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Introduccion

1.- Enfermedad Pulmonar Obstructiva Cronica

1.1.- Etiologia y fisiopatologia

La enfermedad pulmonar obstructiva cronica (EPOC) es una patologia prevenible
caracterizada por una limitacién al flujo aéreo progresiva y no completamente reversible,
disnea, produccién de esputo y tos crénica.

La obstruccion al flujo aéreo se asocia a un proceso inflamatorio cronico en la via aérea y el
parénquima pulmonar en respuesta a particulas nocivas o gases inhalados, en particular al
humo de cigarrillo (HC) (Figura 1) (1, 2). Esta respuesta inflamatoria crénica puede inducir
la destruccion del parénquima pulmonar o enfisema y alteraciones estructurales de la via
aérea pequefa al alterar los mecanismos de reparacion y defensa. De esta manera, se
produce limitacién progresiva al flujo aéreo debido a la menor retraccion elastica y
aumento de la distensibilidad pulmonar. La inflamacién y el estrechamiento de la via aérea
periférica también contribuyen a la limitacién del flujo aéreo produciendo una disminucién
del volumen de aire espirado en el primer segundo de la espiracion forzada (FEV1) en la
espirometria forzada (3, 4). Ademas, alteraciones en las relaciones ventilacién-perfusion
(Va/Q) pueden dar lugar a hipoxemia e hipercapnia en estos pacientes (5). Por otro lado, la
inflamacion inducida por el HC lleva a la hipersecrecion mucosa, que también se asocia
con el declive del FEV1 (6), debida al mayor nimero de células caliciformes en la epitelio
bronquial y al aumento de las glandulas submucosas, resultando en tos productiva que es
caracteristica de la bronquitis crénica, entidad clinica independiente (7).

En el curso evolutivo de la EPOC puede desarrollarse hipertension pulmonar (HP) debida al
remodelado vascular caracterizado por la hiperplasia de la capa intima y la
muscularizacion de arteriolas (8). Estos cambios se han atribuido a la accion directa del HC
sobre el endotelio vascular, a la cual puede anadirse la vasoconstriccion pulmonar hipoxica
(VPH). Por otro lado, se postula que la pérdida de lecho capilar pulmonar debido al
enfisema podria contribuir al desarrollo de la HP asociada a la EPOC (9, 10). También se ha

demostrado infiltracién por células inflamatorias y disfuncién endotelial en las arterias
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pulmonares de pacientes con EPOC (11, 12). Por su parte, la HP sostenida puede promover
la hipertrofia del ventriculo derecho (VD) y llevar al desarrollo de cor pulmonale e
insuficiencia cardiaca derecha. Los pacientes con EPOC también presentan comorbilidades
a nivel sistémico, incluyendo enfermedades cardiovasculares, disfuncién del musculo

esquelético, y cancer de pulmén (13, 14).

Figura 1. Bronquiolos membranosos de un individuo no fumador y de un paciente con EPOC. En el individuo no
fumador (izquierda), la pared es delgada, y los alvéolos intactos estan unidos a lo largo de su circunferencia. En
el bronquiolo del paciente con EPOC (derecha), el diametro de la via aérea esta estrechado, la pared
engrosada, y varios septos alveolares destruidos. Los linfocitos T CD8+ (en rojo) infiltran la pared de la via

aérea en el fumador con EPOC pero no en el no fumador (1).

1.2.- Factores de riesgo y repercusiones

La exposicion activa al HC es el factor de riesgo mas comudn y mejor estudiado de EPOC en
todo el mundo (15, 16). Otros tipos de tabaco (pipa, cigarro, pipa de agua (17) y la
marihuana (18) también son factores de riesgo de EPOC. Se ha demostrado una asociacién
entre la cantidad de paquetes-afno de cigarrillos fumados y la reducciéon del FEV1 (19). A
pesar de la estrecha relacién entre el tabaco y la EPOC, otros factores de riesgo o
diferencias genéticas pueden contribuir al desarrollo de la EPOC, como son la exposicion
pasiva (exposicion ambiental) al HC (20) y la ocupacional a polvos organicos e inorganicos
y agentes quimicos (21). También la contaminacion del aire por biomasa quemada para

utilizarla como combustible en calefacciones y para cocinar en lugares con poca ventilacién
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es factor de riesgo de EPOC (22). El factor de riesgo genético mejor documentado es el
déficit de la enzima a-1-antitripsina, que inhibe proteasas de neutréfilos contribuyendo a
que no se degrade la matriz extracelular del parénquima pulmonar (23).

En cuanto a las repercusiones, la EPOC representa un problema de salud publica ya que a
nivel mundial ocupara el quinto puesto en cuanto a carga de la enfermedad y el tercero en
términos de mortalidad (24, 25) debido principalmente a la epidemia del tabaquismo. A

pesar de ello, hