade elicited an improvement in the re-
generative potential of limb muscles of mice followdng cardiotoxi

Vogek et al, 2017) were recruited consecutively from the
COPD dinks of the Respiratory Department at Hospital del Mar
{Barcelona) over the years 2018 -2019. Additionally, 13 age-matched
control subjects (six males) were recruited from the general popu-
lation (patients’ relatives or friends) at Hospital del Mar. COPD pa-
tients were further subdivided into those with and without loss of
muscle mass and strength {sarcopenic COPD, n = 26, 11 males and
nonsarcopenic COPD, n= 19, 14 males) following the int tional
comsensus critena on muscle wasting and sarcopenia (Cao & Morley,
2016; Muscaritoll et al, 2010) and previously published criteria
(Esther Barreiro et al, 2019 Puig-Vilanova, Martinez-Liorens,
etal, 2015)

In all patients, reduced muscle mass was defined as a fatfree
mass index (FFMI)s 18kg/m’, a cutoff value established for a
Mediterranean population in accordance with both previously pub-
lished criterla (Esther Barrelro et al, 2019, Pulg-Vilanova,
Martinez-Llorens, et al, 2015) and the international consensus on
the definition of sarcopenia (Cao & Morley, 2014, Muscaritoll et al,
2010). Moreover, muscle weakness was defined on the basis of
previous investigations {approximately 25% reduction in quadriceps
force compared to that observed in control subjects; Pulg-Vilanova,
Martinez-Llorens, et al, 2015; Seymour et al, 2010) Control subjects
were never-smoker male and female sedentary control individuals

induced injury {Ohno et al, 2016) Recently, it has also been

r ited from the g | population {patients’ relatives or friends)
while patients in both groups were active smokers or
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ex.amaokers All patients were on whaled tronchoddators They were
discally stable at the time of the study. without epmsodes of ex-
acerbation or oral steroxd treatment in the previows J months None
of them pr 4 wgreficant rhickties. Al growps of ndaduals
were Caucanian

211 | Exdusion criteria

Excluson otena for COPD patients and contral sulyects inchuded
other chvone respiratory o cardiovascular dsorders, acute exacer-
batioms i the last Imaonths, kewting osteoarticular condition, chrome
metabolc diseases, wnpected parancoplastc or myopathe syn-
dromes, andlor treatment with drugs known to alter muscle stnx-
ture andlor functx hding oral corticosterads. COPD patients
and control subyects were qualified as sedentary after beng specr-
fcally mqured about whether they were conducting any regular
outdoor physical actiwity. gong regularly to the gymnasium, or par-
topating n any peafc tramng program. Specically, sedentar ism
wans defined on the basis of the ollowing critenia (1) f subyects were
not engaged none or more of these activities walling running. bike
ndng swamming danang gardening or wesght Mting more than fve
time s per week, (2) not performing at least J Wweek of endur ance.
type physcal actaty, and/or (J) mactive general state n which
lenure. time physical activty was mnimal (Ricciardl 2004) More-
aver. the time spent in sedentary postures fying and sitting) was also
comdered n the & of sed n the study grougs
(Ricciandy, 2006)

22 | Ethics

The current vestigation was designed in accordance with both the
ethical standards on human expe now ad
the Workd Medcal Amociation padelines (Seventh revision of the
Declaration of Helunki, Fortaleza Brazd 201)) (Shrestha & Dunn
2020) for resear ch on human bengs Apgr oval was cbtaned from the

I \viey-

standard procedures and wellestablshed reference values (Roca
etal 2014 Roca Burgos, Barberd et al, 1994 Roca Burgos Sumyer,
etal, 1994

Quadnceps muscle strength was evaluated i both patients and
controls through the determination of the mometric macsmum vo-
luntary contraction (QMVCO) of the domnant lower bmb a
formerly desarbed (Esther Barewo ot al, 2019, Pug Vianova
Martinez Uarens, et al, 2015 Brefly. patients were seated with
both trunk and thigh faed on the npid support of an exercise plat-
form Domyos HGH 050 Decathion) The highest value from three
bref reproducible maneuvers (<5% vaniabikty among them) was
accepted as the QMVC

2.31 | Exercise capacity

Exerone capacty was msewed through the 6.min walling d stance
followng previous methodolopes (Rodrguez et al, 2012) The test
comisted of two attempts fwith at least 2 J0.min rest between them)
in a J0meter comdaor. Encouragement was piven every minute and
the test was nterrupted # symptoms of exhantion appeared A
moddied Barg scale was used to quantdy the levels of dyspnea and
leg dscomfort.

Maxmum exercse capacity was also meamsured using stan-
dardizxd incremental on a cycle ergometer (Jones et o, 1985,
Rodriguez et al, 2012 Pulmonary gas exchange and vent datory
me ts wer e obtaned from calbrated signals derived from
a rapdd response gas analyzer and a mass flow sensor. Oxygen
uptake (VO;). pulmonary carbon dioxde output (VCO;L
ventdation (VE), respe atory exchange ratio (RER) were abio re-
gatered during cach respration Meart rate was determined using
a 104ead onlne ek rdiogram and oxygen saturation by pulse
oxmetry (Sp0,) After 1 min of breathing at rest. subjects pedaled
on an clectrically braked cycle ergometer (Ergoline Ergometrix
900. Uberprufung) Uones et al. 195, Rodrguez et o, 2010 An
integrated computer recorded cardiorespratory vanables durng
the test (Ultima. MedGraphics Comparation) Patients were en-

al Ethis C on Human Investigation (Hospital del aged to cont untd they could no longer sustain the target
Maor MM, Barcelona, project mumber 20187937/0. Informed weit- pedalng load
ten wans obtaned from both and | subjects

2.3 | Anthropometric and functional assessment

Anthvopome tric evaluation nduded body mass index (BMD) and de-
termination of FFMI using bioclectrical impedance (Esther Barrewo
etal 2019, Pug Vianova Martinez- Uorems et al, 2015) Nutritonal
parameters were alo evaluated through conventional blood tests
Diagnastic criteria for sarcopenia were BM| < 21kg/m® and FFMI <
18 kg/m’® in all patients (Esther Barrewo et al, 2019 Coin et al,
2008 PugVianova Martinez Liorems, et al 2015)

Lung function was evaluated through determnation of spro-
metry. static lung volumes, difusion capaaty. and blood gases usng

2.4 | Blood samples and muscle biopsy

Patients and control subjects rested for 1 h an a char with legs haif.
flexed atime at which blood samples were abtaned after an over-
night fasting perniod, nght before mvtiation of the surpecal procedures
{Esther Barrewo et al, 2019 Pug Vilanova, Martinez Liorems, et al,
2015). Specimens from the VL portion of the quadnceps munde
{50~ 100mg average weight) were obtained from all sulbyects wing
the open blogsy technique as previowsly dexcribed (Esther Barrewo
etal, 2019 Pug Vianova Martinez Uorens, et al, 2015 Musde
speamens were always cleaned aut of any blood contamna tion with
salne They were immediately frozen n kqud nitrogen and stored n

53



SANCHOMUNOZ 1 &

S wiiey

the -80°C feezer under permanent alam contral) for further
analyses or smmersed n an akohal formol bath for 2 h to be there-
after embedded in parafin. Frazen tssies were used for messenger
RNA ImRNA) exgression and ablotting nxues  while
paraffinembedded tasues were wsed for the assessment of struc-
tural moddcations (emmunchistochemical analy ss)

2.5 | Biological analyses
2.51 | Musde fiber counts and morphometry

Myasin heavy cham | IMyHC.1) and MyHC. || saforms were ken-
tified n paraffin sections (J.um thick) from VL muscles corre-
spondng to the three study groups The followng ant bodies were
used: anti MyHC. | (ab11083 Abcam) and ants MyHC 1| (ab51263.
Abcam) antbhodies. Myoflbers positively stamed appeared 0
brown calor. The fibers positvely staned with the two antibodies
simultancously were entified as the hybnd fibers. The crom.
sectional area, cakeulated using the mean least diameter, and the
propartioms of type |, type IL and of the hybrid fibers were esti
mated with the ad of akght micrascope (Olympus BX 41 Olympus
Comparation) coupled with an mage dptang camera (Pixera
Studia. version 1.04. Pxera Comparation) and a digital image
processing woftware (Image). version 2006.0201. National In-
stitutes of Health). In all study grows the number of fibers
measired and counted n eaxch muscle preparation ranged be-
tween 100 and 300 (Esther Barrewo et al, 2019. Puig-Vilanava
Martinez-Uorem, et al, 2015)

2.5.2 | Musde structure abnormalities

Three.mirameter paraffinembedded sections from the musde
speamens of the three study groups were used to assess the pro-
portions of muscle abnormalities (Esther Barrewo et al, 2019, Puig.
Vilanava, Mar tinez. Uorens, et al, 2015) Agrid of 63 pant.inter cepts
(7% 9 rectangular pattermn was supe od onto the mage of the
muscle cross.section at a magndcation of x400 under the light me-
croxope (Olympus BX 41) usng an mage digtzng camera (Olym-
pus DP 71 Olympuns Carparation). Eaxch pont.intercept was assgned
to aspeafic category and entered into the software. Categories for

25.3 | Terminal deoxynudeotidyl
transfer ase-mediated dUTP nick-end labeling (TUNEL)
assay

In 3. um paraffn. embedded sectiom of musde atvaton of
the my Jot was det: d usng the TUNEL assay WNoopTag
Peroxsdise In Stu Apoptoss Detection Kit: Merck Millpore)l The
mandfacturer's nstructions and p sy publshed studies were
fallowed (Barrewo ot al, 201 1. Salazar Degraca et al, 2014). In bred,
dunng nudear activation, frags of DNA can be gener-
ated. These strand breaks in the DNA sequence can be entded by
labelng JOM termnal groups with moddied mxleotides 0 an
enzymatic re action catalyzed by the terminal deoxy mcleotdyl trams-
ferane (TdT) enzyme Musde sectioms were fied per meabillaed, and
mmediately mcubated with the TUNEL Workng Stength TdT
Erzyme and the anti Digoagenn Conpugate TdT catalyzed the adding
of digaogenindNTP at 3 OH termnal groups in sngle . and double.
stranded DNA. Mter washing the sectom were ncubated with an
antdgaogenn antibody conpugated with peracdase. which resited
n brown color upon ¢ Negaf contr ol e xpx n whwch
the TdT erzyme was not added, were also perfor med. Apop totic mucke
appeared n brown calor, whike negative nuchel were green (metiyd
green conterstanngl Only nucle located within the muscle fber
boaundary were counted n the study. Positve mxler and the total
number of nuchel were counted by two traned abservers carrelation
coetficent 95%) Apaptotic nuclel were expressed as the percentage
of the TUNEL postive muchel to the total number of counted mhke
(Barrewo et al, 2011 Salazar. Degraciactal, 2014) Amawmum of 300
nuchel wa counted in each musde specimen for all the study groups

254 | Satellite cell identification using
immunofluorescence microscopy

Specdic antbhodies were used to detect quisscently, actvated and
total SCs wsg ofh mp Iy desaribed (Guitart
et al, 2018) Briefly, Jum par affin sections of the muscle speamens
of all study groups were deparaffinzed and rehydr ated by succensive
mmersom n xylene, ethanol 100%, ethanol 90X, ethanol 70% and
phosphate buffered salne (PBS) A p cooker %
10mM citrate buffer pH 6.0) was wsed to bad the sectiom for
20mn Fallowsng a 2.h cooling period, sections were blocked with

pant counting were defined as folk 1) o) e (2)
ntemal nudewns, (1) nflammatory cell (4 pofuscn (5) abnormal
viable, (6) mflamed/necrotic, (7) vessel and (0) no count. The area
fraction for each categary was defined as the percentage of points
that fell on each of these trarts relative to the total number of points
supenmposed on all vable fickds (all features except for categones O
and 7) of exch cross-section The area fraction of normal muscle was
equivalent to the proportioms of pants fallng n category 1 while
the area fraction of abnormal musdle was deter mned by caloula tion
of the proportion of ponts nduded n the other categones
(categories 2-4)

lockang sokution (3% bovine serum albumin [BSA], 10% goat serum,
and 05% triton i PBS) for 1h The sections were then ncubated
avernight at 4°C wath a mxture of two diferent prmary antibodies
mouse manockonal antiPax? gGik supematant (120 Develop-

ental Studies Hybndoma Bank) and rabibit polyclonal anti. Myt 5
156G (1100, AVIVA Systems) prepared n blodkng salution. Mter
ncubation with the prmary antibodies, the sections were inaubated
with the corresponding secondary antibodies at room temperature
for 1 h Alexa Fluor® 488 MiewPure goat antimouse 156G, Foy Sub-
class 1 Specific {1 800; Jacksan Immunaresearch), and Nexa Puar®
phis 555 goat antwabbet 156G H+L) (11000 Thermo Fuher
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Scienti ic) respectively. which wer e also prepar od in blocking solution
along with 4'4 diamsdno. 2 phenylindale (1.1000) Finally, the sec-
tions were mounted using 70% ghycerol in JO% PBS A fuorexcence

pe (Nlkon Eclpse N A ) at a magnfication of x400
coupled with a dgitang camera was used to count the number of
SCs. Anti.Pax.7 antbody alone was used to detect g ent SCs

Vi ey

2.57 | Quantitative real time-polymerase chain
reaction (QRT-PCR) amplification

Interestngly, qQRT.PCR reactions were performed wing the
QuantStudio 12K Flex Real Tume PCR System (Thermo Fuher
S fic) together wath the ollowing commercially avadable gene

while the combiation of antiPax.? and anti. Myf 5 antbodes de-
tected committed SCs (Gustart et al 20 18] The addition of quiescent
ad d SCs ded to the total number of SCs Results
are expressed o follows (1) Pax. 7 4/Myf 5. quiescent SCx (2) Pax.
T/ 5+ actvated SCs. and (3) the addition of both types of cells
dentified as total SCs ANl types of fibers were narmalzed by the
mumber of myofibers counted withn the ten fields analyzed in cach
muxcle preparation. The number of d SCs ranged from 25 to
144 (quiescent). fram O to 38 (actvated) and from 31 to 145 ftotal
SCs) for the 10 Sekh counted in each muscle preparation in a semd ar
fashion in the three study grows

255 | RNA isolation

Srup frozen muxcle pecmens were used to molate td RNA usng
Trizol reagent (Life technolopes) Filty mg of musde samples dilited n
1mi of Trzal reagent was homogenged usng a T10 basc Ultra. Turrax
Polytron (IKA". Werke GmbM & Ca KG) at maxmum peed for 205
The homogenzed samples were incubated for a short periad (10 mn) at
room temperature to albw the nuclear protens to dmsocate Subse-
quently. 02mi chioroform was added to e samples, wheh were vig-
arously shaken manually for 153 1 be incubated at room temper

for Imn The samples were contriuged at 12000 g at 4°C for 15 mn
The contrdugation process separated the hamogenates o a lower red
organe phase and white nterphase. and a colorless upper aqueous
phase RNA content remamed 0 e aqueous phase The RNA
contanng phase was ferred to a fresh tube and the RNA
wan precgatated by xidng 0.5 mi sopropancl The samples were then
contrduged at 120007 at 4°C for 10min The pellet was kept and
washed with 1mi 75% ethanal and the samples were med usng 2
vortex, to be there dter contrfuged at 75007 at 4°C for Smin Fnally.
the RNA peflet was ar.dred for 10mn and desohed n RNsefree
Total RNA concentrations were determned spectrophotome i cally
usng the NanoDrop 1000 (Thermo Faher Scientidic)

256 | mRNA reverse transcription (RT)

. "

entary DNA was generated from 100ng mRNA using olgo
T 12.18 primers INTP mix dithwotivestal and the Super-Scrpt 1l
reverse tramconptase as ndcated by the manuts ]

e Technolapes) RNA was reverse. rbed wing SwperSrg
Il reverse tramcnptase and oligoldT) primers in a 20.44 total reac-
ton valume at SO°C for 40 mn. The RT reaction was Snshed by
heating at 70°C for 15mn to stop the reaction. Samples wer ¢ stored
at 40°C untdl lurther ne.

expresson  amays:  PAX]  (M00240950 mi L Techn-
olopesl PAXT MH00M2962 mil. Lfe Technadlopes). MYFS
(Hs00929416 51. Lfe Technalopes). MYOD1 (Hs00159528 m1.
Lide Techmolopesl MYOG (01072232 mi Lfe Techndopes),
MYN7  (Ms00165276 mL Lfe Techndlopes). MYM2
(Hs00430042 m 1. Life Technologes) and MYH 1 (Hs00428600 m1.
Lde Techndopes) The housckesping gene ghceraldehyde 3.
phasghate dehydrogenase (GAPDH) #s 99999905 m1. Lde Tech-
nologies) served as the endogenous contral for mRNA gene
expresson (Table 1. Esther Barrewo et al, 2019, Gutart ot al,
2018 Pug Vianova, Martinez Uorens, et al, 2015) Duphcates
fram all samples were run and the average value was caloul ated for
each study sample. The results obtained from the expe ts were
collected and analyzed using the ExgremonSute Software version
1.1 from Apphed Bosysters (Thermo Fisher Scientific). in which
the comparative CT method 2 49 for relative quantfication was
used @ previousdy reported (Guitart et al, 2018 Lvak &
Schmittgen 2001)

2.58 | Immunablotting

Proten levels of myostatn were analyzed wsng mmunoblottng
procedures, as previously desaribed (Esther Barewo ot al, 2019,
Guitart et al, 2014 PugVianova Martinez Llorem, ot al, 2015
Brefly. fazen samples from Al ogpermental prows  were
homogenzed = lyss  bufler 50mM 442 hydraxyethyl) 1.
pperaznes thanesuonic ackd 150 mM NaClL 100 mM NaF 10 mM
Napyrophosphate. SmM EDTA, 10% glyceral 05% Triton X 5ug/ml
agrotewn. 2ug/mi leupeptn. 100 ug/mi phenyimetiydsufornyd fluor-
ide. and 10pg/mi pepntatin A

Protens were wparated by clectropharess, transferred to
palyviyidene ddfuonde (PVDF) br anes, blocked with BSA and
incubated overnght wath the dg prmary antbody
Myostatn (ants. GDGA Bethyl Laboratores) and the endogenows
control GAPDM (anti.GAPDH antbody. Santa Cne Biotechnology )

Antigerns from all samples were detected with horseradish per-
oxdase (HRP) conpugated secondary antbodies and a chemd
nescerce kit For each of the antigens, samples fraom the ddferent
groups were aways detected in the same pcture under dentical
expowire times. PVDF membranes wer e scamned with the Molecular
Imager Chemsdoc XRS Sy Bo.Rad Lab ) usng the
softwar e Quantity One version 44.5 [Bio Rad Labaoratanes) Optical
d of peciic pr were quantiied usng the software
Image Lab version 2.0 1 (Bio-Rad Labor atories). Final optical densities
obtaned n each peciic group of subyects and musxcle comresponded
to the mean values of the different samples flanes) of each of the
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TABLE 1 Gene expression amays used to amess musche
regeneration marker levels

PAXI Hs 0024095 m1 NM 000438 5
NM 0139424
NM 1814573
NM 1814563
NM_ 1814593
NM_ 1814403
NM_ 1814613
PAXT H00242962 m1  NM 0011352541
NM_ 002584 2
NM 0139452
MYFS HO0929416 g1 NM 0055932
MYOD1 HO0159528 m1 NM 0024784
MYOG 01072232 m1 NM 0024795
MYH? H001465276 m1  NM 0002573
MYH2 HL004 30042 m1 NM 0011001121
NM 0175345
MYH1 H00428600 m1  NM 0059633
GAPOH He 99999905 m1 NM 001289746 1
NM 002046 5
A b 10k Hs homo sapns ml, mutiesone gne
assay does not detect gor ONA gL gene Ay may

detect genomic DNA o present n the samgle. GAPDM, ghyceraldetyde
Jphosphate defrydrogenase. NM, mRNA RefSeq database category
MYFS, myogensc factor 5 MYOD L mwogerse derentiation 1. MYOG
myogenin MYH 7, myosin heavy cham 7 MYH2 myosn heay chan 2
MYH L mryosn heavy cham 1 PAXI pared box gene 3. PAXT, pawred bax
gene 7.

antigens studied To valdate equal proten loading amang vanous
lanes, the ghycalytic erzyme GAPDH was used as the proten loadng
controls in all the immunablots

2.59 | Myostatin identification using
immunohistochemical procedures

Myastatn was dentdied n paratfn sections (3.pum thik) from VL
muscles carepondng to the three study groups using conventional

chistach " b desrihed
A - P

(Pug Vilanova Martinez. Uorems, ot al, 2015, PugVilanova
Rodrguez et al, 2015). Followng depar affinzation, a premsure

cke % 10mM citrate butler M 6.0) was used to bod the
sections for 20mn Followng a 2.h cooling period, sections were
blocked with 4% hydrogen peraade for 15min and with a blockng
salution (3% BSA 10% goat serum, and 0. 5% trton n PBS) for 1h
The sections were then ncubated overmght at 4°C wath the primary
antbody: Myostatn {anti. GDGA. Bethyl Laboratones) Skdes were

then mcubated with a universal secondary antbody (paly stan-1 step
ot HRP for DBA. mouse and rabbat, Neo Biotech) for 30min fol -
lowed by mcubation with the sub ch b dne (DAB ki,
Neo Botech) for 5min Hemataxy bn counterstamng was performed,
and shdes were defydrated and nted for tonal micro-
scopy. Images of the staned musde sections were captured with a
ght meroxope (Olympus BX 41 Olympus Corporation) coupled
with an imagedigtizng camera (Poera Studia. version 104, Poera
Corpor ation)

26 | Statistical analysis

The narmalty of the study vanables was checked using the Shapwo.
Wk test Al the results are expressed as mean (standard deviation).
For the quan titative vaniabiles, one way analysis of vanance (ANOVA)
with Tukey's posthoe analyss was used to adpant for multiple com-
parsom amang the study groups For the qualtative vanables
{smaking historyl ¥ test was used to amens dfferences amang the
three study grougs. A level of sgnificance of p £ 05 wans establshed

3 | RESULTS

3.1 | Functional and nutritional status of the study
subjects

Body compositon as measured by BMI and FRMI was signiicantly
reduced 0 sarcopere COPD patients compared to nomar copenic
controls and control sutyects (Table 2) Smolong hestary chading the
number of packs.year was simidar in both grougs of COPD patsents
and sprficantly difered from that of the contrals (never smokers.
Tatde 2) Asexpected both groups of COPD patients exhibted severe
arfiow kmitaton and a dechne n ddfy 5 ty wally the
sarcopen i patients (Table 2) Moreover, compared to contral subpcts,
exer ane tok wan significantly reduced in both groups of COPD
patents, whereas quadnceps muscle strength was siprifican tly lower
only n the sarcopenc patients compar ed to both nam arcopenc and
control subgpcts (Table 2). N d blood p eters mclidng CRP
did not signdicantly ddder among the three study groups of subpcts,
while flbrnogen levels were signficntly greater in both groups of
COPD patients than in the controls (Table 2)

3.2 | Muscle phenotype and damage

The proportions of slow-twitch musde Sbers were sgndican tly lower
n the VL of the sarcopersc COPD patients than in the contral sub-
pects, while thase of the ybind Sbers ncreased n the kmb musdes of
both groups of COPD patients (Fgure 15 and Table 1) Furthermare,
the propartions of hybrd fibers were signficantly greater in the
lower kb muscles of the sar copenic patsents than n nomarcopenic
patients (Fgure 1o and Table 1) Compared to the contrals, the
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TABLE 2 Owncal characterntics of the
COPD patients and control subyects

E— \ViEy-

Anthropometry
Age (years) 66 (5) &5 62(0
Body wesht hg) a8 75011 S2(9ym -
Madewtermaes &7 145 1uas
8MI g/ 7@ 202 LTS
FAMI /o) 7@ 180 14y
Senckung hestory
Active, N(%) o) 15 (9 16(620™
Exsmoker. N(%) 0 a@r 10(3%*
Never smoker, N (%) 13 (100) o ol
Packs. year 0P o - o
Lung function testng
FEVL % precicted 70 36 (- EELES Uy
FVC % predcted 012 67 (15 r0(14*
FEVyFVC 76 (6) 42 (wr~ ELLE
RV. % prechcted 1m0ae W5 @ 2450
TLC % predicted 9 108 (14) 1221
RV/TIC am a10 a5(0
Dico, % predeted 16 46 (1 s
KCO % predeted 9an 49 (1 a0
Pa0; kPl NA 420 as(a0
Paco; xPa) NA 5509 ss(10
Exerose capaity and musde function
VO, max (% pred) 120 92 59 (18~ sa(29
e wallong dstance fm) 523 (55) armr a3l
QMVC Xg) ann 40 (12) ERLY,
QMVC (Xg) FFM (Kg) 09 p1) asp2 a8(02
Blood parameters
Abumn g/dl) 4502) 450 44(02
Total protews (g/dL) 7103 70049 7108
CRP (mg/ck) 033 asod a3y
Flornogen fmg/d) 55 (69 49 W a8a”
GSV (mevh) wmn 17013 1010
Note Values are expressed & mean (SD)
Abbreviations. BML body mass index COPD. chvone obstruc tve y & CRP, C.rextive
protewy Dilco, carbon ch for. FEV, forced y volume n 15 FFM Gt dree mass.

FAMI fatdree mass ndex: FVC forced wial capacty. GSV. globulie sechmen tation velooty. KCO,

Krough tracsfer factor. N number of patents PaCO, artend carbion daide partid presare. Pa0,
arenal axygen partad presure. pred predicted. QMVC, quadnceps m. A Y
QMVC/FIM. quadnceps o, Y /atfree mass RV, chuad vol
totd kg cagacty. VO, peak, pask cercime anygen uptake
Statwtic 4 sgreficance "pe 05 “p« 01 *p« 001 between any of the groups of COPD patents and
the control subyects: “p« 05 *p« 01 *p « 001 between sarcopenic and nonsarcopenic COPD

patents

nc

aosssectional area of slow twa tch Sber s was sgnsficantly reduced in
the VL of both grougs of COPD patients Furthermore, the sze of
both fast.twatch and hybnd Sbers was signficantly smaller n the
muscles of the sarcopenc patients than in both control subjects and
nomarcopenc patients Figure 12 and Table 1) The proportions of
muscle structural abnormalities and nternal mxlel counts were

signdicantly greater in the VL of both growps of COPD patients than
in contral subyects (Fgure 15) Besdes this muscle structural ab-
normalities were also sgnificantly greater in the VL of sarcopenic
than in nomarcopenic COPD patients (Fgure 110). Interestingly. the
number of TUNEL positive muclel was sgndicantly naeased in the
VL of both grougs of COPD patients compar ed to those in the cantrol
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Total abnormal  Itemal nucke

frackon counts col courts

subjects Figure 2a0). Amang all COPD patients, signficant carre-
! were d i b musdle phenotype variables (pro-
portions of dow. and st twich fbers and CSA of type | Sbers) and
hung unction parameters degree of arway obstruction and ddfusion
capacity, respectively, Table 4A). Among the COPD patients, sig-
nificant postive [’ s were also d 4 bety CSA of
show and fast-twitch fibers and hybrd fibers and FEMI (Table 44)
Furthermore, amang ol COPD patients as a whole quadrceps
strength signiicantly correlated with TUNEL positive nucles and
muscle abnormalities (Table 4A)

FIGURE 1 (a) Representative smages of VL
aossectional histological preparations.
Myofbers positively staned for slow. twitch
antibody appear in brown color in the left panels
Myofbers positively staned for fast-twitch
antbhody appe ar 0 brown color n the nght
pancls Hytr il myofibers are positvely staned
for slow-twitch and fasttwitch antibodies (black
arrows). () Mean values and standard dewviation
of muscle abnormalities as measured by total
atnormal fraction and propartioms of nternal
mudel and nfl y cells entdfied n the VL
of control subyects (wihwte bars) and in both
nomarcopenc (gr ay bars) and sarcopenc COPD
patsents lack bars) Statestical signidicance
‘p2.05 “ps 01, " 'p 1 .001 between any of the
COPD patient groups and the control subjects.
*p £.05 between sarcapenic and noms arcopenic
COPD patients. COPD. chrone abstructive
pulmonary . VL vastus laterals

2 Control subjects
D Non-sarcopensc COPD
@ Sarcopenic COPD

3.3 | Satellite cells in muscles of COPD patients

The number of quiescent SCs as measured by Pax.7+/Myf.5. cells
was signficantly lower only in VL of the sarcopenic COPD pa-
tients than n the contral subjects Figure 12 b). Counts of ate
vated SCs (Pax. 74/ Myt.5¢) were signdicantly greater inthe VL of
both groups of COPD patents than = control wbjects
(Figure Jab). The numbers of total SCsdid not signdicantly differ
among the three study growps (Fgure Jab) Besides thes,
among Al COPD patients as a whole, the number of muscle

58



SANCHO MUNOZ 61 &

TABLE 3 Fber type characterstics of
the vastus lateralls in the study subjects

N \Viey-

Fiber Type | proporson (%)

1059 287(132) 266 04

Fiber type || proparton (%) 65254 643(137) 630 (105
Hybrd Sber proporson (%) Wiy a9 103 7"
Type | Fibers CSA ) 3589 (12600 2678 (sS40 2085 @79
Type Ul Fibers CSA av’) 2800 (122 2819 @51 1503 (395~
Hybrd fibers CSA () 207 (1534 2608 110 204 @0

Note: Mean values and standard deviation of the proportions and ses (o sectiond ress) in he
WL of both groups of COPD patients and the control abjects

Abtrevations COPD chvone obstructve pulmonary. CSA cross. sectonal area N saengle s
Statwstic 4 spreficance "p« 05 “p« 01 and *p « 001 between any of the groups of COPD pasents

and the control subyects. p «< 05 ¥p< 01 b and

axtivated SCs inversely comrelated with plasma levels of CRP
(Table 4A). Specifically. in VL of sarcopenic COPD patients the
opresson levels of PAX7 and MYOD sgnficantly comrelated
with the degree of arway obstruction (Table 48) Moreover, n
the same muscles, propor tions of slow-twitch fibers signdficantly
correlated wath the lung function parameters FEV,/FVC and
Dico (Table 48)

(a)

coperse COPD patents

3.4 | Expression of muscle regeneration and
regulatory markers in COPD patients

Gene expremion levels of the regeneration marker s Pax. 7 and Myt 5
{prolferation phase) and MyaD and MyHCl (dfferentiation phase)
were signficant ly reduced in the VL of both grougs of COPD patients
compared to the contral subjects (Fgure ). Proten expression

FIGURE 2 (a) Representative images of TUNEL pos tively staned nucke rown black arrows) and TUNEL negative nude | (green dotted

A sred ol

arows) n the VL (b) Mean values and

ation of the per

tage of positively staned nucke for the TUNEL assay in the VL of the

control subyects (white bars) nomarcopense COPD patients (gr ay bars) and sarcapenic COPD patients Black bars) Statsstical signiicance
*p 1 .001 between any of the growps of COPD patients and the contral sulyects. COPD. chrome abstructive pulmonary . TUNEL termnal
deoxynucieotiyl transferase medated dUTP nick.end labeling VL. vastus later als
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TABLE 4A Sipvicant correlatioms of the study vanables amang all the study COPD patients

TUNEL re042
p Q019
Abnormal fracson re =040
p*0010
Internal rudies re-0367
p» 003
Fiber type | % 0523 reQ418 reQ543
p 0003 proO21 prQ003
Fiber type Il % re-0428 re-0444 re-Q467
p*0003 pr0007 pra00s
Type | fibers CSA re 0460 re0444 re0493
prQ018 pr 000 p» Q007
Type |1 fibers CSA 04673
p Q00
Hyted Sbers CSA re0415
pr008
Pax.7 +/Myt. 5+ re-0426
pr0015
Nate In the table, units have been ometied for the sake of danty, & they ae alrexdy dewcnbed in he dg figures and tables

Abtreviatons COPD chrone cbstructive pumonary dsasse CRP, Creactive protemn € SA croms sectional area DLco, carbion monauide trarsfer. FEV,,
forced expratory volume in 15 FRML fatdree mass index FVC forced wial capaoty. KCO, Krough transter factor QMVC, quadnceps masmum

voluntary contration

levels of myostatn signdicantly naeased in the VL of the sarcopenic
patients compar ed to both controlsubjects and nonsar copenc COPD
patients (Fgure @ o). The expresson of MyHClix was signficantly
uprepulated anly in the VL of the sarcopennc COPD patients com-
pared to the control subjects (Figure 4a)

4 | DISCUSSION

In thes g the most relevant Sndings were that in sarco-
penic COPD patients with preserved nutntional status and de-
creased exercie capacity, muscle strength was, indeed, sipgnficantly
reduced and in the VL of these patients, a signficant decline n
muxche regener ation potential as meanired by the number of Pax.7+/
Myt.5. 5Cs. a decrease in show-twitch fiber type proportions and n
the size of both fast-twitch and hytr id fibers, along with a signficant
rise n both hybnd fbers proportioms and muscle structural ab-
normalitie s were observed Importantly, in the kmb muscles of both
grougs of COPD patients, the numbers of mternal muclel, activated
SCs (Pax.7+/Myf.5+) and TUNEL positive nuches were signdficantly
greater than in the controls, while the expression of markers of early
(proMeration phase. Pax.7. and Myl.5) and late (ddffer entia tion
phase. MyoD, and MyHCI fe reg wan d eg ulated
Levels of the potent negative regulator myostatn nareased anly n
the kmb fes of the sar COPD pa Collectively, these

findings suggest that markers of regener atve potential in the kmb
muscles of sarcopenic COPD patients are reduced and myostatn
may play a significant rale Moreover, as the rse in muscle damage
levels were detected to a greater extent in the VL of the sarcapenic
COPD patients (64% greater than in contral musdes), such structural
alterations are also Mkely to be nvalved in the triggering of the
fe reg P Cheung & Randa 2013 Yin et o,
2013) The most relevant results are discussed below
Prewsous mvestigations have shown that the number of central
nuchel a marker of muscle regener ation, and those of senexcent 5Cs
were wxremed i lower bmb muscles of COPD patients with dd
ferent degrees of body compasition (Thériait et al, 2012, 2014)
Among COPD pa spnificant ! s were cbserved
bety g v pa ters, especially ar way obs and
dffuson capacty, and the proportions of slow twitch fibers and
patients with better hng function parameters were those with a
higher proportion of type | fibers. Canversely, praportioms and sze of
type Il fibers nversely correlated with the degree of arway ob-
strction and ddfusion capacity. These are relevant fndings that
sugge st that ung function par tly contributes to the skow.to.fast Sber
type switch in the lower bmb muxcies of COPD patients as abso
previously imphed (Esther Barrewo et al, 2018 Pug Wanava
Martinez Uorens, et al, 2015 PugVidanova Rodrguez ot al,
2015) Furthermore, the size of slow. and fast.twitch Sbers and that
of ybird fiber s also correlated with FEMI. suggesting that lean body
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FIGURE 3 (2 Mean v

per myok

Corth o wliguct

%
i

ndar d dews ation of Pax. 74/Myt 5. [quescent] Pax. 7+/ Myt 5+ (activated) and ¢

Jes and

1atelvte Co Aty

Y the VL of contral sulyects (wh

bars) and n both nomarcopenk COPD patients (gray bard and sarcopene COPD patients

08 **»« O ¢

Dlack bary) Statatcal sgnfc e 1 between any of the growps of COPD patients and the control subjects ) Repr esentative

nages of mmunofuare xwence stanng of DAPI (left Pax. 7 (meddie Jeft panels) My 5 (meddierght panely). and cells positively staned

for both Pax.7 and Myt. 5 markers inght panels) o contraol subyects and n both nonsar copene and sarcopennc COPD patents

Triangle arrows ndcate Pax.] positive cells (uiesce te colls) and thn arrows ndcate dowble staned nucie for both Pax. 7 and My4 5

powtive cells (actwvated satelbte cells) COPD. chvomn xtve puimonary. DAPI 4.4 damdino . 2. pheny ndole

nass was amociated with a greater CSA of Al the muxcle fber types n the current a relatively large number of swrco
among the COPD patients In addition. musxcie damage and mtemal penk COPD patients of a farly “young age aspeicant dechne
wdel counts were alo nversely correlated with the mometrx ' quadnceps musde function served nutr a
strength of the quadriceps muscle of all the COPD patients Collex tered body compostion were carelully re 2m

tively. these are refevant of chucdatng whe ther muxtie regeneration potential may be ham

pered i the lower b mundes of sarcopenx COPD p

two

Jdferent phenotypes of SCs were d mined i the present study

mpowton Another nter

previously characteraed (Kuang ot ¥ L sublamanar 50 that
estng fedeg ' the study was the negative wrelaton found exprews Pax.7 but do not express Myt 5 nstitute the 5 reser vowr

between CRP plasma levels and the number of actwvated SCs Th

fac
fag

miscie Inthat semnal nv

s hntrate that viammation as measured by CRP was clearly demomtrated that Pax.7+ 5¢ SCs preferentially
some how nfluenced the process of muscle n an Ao m Jdferentiate nto muscle fibers whereas Pax. 74/Myt 5. SCs con
phed to ocowr n muscies of COPD patients (Vogiatas et o ) tribute to the SC reservor enlrpng ths compartment withn
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TABLE 48 Sgndcant correlatiom of the study varables among
sarcopenic COPD patsents

Fiber type | % e %04 re 44
pr 047 pro87
PAXT e 537
pe 015
MYOD r. 003
p*.00

Note For the sake of clanty in the table, ursts have been cmstted s they
are arexdy bewg shown in the corresponding figires and tables
Abtreviators COPD chrone obstruc tve puimonary deease. CSA aross.
sectional wea Dlco cabon monaude transier. FEV , forced expratory
volume in 15 FVC forced wial cap ity

shede tal musde. The conchusions fram that study (Kuang et al, 2007)
were that two diferent subpopulations of SCs were establshed on
the basis of thew abity to express Myl 5 (Kuang et al, 2007). As
such Pax. 7+ /Myt 5+ SCs were entifed as the d myoger
progerwtors, while Pax. 7+/Myt.5. SCs were defined as the actual
stem cells (Kuang et al, 2007).

(a)

20,

Impartantly, n the present mvestigation, a sgnidicant declne n
the mumber of Pax.7+4/Myt.5. SCs wan detected anly n the kmb
fes of the s COPD but not n those with
preserved body compostion and normal quadnceps de functs
These findngs mply that the SC reservor was hampered n the
sarcoperse muscles which may further opardize the process of
muscle regeneration. In fact, the prapor tions of show twitch muscle
fibers were reduced anly in the VL of the sarcopenic COPD patients.
Mareaver, the size of slow twitch, fast-twitch. and hytr id myofibers
was also significantly smaller i the lower kmb musdes of the sar-
copenic patients, but not in thase with preser ved body compas tion
Add itson ally, de st al b | were even greater in
the VL of the sarcopenic COPD patients than in thase with no muscle
loss. These results, which are very with those abtaned n
previous nvestigations (Barrewo et al, 2019 Pug-Wanova
Martinez Uorens, et al, 2015 PugVianova Rodrguez et al,
2015) maybe partly explaned by the poarer regenerative potential
detected in the kmb musdes of the sarcopenic patients. Proportions
of hytrid flbers wxremed n the bmb musdes of both growps of
COPD patients and the proportiom were even greater in the VL of
the sarcopenic patents than i the nomarcopenic growp, while thew
CSA was smaller in the former patients. These are relevant findngs
that wmply that muxcles of COPD patients epecially of the

AL}

1.04

084

004

Comntrol subjects

Non sarcopen COPD

Sercoperse COPO

FIGURE 4  (a) Mean values and standard deviation (relatve exgression) of genes of muscle structure and regeneration i the VL of the
control subyects (wivte bars) nonsarcoperc COPD (gray barsl and sarcopenic COPD patients (black bars). Statistical sgnificance p £ 05,

“'p 201, "p £ 001 between any of the groups of COPD pa

and the

| subjects. (b) Mean vakies and standard deviation of myostatin

proten measwred i ODs using au n the VL of the contral subyects (wivte bars) and in both nansarcopenic (gray bars) and sarcopernc COPD

patients (black bars) Statestical signficance: “'p £ .01 bety sarcop

COPD pa and the contral subjects. “p 2 05 b sarcop

and penic COPD pa

) Representative images of VL crom sectional histalogical prep arations. Myastatin proten appears n

brown color. au, abitrary unit. COPD, chvore abstructive pulmonary. OD, optical demsity. VL vastus later als
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s copenic ones, are able to adapt to ervironmental factors such as
nactivity, exercise. or aging (Medler, 2019) Collectively. these
events are of paramount importance. as a comrect muscle regenera-
tion program s required to attan full recovery of muscle mass and
function n respome to diferent traning modalities. Thus, the cur-
rent results have potential chnical implications for the design of
wecic % progy a patients with a defective re-
generative potential may be lews susceptible to improving thew
muscle mass and/or function, even those with preserved nutr itional
status

It &5 wor th noting that the lower kmb muscles of both growps of
COPD patients expe d the actwation of a e reg ats
program in a simdar fashion. In lne with this the number of speafic
activated SCs (Pax. 7+/ Myt 5+) ntemal nuded. and TUNEL postive
mudei were notably and simdarly ncreased in the VL of both groups
of severe COPD d to those d: d n the |

N \viiEy-

during the regeneration process, thus leading to poor muscle growth
and development fallowsng yury. Hence. ths may be another me-
chanesm of muscle mass loss i addition to ncreased proteclyss and/
or apoptoss as Ao comastently shown n previous inves tigations
(Plant et al. 2010 Pug Vilanova Martinez Uorers, et al, 2015,
Vogiatas et al, 2010). Nonethelews, cluadation of the precsse role
and imphcations of myostatn on de reger and growth n
COPD sarcapersa will have to be definitively confemed n future
imves tigatiom

On the other hand. the reported Sndings may alo have future
chnical mmplhcations as myostatn blodkade usng specific antibodies
has been shown to par thy revert the loss of muscle mass and function
in several experimental models (Harsh et al, 2019 Iskendenian ot ol
2018 St Andre et al, 2017) and n patients Burch et al, 2017
Sameca et al, 2017) Whether anti. myostatin antbodies can also be
et pely used in patients with nonmunde daeases such as n sar-

muscles. These findings are in line wath previous resulits in which the
o of e reger was also trggered in the VL of severe
COPD patients with a wade range of muscle mass loss (Thénault
et al, 2012, 2014) Mo in ther study Me et al 2012)
the number of SCs was similar between COPD patients and healthy
contrals at baselne Differences n the level of alter ations in body
it D ts and/or Je function and mass may
t for d pances 4 among studes (Menon et al,
2012 Théradt et al, 2012, 2014)
Furthermare, gene expresson levels of the carly markers of
muxcle regeneration Pax.7 and Myf. 5 were dowrr epulated in the VL
of both groups of severe COPD patients pared to the h

copenic COPD will be a matter of research in uture vestigations
This will shed mare light on the mmplcations of myostatn in the
muscle regenerative capacity of sarcopenc COPD patients

5 | CONCLUSIONS

In the lower kmb muscles of severe COPD patients regardiess of the
degree of sarcopenia, the munde regeneration process is triggered as
identfied by SC axtvation and a rse n intemal nudel counts
Naonethele ss. regenerative potents al along with s preficant al teratiom

Pax7 and Myl 5 tranwcription factors play key roles durng the
proMeration phase of the musde rege tion pr Guitart et ol
018 Yin et al, 2013) In keeping with this, similar results were alo
reported in the quade ceps muscle of cachectic COPD patients (Plant
etal, 2010 Thérault et al, 2012 2014) The downregulation in gene
egrenion of the tranrption factors MyaD and Myogenin and of
MyHC .l isaform as markers of late musde differ entiation during the
regeneration process was another refevant indeg in the nvestiga-
tion. These findings are also in line with those previanly demon-
strated in the muscles of patients with advanced COPD (Plant ot ol
2010 Pug- Wanova, Martinez Uorens, et al, 2015 Thénault ot al,
2012 2019

Myostatn, a member of the tramforming growth factor beta
famidy. 5 a negative regul of Je prowth My " Ao
known to mhibit SC and mycblast prolferation through al me-
chanims that lead to cell cycle withdrawal (Walsh & Celeste. 2005)
Importantly. myostatn levels were sgndicantly greater n the hmb
muscles of the sarcopenc patients than those detected within the
nomarcopenc patients or the control sulyects. These results are bne
with previows studies n which myostatin levels were consstently
demaonstr ated to rise in the lower kmb muscles of patients with ad-
varced COPD (Marsh et al, 2019, Plant et al, 2010 PugVidanova,
Martinez. Uorems, et al, 2015 Walsh & Celeste. 2005) In view of ol
these findings, it would be possible to condude that my may
have interfered with the process of muscle cell prolfer ation early on

inmusde phenotype (slow-to-fast switch phenotype and smaller fast.
twitch and hybrd myofbers) and muscle damage were promnently
seen in the sarcopenic COPD. A rse in the muscle growth nhibitor
myostatn was alwo detected only in the VL of the sarcopernsc COPD
patients which may further aggravate kons of muxcie mass and
function in thes peciic group of patients. These findings have clnical
imphcations as not all COPD patients may equally respond to ex-
ercme and/or muscle tramwng modalities, and myostatin blockade
should be specfically cstomazed to patents with sarcopensa
in COPD
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Abstract

Impaired muscle strength and mass (sarcopenia) are common in patients with respiratory
cachexia namely chronic obstructive pulmonary disease (COPD) and in lung cancer (LC)-
cachexia. Misfolded/unfolded proteins in endoplasmic reticulum (ER) induce the
compensatory unfolded protein response (UPR). Expression of ER stress and UPR
markers may be differentially upregulated in vastus lateralis (VL) of patients with
respiratory sarcopenia associated with either a chronic condition {COPD) or subacute
(LC)-cachexia. In VL specimens from 40 COPD patients (n = 21, sarcopenic, fat-free mass
index [FFMI) 16kg/m? and n = 19, nonsarcopenic, FFMI 18 kg/m?), 13 patients with LC-
cachexia (FFMI 17 kg/m?), and 19 healthy controls (FFMI 19 kg/m?), expression markers
of ER stress, UPR (protein kinase-like ER kinase [PERK), activating transcription factor
[ATF] 6, and inositol-requiring enzyme [IRE] 1-x). oxidative stress, autophagy, proteolysis,
and apoptosis (reverse transcription polymerase chain reaction and immunoblotting), and
fiber atrophy (histology) were assessed. Atrophy and muscle wasting and weakness were
seen in both groups of sarcopenic patients. Compared to healthy controls, in muscles of
LC-cachexia patients, expression of ER stress markers and UPR (three arms) was
significantly upregulated, while in sarcopenic COPD, expression of a few ER stress
markers and IRE1-a arm was upregulated. ER stress and an exaggerated UPR were
observed in the VL muscle of patients with respiratory sarcopenia. The three branches of
UPR were similarly upregulated in muscles of cancer cachectic patients, whereas in
sarcopenic COPD patients, only IRE1 was upregulated. The differential profile of muscle
UPR in chronic and subacute respiratory conditions offers a niche for the design of
specific novel therapeutic approaches.

KEYWORDS
chwonk and subacute respiratory sarcopenkc conditions, COPD, endoplasmic reticulum stress,
lower limb muscles, lung cancer, unfolded protein response

Albreviations ASK mpoptoss dguabegulating Mnase ATF actvating vavicription factor, BML bady mass index; B8P, binding immunoglobuin rosin CHOP, CEBP lhomdogous protan
COPD, chranic doatructive pumanary diseaw . ER, endaplamic reticdum LC, lung cancer LC3 mic rotubuk asociated protan 1 ight chan 3 EIF2a, cukaryotic wamdation msason faor 24
GAPOH, ycorddivde 3 phasphate devdragenam; HEP, haat shack rosein IRE, inositol-requiring enayme MDA, makndiakie by de MyHC, myodn heavy chain pé2, nucleoparin pé2. PO,
omin deulfde somerase PERK proten kinaw ke ER Mo, QWG quadricops madmal wloc By comtraction. TRAFZ, tunor necross factor mcepton s ited facsor, UPR wif dded
osin espanie VL vasius laterdis XEP 1 X box Bnding prosein

J Gl Physiol 2018115 wileyon knebb rary. compoumal/icp © 2018 Wiey Penodicals, Inc | 1



BARREIRO 1 AL

~wie y-

1 | INTRODUCTION

Muscle mass loss and dysfunction (sarcopenia) are characteristic
features of patients with chronk respiratory and cardiac conditions
and abso In cancer. Several studies have shown that for the same
degree of alrway obstruction in patients with chwonk obstructive
pulmonary disease (COPD), poor muscle mass, and weakness of the
quadriceps negatively influenced their quality of life and prognosis
{Gea & Martinez-Uorens, 2018, Gea, Pascual, et al, 2018, Gea,
Sancho-Muoz, & Chalela, 2018, Gosselink, Troosters, & Decramer,
2000, Marguis et al, 2002; Seymour et al, 2010, Shrikrishna et al,
2012; Swallow et al, 2007). In patients with kung cancer {LC), muscle
wasting and cachexla akso reduced thelr quality of life and survival
{Evans et al, 2008; Fearon et al, 2011). Despite that both respiratory
and limb muscle dysfunction are present in patients with COPD,
muscles of the lower limbs are usually more severely affected and
have greater implications in their dally life activities (Barreiro, 2017,
Barrelro & Jaltovich, 2018; Barreiro et al, 2015, 2018, Jaltovich &
Barrelro, 2018, Maltaks et al, 2014).

In the etiology of sarcopenia, several clinical aspects and molecular
mechanisms are involved. Our group and others have contributed with
several studies to the demonstration that systemic inflammation,
increased oxidative stress, protedytic signaling. autophagy and
apoptosts, and epigenetic events participate in the multifactorial
etiology of sarcopenta in COPD as well as in LC.cachexia {Barreiro,
2017, Barrekro & Jaltovich, 2018, Barrekro et al, 2015, Barrekro et al,
2018; Jaitovich & Barreiro, 2018; Maltais et al, 2014) Indeed similar
biological and structural features were identified in the vastus lateralls
(VL) of patients with respiratory cachexia {Pulg Vilanova, Rodriguez,
et al, 2014). The endoplasmic reticdum (ER) organelle is in charge of
folding. processing, and trafficking of proteins within the cells.
Accurmulation of unfolded proteins may result from alterations in
cellular homeostass {aging, Infections, hypoxia, ghucose and cakium
imbalance, etc) When proper folding camnot be restored by
chap and fold. nfolded proteins are usually targeted to
be degraded by ER through several pathways. Furthermore, unfolded
protein response {UPR) is normally induced as a persistent accumula-
tion of unfolded proteins within eukaryote cells {Chakrabartl Chen, &
Varner, 2011; Kelsen, 2016) Three ER tr e ane receptors with

Therefore, we hypothesized whether the expression of ER stress
and UPR markers may be upregulated to a different extent in the VL of
patients with sarcopenia assoclated with respiratory dise ases of elther a
chronke condition (COPD) or a subacute disease (LC). Accordingly, the
study objectives were to explore in VL specimens abtained from COPD
patients with and without sarcopenia in those with LC.induced
cachexia, and in age-matched healthy control subjects: {a) Well known
markers of ER stress, (b) markers of UPR pathways [activating
transcription factor [ATF] 6, protein kinase like ER kinase (PERK), and
inositolrequiring enzyme (IRE) 1] (<) markers of oxidative stress
autophagy, apoptosis, and proteolysis, and {d) muscle phenotype {fiber
types and morphometry) Gene expression profile was analyzed for all
the target markers along with protein levels of the markers whose
expression significantly differed in the muscles of any study group of
patients from those detected in the control subjects.

2 | MATERIALS AND METHODS

(See detalled methodologles In the online suppor ting Informatian.)

2.1 | Study design and population

This was a prospective, controlled, cross-sectional study, in which
40 male patients with stable COPD (Miravitlles & Soler-Cataluna,
2017, Miravitlles et al, 2017, Vogelmeler et al, 2017) and 13 male
patients with LC.cachexia according to the international consensus
criteria (Evans et al, 2008; Fearon et al, 2011) were recruited.
Additionally, 19 age matched male healthy controls were recruited
from the general population (patients’ relatives or friends) at
Hospital del Mar (Barcelona) COPD patients were further
subdivided into those with and without loss of muscle mass and
muscle strength {sarcopenic COPD, n=21 and nonsarcopenic
COPD, n=19) following the international consensus criteria on
muscle wasting and sarcopenia (Cao & Morley, 2016, Muscaritoll
et al, 2010) and published criteria (Pulg-Vilanova, Rodriguez, et al,
2014). LC patients had not previously received any specific
treatment of the lung neoplasm: Chemotherapy, radiotherapy, or

ystemi corticosterokds at the time of entry into this specific

distinet functions have been shown to mediate UPR as part of a
complex signaling program (Chakrabarti et al, 2011; Kelsen, 2016)
Importantly, ERinduced UPR was also shown to signal muscle
development and regeneration (Bohnert, McMillan & Kumar, 2017,
Nakanishi Sudo, & Maorishima, 2005, Xiong et al, 2017). Markers of
UPR were also highly activated in skeletal muscles of mice with LC.
induced cachexia and blockade of UPR with 4.phenylbutyrate induced
a less fatigue resistant phenotype in the ches of the same animals
{Bohnert et al, 2016). These findings suggest that UPR plays akey role
In muscle mass maintenance, at least in experimental models of
cachexia Nonethel Invest igath are ded to elucidate the
potential role of UPR in muscles of patients with sarcopenia assoclated
with respiratory diseases.

investigation Clinical staging was assessed in all cachectic patients
with LC following currently available international guidelines
{Chansky et al, 2017). ANl study groups of individuals were
Caucasian. In the present investigation, nine sarcopenic COPD
patients and two age-matched sedentary control subjects were akso
involved in another study aimed to investigate the proteolytic
mechanisms involved in sarcopenic muscles of patients with severe
COPD and in those with LC.cachexia (Pulg-Vilanova, Rodriguez,
et al, 2014)

The current | tigation was designed in accordance with both
the ethical standards on human experimentation in our institution
and the World Medical Association guldelines (Helsinki Declaration
of 2008) for research on human beings. Approval was obtained from
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the dEtha C an Human Investigation Hospitad
del Mor IMIM. Barcelona). Infor med was obtaned
Fom Al ndwduals

22 | Anthropometrical and functional assessment

Anttvopometrical mutritional and lung function evakations were
conducted as previowsly reported (Comn et al, 2008 Stener. Barton
Segh. & Morgan, 2002) Quadk iceps muncle strength was evaluated
a formerly dexcribed (Coronell et al, 2004. Swallow et al, 2007)

23 | Muscle biopsies

Mucle les were obtaned ¥ om the quad e (VU ofall
prougs of patients and control subjects usng the apen muscle opsy
que. ¥ P Iy described (F e ot al, 2012 Pug.
Vilanova Apuld, et ol 2014 Pug Vilanova, Ausin Martine 2 Llorens,
Gea & Barrewo, 2014 Puig-Wanova, Rodriguez, et al, 2014 Pug.
Vilanova et al, 2015)

24 | Biological analyses
241 | Muscle fiber counts and morphometry

On three micrometer muscle paraffn.embedded sectioms fom
Al groups of patients and contrals, MyHC.| low twitch fibery)
and MyHC. Il fasttwitch fibers) moforms were dentfied wing
anti MyHC.| antbody (Sgma Ndnch, Sant Lous, MO). fallowng
methodologes Vy publehed (F clle ot A, 2012
Pug Vilanova Agulld, et al. 2014. PugVianova, Rodrguez, ot al,
2014 PugVianova et al 2015) ANA isolation Total RNA was frst
molated from nap frazen skeletal muscle speamens as prevsously
described (Pug-Vilanova et al, 2015)

o

242 | Gene expression was assessed using reverse
transcription polymerase chain reaction (qRT-PCR)

MicroRNA RT was performed using TaqMan * micr oRNA assays (Lide
Techmolopes Carbbad CA) followng the o or's Instruc-
tions and prevsous studies (Suppor ting Information Table 1. Livak &
Schmittgen, 2001 Puig- Wanova et al, 2015)

243 | Immunoblotting

Proten levels of the diferent malecular markers analyzed n the

RIS

33589 antibody (Cell Signaling. Boston. MAL anti ATFS (1100,
abl7149). antigroten kinase R (PKR).Mke endoplasmic retculum
kinase (PERK. 11000, ab79483) antiphospho PERK (11000,
ab192591), anti eukaryotic translation intiation factor 2a (eiF2a
1500, ab181447). antighopho e F2a (11,000 0I2157) O/
EBPhomologous proten (CHOP. 12000 abl1419) antiIREL
{1:1,000, ab37073). antitumor necrosis factor receptor. associated
factor 2 (TRAF2. 11,000, ab37118) anti X box inding proten 1
(XBP1. 11,000, ab17152) antibodies from Abcam, anti.microtu-
bule-associated protein 1 lght chan 3 (LCI. 11,000, #27759)
antibody (Cell Signaling). antiauckoponin pé2 P62. 11000,
PO047) antibody (Sigma Akdrch, St Lous, MOL anti. apoptoss
signal regulating kinase 1 (ASK1L. 1500, 3¢.5294) antbody from
Santa Cruz Botechnalogy (Santa Cruz, CA). anti malondialdety de -
protemn adducts (MDA 1 4000. MD20A.G1b) antbody (Academy
BoMedcal Company. Houston, TX). and anti.glycer aldehyde. 3.
phasphate dehydrogenase (GAPDH. 12000 %x.25778) anthody
(Santa Cruz Botechnalogy) To valdate equal proten bading
across lanes, the glycalytc enzyme GAPDH was used as the
P loadng ln ablots (Supportng Information
Fgwes E2-E5) Standard strigping methodolopes were wsed to
detect the phophorylated protens (PERK and EF2a) and the
loading control GAPDM for each of the markers (BIP. PDIAD, PIIK,
ATF4 PERK EF2a CHOP. IREL TRAF2 XBP1 LCIB pb2 ASK1,
and MDA)

25 | Statistical analyses

deed i codt

Statistical power was ¢ d usng spe e StudyS
20 CreoStat HB. Gothenburg Sweden) FAMI was selected as the
tar get var able on the basis of ¢ test to estimate the statist ical power
betw healthy controls and LC.cach patients On the basisof a
standard power bished at a of 80% and
mwuming an a error of 005, the statistical power was sufficiently
high to detect a mvmum difference of two pants between grows
n the sample sze (N~ 11 ber of wbjects n exch
Foup) and standard dewi ation. Norma bty of the study var ables was
checked usng Shapwo -Wilk test The compar mom between study
Foup were analyzed usng ane-way analyss of vanance. n which
Tukey's post hoc analysss was used to adpnt for multiple
comparnans Comparmans wer e explored between he althy controls
and either any group of COPD patients or LC cachexia patients
Pearson's ¥ test was used to assess po 1 it bets
Foups n the quaktative variables such o smoking hatory

study were explored by means of tng p dures a
previously described (Barreiro et al, 2018 Chacon.Cabwera Lund.
Palay, Gea & Barrewo, 2016. PugVianova Rodriguez. ot al,
2014, Salazar.Degracia et al, 2016, Salazar - Degracia ot ol 2018
The following prmary antbodies were wsed Antibinding mmu-
noglobulin proten BIP. 11000, ab37073) antbody (Abcam,
Cambridge. UKl antigroten daufide somerased (PDAD.
11000 ADLSPA.725.F) anthody {Enzo Lfe Scerce. Farming-
dale. NYL antiphosphatidybnostol Junase PIIK 11000

Correl bety dirscal and biclogical var ables were explored
usng the Pearson's correl coefh Varables that descrbed
the chnial characterstics of the study L e rep ted

a mean and standar d deviat ion, whereas all the molecular vanables
e represented as mean and 95% confidence interval A level of
spndicance of p 2 005 was establshed. Statstical analyses were
performed usng the Statstical Package for the Social Sciences
{Portable SPSS. PASW statstics 18 Oversion for wandows, SPSS Inc.,
Chcaga IL)
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TABLE 1 Aathropometr i char and functional status of the study subjects
Antheopomety
Age (years) 66 (7) 489 68 (5) 6805 67 (5)
M1 g/ 26 03) 2@r 245 742 213 ™
FFMI (kgin’) 19 3) 174 17 @2 (1 16 2y *
Body weght g 728 a6 &5 (10 744 a2 (1o
Body weght change 0) -5(Lam 1921 -02(29 -24 (18t
g/t year)
Lurg cancer stagng (%) NA 1AWN 20/3v40 NA NA NA
Senckorg history
Actre (NN 432 969" 24, w0 10, 53* 14,67
Exsmoler (N %) 947 401" 16, &0 9 ar 23y
Never smoker (N %) an 0,0 ao™ ao Qo0
5422 58012) 620249 61260 6209
Wwrg fucton
FEV, (% pred) w012 6122 « a9 e B9 e w009
FVC (% prec) w012 72 (W 64 (14 &5 09 aun
FEV/AVC ) 744 65 (1 a7 a0 LR E
RV (% pred) 104 20 96 (46) 180 (70 178 (74 w2
TC % prech) LU R ] 45 (20) 104 22 101 (24 107 (18
RV/MLC 418 51013) 6102 S8 01 a1
Dlco (% prec) 88019 75 (18) 55 @ 56 (29 53 Qo
Keo (% pred) 80N 9423 6422 @0 (20 02
Pa0; (kPa) 11303 10500 970150 7004 W07
PaCO; W) 53085 5209 5507 S3n 5408
Exerase capacity and muscle function
VO, peak (% pred) 83015 57 (10 S3@u 57 (200" a8
WR peak (% pred) 741 53 (100" 44 Qo 49 (20° 38 (17
6o wallong test 500 (76 a2 (s 425 20 a5(112) a5 (132)
QMVC ) 38 Q) e 0 ar ny 29 Qr
Bood parameters
Atumen (g4l 4304 isan 438 4301 43ps8)
Totd protewns g/d) 72107 4808 7208) 72(08 7208)
CRP (gl a4 03) azenw 11 04(08 1624
Fbrnogen (mg/d) v 570 (169 asipy 444 (89 a4 99
GSV (mevh) "9 49 (38 200148 Wi 21 Qar
MNode. BMIL body mass index. COPD chrone obs ¥ uctive g yd CRP- C . Dlea, carbon monawde transter. FEV, forced

expratory volume n ane secondd FRML 1. free mass index. FVYC forced vital cap ity GSV m;dmnv&m Keo: Krogh trarsfer factor .
LC g cancer: N number of patients. NA not agpicablle: PaCO, artenal carbon daoide partial pressre. PO, arteral oxygen par sal presure. pred

deted QMVC quadreceps I velb oty contraction. RV reschual voll TLC totd hung cap ity VO, pedk peak exerase axygen uptake WR
puhpulm'&
Valies are expressed as mean (standard deviation)
‘ps 005,
“p2001, and
*'p2 0001 between evther LC.cachexia patients or any group of COPD patients (s 2 whole and separ andd CorD

patents) and the healthy control subyects § p 1005 and 444 p £ 0001 between e nonsarcopenc and the mmmm

3 | RESULTS

31 | Clinical characteristics

Cinical and functional vanables of contral subpects COPD
patients and LCcachexia patients are Mustrated n Table 1 Age
dd not sgmficantly ddfer amang the study subjects. Body
compasiton as measwred by body mass ndex (BMD and fat.free
maws ndex (FFMD was signdicantly reduced n both COPD and

LC cachexapatients (Table 1) Addtianally, body weight, BML and
FFMI were also signdicantly lower n perc COPD pa

than n either healthy contrals or nonsarcopen patients while no
differences were observed between the latter patients and the
healthy controls (Table 1) Body weght change expresmsed as
kdogram lost i the previous year, was abo signficantly lower n
both LC.cachexia and COPD patients especially in sarcopenic
COPD patients. than contral subtyects (Table 1), In all growps of
patients, the propor tloms of active smokers were simiar and were
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sgnficantly greater than those observed in the healthy controls
(Table 1) The number of packs.year. however, was similar among
Ml study growps (Table 1) No sgnificant comelations were
detected between smoking hastory and any of the study bologeal
vaniables among any study group. Al COPD patients exhibsted
severe arflow limitation and moderate functional sgns of
emphysema (dffuson capacity status). whereas LCcachexa
patients showed a mdd to.moderate arflow abstruction and no
unctonal wgns of emply COPD patients extwinted very mid
hypoxemia with no hypercapnia compared with controls (Table 1)
Compared with healthy contrals i LC.cxhexa and COPD
patients, exercie capacity and quadrceps strength were signide-
cantly reduced (Table 1) Levels of Creactive p

i

L

iy

and globul ar sedimentat ion velocity were also s g ficantly greater
inCOPD and LC.cachexia patients, epecially in the latter patients,
than the controls (Table 1)

32 | Muscle structural features

As expected the propor tions of slow. twitch fibers were s prvficantly
lower in the VL of both groups of patients than n healthy subjects
{Tabde 2 and Supporting Infarmation Figure E1). In VL, the crom.
sectional area of fast.twitch fibers was sgnificantly smaller n
LC.cxhexia and COPD patients, particular ly in sarcopenc patients,
than n contral subyects, while that of slow twitch fibers was only
reduced in COPD patients (Table 2 and Supparting Fgure E1)

TABLE 2 Man chnical characterstics and functional vanables of the study sulbyects

Sutyects
Fem de/male 4/6 kU3 213
Anthropomety
zm 62 6) 67(10 "
e 260 18 (2 ™
FEMI (kgm) ¥@) 1802 15 e
Senclung history
Actre NN 0.0 44y 4 40
Exsmoler (N %) 5% asre 9 60"
Never smoker (N %) 5% Qo™ Qo™
Pack. years 62014 (W 66 M)
v e
% pred) w9 sy~ a1 g2
FVC (% prech 28 sa(1a™ 58 (18
FEV/FVC ) »a a5 40 (11
RV (% prec) 115 (180 (59 210 (69
TLC % prec) 104 (100 11520 119 (17)
RV/TLC %) 40 a6 69 (1
Dtco % pred) 102 (16 a9y (8
Keo % prec) “ e sa(an 57 @
PO, (menkig) a2 68(95™ 65 ma
PaCO; pmeriig) Qw2 46149 4550
Exerose capacity and muscle force
QMVE &g) iy 2 23yt
6w wallung dstance im) 52640 wsa(my 380 (113
Bood parameters
Aeren (g0 a5p4) 42009 4609
Totd protews (g/d) 63015) 49%(an 47012
CRP (mgdl) 09 04) 178" 40 (54"
Fonnogen (mg/d) 384 (108 416(%0" 535 (2t
GSV (mevi) 150 29010 28 (13
Mot BME body mass ndex: COPD chrone obs i uctive pulm yd CRP C P - Dico, cartbion monawde transfer FEV, forced
y volume n one o FFMI Gt dree mass ndex: FYC forced wial cagacty. GSV globular sechen pelocity. Keo Krogh sler factor
for dMising capxity. N number of patients. PaCO, arter @l carbon doxde partial pressure: P20, artenal axygen partial p predt precicted

QMVC quadnceps ¥
Valies are expressed as mean (standard deviation)
‘p2Q0S,

“p20Q01, and

*p2 0001 between any group of COPD patients and the control sbyects
Y008

*p 2001 and

#p 10001 between nancachectic and cahectic patents

RV rescud volume TLC totdl hung capaoty
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FIGURE 1 Contwued
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FIGURE 2  {a) Mean values and 95% confid

ntervals of expr

ATFS protein content, 0D (au)
8 &2 2 8

ALy

¥

levels of ATFS marker exprewsed as relative messenger RNA levels n

the vastus lateralls muscle of the study growps Healthy contrals, LC cachexia and COPD patients ) Mean values and 95% confidence

nter vals of ATF6 proten content in the vastus | = e o

d by cptical denwties in arbitrary unsts (0D, au ) ATF activating

tramcrgption factor. COPD: ch abstructive pul

y diseane. LC lung cancer "p 5005 and *"p 5 001 between arther the LC cachexia

patients or any of COPD patient groups (nonsarcopenc and sarcopenic patients) and the he althy controls

33 | Markers of ER stress and UPR in sarcopenic
muscles

331 | ER stress

Compared wath healthy controly, gene expression level of heat shock
proten (HSP) 40 calnexn and PIIK were sprvicn fy wpregilated n e
WL of COPD patents as a whole and LCcachexia patients Fgure 1a)
Furthermore. in VL of LCcachexa patents, gene expression level of BIP,
HEPTQ calreteviin and pr deiicle A PODW 3 were abso
Mcmmncmmwmwum

] were found between gene expresson
evels of M!l““““c“dﬁh
¥ =0844 and p~ 0005 and r= 0813 ndp » 0049 respectively) In the
same group of patients, 1 were o 4 b gone
epresson of the ER stress marker PDIAJ and the clincal vanables FRMI
and weght loss [r = 0649 and p= 0 101 (aimast sgficant) and r = 0754
and pr 001 repectively) Muscle gene expr levels of PDIAD also
wgndcantly correlated with the proporsons of type | powtively) and type
Il inegatively) bers 0740 7= -0740. and p~ 0036, respectively)
amang LC caxxchexia patients. In VL of e same patents, gene expression
evels of BAX and BCL2 alwo sprefcantly correlated with the proportions

of type | and type Il Sbers =071 and p~00M and r=0598 and
P~ 0042 repectively)

Interestingly. proten levels of PDIAD and PIIK were spficantly
greater n e VL of both COPD as a prowp and LC cachexia patients
than in the contral subjects Fgure 1cd and Supportng Information
Fipre E2) Proten levels of BIP were almost spwiicantly ncreased
(p=0084) in the VL of the LC cachexa patients compared with the
control subyects, while no sgnficnt diferences were obser ved amaong
the COPD patients (Fgure 1 and Supporting Infarmaton Fgure £2

332 | ATF6arm

Gene oxpresson and proten levels of ATFS pathway were

sgnicantly wregulated n VL of LCcachexia and ATFS proten
was also od n o3 of sarcopenic COPD patients

(Fgure 2ab and Supporting Information Figure EJal

333 | PERKarm

CHOP gene expremsion was signdicantly greater in muscles of LC.
cachexia and n both groups of COPD patients, while that of PERK and

-

FIGURE 1
POIAT. and PIIX expressed = relatn

COPD patients. ) Mean values and 95% confidence ntervals of BIP proten content in the vastus Lteralls munde =

{3 Mean values and 95% confidence intervals of expression levels of the fallowsng marker s BIP. }SP6Q HSP 70, calnesin. calreticulin
enger RNA level in the vastus lateralls munde of the study groups: Mealthy contraly, LCcachexia and

d by optscal d

n arbitrary urets 0D, au) k) Mean values and 95% confidence intervals of PDIAD proten content n the vasius lteralis muscle as meanred
by optical denmities in arbitrary units (0D, au) k) Mean valies and 95% confidence intervals of PIIK proten content in the vastus lateralls musde
& meawired by optical denwties n artetrary unts (0D, au) BIP bindng mmmunogobulin proter: HSP: heat shodk proten. COPD: chvanic

proveryi—"A
p;ooxau *p20Q001b
healthy controbs

ether e LC cxch

ary dseane LC mcmrmimmw-m-oMAwl uxmws-— ‘p2005,
patients or any of COPD Foun i L]

) and the
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ATFA did not difer amang the study groups Figure Ja) Proten levels
of xtvaked phophorylated) PERK BF2a and CHOP were sgni
cantly hugher n the VL of the LC cachexia patients than n the controls
Fpwre Jb-d and Supportng normation Fgure EB) Morcover,
proten levels of CHOP were abo signdicantly ncreased n the VL of
COPD patents as awhole and n the sarcopensc growp Fgure 3d and
Sportng Infarmaton Fgure EX)

334 | IRE1arm

Gene expresson of TRAF 2 and XBP1, as markers of IRE 1 pathway. was
wpregubted n VL of COPD patients and the latter marker also n LC.
cxchexia group Figure 4a) Moreaver. TRAF2 gene expresson was
des of both o COPD

abeed
wrep "

and nom

@) O reatry covon

patents (Figure 4a) Proten levels of IREL did not sgnfcnty difer
among the study grous (Fgure @ and Swpporting  Infor mation
Figre B4) TRAF2 proten levels were sgniicantly maemed n the
VL of both graps of COPD patents Figire dc and Supporteg
Infarmation Figure E4 Interestingly. proten levels of unsplced XBP1y
and spiced XBP1s were sgnicantly greater in he VL of both LC.
cach ad COPD s a whale and in sarcopensc (XBP 1) than
n the controk (Fgure 4d-¢ and Suppor tng Indormation Figure E4)

34 | Markers of oxidative stress, autophagy,
proteolysis, and apoptosis in muscles

Gene oxgremson of atrogn-l and MURFL was only sgndcnty
upregulated n VL of LCcachenia compaed wiih healthy controls

7
I

FIGURE 3 {a) Mean values and 95% confidence inter vals of expresson levels of the fallowsng markers: PERK, ATF4 and CHOP expressed as
relative messenger RNA levels in the vastus lateralis musde of the study groups: Healthy contrals, LC cachexia and COPD patients () Mean
values and 95% confidence ntervals of activated PERK proten content in the vastus lateralis muscle as measured by optical demities n
artutr ary units (OD, au). k) Mean values and 95% confidence intervals of actwvated BF 23 proten content in the vastus lateralis muscle as
measured by optical demities i arbitrary units (OD, au) () Mean values and 95% confidence ntervals of CHOP proten content in the vastus
laterals muscle as red by optcal d n arbitrary units (0D, au). ATF actwvating tramcniption factor. CHOP: C/EBP hamalogous
protewy. COPD: chvone abstructive pulmonary deease. EF2a eukaryotic tram lation v tiation factor 2a LC lung cancer. PERK proten lonase
R {PKR) Sk e endoplasmic reticulum konase. "p £ 005 and *"p £ 0.001 between aither the LC cachexia patients or any of COPD patient groups
omarcopenic and sarcopern patients) and the healthy contrals
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(Fgure 5a) Proten levels of microtubuk ated pr TAZLB ght
chan 1B (LCIB) were anly sgnicantly greater in e VL of Al COPD
patents as a whole and n the sarcopenc patents fhan n

o]« 1 drkerts

to same extent in sarcopersc muschs of patents with COPD fram those
with LCcxchexa These are novel fidings fhat prompt UPR a5 2

Fpure 5b and Suppartng Infarmation Fgure E51 wihile proten lewels of
e atophagy marker pb2 dd not sgndicanty dider amang the study
goun (Fgure 5 and Supportng nformaton Figure E5) Proten
axdlaton levels a5 meanred by MDAproten adduct levels were
wgnvicantly higher in the VL of all study grougs of patients than n
heatthy controls (Fgure 5d and Supportng Informaton Fgure £5)
Gene expresmon of apoptoss markers such s caspase.7, capase.9,
and ASK were signviicantly wpregulated in VL of LC.cxch
pared wih e obs {Fgure 6a) M. ASK gene expr
wan also upregulated i musdes of both sarcopernse and op

P d sgndng dever of musdde atrophy in patents with respratary
dseases

Correct fokding, processing and trafficking of prote s take place
n the ER which also plays a centr al role in proten synthess and cell
calcmm hameostases (Almanza et al, 2018) ER stress rewilts from
the latson of fokded protess 0 response to eyunous
conditions that diwupt cell hameostasis Intrnsc ER per turbations
such as those ocourring n cancer (genetic mstabiity and muta tions)
and n deg ative d may result i ER stress (Nmanza
et al, 2018) Moreover, extnimi pertubatioms derwved from

COPD patents and as a whale compared with healthy ols

i stress (deph of mutrients and oxygen and

(Figure 6a) Proten levels of ASK were alwo sgnificantly ncreased n
e V0 of LCcachexia and COPD patients as a whale, especally n the
sarcopense COPD patients (an almost sprdficant ncrease. Figure 4b and
Supporting Infarmaton Fgure £5). Spnficant camrelations were found
between caspase. 7 gene exgression and the proportom of type | and
type |l fibers & = 0874 and r» -Q874 p » 0005, respectively) n the
musces of the LC cachexia patents.

4 | DISCUSSION
The curent nvestigation has xddressed a novel refevant question n

well characterzed paten ts with respratary sarcopenia of two diferent
etalopes, chrone ([COPD) ver s subacute (LC) cond Sarcop

dose) and d reactive oxygen speces production also lead
to ER stress (Almanza et al, 2018)

Desprte that UPR has been recently shown to underbe the
pathophysology of several acute (cnitical #iness) and chvone ung
condtions cystic fbross, pulmanary flbross and COPD. Back
etal 2012 Bartoszewshi et al, 2008 Hassan et al, 2014 Lawson
etal, 2011), s role in skeletal muscles s not well known, ket alone
in pecific conditions charactenzed by severe muscle mass loss
Actvation of ER stress and UPR may also take place n skeletal
muxcles durng exercise and agng (Bohnert et al, 2017) As
proten fokdng o the ER & caloum., redax., and energy-
dependent, ER stress may be a relevant mechanism leading to
muxcle wasting in chvan diseases. In fact, perturbations n those
homeastatic processes have been reparted in the lower bmb

les of COPD patients with mucle dysfunction and wasting

COPD patsents had a mare severe arway obstruction but ddfison
capacity was smilar to that seen 0 patents wvth normal body
composton Despite that Pa0; levels were sipnvficantly lower n all
progn of COPD patients compared with healthy controls such a
rechiction was very mild even i the sarcopenc patients. As expecied, n
e VL of both LCcach and COPD

(Barrewo et al, 2010 Fermoselle ot al, 2012 PugWanova,
Ausn, et al, 2014 PugWianova Rodriguez, et al, 2014 Pug.
Vidanova et al, 2015) In the current study, we sought to explore

whether ER stress and UPR may be upreg n sarcope
muxcies with two different resperatory discases chronk verss

haaite o

muscle phenotype was char xterzed by a rise in the proportions of fast.
tntch Sbers whik its se was sigreicantly smaller as an indicaton of
muscle atoply. These fndngs are similar to those previously reported
n b muscles fom cachectic COPD patients and n thase with LC
(Barrewo et al, 2018 Formoselle ot al, 2012 Puig-Wanova Rodnguez,
et al, 2014). Moreaver, in the sarcopensc COPD patients. sow twitch
cow-sectonal rea was alwo reduced compared o that seen n the
contrals The expresson profide of markers of ER stress and UPR diers

ER strems actwvates e UPR that & medated by tiree ER
by semors wentded as ATFA PERK and IREL UPR

rever ses ER strews by soweng the Sow of new protesns into ER through
a sonves of tramenptional, tram btion al. and posttram btion al processes
that mareamse ER capacity ke proten kikding and processng. enhance
chmnaton of mefolded protens and expand the sue of ER (Kebsen,
2014). Importantly, UPR may ako iduce apoptoss and proten
degradation d ER stress canot be reversed (Chakrabart ot 4, 2011

-

FIGURE 4 {2 Mean values and 95% confidence inter vals of expression levels of the fallowsng markers IRET, TRAF2, and XBP 1 expressed as
relative messenger RNA levels in the vastus lateralls musde of the study groups: Healthy controls, LC.cachexia and COPD patients ) Mean
values and 95% confidence intervals of IRE L proten content i the vastus lateralis muscle as measwred by optical denwties in arbitrary units
(0D, au) (c) Mean values and 95% confidence intervals of TRAF2 proten content in the vastus later alis musde as measured by optcal
denwties in artetr ary urets (0D, au). (d) Mean values and 95% confidence inter vals of umpliced XBP 1y proten cantent in the vastus later als
muxcle as measured by aptical denwities n arbitrary units (0D, au.) () Mean values and 95% confidence intervals of sphced XBP1s proten
content in the vastus | s muscle o d by optical denwities i arbitrary ursts (0D, au ) COPD: chvore abstructive pulmanary
des JIREL endopl um to nudeus signaling 1. LC ngcancer. TRAF2 TNF receptor associated factor 2. XBPL X.box bndng
proten 1 "p 2005 “p 2001, and "'p £ 0001 between ether the LC.cachexa patients or any of COPD patient groups (nomarcopenc and
sarcopeni patients) and the healthy controls
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FIGURE 5 (a) Mean values and 95% confidence ntervals of expression levels of the following markers: Atrogh -1 and MuRF. 1 exgremed o

relative messenger RNA levels in the vastus lateralls musde of the study grougs Healthy i LC.cxch and COPD pa ®)Mean
values and 95% confidence ntervals of LCIB proten content in the vastus laterals dem d by aptical demmities in arbitrary units
10D, au). ) Mean values and 95% confidence intervals of pA2 proten content in the vastus lateralls fem d by aptical demities

0 artetr ary urets (0D, au) ) Mean values and 95% confidence ntervals of MDA proten adducts in the vastus lateralls muscle as measur od
by aptical demities in arbitrary units 0D, au) COPD: chronk obstructive pulmanary dsease. LC lung cancer. LCIB mcrotubule associated
proten 1 kght chan 3. MDA malondialde yde. MURF. 1 muncle ring finger pr 1. pé2 feoporn pb2. "p2005 "p2001 and

*p 10,001 between aither the LC cachexia patients or any of COPD patient growps fnon ands pat ) and the he althy
contr oy

Keldsen, 2014). Indeed, of cel hom and wrvwal or the ER to correct otlng In the present study. expresson levels of the
optosis & abo d d upon of the UPR spraling chaper anes HEPSQ. calnexon and PIIK were upre pulated in the VL of
pathways (Chakrabarti ot al, 2011 Kelsen 2014) both sarcopenic COPD and LC induced cachexia patients. Add ity
Posttramd, dp gof al brane and yp n e lower kmb musces of the latter patients, expression levels of BIP,

n the ER comprsses a vanety of resident chaperones foldases
aodoreductmes, and deulide momerases (Schvoder & Kauiman
2005) These chaperones promote deifide bonds and ghycomyd

HSP7Q cahexn caretculin and PDIAY were alo spficanty
uprepuiated These findings imply that ER strems & present n the
rpheral des of paients wath respwatory sarcopersa and

of protens in the ER under a process of quality contral befare protess
ext the orgnelie Molkeular chaperones sudch as calneon, calreticuling

partcularly i those wath LC In 5 with. an wpregul of ER
strew markers was also seen i the hindlmb musdes of cachectic mice

BIP. and other HSPs speciically bind unfolded or mafolied pr n

bearng the Lewss kg carcinoma (Bohnert et al, 2016) However, as G
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FIGURE 6
A, BAX and BCL2L1T exprewed as relative messenger RNA levels in the vastus later alis musdie of the study groups Healthy controls,

LC cachexia and COPD patients. ) Mean values and 95% confidence mtervals of ASK1 protemn content in the vastus lateralis muscle as
measured by optical demities in arbutrary units (0D, au) ASKL apoptoss signalregulating lonase 1 BAX BCL 2 amociated X apoptatic
regulator, BCL2L1L BCL2 ke 11 apaptosis regulator Bel.2. COPD: chvanik obstnctive pulmanary dseae. LC ung cancer. "p 1005,

“p 2001, and ""ps Q001 between exther the LC.cachexia patients or any of COPD patient groups (nomarcopenc and sarcopenic patients)
and the healthy contraols

& we are concerned the arrent nvestigaton is the first to report the
presence of ER stress Sngerprnts n the skeletal muscles of actal
with respratory s of two dif etiolo o
tmedrame Chrone ver s subacute conditions
In reponse to unkolded or misfolded protens ATFS pathway &
atvated through a senes of trambocation and wrever sble proteo-
Iyt processng steps leadng to the uprepilation of prosurvival
tramcrgptional progr ams (Chakrabarts et al, 2011). Gene expression
levels of ATFS were only sgndicantly wregulated n the VL of
patients with LC anduced cachex a while proten leve s of this marker
were alo spfcantly exreased 0 the b muscles of the
sarcopenic COPD patients Interestingly. ATFS may also nteract
with proten degradation pathways such as the ubquitin-protea
wome system to erhance protealyss and autophagy. Atrogn. 1 and
MURF.1 gene expression levels were sgrdficantly wpregulated n the
VL of patients with cancer cachexia Nonetheless proten levels of
the astophagy marker LCIB were anly signdicantly greater in the
musches of the sarcopene COPD patients, thus suggestng that ATF4
rather trggers the ubsquitn-proteasome pathway n muscles of
cncer cachectic patients than autophagy. Previous studies also
demanstrated a rse n atophagy markers n the VL of cachectx
COPD but not in those with LC (Guo et al, 2013 Pug Vianova,
Rodrguez, et al, 2014)
Both prosurvival and proapoptotic programs are signaled by the
PERK am of UPR fallowng the acumulation of unfolded or
fokded p The b proten PERK conssts of a
cytosole proten kinase doman and an ER umnal stress sensor. In
the study, protein levels of active PERK which phosphorylates elF2a
were sgnificantly greater in the VL of the LCcachexia patients
Durng ER stress phosphorylation of elF2a by PERK downregulates
proten synth by blodkng tr Wimanza et al, 2018
Rowlands, Pamniers, & Henshaw, 1988). Conustently. proten levels

{a) Mean values and 95% confidence mtervals of exgression levels of the following markers: CASPASE], CASPASE7, CASPASE 9.

of pEIF2a were also sgnificantly higher in the muscles of cancer
cachectic patients, thus smplyng that PERK arm was indeed activated
n the lower kmb muscles of these patients

Gene expremsion of CHOP was wpregulated n the quadriceps
of patients with LC.cachexia and in those with COPD to a lower
extent Mareover, proten levels of CHOP were alo signdicantly
icreased in the lower limb muscles of both LC.cachexa and
sacopenic COPD patients. ATF4 can abso induce the exgression of
XBP1 and CHOP to enhance UPR signaling Aimanzaet ol 2018)
In kne with thes, gene expression and protemn levels of CHOP and
XBP1 were also sgnificantly greater in the VL of LC.cachexia and
in COPD patients, especially in sarcopernc [CHOP and XBP1u
protein), thus mphng that these three pathways may enharce
UPR signaling cascades and downstr eam mechansms n muscles of
those patients. Importantly, increased expression of CHOP may
result in oxdative stress, ATP depletion, and cell death (Almanza
et al, 2018. Chakrabarti et al, 2011 Hramatw et al, 2014) In
the present study, axidative stress levels were signdicantly greater
in the VL of both cancer cachectc and ol growps of COPD
patients, as alo consstently demomtrated n previous studies
{Barrewo et al 2010, 2018, Puig-Vilanova Rodrguez et al, 2014)
Expression levels of markers of apopt wich as caspases 7 and 9
and ASK were also upregulated in the VL of patients with cancer
cxhexia Dempite that mo comrelations were found between
oxdative stress and atophagy or apoptosis markers, these
observatioms suggest that apoptosis may preferentially mediate
muscie mass loss in patients with LC.nduced cachexia and UPR
can be a powerful sgnaling mechanism. Indeed previous mnvesti-
gatiorms have alio shown that apoptoss rather than proteolyss
was the mayor mechanam leading to e £ in anmal
maodels of cancer cachexia (Salazar Degracia et al, 2016) and to a
lower degree in COPD sarcopera (Agusti et al, 2002)
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IREL sgnals both promurvwd and proapoptotic programs n
to mefolded and unfolded pr (Chakrabarti ot Al

iy

related to esther RTPCR or ablottng analyses may for
those difererces For some of the markers the magntude of the

2011) IREL has endorbonudease and serne-the lonase do
fhat exert dfferent actions Cytosolic IREL dmers also nferact with
adaptors sch = TRAF2 to drve ASK. lonames, and muclear factor. B
spalng pathways My Han Covilon, Kaudman & Exon 2006,
Neuyen et 4. 2004) Impartantly. gene and pr oten expresson levels of
TRAF 2 were sprvfican fy upregulated n the lower kmb musdes of both
props of COPD patients. Gene and proten expresson bweh of ASK
were alwo ncreased in the VL of cancer cache ctic and in COPD patients.
Collectvely. these findings suggest that TRAF 2 UPR marker may sgnal
e v tation of apoptosss leading to muxck atraphy n both conditions
of repratory sarcopensa In kne with thes, IRE branch of UPR was also
wregubted n the hindimb mundes of LC cachectic mice (Botnert
etal 2014) Proten synthess and the load of new protens entering the
ER we reduced by the xtion of IREL pathway wuch o XBPL
Interestngly. i the VL of patients with LC cachexia and n COPD.
pone expreswon levels of XBP1 were upregulted compared wath levels
n the controls. Furthermare, proten levels of the pload and unpliced
soforms. XBP1s nd XBPlu respectively. were alio sgdicantly
noemed n the mades of both cacer cachectic and sarcopenc
COPD patents

41 | Study critique

In the current nvestigation, ugregulation of the expression of the
three branches of UPR and ER stress markers in the lower kmb
muscles of patients with respratory sarcopenia was a refevant
chservation Of note ae the sgnificantly greater levels of
expreson and number of UPR markers that were wregulated n
the quadnceps of the cancer cachectic patients with repect to
levels od n the Jes of the COPD patents even
those with sarcopenia. Indeed, significant correlations between
mutntional status (FFMI), body weght loss, and muscle fiber types
with bidlogical variables were only seen amang patients with LC.
cachexia It is very Meely that the faster rate of muxcle mam lows
cbserved ncancer cachexia s oppased to chvank dsease (COPD)
may acount for the sgndficantly stronger UPR and ER strems
respanses abserved n the des of patients with LC.cach

de b LC cach patients and healthy controls were
higher than those detected between COPD patients and the contrals,
especidly for gene expresson. Fnally. it shoultd be mentioned that
deste the n % i diferences n expresion
levels of the study markers between nonsarcopenic and sarcopenic
COPD patients, the svestigation was not peofcally targeted to
expbre sxh a question. Importantly. the degree of lung fnction,
exercise capacty. nd e strength mp. ent was smiy n both
grougs of COPD n P nvestigatom, n whch
cachectic COPD patients were mare sever ey affected than nomarco-
penc patents [Barrewo et al, 2008, 2009, Fermoselie ot al, 2012, Pug.
Vimova Rodrguez. ot al. 2004) Ths may partly account for
dicrepancies n expression levels of some of the study markers

5 | CONCLUSIONS

ER stress and an exaggerated UPR were abser ved in the VL muscle of
patients with repratory sarcopenia and cachexia particularly n
thase with LC The three branches of UPR wer ¢ smilarly upregulated
n muncles of cancer cachectic patients, whereas in the sarcopenic
COPD patients, the IREL arm was mostly wregulated n thew VL
The diferential expression profdle of ER stress and UPR markers
observed in chronic and acute respiratory dseases offers a niche for
the design of novel customzed therapeutc appraaches whch may
encompans exerase traning along with pharmacdlogical strate pes
purpor ted to boost ER function Eventually. the se stratepe s will have
mphcations n the chncal management of the patients
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Barreiro E, Salazar-Degracia A, Sancho-Muioz A, Aguilé R,
Rodriguez-Fuster A, Gea J. Endoplasmic reticulum stress and un-
folded protein response in duq:hugm muscle dysfunction of patients
with stable chronic ob tive y di I Appl Physiol
126: 1572-1586, 2019, First publnhed April 18, 2019; doi: 10,1152
Japplphysiol 00670.2018. —-Ruplml y musc ke dyxfunax-n s common
in patients with clronic ob hi (COPD).
Cleonk conwractile activity ll\t’lku auhplumu reticulum (ER)
stress and unfolded protein resy (UPR) in animals (animals and
humans), We hypaﬁcsiacd that the respiratory muscle dysfunction
associaed with COPD may upregulate ER stress and UPR expression

dysfunction should not include UPR modulators, even inthose with a
more advanced disease.,

NEW & NOTEWORTHY In stable chronic obstructive pulmonary
discase patients with a wide range of disease severity, diaphragm
muscle weakness, and 1 ey ition, endoplasmi: retic-
ulum stress and unfolded protein response (UPR) signaling were not
induced in the main respirakory musclk, These findings imply that
endoplasmic reticulum stress and UPR are not involved in the docu-

I diaphragm Jle dysf observed in the study patients,
even in those with severe aifflow limitation, In stable chronic obstruc-

in digphragm of stable patiests with differemt degrees of m\suy
obstruction and normal  body ition, In diaph
specimens of patients with mild and modmw-uncvcm COPD with
preserved body composition and non-COPD controls (thoracotomy
because of lung localized neoplasms), expression of protein misfold-
ing (ER swess) and UPR markers, proteolysis and apoptosis (RT-
PCR and immunoblotting), and protein aggre gates (lipofuscin, histol-
ogy) were quantified. All patients and non-COPD controls were akso
clinically evaluated: lung and muscle functions and exercise capacity,
Compared with non-COPD conwrols, patients exhibited mild and

Ao-severe airflow limitation and diffusion capacity and im-
paired exercise tokrance and diaphragm strength, Moreover, com-
pared with the ¢ Is, in the diaphragm of the COPD patients,
slow-twitch fiber proportions increased, gene expression but not
protein levels of protein disulfide i family A ber 3 and
phosphatidylinositol 3-kinase catalytic subunit type 3 were upregu-
laed, and no significant differences were found in markers of UPR
transmembrane recepior pathways (activating wanscription factor-6,
inositolrequiring enzyme-la, and protein Kinmse-like ER kinase),
lipofuscin aggreg I lysis, or apoptosis, In stable COPD
patients with a wide range of disease severity, reduced diaphragm
force of comraction, and normal body composition, ER stress and
UPR signaling were not induced in the main respiratory muscle, These
findings imply that ER stress and UPR are probably not involved in
the documented diaphragm muscle dysfunction (reduced strength)
observed in all the study patients, even in those with severe airfflow
limitation, chuc n sublc COPD patients with normal body com-
position, th I gered 1o weat diaphragm muscle

Adkkress for reprim anl other o Jence: B I Pulmanal-
gy Department URMAR, IMIM. Haspital del Mas, PRII, C/ Dr. Alguscks, 88,
l!mdms. EO80F Spam (email: eharseim 0 imim es)

1572

8750758719 Copyright © 2019 the Amerkcan Physialogkal Society

tive pul ydi f with 1 bexly composition, ther-
q&cuns strategies should not include UPR modu lators,

COPD; diaphragm; end piratory
dysfunction; unfoldal p«ncn mtpumc

stress,

INTRODUCTION

The prevalence of chronic obstructive pulmonary discase
(COPD) is projected to increase in the next decades and is
nowadays a major cause of mortality worldwide (32, 33, 44),
Skeletal muscle dystunction with and without muscle wasting
is a very relevant systemic manifestation that leads to increased
morbidity and mortality, In patients with COPD, the lower
limb muscles are usually more severely affected than the
respirtory muscles, which must remain active throughout their
existence (3, 4, 9, 24, 28, 44), However, respiratory muscle
dysfunction has also been well documented in several studies
(4,9, 18, 24, 44), and it has a negative impact on the patients’
prognosis because of its implications in hypercapnic respira-
tory failure, acute exacerbations, and exercise limitation (I8,
24, 43),

In COPD, the pathophysiological factors involved in the
respirtory muscle dysfunction differ from those identified in
the peripheral muscles (9, 18, 24), The precise length at which
the diaphragm muscle fibers need to contract determines to a
great extent the differences between respirtory and limb
muscle dysfunction (9, 18, 20, 24), As such, airflow limitation
imposes increased inspiratory loads that modify thorax geom-
etry leading to shortening of the diaphragm muscle length (9,
I8, 20, 24). Furthemmore, the continuous inspiratory loads to
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which the patients are exposed to also indwee a training-like
effect in the diaphragm that may partly offset the deleterious
effects of other factors and may render the muscle more fatigue
resistant from structural and molecular standpoints, at least in
carly stages of the disease (20, 42), Sevenl biological mech-
anisms have also been shown to contribute to the reported
ventilatory muscle dysfunction in COPD (4, 9, 19, 22-24, 28),

Stress of the endoplasmic reticulum (ER) organelle, which is
responsible for folding, processing, and trafficking of proteins
in the cells, is involved in the regulation of skeletal muscle
mass, function, and metabolism (1), Perturbations of cellular
homeostasis during the course of infections, aging, and meta-
bolic derangements induee an accumulation of unfolded pro-
teins that lead to further imbalance of intracellular homeostasis
and functional alterations (15, 25), Chaperones and foldases
nomully restore folding of proteins, However, a failure to fold
proteins in the context of chronic or acute discase leads to
degrdation of these proteins by the ER through several path-
ways, Accumulation of unfolded proteins tnggers the unfolded
protein response (UPR) in eukaryote cells (15, 25), UPR is part
of a sophisticated signaling program that is executed through
the action of three ER transmembrane receptors with very
distinet functions (15, 25),

ER stress plays a ole in the maintenance of muscle physi-
ology, in aging, and in the nduplmiun to muscle activity and
metabalism, and exewise (1, 2 2, 13, 14), Interestingly, chronic
contretile activity induced arise in the expression of ER stress
markers and UPR in animals (31) and humans (26), ER stress
and UPR are also invalved in the pathophysiology of centain
myopathies (1), Whether these factors may play arole in the
respiratory muscle dysfunction of patients with chronic respi-
ratory diseases such as COPD remains to be identified,

On this basis, we hypothesized that the respimtory muscle
dysfunction associated with COPD induces differential ex-
pression levels of ER stress and UPR in the main respiratory
muscle, the diaphragm, in stable patients with different degrees
of airway obstruction with no nutritional alterations, compared
with a control group of non-COPD individuals, Accordingly,
the study objectives were to explore in diaphmgm muscle
specimens obtained from COPD patients with a wide range of
wrway obstroction and in age-matched non-COPD control
subjects: /) surrogate markers of ER stress, 2) markers of the
ER transmembrne receptor pathways [activating transcription
factor (ATF) 6, protein kinase-like ER kinase (PERK), and
inositol-requiring enzyme (IRE) 1], 3) markers of apoptosis
and proteolysis, and 4) muscle structure (fiber types and
morphometry) and lipofuscin aggregates, A group of non-
COPD control subjects who also underwent thomcotomy was
recruited for the purpase of the cument investi gation,

MATERIALS AND METHODS
Sty Subjects

This was a prospective comtrolled cross-sectional study in which 20
patients with stable COPD and | body ition and 8
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the time of the study, without episodes of exacerbation or oral steroid
treatment in the previous four months, None of them presented
significant comorbidities, All groups of individuals were Caucasian,
Exclusion erireria. Exclusion criteria for COPD patients and the
control subjects included other chronk respiratory or cardiovascular
disorders, acutke exacerbation in the last 3 mo, limiting osteoarticular
fition, chroni bolic di suspected parancoplastic or
myopathic synds severe 0l ing, andér with
drugs known 1o alter muscle structure andfor function, including oral
cortic ids. COPD and the non-COPD comrols were
qualified as sedentary after being specitically inquired about whether
they were conducting any regular outdoor physical activity, going
regularly to the gymnasium, or participating in any specific training

program,
The current i igs was d desig m a.oudnc vnlt both the
ethical dards on h exp o in our and the

World Medical Association nmdclmet { Helsmlu Declaration of 2008)
for research on human beings. Approval was obtained from the instine-
tional Ethics Committee on Human Investigation (Hospital del Mar,
Barcelona, Spain), Informed written consent was obtained from all
indiv kluals,

Anthropeme imecal and Functional Assessment of Patienss and Neon-
COPD Comirals

Anthropometrical evaluation included body mass index (BMD and
determination of the fat-free mass index (FFMI) by bioelectrical
impedance (16), Nutritional parameters were alio evaluated through
conventional blood tests,

Lung function was evaluated through determination of spirometric
valucs swu lung volumes, diffusion capacity, and blood gases using
fard procedures and ref values by Roca et al. (38-40),

Inspiratory muscle strength was assessed through determination
of maximal inspiratory pressure at the mouth (Sibelmed- 163; Sibel,
Barcelona, Spain) during an occluded maneuver from residual vol
umc Bmh COPD patients and control subjects underwent maximal

li ic pressure which were calculated
from the difference between both maximal gaswic and esophageal
pressures obtained during a snifl maneuver from forced resilual
capacity (30). Two balloon catherers were positioned in the
milesophagus and gastric cavity and then coupled 1o pressure trans-
ducers (Transpac II; Abbot, Chicago, IL) connected 1o a diginl

ler (BIOPAC Sy Santa Barbara, CA) (5, 34),

Exercise capacity was assessed through the 6-min walking distance
following curremt guidelines (11, 36, 37), The test consisted of wo
attempts (with ot least a 30-min rest between them) in a 30-meter
corridor, Encouragement was given every minute, and the test was
imerrupted if symy of exhausti Pr 1. Patients and the
non-COPD conrols also performed a progressive incremental exer-
cise test performed on a cycloergometer as previously described (41),

Muscle Biopsies and Blwnd Sample s

Diaphragm biopsies. During th y for localized lung le-
sions, diaphragm biopsy specimens were obtained from the anterior
costal diaphragm lateral to the insertion of the phrenic nerve (§, 30),
The bocalized lesions were always either peripheral solitary nodes or
small lung neoplasms not showing major airway obstruction in any
case, as msessad by fiber optic bronchoscopy. Muscle samples were
30-50 mg size in average.

Muscle sample specimens were always cleaned out of any blood

age-matched non-COPD controls were recruited, COPD were
Turther subdivided into the following two groups: mild COPD patients
(n = 11) and moderate-w-severe COPD patients (1 = 9). Diaphragm
musck specimens were obtained from all subjects (both patients and
controls) who underwent thoracotomy for a bealized lung

with saline, They were immediately frozen in liquid
nivogen and stored in the ~80°C freezer (under permanent alarm
comtrol) for further analyses or immersed in an alcohol-formol bath
for 2 h 1o be thereafier embedded in paralfin, Frozen tissues were used

Qmukmn history was umtlal between patients and healthy comtrols,
All g were on bronchodilators, They were clinically stable at

for i blotting techniques, wh paraffin-embedded tissues
were used for the assessment of myosin heavy chain isoforms (im-
munohistochemical analysis). All subjects were prevented from doing

J Appd Physal « don: 10,1182 applphy sial 00670, 2018 « www japplorg

83



1574

any potentially exhuusting physcal exercine 10 <14 days before com-
ng to the hospetal o undorgo the srgical procodures.

Nood samples In both patcnts and mon COPD controb,. blod am-
plos were dawn o 800 am foloweng an overmgle (atng pesad ©
dotormen murtonal stan nd nflammasry pramoton

Bologxal Amahses

All bobgy amalyses were conducted bhnd i the same
by the same isvestigators, o Hopeal &l Marlnsew Hoped &l

RNA solawn Totl RNA was firt iwlsted from smap-froven
dektal muschos uung Triol reagent folbowng the manufacturer’s
powcd (Le Tochmolopes, Carlbad CA). Tatal RNA concentra-
s wore dovrmuned phometrically ueng the NanoDrop 100D
(Thermo Scicntiic, Waltum, MA)

Gene Expresson Levels of he Sudy Markers

MmRNA reverse transcription. Reverse sanscription was performed
wng TagMan RNA anays (Life Techmbpes) following $he man-
wactwer's imructons. Firt strand cDNA was goncrated  from
mRNA wng oligadT)y 5 0 primons and the Super-Scrpt 111 reverse
wanxriptax folbwing e manufactwer’'s mtractiom (Life Tochnal -
oges)

Real sme PCR amplficaon TagMan based gPCR reactiom were
performed wnmg e ABI PRISM 790HT Soguence Dietector System
(Appind BioSystema. Foster Cy. CA) mogother with commercially
availabk prodes gmod pramers. and probes of $he genes of all the stady
eomarkors s shown B Tabk | The houschoopeng gome glycorakde-
byde 3 phonphate dehydrogamase (GAPDH) sorved o the endoge-
mow conwol for mRNA genc expresson. Subsoguently. mRNA data
were collectod and subsoguently analy zod usng SDS Relasvwe Quan-
sfcason Software verwon 21 (Appled BoSysems) i which e
comparaive Cy methad (27 3) for relaive quuntfication was em-
ployed 27). Samples wore always run in triphcates, and her come-
wpondng caprosson was caloulated as the mean value of the hroe
meamsrements. Rosaks in Figs | -8 are exprossod s the expresson of
fold change relative o the mean value of he contol group, which was
oqual to |

Protem levels mmng mmmmoNotsng of 1D chectrophoress Proten
kevels of the different mokculsr markors amalysed B e sudy were
cxphred by meam of immuncdbtng procodures 2 previoumly de-
wribed (S, 7. K 10,12, 16 17,29, 300, Bricfly, froren ke ampk

ER STRESS AND UPR IN DIWPHRAGMS OF STABLE COFD

Prowim were then separated by cloctroph ferred to
polyvmyldene dfaonide (PVDF) membrancs, blocked with 1% bo
vine worum albumn o 5% monfs mik, dpendng on e primary
ansbody. and mcdbuted owrnglt wih e corespondng whoctw
pramary antbodes In the wady, e mont relevant markors of UPR
pathways and ER strowm wore cvalustod usng spocific primary anty
badies s describod below

Markers of ER wress Amtiprotem dnudfde nomorase famly A
member 3 (PDIAY) ambady from Enrobfe (Farmingdale, NY), anth-
phophatadyinotal Mhnaw catalysc subumt type 3 (PIK) ambady
from Cell Sgmlng (Bwon. MA), and antidbndng immunog bben
protem (BIP) atbady from Abcam (Cambridge. UK) were used

Markers of ATFS pathwen. At ATFS from Abcam antbody was
usd

Markers of PERK pathway. Ans-PERK and ans CEBP-homolo-
gous protem (CHOP) astboadies from Abcam were uved

Markers of IRE] pathwan. Antrendoplasnic retculum o mackus
sigraling | (IRED), 2000 TNF recoptor associated factor 2 (TRAF2),
and aty X-bovbdbndng pratem | (XBPI) from Abcam antbodes
were wed

Markers of proteclysis (musclespecic E3 hpases ) Antratrogmn- |
antbody from Acrs (Herford, Germany) and ant muncle rmg Snger
protem- | (MuRF-1; Sants Cruz, Sants Crar, CA) antbody were used

Farally, 208 GAPDH abady from Sants Cruz was abo wed to
shentfy the loading control i all he mmunoblots and antbodes
conducted in the stady

Amtigem from all samples wore detected with horseradnh perons
dawcomugated wcondary agbales Jxkwn InmumRescarch,
West Geowe, PA) and 3 chemiluminescence kit (Thermo Scentific,
Rockford. IL). For cxch of he antgons, samples from e difforent
groups were always detected in the same mmage under dontical
cxposare tames. The spociicaty of e different amtbodies was con-
frmod by omimion of the pranary atbady and nobason of the
membrancs cnly with wcondary ansbodes. PVIF membrancs were
scammod with the Moloculsr Imager Chemadoc XRS Sysiem (Bo-Rad
Laboratories ) usng $he software Quantty One vorsion 46 5 (Bo-Rad
Laboratores). Optcal denuties of specific protems were quant od
usng e software Image Laboratory version 201 (Bo-Rad Labora-
torsen). Fimal optical denutos cbtauimed in cxch spocilic group of
sbpcts comepanded © e mean valse of the different samples
(lames ) of cach of the wudy antgons. To valadake oqual protein loadng
acrom lanes, e ghycolyt enryme GAPDH was usod s the protin.
loading controls in all of e mmmunoblots (Figs. 3-7)

from e daphragm musches of both paticas and control subjocts
were homogenssed in 2 bulfer comammg S0 mM HEPES, 150 mM
NaCl, 100 smM NaF, 10 mM sodum pyrophosphate, S mM EDTA
0% Troa X, 2 pg/'ml lewpeptin, 100 pg'ml PMSF, 2 pgpiml
aprotmn, and 10 pg'ml pepstatin A The entire procedures were

Standard sipping mothadologres were emphbyed to detect the
loadng comradl GAPDH for cxch of $he amlyrod markors (BIP,
PDIAY, PUK.ATFS, PERK. CHOP, IREl, TRAF2, XBPL. MuRF-1,
and atropn-1). Brcfly, membranes were strppod of pramary and
socondary antbodies through ome V0min wah with 2 sripping
solion (25 mM ghcme, pl 20, and 1% SDS) follbowed by two

abways condacted at £°C. Prowein bevels in crode homog were
ly detemmuncd with the Bradford method ueng
mplcates in cxch caw and boviex sorum album: s the standad
(Bo-Rad protem reagent. Bo-Rad Hercudes, CA). The Snal protemn
comcentraton | caxch sanphk was caloudlated from ot least two Bead.
ford measwements that were almont ddentical Equal amounts of ol
prokin (ranging from 20 © 100 pg. dopending on e antigen and
atbady) from crude munck homo genates were abways loaded on the
peis 2 well & idontcal wmpk wlumcslanes. For he pupose of
comparnons among e Efforent groups of COPD pasonts and
comtoh, muxclc amphk pocmmens were always run togother and kopt
n e ame onder
Throe fresh 10 well mempels were abnays umatncoudy baded
for cach of the antigems and run gother i e same mincell box
Exporiments wore confirmod 3t beast two temes for all of the antigom

ccutve |0.mm wados comtanng phophate bufforod sabne wih
Tween at room wmperatare Membrames wore blocked wiah bovine
serum albumn and remcubated with pramary and secondary antbod.
tes foBowmg the procedures described above
Muck srwtwal amahses Fber comt and morphometry were
awswed on 3 pum musxche parafin cmboddal secsans from all growps
of patents and comtrols. MyHC-I (dow owich Sbors) and 11 (fass
twikh Shors) noforms were counted by idntSicaton of the propor-
tom of e btter Shors wemg spocific ants My HC- 11 asbady (Sipma-
Aldrxch, St Lows. MO), followng mohadologies previoumly pub.
Inhed (M -37) The somtsnod Shors weore ddontiSod as the MyNC-1
myofibors. Fast owach Shors wore powtvely stumed wih the coere-
spondng abdaly (own), whoreas momtuncd Sbers were shwe
twikh Shers. The crom-scctonal arca. mean least diamcter, and
proportiom of type | and type Il Shors were determmod wing 2 hght

amlyred | e iovestigason. Frod gols were spocifically loaded for
cach of e antgons i most caves. However, | 2 fow cases, antigom
were sdentfod from trppod membrancs.

™, ope (Olympus BX 61 Olympws, Tokyo, Japan), whch was
cowpled with an image digtening camera (Olympus DP 71 Olympus
Corporaton ), and e Image J software (Natomal Insttwe of Health,

J Appd Py siod « 808 10 115 Mpappipbiysacd 00670 2008 « www japploeg

84



FOR STRESS AND UPR IN DIAPHRAGMS OF STABLE COrD 1575

Table 1. Probes used for the quansisuive analyses of the kirges genes using gRT-PCR.

T pt Gowe Cone Symind Assiy 1 Gtk Acvossnn No
Madken of peotoms s obdeg nr HSPAS Hawm W1 74 _mi NM_00S M7 4
ISP HsPn HaO101675) g1 NM_ 021564
Hsr HSPAIA Huoswial s NM_0s s s
NX CANX HAOISS840m_mi NM_001024649 1
NM_01746.0
oxr CALR HAOIa002_mi NM_ o4
PDIAY PO HAO80T 126 mi NM_oosh g
PLIK PIKICY HA01 76808 _mi NM_00§ om0 3
NM_02647 2
ATHO pabway Alre Alre HuO2 2586 _mi NM_0O7TMs 2
PERK pathoway PERK BIFIAR S MO 008 _mi NM_0ivwisa
NM_odsa 6
Alrd Alr4 Huomomsen g1 NM_ 016784
NM_ixio2
or DTy Hu0S8796_ g1 NM_00§9sosh
NM_0§195054.4
NM_0§19s0ss 4
NM_0§19s0s6 1
NM_019s0s7.4
NM_oodos s
TRED pathway IRE) ERNI HAOI 7688 _mi NM_ 0512
TRAF2 TRAF2 HOI4192 _mi NM_o2iis
Xurl xnrl HuO2 96 _mi NM_0010795 % 4
NM_00S0m0
Madken of peoseolyss Avogind FRXO052 HAOIO4 1408 _mi NM_001242460 0
NM_0sx229 0
NM_1481772
MuRF-) TRIMOS HA0261 550 _mi NM_00288x 2
Makon of apopeoss CASPS CASPS HuO2 ST NM_00d 60
NM_00 20 2
CASP? CASP? HuO16W182 i NM_ 012274
NM_001267086 4
NM_001267087 4
NM_001267088 4
NM_ 02w
NM_Odss
NM_onae g
NM_Od 0
CASPY CASPY HAOae T _mi NM_ 012294
NM_ 01278054 4
NM_00 2996 1
ASK MAPIKS HaO10098%_m i NM_00s921 0
BAX BAX HuOIR0269_mi NM_019142x 4
NM_ 01291429
NM_ 0191400
NM_ 019
NM_oO4 240
NM_1ws7610
NM_1s761 0
NM_1wT6dd
L2l rer2e)l HAOIOTEMO0_mi NM_OO1204 1063
Loading cosrol GADSH GAroH Harmrmmas _mi NM_o02046 8

1 sdematicason, He Homo sapiens, NM. mRNA RoefSog database categoey, BIP. bandeg an r\mn HSPA S, o shock peosan Lmaly A
CHTO) meeker $, HSP. hout shock peotam, HSPD- 1 hoat sboc k prosess famly 1 (Hapd) memrber 1 HSPATA. bout shoc k prosems Gy A (HapT0) member
IACONX, CANX, calscnin, CRT, calomculs: PDIAL, peoscms dovalfide iommemise Gy A member 1 PRK PIKIC Y, phospbatdybisossol L hisae caalyuc
wabsn type 1 ATE, acavatmg s npeon facor, PERK. prossis kisase R PKR) ke ondophasn x rotsoudwm kmawe  FIFLAKY, oularyoo: o s on i st ton
facoor 2o kmase 1 CHOP, C AU hosmol oggoss peot o, DDETY DINA i go- s ke trame gt 1 TRI RN ondoplasemn: rot sl wm 60 s kous sygna leg
1 TRAFL INF moepoorasocsrod facoe 2 XIBP L Xobon-basdeg peosarn 1 FIENOOL Fhox peosom 12 MuRF- 1 oo rmg finger peotom. 1 TRIMA),
.vn-u mlm_nel CASP, capu ASKL wu- sl cogul mng kmase 1 MAPIKS, msogesactviead peosem bmase beae bmawe 5, BAX,
4 X apog CRCLALEL, BCL2 e 11 apopeonis mgulisor B2, GAPDH, glycerubdohydo. ) phonpbus o

availab ke at b Soeshonb ndh gowif) (Fig. 1) Atleast 100 fibers were
meawired and coumed in the muscles from all sudy groups of patenss
anl contraly.

Lpofusem agpregates 15 al lpal was e
Sirough slemilication of aggregates in the diapwagma of bath smdy
groups of subjects. Lipaluscin aggregases were slemified on 3opum

parallinembedded muscle crons sections wing hemasoxy lineoxin
stining. Images of the hpofuscin arcas were taken at X400 undher a
light macrosope (Olympus BX 61), which was coupled with an
image-digrizing camera (Olympus DP 71). To quanaly the area of
Ipoluscin aggregates i all images of the stady masches, a digiaal pen
and the Image J soltware (Natonal Institate of Heakh, availabke o
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All COPD patients

Ry | Rgeosmtatne cvamplos of v nod s ke Shen (% 1000 w e s duphe s om s ko of son- Swoss: obe i tve pulmonary & wase (COPDY contals Gop) .
mdd COPD (hoa right. and modar ot severe COPD patcats (hosw M Factwach thon ware postvely damad wih e conmspondayg sssbody

(hema) whon s sootamcd Bbas wac dow teach Sbas

ey Jish mionh govAy) were used (Fig 2. Data arc exprossod as
e porcentage of the rato of e meavwed lipofuscn arca © the ol
arca of muck crom sxtion in exh umpk (bath pationts and
comwoh)

Sauscal Analyswes

Sutnscal power was cakulstod usng spocific software (StadySize
20 CreoSeat HB. Frokunda, Swoden). Forced exp y volune o
1 s(FEV,) was selocted as the tarpet varuble on the bass of the rest
L the al power b healty s and COPD
patcnts 2 2 whole. On e busin of standand power tatstics evtab.
kbed at 2 mnmum of $0% and anuming an a-cmor of 0.05, e
sasstical power was sufBciently high to detect 2 mmmmum dfference
of 22 pomts Botween groups | the sample sire (N =~ § mmnsmum
mamber of subjocts | caxch grop) and SD. Addsomally, the sample
sre inthe stady was similar 0 $hat avod in previous mvess gatiom (S,
11, M.37) i the Scld Normality of the stady variables was chocked
wng Shapero Wik st Omeoway amlysn of vanase, m whih
Tukey s post hoc amalyses were uned to adjust for multple compar-
nons, was employed ® et patential Gfferences among the stady
powps Pearson’s Ohi Square tost was employed to anew potential
dfferences betwoen groups o the quabtative varubles such s smok -
ng oy Vaniables hat describod the clinxal churacenitics of the
wudy populaton are reprownied 2 meam and SD. whereas e

— L

v arc rope J as meam and 9% confidence
imerval. A kvel of sigmficance of P = 005 was estabbdod. Stass
txal amalyses were performod ueng the Stasstcal Package for the
Socul Sciemces (Portable SPSS, PASW stasetxcs 150 wnsion for
wndows: SPSS. Oscago. 1)

RESULTS
Clinxal Characterisscs

Clinkcal and functional vanisbles of all the study subjocts wre
shown in Table 2. Age did not significandy differ amoag the
study subjects. Body composition & meaured by body mass
index (BMI) and fat-froe mass index (FPMI) dud not signifi-
catly differ among e stody groups (Table 2). Smoking
history was simiar among e stady groups (Table 2). Al
COPD patcas exhibeed mild and moderak tosevere arflow
limitation and nuld srway trapping (Table 2). Compared wieh
the conwok, in moderaktosevere COPD patients, exercise
capacity and diphragm muscle strength were sgnificandy
reduced (Table 2). Levek of Cecactive protein, fibrinogen, and
globulx sedimentaton veloaity were sgnificatly grester in
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AN COPD patients

AL

V4

Fg 2 A ropeosont s ve examplos of Lipoduscm aggm gatos (OCH00, B ack armm ) wirhis G pheagm mus ke sam plos of sos < heose: obat e tve palmosary deoas e

(OOMD) comln, b COPD, and modomte tosevare OOPD patsonss I mpeososss e examplos of Dipodusce aggregaos at o haghar magsaticaton ( X 1000,

nm .nmm u~ nhpugm e ke samples of soaCOPD conmrol, mikd COPD. and moderse oo OOFD paosss. C mean vakeos and 95%
W oof Iy

w

P Lo QOO I oAp
of sty by o

moderatedosevere COPD patients than in the non-COPD
control subjects or the mild COPD (Tabk 2).

Muscle Structural Features

As expecied, the proportions of slow-twitch fibers were
signiticantly higher in the diaphragm of all COPD patients,
especially in the moderate-to-severe patients compared with
those observed in the controls (Table 3 and Fig. 1). The
cross-sectional area of either slow- or fast-4wich musclk fibers
did signiticantly differ among the study groups (Table 3 and

wmm Jonatiod m dupbeagm musk spocemons of sos. COFD costmls, mikd COPD. and moderse-woaover COMD
das the poontage of bpoduscm o ggm g os wieh rospect w0 the tosdl wed of the moaveed ms ce samplos = aich group

Fig. 1). Levels of lipofuscin aggregates did not significantly
differ among the study groups of patients (Fig. 2, A-C).

Markers of ER Stress and UPR in the Diaphragm Muscle

In the diaphragm of patients with COPD as a whole, gene
expression levels of PIIK and PDIAY were upregulakd
compared with those seen in the controls (Fig. 3A). Gene
expression of the latter marker was also upregulated in the
diaphragms of the moderate-to-severe COPD patients (Fig.
3A). Nonetheless, gene expression levels in the diaphragm
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A Markers of protein misfolding
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of the ER stress markers BIP, heat shock protan 60, heat
shock protein 70, calaexin, or calreticulin did not signifi-
cantly differ among the study groups of patients (Fig. 3A)
Protein Jevels of the markers PIIK, PDIA3, aad BIP were
assessod in the diaphragms of the study groups. No sigail-

icant differences were observed m muscle protain levels of
these ER stress markers among the study groups of subjects
(Fig. 3. B and C). Gene and protein expression levels of
ATF6 pathway in the respiratory muscle did ot signifi-
cantly differ between COPD patients and the controls (Fg
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4, A=C). Gene and protein expression levels of the PERK
pathway (PERK, ATH, and CHOP) did not significantly
differ in the muscles between patients and the non-COPD
controls (Fig. 5, A and B). Gene and protein levels of the
IRE| pathway (IREL, TRAF2, and XBPI) in the diaphragm
muscle were not signiticantly different in the patients from
those seen in the controks (Fig. 6, A-C),

Markers of Proveolysis and Apoprosis in Muscles

Muscle gene and protein expression levels of E3 ligases
atrogin- | and MuRE-1 dkl not significantly differ between
patients and the controls (Fig. 7, A=C). Finally, gene expres-
sion levels of the apoptotic markers caspase-3, caspase-7,
signal-regulating kinase, B cell lymphoma 2-associated X
apoptotic regulator, and B cell lymphoma 2 were not different
in the diaphragms of the patients from those seen in the
non-COPD controls (Fig. 8).

DISCUSSION
Summerry of the Main Findings

First of all, it should highlighted that gene expression
levels of the protein misfolding (ER stress) markers PDIA3
and PIIK were upregulated in the diaphragm of the COPD

patients of a wide range of airway obstruction and normal
body composition compared with the control subjects.
Morcover, gene expression levels of PDIAY were signifi-
cantly upregulated in the diaphragm of the patients with a
more severe airway obstruction, Nonetheless, no significant
differences were detected in the diaphragm among the study
groups when protein levels were analyzed using immuno-
blotting. In line with this, counts of the ER stress marker
lipofuscin aggregates did not significantly differ in the
digphragm between any of the patient groups and the non-
COPD controls.

On the other hand, muscle gene expression and protein
levels of the three ER transmembrane receptor pathways
(ATH, PERK, and IRED) did not significantly differ be-
tween patients and the non-COPD control subjects. Corre-
spondingly, gene and protein expression levels of markers
of the downstream pathways analyzed in the study, namely
proteolysis and apoptosis, did not signiticantly differ be-
tween patients and the control subjects,

To our knowled ge, the current investigation is the fisst to
show evidence on the status of ER stress and UPR in the
human diaphragm of patients with COPD along with those
without this condition who were the control subjects.
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PERK pathway
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ER Stress and UPR n the Diaphragm Muscle of Patients
weh COPD

In #e ER. physiobgxal foldmg. processing, and traffickmg of
proteins occur in all celis ER is also involved in cakium hoaxo-
steis. Accunmlation of midolded protems | respomse 1o several
iguncs that desrupt cell homeostass kads © ER stress. Unpared
cystane resadue s, exposed hydrophobee re poas, and aggre gaton
of prowins ae counted amoag e most relevant murkerns of
unfolded or medolded prowms. Imerestimgly, throe man ER

trmsducens (ATHS, PERK. ad [IREla) compose UPR in re-
spoase © ER stress. These ER transamembeane seasons show the
flow of mew prokins imo ER twough several hochemical pro-
coses (tnscnptional, vandational, aad postransltional modii-
catoay), which cshance ER acovey for praan foldng and
processing while favormg e clmmanon of misfolded protems
and moreammg the size of ER. When ER stres cannot be reversed
by UPR. apoptosis and increased protein catabolism s mduced
within e cells (1, 15, 25). In fact UPR signaling pathways may
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IRE1 pathway
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determine restoration of cell survival or apopiosis (1, 15, 25).
Hence, ER stress and UPR are very rekevant signaling pathways
that may derermine cell fare in chronke and acuse conditions (1,
15, 25).

Despite that ER stress and UPR were demonstrated to be
involved in the pathophysiology of critical illness and in
response 1o increased muscle activation (1, 15, 25), its pokential
role in the skeletal muscle dysfunction of chronic respiratory
diseases such as COPD has not yet been detined. Activation of
UPR in muscles may take place as a result of fuctations in
calcium levels within the ER during muscle contractions and

exercise (1, 45). Because COPD patients are continuously
exposed 1o the increased inspiratory loads, we reasoned that
ER stress and UPR markers woukl be upregulated in their
diaphragm muscle, especially in those with reduced diaphragm
force of contraction. In the present study, only the expression
of the ER stress markers PDIAY and PIIK was upregulated in
the diaphragm of patients with COPD, especially in those with
a more severe disease (greater airway obstruction and inspira-
tory loads). However, protein levels of these markers did not
signiticantly differ in the respiratory musck between patients
and the non-COPD controls. These findings suggest that post-
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trmscnptional regulation of e ER stress markers may have
taken place m the duphragn, thus proechading potential differ-
ences in proein Jevels of those markers betwoen COPD and the
controls (1, 15, 25). These findings also imply hat swoager
muscle contractions such & those taking place duning exaer-
bations might have mduced a more power ful stemulus to tngger
ER stress and UPR. In line with this, bouts of running induced
a ugnificant rise in ER stress and UPR & mmasces of humans
(26) and rats (31). Nomctheloss, exacerbation-induced strong
muscle contractions of the diaphragm would not possibly be
studied in clinical semings. On the other hand, aging may
modulate ER stress and UPR (13). Boecause the noa-COPD
controls were age matched, aging wis not a factor wieh a
potential influcnce | the respoase to ER stress in this study.

Other factors such as modication or incremed levels of
acute-phase reactants that were seen among the COPD
paticats were probably not involved in the inducson of ER
stress o UPR in the main respirsory muscle, since mo
diffarences were observed between paticnts and the non-
COPD controls.

Importantly, it should also be mentioned that geme ex-
pression and protem levels of proteolytic markers and apo-
ptosis did not differ in the diaphragm of the COPD paticnts
from those detected in the noa-COPD controls. These find-
ings are in agreement with the lack of significant modifica-
tions encountered in the levels of ER stress and UPR in e
disphragm muscle of paticats with stable COPD. Future
mvestigations conducted on amimal models of COPD should
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explore whether greater muscle contractions as a result of
exacerbations induce ER swress and UPR in the diaphragm.

Ling and Respratory Muscle Finetions and Structure in
COPD Panews

In the study, two separate groups of COPD patients were
studied with the aim 1o explore whether disease severity might
have influenced the expression of markers of either ER stress
or UPR. To west this obrctive, COPD patients of a wide range
of airway obstruction and normal body composition and dia-
phragm muscle dysfunction were recruited for the purpose of
the investigation, In line with this, a first group of patients
exhibited a mild airway obstruction, whereas the second group
showed moderate-1o-severe airway obstruction (FEV, 72 and
S0%, respectively). In general, all of the patients exhibited a
moderate reduction in otal lung diffusion capacity and exer-
cise tolerance. Body composition as measured by BMI and
FEMI did not differ among the study subjects. Signs of sys-
temic manifestations were also seen among the COPD patients,
especially in the more severe ones, since a significant rise in
blood Coreactive protein, fibrinogen, and globular sedimen-
tation velocity blood markers was detected compared with
the non-COPD controls. These findings are consistent with
previous investigations from our group in which patients
with COPD exhibited similar clinical and pathophy siologi-
cal features (5, 34).

Importantly, the previously reported (5, 34) swikch ooward a
more resistant phenotype has also been observed in the curmment
investigation. These findings were especially seen in the dia-
phragm of the patients with a more severe airway obstruction,
Diaphragm function as measured by transdiaphragmatic pres-
sure was significantly reduced in the COPD patients, especially
in the moderatedosevere patients, compared with the non-
COPD controls. Such a reduction in diaphragm strength may
be the result of a decline in musc ke fiber contractility and/or the
increase in residual lung volume experienced by the patients,

especially those with severe aiflow limitation. Because no
signs of muschk atrophy, as also previously reported (4, §, 9,
20, 24), were derected in the diaphragm muscle of any of the
patient groups, it is likely that the greater values of residual
volume, which modifies the position of this muscle to properly
contract, may have partly contribuked 1o the reduced transdia-
phragmatic pressure observed in the patients with more severe
aiflow limitation. In this model of human disease, in which
biopsies were obtained from thoracic surgery, in viro contra -
tility experiments could not be made because of logistics
constraints, Future investigations shoukl aim 1o decipher the
specific contribution of those factors 1o e reported decline in
diaphragm stwengh, Finally, the switch soward a more resistant
phenotype was probably the result of the increased inspiratory
loads that patients are exposed %, which may mimic a “training-
like effect” of the diaphragm myofibers (4, 5, 9, 20, 21, 24).

Stuely Lanuations

Diaphragm muscle bopsies from the study subjects were
obamed during thoracotomy because of localized lung lesions,
the gold standard techniue to obtain diaphragm specimens
from different populations. Although lung volume reduction
surgery alio makes it possible 1o obtain diaphragm specimens,
only very severe COPD patients undergo that type of sur-
gery, thus making the study of mild and moderate patients or
non-COPD control subjects impossible. Therefore, diagnostic-
therapeut thoracotomy is the only approach available for
studying moderate and mild COPD and normal lung function
subjects. Accordingly, subjects recruited for the purpose of the
study share a common morbidity: the presence of a small and
localized ung neoplasm. Nevertheless, we do not believe that
this condition has made any significant contribution 1o the
results obtained in the analyses of the diaphragm muschks,
since extremely restrictive erteria were employed to properly
select the population, and subjects showing either nutritional
abnormalities or parancoplastic syndromes were systematically
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Table 2. Antropomeine characteristics and functional ssutus of he study subjects.
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excluded. Therefore, we consider all the findings seported in
the stady to be rather asociated with COPD. Funthermore, it
should also be ackmowlodged that the cument expermental
approaches wese not sued to conduct | vivo conwacality
malyses.

In conclusion, in stable COPD paticnts with a wide range of
discase seventy, roduced duphragm force of conracton, and
normal body composition, ER stress and UPR signaling were

not induced in e mam respratory muscle. These findings
imply that ER stress and UPR are probably not involved in the
documented diaphragm muscbe dysfunction (reduced streagth)
observed in all of the study patieats, even i those with severe
airflow linstation. Hence, in stable COPD paseass with normal
body composition, therapeutic strake gies targeted to tret dua-
phragm muschk dysfunction should not inclede UPR modula-
tors, even in hose with a more advanced discase.

Table 3. Fiber npe composition in the diaphragm of the study subgects.
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MANUSCRITO 1: Deficient muscle regeneration potential in sarcopenic

COPD patients: Role of satellite cells.

En el primer trabajo de investigacion, los hallazgos mas relevantes fueron que
los pacientes con EPOC, tanto con sarcopenia como con estado nutricional
conservado, presentaban una disminucion en la capacidad de ejercicio y en la
fuerza muscular. Sin embargo, el principal hallazgo fue que, en el musculo
vasto lateral del cuadriceps (VL) de ambos grupos de pacientes con EPOC, el
numero de nucleos internos, células satélite activadas (Pax-7+/Myf-5+) y
nucleos TUNEL-positivos fue significativamente mayor que en los controles,
mientras que la expresion de los marcadores de regeneracidon muscular
temprana (fase de proliferacion, Pax-7 y Myf-5) y tardia (fase de diferenciacion,
MyoD y MyHCI) se redujo. Los niveles del potente regulador negativo
miostatina solo aumentaron en los musculos de las extremidades de los

pacientes EPOC con sarcopenia.

En conjunto, estos resultados sugieren que los marcadores del potencial
regenerativo en los musculos de las extremidades de los pacientes EPOC, y
fundamentalmente en los que tienen sarcopenia, estan reducidos y que la
miostatina puede desempefar un papel importante. Ademas, como el aumento
de los niveles de dafio muscular se detectdé en mayor medida en el VL de los
pacientes EPOC y sarcopenia (un 64% mayor que en los musculos de los
sujetos control), es probable que dichas alteraciones estructurales también
estén implicadas en el desencadenamiento del proceso de regeneracion
muscular (Cheung & Rando, 2013; Yin et al., 2013).

En los pacientes con EPOC independientemente del grado de composicion
corporal, el numero de nucleos centrales (marcador de la regeneracion
muscular) y los de las células satélite senescentes estan aumentados en los

musculos de las extremidades inferiores (Thériault et al., 2012, 2014).
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En los pacientes con EPOC, se observaron correlaciones positivas entre los
parametros de la funcion pulmonar, especialmente la obstruccion de las vias
respiratorias y la capacidad de difusion, y las proporciones de fibras de
contraccion lenta. Los pacientes con mejores parametros de funcion pulmonar
tienen una mayor proporcion de fibras de tipo |. Por el contrario, las
proporciones y el tamafio de las fibras de tipo Il se correlacionaron de forma
inversa con el grado de obstruccion de las vias respiratorias y la capacidad de
difusién. Se trata de hallazgos relevantes que sugieren que la funcion pulmonar
contribuye en parte al cambio de tipo de fibra lenta a rapida en los musculos de
las extremidades inferiores de los pacientes con EPOC (Barreiro et al., 2018;
Puig-Vilanova, Martinez-Llorens, et al., 2015; Puig-Vilanova, Rodriguez, et al.,
2015). Ademas, el tamafio de las fibras de contraccion lenta y rapida y el de las
fibras hibridas también se correlacionaron con el FFMI, lo que sugiere que la
masa corporal magra se asocia con una mayor area de todos los tipos de fibras
musculares. Ademas, el dafio muscular y el recuento de nucleos internos
también se correlacionaron inversamente con la fuerza isométrica del musculo
cuadriceps. En conjunto, se trata de hallazgos novedosos y relevantes que
indican que la estructura y la funcion muscular estan claramente
interrelacionadas y deberian evaluarse de forma rutinaria asistencialmente a
los pacientes con EPOC, especialmente en pacientes con alteraciones en su

composicion corporal.

Otro hallazgo interesante del estudio fue la correlacion negativa encontrada
entre los niveles plasmaticos de la proteina C reactiva (PCR) y el numero de
células satélite activadas. Estos resultados muestran que la inflamacién
sistémica, medida por la PCR, influye de alguna manera en el proceso de

regeneraciéon muscular.

En la presente investigacion, se reclutd cuidadosamente a un numero
relativamente grande de pacientes con EPOC y sarcopenia de una edad

bastante "joven", con un declive significativo de la funcion muscular del
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cuadriceps, un estado nutricional preservado y una composicion corporal
alterada. Con el objetivo de dilucidar si el potencial de regeneracion muscular
puede ser obstaculizado en los musculos de las extremidades inferiores de los
pacientes con EPOC y sarcopenia, se determinaron dos fenotipos diferentes de
células satélite en el presente estudio. Como se caracterizé anteriormente
(Kuang et al., 2007), las células satélite sublaminares, que expresan Pax-7
pero no expresan Myf-5, constituyen el reservorio de células satélite de un
musculo determinado. En esa investigacion (Kuang et al., 2007), se demostro
que las células satélite Pax-7+/Myf-5+ se diferencian preferentemente en fibras
musculares, mientras que las células satélite Pax-7+/Myf-5- contribuyen al
reservorio de células satélite ampliando este compartimento dentro del musculo
esquelético. Las conclusiones de ese estudio (Kuang et al., 2007) fueron que
se establecieron dos subpoblaciones diferentes de células satélite sobre la
base de su capacidad de expresar Myf-5 (Kuang et al., 2007). Asi, las células
satélite Pax-7+/Myf-5+ se identificaron como los progenitores miogénicos
comprometidos, mientras que las células satélite Pax-7+/Myf-5- se definieron

como las células madre propiamente dichas (Kuang et al., 2007).

Es importante destacar que, en nuestra investigacion, se detectd una
disminucién significativa del numero de células satélite Pax-7+/Myf-5- (células
madre) solo en los musculos de las extremidades de los pacientes EPOC con
sarcopenia, pero no en los que tenian una composicion corporal conservada y
una funcién muscular normal del cuadriceps. Estos hallazgos implican que el
depdsito de células satélite se vio obstaculizado en los musculos esqueléticos
de los pacientes con EPOC vy sarcopenia, lo que podria poner en peligro el
proceso de regeneracion muscular. De hecho, las proporciones de fibras
musculares de contraccion lenta se redujeron sélo en el VL de los pacientes
EPOC con sarcopenia. Ademas, el tamafo de las miofibras de contraccion
lenta, rapida e hibrida también era significativamente menor en los musculos de
los pacientes con EPOC y sarcopenia, pero no asi en los que tenian una

composicién corporal conservada. Ademas, las anormalidades estructurales
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musculares fueron incluso mayores en el VL de los pacientes con EPOC y
sarcopenia que en los que no tenian pérdida muscular. Estos resultados son
muy consistentes con los obtenidos en investigaciones previas (Barreiro et al.,
2019; Puig-Vilanova, Martinez-Llorens, et al., 2015; Puig-Vilanova, Rodriguez,
et al., 2015), quiza se expliquen en parte por el peor potencial regenerativo
detectado en los musculos de las extremidades de los pacientes con EPOC y

sarcopenia.

Las proporciones de fibras hibridas aumentaron en los musculos de las
extremidades de ambos grupos de pacientes con EPOC y fueron incluso
mayores en el grupo de sarcopenia. Sin embargo, el area de las fibras
musculares fue menor en el grupo de pacientes con EPOC y sarcopenia. Estos
son hallazgos relevantes que implican que los musculos de los pacientes con
EPOC, especialmente los que tienen sarcopenia, son capaces de adaptarse a
los factores ambientales como la inactividad, el ejercicio o el envejecimiento
(Medler, 2019).

En conjunto, estos hechos son de suma importancia, ya que se requiere un
correcto programa de regeneracion muscular para lograr la plena recuperacion
de la masa y la funcidn muscular en respuesta a diferentes modalidades de
entrenamiento. Por lo tanto, los resultados actuales tienen posibles
implicaciones clinicas para el disefio de programas de entrenamiento
especificos, ya que los pacientes con un potencial regenerativo defectuoso
pueden ser menos susceptibles de mejorar su masa y/o funcion muscular,

incluso aquellos con un estado nutricional preservado.

Cabe destacar que los musculos de las extremidades inferiores de ambos
grupos de pacientes con EPOC experimentaron la activacion de un programa

de regeneracidon muscular de forma similar. En consonancia con esto, el
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numero de ceélulas satélite especificas activadas (Pax-7+/Myf-5+), los nucleos
internos y los nucleos positivos para TUNEL aumentaron notablemente y de
forma similar en el VL de ambos grupos de pacientes con EPOC grave en
comparaciéon con los detectados en los musculos de los sujetos control. Estos
hallazgos estan en consonancia con resultados anteriores, en los que el
proceso de regeneracidon muscular también se desencadend en el VL de
pacientes con EPOC grave con un amplio rango de pérdida de masa muscular
(Thériault et al., 2012, 2014). Sin embargo, en otro estudio (Menon et al.,
2012), el numero de células satélite fue similar entre los pacientes con EPOC y
los controles sanos. Las diferencias en el nivel de alteracion de los
compartimentos de la composicion corporal y/o la funcion y la masa muscular
pueden explicar las discrepancias encontradas entre los estudios (Menon et al.,
2012; Thériault et al., 2012, 2014).

Ademas, los niveles de expresidn génica de los marcadores tempranos de
regeneracion muscular Pax-7 y Myf-5 estaban regulados a la baja en el
musculo de ambos grupos de pacientes con EPOC grave en comparacion con
los controles. Los factores de transcripcion Pax-7 y Myf-5 desempefian papeles
clave durante la fase de proliferacion del proceso de regeneracion muscular
(Guitart et al., 2018; Yin et al., 2013). En consonancia con esto, también se han
descrito resultados similares en el cuadriceps de pacientes con EPOC vy
caquexia (Plant et al., 2010; Thériault et al., 2012, 2014).

La disminucion de la expresion génica de los factores de transcripcién MyoD y
Myogenina y de la isoforma MyHC-I como marcadores de diferenciacion
muscular tardia durante el proceso de regeneracion fue otro hallazgo relevante
de esta investigacion. Estos hallazgos también estan en linea con los
demostrados previamente en los musculos de pacientes con EPOC avanzada
(Plant et al., 2010; Puig-Vilanova, Martinez-Llorens, et al., 2015; Thériault et al.,
2012, 2014).
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La miostatina, un miembro de la familia del factor de crecimiento transformante
beta, es un regulador negativo del crecimiento muscular. También se sabe que
la miostatina inhibe la proliferacion de células satélite y mioblastos a través de
varios mecanismos que conducen a la retirada del ciclo celular (Walsh &
Celeste, 2005). Es importante destacar que los niveles de miostatina fueron
significativamente mayores en los musculos de las extremidades de los
pacientes sarcopénicos que los detectados en los pacientes sin sarcopenia o
en los sujetos control. Estos resultados estan en consonancia con estudios
anteriores, en los que se demostré que los niveles de miostatina aumentaban
sistematicamente en los musculos de las extremidades inferiores de los
pacientes con EPOC avanzada (Harish et al., 2019; Plant et al., 2010; Puig-
Vilanova, Martinez-Llorens, et al., 2015; Walsh & Celeste, 2005). A la vista de
todos estos hallazgos, seria posible concluir que la miostatina puede haber
interferido en el proceso de proliferacion de las células musculares en una fase
temprana del proceso de regeneracion, lo que ha conducido a un crecimiento y
desarrollo muscular deficientes tras la lesion. Por lo tanto, este puede ser otro
mecanismo de pérdida de masa muscular, ademas del aumento de la
protedlisis y/o apoptosis, como también se ha demostrado en investigaciones
anteriores (Plant et al., 2010; Puig-Vilanova, Martinez-Llorens, et al., 2015;
Vogiatzis et al., 2010). No obstante, la elucidacién del papel preciso y las
implicaciones de la miostatina en la regeneracién y el crecimiento muscular en
la sarcopenia de los pacientes EPOC tendra que confirmarse definitivamente
en futuras investigaciones. Por otro lado, los hallazgos descritos también
pueden tener futuras implicaciones clinicas, ya que se ha demostrado que el
bloqueo de la miostatina mediante anticuerpos especificos revierte
parcialmente la pérdida de masa y funcion muscular en varios modelos
experimentales (Harish et al., 2019; Iskenderian et al., 2018; St. Andre et al.,
2017) y en pacientes (Burch et al., 2017; Scimeca et al., 2017). Si los
anticuerpos antimiostatina también pueden utilizarse eficazmente en pacientes
con enfermedades no musculares, como en la EPOC con sarcopenia, sera un

tema de investigacion futura.
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MANUSCRITO 2: Endoplasmic reticulum stress and unfolded protein
response profile in quadriceps of sarcopenic patients with respiratory

diseases.

En el segundo manuscrito se ha abordado una cuestion relevante y novedosa
en pacientes bien caracterizados con sarcopenia respiratoria de dos etiologias
diferentes, condicién cronica (EPOC) frente a subaguda (Cancer de Pulmon).
Como se esperaba, en el vasto lateral del cuadriceps (VL) tanto de los
pacientes con caquexia por cancer de pulmén como en los enfermos con
EPOC y sarcopenia, el fenotipo muscular se caracterizaba por un aumento en
las proporciones de fibras de contraccion rapida, mientras que su tamafio era
significativamente menor, como indicacion de atrofia muscular. Estos hallazgos
son similares a los descritos previamente en los musculos de las extremidades
de los pacientes caquécticos con EPOC y en aquellos con cancer de pulmén
(Barreiro et al., 2018; Fermoselle et al., 2012; Puig-Vilanova, Rodriguez, et al.,
2015). Ademas, en los pacientes con EPOC y sarcopenia, el area transversal
de las fibras de contraccion lenta también se redujo en comparacion con la

observada en los controles.

El perfil de expresion de los marcadores de estrés del reticulo endoplasmico
(RE) y de la UPR difiere en cierta medida en los musculos sarcopénicos de los
pacientes con EPOC de aquellos con caquexia por cancer de pulmén. Estos
son hallazgos novedosos que impulsan a la UPR como un potencial impulsor
de la sefalizacion de la atrofia muscular en pacientes con enfermedades

respiratorias.

El correcto plegamiento, procesamiento y trafico de proteinas tiene lugar en el
RE, que también desempefia un papel central en la sintesis de proteinas y la

homeostasis del calcio celular (Almanza et al.,, 2019). El estrés del RE se

105



produce por acumulacion de proteinas mal plegadas en respuesta a
condiciones perjudiciales que alteran la homeostasis celular. Las
perturbaciones intrinsecas del RE, como las que se producen en el cancer
(inestabilidad genética y mutaciones) y en enfermedades neurodegenerativas,
pueden dar lugar al estrés del RE (Almanza et al., 2019). Ademas, las
perturbaciones extrinsecas derivadas del estrés microambiental (agotamiento
de nutrientes y oxigeno y acidosis) y el aumento de la produccion de especies

reactivas de oxigeno también conducen al estrés del RE (Almanza et al., 2019).

A pesar de que recientemente se ha demostrado que la UPR subyace en la
fisiopatologia de varias afecciones pulmonares agudas (enfermedades criticas)
y cronicas (fibrosis quistica, fibrosis pulmonar y EPOC; (Baek et al., 2012;
Bartoszewski et al., 2008; Hassan et al., 2014), su papel en los musculos
esqueléticos no es bien conocido, y mucho menos en afecciones especificas
caracterizadas por una pérdida grave de masa muscular. La activacion del
estrées del RE y la UPR también puede tener lugar en los musculos
esqueléticos durante el ejercicio y el envejecimiento (Bohnert et al., 2018).
Dado que el plegado de proteinas en el RE depende del calcio, del redox y de
la energia, el estrés del RE puede ser un mecanismo relevante que conduzca
al desgaste muscular en las enfermedades cronicas. De hecho, se han
reportado perturbaciones en esos procesos homeostaticos en los musculos de
las extremidades inferiores de pacientes con EPOC con disfuncién y desgaste
muscular (Barreiro et al., 2010; Fermoselle et al., 2012; Puig-Vilanova, Ausin, et
al., 2014; Puig-Vilanova, Martinez-Llorens, et al., 2015; Puig-Vilanova,
Rodriguez, et al., 2015). En el presente estudio, se ha buscado explorar si el
estrés del RE y la UPR pueden estar regulados en los musculos sarcopénicos
con dos enfermedades respiratorias diferentes: la enfermedad crénica frente a

la subaguda.
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El estrés del RE activa la UPR que esta mediada por tres sensores
transmembrana del RE identificados como ATF6, PERK e IRE1. El UPR
revierte el estrés del RE frenando el flujo de nuevas proteinas hacia el RE a
través de una serie de procesos transcripcionales, traslacionales vy
postraduccionales que aumentan la capacidad del RE para el plegamiento y
procesamiento de proteinas, mejoran la eliminacion de proteinas mal plegadas
y amplian el tamafio del RE (Kelsen, 2016). Es importante destacar que la UPR
también puede inducir la apoptosis y la degradacion de proteinas si el estrés
del RE no se puede revertir (Chakrabarti et al., 2011; Kelsen, 2016). De hecho,
el restablecimiento de la homeostasis celular y la supervivencia o la apoptosis
también estan determinados por la activacién de las vias de sefalizacion de la
UPR (Chakrabarti et al., 2011; Kelsen, 2016).

El procesamiento postraduccional de todas las proteinas de membrana y
secretoras en el RE comprende una variedad de chaperonas residentes,
foldasas, oxidorreductasas y disulfuro isomerasas (Schroder & Kaufman, 2005).
Estas chaperonas promueven los enlaces disulfuro y la glicosilacion de las
proteinas en el RE en un proceso de control de calidad antes de que las
proteinas salgan de este organulo. Las chaperonas moleculares, como la
calnexina, la calreticulina, la BIP y otras HSP, se unen especificamente a las

proteinas desplegadas o mal plegadas en el RE para corregir su plegamiento.

En el presente estudio, los niveles de expresion de las chaperonas HSP60, la
calnexina y la PI3K estaban regulados al alza en el VL de los pacientes con
EPOC y sarcopenia y con caquexia inducida por cancer de pulmén. Ademas,
en los musculos de las extremidades inferiores de estos ultimos pacientes, los
niveles de expresion de BIP, HSP70, calnexina, calreticulina y PDIA3 también
estaban significativamente regulados. Estos hallazgos implican que el estrés de
RE esta presente en los musculos periféricos de los pacientes con sarcopenia

respiratoria, y particularmente en aquellos con cancer de pulmoén. En
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consonancia, también se observd una regulacion al alza de los marcadores de
estrés de RE en los musculos de las extremidades posteriores de ratones
caquécticos portadores del carcinoma pulmonar de Lewis (Bohnert et al.,
2016). Sin embargo, en lo que a nosotros respecta, la presente investigacion
es la primera que informa de la presencia de huellas de estrés de RE en los
musculos esqueléticos de pacientes reales con sarcopenia respiratoria de dos

etiologias y plazos diferentes: cronica versus subaguda.

En respuesta a las proteinas desplegadas o mal plegadas, la via de ATF6 se
activa a través de una serie de pasos de translocacion y procesamiento
proteolitico irreversible que conducen a la regulacion de los programas
transcripcionales de prosuperacion (Chakrabarti et al., 2011). Los niveles de
expresion génica de ATFG6 so6lo se incrementaron significativamente en el VL de
los pacientes con caquexia inducida por cancer de pulmén, mientras que los
niveles de proteina de este marcador también se incrementaron
significativamente en los musculos de las extremidades de los pacientes
sarcopénicos con EPOC. Curiosamente, ATF6 también puede interactuar con
las vias de degradacion de proteinas, como el sistema del proteosoma de
ubiquitina, para potenciar la protedlisis y la autofagia. Los niveles de expresion
de los genes Atrogin-1 y MuRF-1 estaban significativamente regulados en el VL
de los pacientes con caquexia por cancer de pulmoén. Sin embargo, los niveles
de proteina del marcador de autofagia LC3B solo fueron significativamente
mayores en los musculos de los pacientes con EPOC sarcopénico, lo que
sugiere que el ATF6 desencadena mas bien la via del proteosoma de
ubiquitina en los musculos de los pacientes con caquexia por cancer que la
autofagia. Estudios anteriores también demostraron un aumento de los
marcadores de autofagia en el VL de los EPOC sarcopénicos, pero no en
aquellos con cancer pulmon (Guo et al., 2013; Puig-Vilanova, Rodriguez, et al.,
2015).
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Tanto los programas de prosupervivencia como los proapoptoticos son
sefalados por el brazo PERK de la UPR tras la acumulacion de proteinas
desplegadas o mal plegadas. La proteina transmembrana PERK consta de un
dominio de proteina quinasa citosdlica y un sensor de estrés luminal del RE. En
el estudio, los niveles de proteina PERK activa, que fosforila elF2a, fueron
significativamente mayores en el VL de los pacientes con caquexia por cancer
de pulmon. Durante el estrés del RE la fosforilacion de elF2a por PERK regula
a la baja la sintesis de proteinas bloqueando la traduccion (Almanza et al.,
2019; Rowlands et al., 1988). Consistentemente, los niveles de proteina de p-
EIF2a también fueron significativamente mas altos en los musculos de los
pacientes caquécticos por cancer de pulmoén, lo que implica que el brazo de
PERK estaba efectivamente activado en los musculos de las extremidades

inferiores de estos pacientes.

La expresidon génica de CHOP estaba regulada al alza en los cuadriceps de los
pacientes con caquexia por cancer de pulmén y en los de EPOC en menor
medida. Ademas, los niveles de proteina CHOP también aumentaron
significativamente en los musculos de las extremidades inferiores de los
pacientes con caquexia por cancer y EPOC sarcopénica. ATF6 también puede
inducir la expresion de XBP1 y CHOP para potenciar la sefalizacion UPR
(Almanza et al., 2019). En consonancia con esto, la expresion génica y los
niveles de proteina CHOP y XBP1 también fueron significativamente mayores
en el VL de los pacientes con caquexia por cancer de pulmén y en los
pacientes con EPOC, especialmente en los sarcopénicos (proteinas CHOP y
XBP1u), lo que implica que estas tres vias pueden potenciar las cascadas de
sefalizacion UPR y los mecanismos descendentes en los musculos de esos

pacientes.

Es importante destacar que el aumento de la expresion de CHOP puede

provocar estrés oxidativo, agotamiento de ATP y muerte celular (Almanza et al.,
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2019; Chakrabarti et al., 2011; Hiramatsu et al., 2014). En el presente estudio,
los niveles de estrés oxidativo fueron significativamente mayores en el VL tanto
de los pacientes caquécticos por cancer de pulmon como de todos los grupos
de pacientes con EPOC (MSA-protein adducts), como también se ha
demostrado consistentemente en estudios anteriores (Barreiro et al., 2010,
2018; Puig-Vilanova, Rodriguez, et al., 2015). Los niveles de expresion de los
marcadores de apoptosis como las caspasas 7 y 9 y ASK también fueron
regulados al alza en el VL de los pacientes con caquexia por cancer de
pulmén. A pesar de que no se encontraron correlaciones entre el estrés
oxidativo y los marcadores de autofagia o apoptosis, estas observaciones
sugieren que la apoptosis puede mediar preferentemente en la pérdida de
masa muscular en pacientes con caquexia inducida por cancer y la UPR puede
ser un poderoso mecanismo de sefializacion. De hecho, en investigaciones
anteriores también se ha demostrado que la apoptosis, mas que la protedlisis,
era el principal mecanismo que conducia al desgaste muscular en modelos
animales de caquexia por cancer (Salazar-Degracia et al., 2016) y en menor

grado en la sarcopenia por EPOC (Agusti et al., 2002).

IRE1 sefala tanto programas prosupervivencia como proapoptéticos en
respuesta a proteinas mal plegadas y desplegadas (Chakrabarti et al., 2011).
IRE1 tiene dominios de endorribonucleasa y serinetreonina quinasa que
ejercen diferentes acciones. Los dimeros citosdlicos de IRE1 también
interactuan con adaptadores como TRAF2 para impulsar las vias de
sefalizacion ASK, quinasas y del factor nuclear-kB (Hu et al., 2006; Nguyen et
al., 2004). Es importante destacar que los niveles de expresion génica y
proteica de TRAF2 estaban significativamente regulados al alza en los
musculos de las extremidades inferiores de ambos grupos de pacientes con
EPOC. Los niveles de expresion génica y proteica de ASK también aumentaron
en el VL de los enfermos caquécticos con cancer de pulmén y en los pacientes
con EPOC. En conjunto, estos resultados sugieren que el marcador TRAF2

UPR puede sefalar el inicio de la apoptosis que conduce a la atrofia muscular
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en ambas condiciones de sarcopenia respiratoria. En linea con esto, la rama
IRE de la UPR también fue regulada al alza en los musculos de las
extremidades posteriores de los ratones caquécticos por cancer de pulmén
(Bohnert et al., 2016). La sintesis de proteinas y la carga de nuevas proteinas
que entran en el RE se reducen por la accion de la via IRE1 como XBP1.
Curiosamente, en el VL de los pacientes con caquexia por cancer de pulmon y
en la EPOC, los niveles de expresion génica de XBP1 estaban regulados al
alza en comparacion con los niveles de los controles. Ademas, los niveles de
proteina de las isoformas empalmadas y no empalmadas, XBP1s y XBP1u,
respectivamente, también aumentaron significativamente en los musculos de

los pacientes con caquexia por cancer de pulmoén y con EPOC sarcopénica.

Critica del estudio

En la presente investigacion, la regulacion al alza de la expresion de las tres
ramas de marcadores de estrés UPR en los musculos de las extremidades
inferiores de los pacientes con sarcopenia respiratoria fue una observacion
relevante. Cabe destacar los niveles significativamente mayores de expresion y
el numero de marcadores de la UPR que fueron regulados al alza en los
cuadriceps de los pacientes caquécticos por cancer con respecto a los niveles
encontrados en los musculos de los pacientes con EPOC, incluso en aquellos
con sarcopenia. De hecho, solo se observaron correlaciones significativas entre
el estado nutricional (FFMI), la pérdida de peso corporal y los tipos de fibras
musculares con las variables biolégicas entre los pacientes con caquexia por
cancer de pulmoén. Es muy probable que la tasa mas rapida de pérdida de
masa muscular observada en la caquexia por cancer de pulmén, en
contraposicién a la enfermedad crénica (EPOC), pueda explicar las respuestas
significativamente mas fuertes de la UPR y del estrés del RE observadas en los
musculos de los pacientes con caquexia por cancer de pulmon. De hecho,
como el objetivo principal de la UPR es restaurar la funcién del RE para
mejorar el plegamiento adecuado en condiciones de estrés, una respuesta mas

exagerada en los musculos de los pacientes con caquexia por cancer de
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pulmén puede ayudar a prevenir la pérdida adicional. No obstante, el disefio
actual del estudio transversal no nos permitié determinar si el estrés del RE y la
UPR pueden ser un desencadenante de la pérdida muscular o pueden proteger
a los musculos de una mayor pérdida de proteinas. Los estudios de
intervencion podrian ayudar a dilucidar esta relevante cuestion en un futuro
proximo. A pesar de estas preocupaciones, la presente investigacién es la
primera que demuestra la presencia de estrés del RE y la activacion de la UPR
en los musculos de las extremidades inferiores de los pacientes con dos

importantes afecciones respiratorias.

También hay que mencionar que las diferencias en la expresion génica y los
niveles de proteinas entre los pacientes y los sujetos de control no fueron
exactamente consistentes para todos los marcadores del estudio. Las
cuestiones metodologicas directamente relacionadas con los analisis de RT-
PCR o de inmunoblotting pueden explicar esas diferencias. Para algunos de los
marcadores, la magnitud de las diferencias entre los pacientes con caquexia
por cancer de pulmon y los controles sanos fue mayor que las detectadas entre
los pacientes con EPOC y los controles, especialmente para la expresion
génica. Por ultimo, cabe mencionar que, a pesar del interés por evaluar las
posibles diferencias en los niveles de expresion de los marcadores del estudio
entre los pacientes con EPOC no sarcopénicos y los sarcopénicos, la
investigacion no se dirigid especificamente a explorar dicha cuestion. Es
importante destacar que el grado de deterioro de la funcion pulmonar, la
capacidad de ejercicio y la fuerza muscular fue similar en ambos grupos de
pacientes con EPOC, en contraste con investigaciones anteriores, en las que
los pacientes caquécticos con EPOC estaban mas afectados que los no
sarcopénicos (Barreiro et al., 2008, 2009; Fermoselle et al.,, 2012; Puig-
Vilanova, Rodriguez, et al.,, 2015). Esto puede explicar en parte las
discrepancias en los niveles de expresion de algunos de los marcadores del

estudio.
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MANUSCRITO 3: Endoplasmic reticulum stress and unfolded protein
response in diaphragm muscle dysfunction of patients with stable chronic

obstructive pulmonary disease.

En primer lugar, cabe destacar que los niveles de expresion génica de los
marcadores de mal plegamiento de proteinas (estrés de RE) PDIA3 y PI3K
estaban regulados al alza en el diafragma de los pacientes con EPOC con un
amplio rango de obstruccion en las vias respiratorias y composicion corporal
normal en comparacion con los sujetos de control. Ademas, los niveles de
expresion génica de PDIA3 aumentaron significativamente en el diafragma de
los pacientes con una obstruccion mas grave de las vias respiratorias. No
obstante, no se detectaron diferencias significativas en el diafragma entre los
grupos del estudio cuando se analizaron los niveles de proteinas mediante
inmunotransferencia. En consonancia con esto, los recuentos de agregados de
lipofuscina, marcador de estrés del RE, no difirieron significativamente en el

diafragma entre ninguno de los grupos de pacientes y los controles sin EPOC.

Por otra parte, la expresion de genes musculares y los niveles de proteinas de
las tres vias de receptores transmembrana del RE (ATF6, PERK e IRE1) no
difirieron significativamente entre los pacientes y los sujetos control sin EPOC.
Del mismo modo, los niveles de expresion génica y proteica de los marcadores
de las vias descendentes analizadas en el estudio, a saber, la protedlisis y la
apoptosis, no difirieron significativamente entre los pacientes y los sujetos
control. Hasta donde sabemos, la presente investigacion es la primera que
muestra pruebas sobre el estado del estrés del RE y la UPR en el diafragma
humano de los pacientes con EPOC junto con los que no padecen esta

enfermedad, que fueron los sujetos de control.
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En el RE de todas las células se produce el plegamiento fisiolégico, el
procesamiento y el trafico de proteinas. EI RE también participa en la
homeostasis del calcio. La acumulacion de proteinas mal plegadas en
respuesta a varias lesiones que alteran la homeostasis celular conduce al
estrés del RE. Los residuos de cisteina no apareados, las regiones hidrofobicas
expuestas y la agregacion de proteinas se encuentran entre los marcadores
mas relevantes de las proteinas desplegadas o mal plegadas. Curiosamente,
tres transductores principales del RE (ATF6, PERK e IRE1) componen la UPR
en respuesta al estrés del RE. Estos sensores transmembrana del RE
ralentizan el flujo de nuevas proteinas hacia el RE a través de varios procesos
bioquimicos (modificaciones transcripcionales, traslacionales y
postraduccionales), que potencian la actividad del RE para el plegamiento y
procesamiento de proteinas, al tiempo que favorecen la eliminacion de las
proteinas mal plegadas y aumentan el tamafio del RE. Cuando el estrés del RE
no puede ser revertido por la UPR, se induce la apoptosis y el aumento del
catabolismo proteico en las células (Afroze & Kumar, 2019; Chakrabarti et al.,
2011; Kelsen, 2016). De hecho, las vias de sefalizacion de la UPR pueden
determinar la restauracion de la supervivencia celular o la apoptosis (Afroze &
Kumar, 2019; Chakrabarti et al., 2011; Kelsen, 2016). Por lo tanto, el estrés del
RE y la UPR son vias de sefalizacion muy relevantes que pueden determinar
el destino de las células en condiciones cronicas y agudas (Afroze & Kumar,
2019; Chakrabarti et al., 2011; Kelsen, 2016).

A pesar de que se ha demostrado que el estrés del RE y la UPR estan
implicados en la fisiopatologia de las enfermedades criticas y en respuesta al
aumento de la activacion muscular (Afroze & Kumar, 2019; Chakrabarti et al.,
2011; Kelsen, 2016), aun no se ha definido su posible papel en la disfuncién
del musculo respiratorio de las enfermedades pulmonares crénicas como la
EPOC. La activacion de la UPR en los musculos puede tener lugar como
resultado de las fluctuaciones en los niveles de calcio dentro del RE durante las

contracciones musculares y el ejercicio (Afroze & Kumar, 2019; Wu et al.,
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2011). Dado que los pacientes con EPOC estan continuamente expuestos a
mayores cargas inspiratorias, razonamos que el estrés del RE y los
marcadores de la UPR estarian regulados al alza en su musculo diafragma,
especialmente en aquellos con una fuerza de contraccion diafragmatica
reducida. En el presente estudio, sélo la expresion de los marcadores de estrés
de RE PDIA3 y PI3K estaba regulada al alza en el diafragma de los pacientes
con EPOC, especialmente en aquellos con una enfermedad mas grave (mayor
obstruccion en las vias respiratorias y cargas inspiratorias). Sin embargo, los
niveles de proteina de estos marcadores no difirieron significativamente en el
musculo respiratorio entre los pacientes y los controles sin EPOC. Estos
hallazgos sugieren que la regulacién postranscripcional de los marcadores de
estrés de RE puede haber tenido lugar en el diafragma, excluyendo asi las
posibles diferencias en los niveles proteicos de dichos marcadores entre la
EPOC vy los controles (Afroze & Kumar, 2019; Chakrabarti et al., 2011; Kelsen,
2016). Estos resultados también implican que las contracciones musculares
mas fuertes, como las que tienen lugar durante las exacerbaciones, podrian
haber inducido un estimulo mas potente para desencadenar el estrés del RE y
la UPR. En consonancia con esto, las sesiones de carrera indujeron un
aumento significativo del estrés del RE y de la UPR en los musculos de los
seres humanos (Kim et al., 2011) y de las ratas (Memme et al., 2016). No
obstante, las fuertes contracciones musculares del diafragma inducidas por la
exacerbacion no podrian ser estudiadas en entornos clinicos. Por otra parte, el
envejecimiento puede modular el estrés del RE y la UPR (Bohnert et al., 2016).
Dado que los controles sin EPOC estaban emparejados por edad, el
envejecimiento no fue un factor con una posible influencia en la respuesta al

estrés del RE en este estudio.

Otros factores, como la medicacion o el aumento de los niveles de reactantes
de fase aguda que se observaron entre los pacientes con EPOC,

probablemente no intervinieron en la induccion del estrés del RE o la UPR en el

115



musculo respiratorio principal, ya que no se observaron diferencias entre los

pacientes EPOC y los sujetos control.

Es importante mencionar también que la expresion génica y los niveles
proteicos de los marcadores proteoliticos y de apoptosis no difieren en el
diafragma de los pacientes con EPOC de los detectados en los controles sin
EPOC. Estos hallazgos concuerdan con la falta de modificaciones significativas
encontradas en los niveles de estrés de RE y UPR en el musculo del diafragma
de los pacientes con EPOC estable. Futuras investigaciones realizadas en
modelos animales de EPOC deberian explorar si las mayores contracciones
musculares como resultado de las exacerbaciones inducen el estrés del RE y la

UPR en el diafragma.

En el estudio, se analizaron dos grupos distintos de pacientes con EPOC con el
objetivo de explorar si la gravedad de la enfermedad podria haber influido en la
expresion de los marcadores de estrés del RE o de la UPR. Para comprobar
este objetivo, se reclutaron pacientes con EPOC con un amplio rango de
obstruccion en las vias respiratorias y con una composicion corporal normal y
una disfuncion del diafragma. De acuerdo con esto, un primer grupo de
pacientes presentaba una obstruccion leve en las vias respiratorias, mientras
que el segundo grupo mostraba una obstruccion moderada (FEV1 72% y 50%,
respectivamente). En general, todos los pacientes presentaban una reduccion
moderada de la capacidad de difusién pulmonar y de la tolerancia al ejercicio.
La composicion corporal medida por el IMC y el FFMI no diferia entre los
sujetos del estudio. También se observaron signos de manifestaciones
sistémicas entre los pacientes con EPOC, especialmente en los mas graves, ya
que se detectd un aumento significativo de los marcadores sanguineos de
proteina C reactiva, fibrinégeno y velocidad de sedimentacion globular en
comparacién con los sujetos control. Estos resultados coinciden con

investigaciones anteriores en las que los pacientes con EPOC presentaban
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caracteristicas clinicas vy fisiopatologicas similares (Barreiro et al., 2005; Puig-
Vilanova, Aguilo, et al., 2014).

Es importante destacar que el cambio hacia un fenotipo mas resistente del que
se informo¢ anteriormente (Barreiro et al., 2005; Puig-Vilanova, Aguild, et al.,
2014) también se ha observado en la presente investigacion. Estos hallazgos
se observaron especialmente en el diafragma de los pacientes con una
obstruccion mas grave en las vias respiratorias. La funcion del diafragma,
medida por la presion transdiafragmatica, se redujo significativamente en los
pacientes con EPOC, especialmente en los pacientes con obstruccion
moderada, en comparacion con los sujetos control. Esta reduccion de la fuerza
del diafragma puede ser el resultado de una disminucion de la contractilidad de
las fibras musculares y/o del aumento del volumen pulmonar residual
experimentado por los pacientes, especialmente en aquellos con limitacion
grave del flujo aéreo. Dado que no se detectaron signos de atrofia muscular,
como también se inform6 anteriormente (Barreiro et al., 2005; Barreiro,
Bustamante, et al., 2015; Barreiro & Jaitovich, 2018; Gea et al., 2013; Jaitovich
& Barreiro, 2018), en el musculo del diafragma de ninguno de los grupos de
pacientes, es probable que los mayores valores de volumen residual, que
modifican la posicion de este musculo para contraerse adecuadamente,
puedan haber contribuido en parte a la menor presion transdiafragmatica
observada en los pacientes con una limitacion del flujo aéreo mas grave. En
este modelo de enfermedad humana, en el que las biopsias se obtuvieron a
partir de la cirugia toracica, no se pudieron realizar experimentos de
contractilidad in vitro por limitaciones logisticas. Las investigaciones futuras
deberian tener como objetivo descifrar la contribucion especifica de estos
factores a la disminucion de la fuerza del diafragma que se ha descrito. Por
ultimo, el cambio hacia un fenotipo mas resistente fue probablemente el
resultado de las mayores cargas inspiratorias a las que estan expuestos los
pacientes, que pueden imitar un "efecto similar al del entrenamiento”" de las

miofibras del diafragma (Barreiro et al., 2005; Barreiro, Bustamante, et al.,
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2015; Barreiro & Jaitovich, 2018; Gea et al., 2000, 2013; Jaitovich & Barreiro,
2018).

Limitaciones del estudio

Las biopsias del musculo del diafragma de los sujetos del estudio se obtuvieron
durante una toracotomia debido a las lesiones pulmonares localizadas, que es
la técnica de referencia para obtener muestras de diafragma de diferentes
poblaciones. Aunque la cirugia de reduccion del volumen pulmonar también
permite obtener muestras del diafragma, solo los pacientes con EPOC muy
grave se someten a ese tipo de cirugia, lo que hace imposible el estudio de los
pacientes leves y moderados o de los sujetos control. Por lo tanto, la
toracotomia terapéutica diagnostica es el unico método disponible para
estudiar a los sujetos con EPOC moderada y leve y con funcion pulmonar
normal. En consecuencia, los sujetos reclutados para el estudio comparten una
morbilidad comun: la presencia de una neoplasia pulmonar pequefa y
localizada. Sin embargo, no creemos que esta condicion haya contribuido
significativamente a los resultados obtenidos en los analisis de los musculos
del diafragma, ya que se emplearon criterios extremadamente restrictivos para
seleccionar adecuadamente la poblacion, y se excluyeron sistematicamente los
sujetos que presentaban anomalias nutricionales o sindromes paraneoplasicos.
Por lo tanto, consideramos que todos los hallazgos comunicados en el estudio
estdan mas bien asociados a la EPOC. Ademas, también hay que reconocer
que los enfoques experimentales actuales no eran adecuados para realizar

analisis de contractilidad in vitro.
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En los musculos de las extremidades inferiores de los pacientes graves
con EPOC, independientemente del grado de sarcopenia, se
desencadena el proceso de regeneracion muscular identificado por la
activacion de células satélite y el aumento de los recuentos de nucleos

internos.

En los pacientes con EPOC y sarcopenia se observa de forma
destacada el potencial regenerativo junto con alteraciones significativas
en el fenotipo muscular (fenotipo de cambio de lento a rapido y miofibras

hibridas y de contraccion rapida mas pequeinas) y el dafio muscular.

Se detecta un aumento del inhibidor del crecimiento muscular miostatina
sblo en el VL de los pacientes con EPOC y sarcopenia, lo que puede
agravar aun mas la pérdida de masa y funcién muscular en este grupo

especifico de pacientes.

Los hallazgos en la alteracion de la capacidad de regeneracion del V0L
de los pacientes con EPOC podrian condicionar la respuesta al ejercicio

y/o a las modalidades de entrenamiento muscular.

Se observa estrés de RE y UPR elevadas en el VL de pacientes con
sarcopenia y caquexia respiratoria, particularmente en aquellos con

cancer de pulmon.

Las tres ramas de la UPR estan reguladas de forma similar en los
musculos de los pacientes caquécticos con cancer de pulmon, mientras
que en los enfermos con EPOC vy sarcopenia, la rama IRE1 esta

mayormente regulada en su VL.

El perfil de expresion diferencial de los marcadores de estrés del RE y
de la UPR observado en las enfermedades respiratorias cronicas
(EPOC) y agudas (cancer de pulmodn) ofrece un nicho para el disefio de
nuevos enfoques terapéuticos personalizados que pueden abarcar el
entrenamiento del ejercicio junto con estrategias farmacologicas que

supuestamente impulsan la funcion del reticulo endoplasmatico.
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Los pacientes con EPOC estable presentan una fuerza de contraccion

del diafragma reducida.

En el diafragma de los pacientes con EPOC no existen alteraciones en

el estrés del RE ni en la sefalizacion de la UPR.

El estrés del RE y la UPR probablemente no estan implicados en la
disfuncion documentada del musculo del diafragma (fuerza reducida)
observada en todos los pacientes del estudio, incluso en aquellos con
limitacion grave del flujo aéreo. Por lo tanto, las estrategias terapéuticas
dirigidas a tratar la disfuncion del musculo del diafragma no deberian
incluir moduladores de la UPR, ni siquiera en aquellos con una

enfermedad mas avanzada.
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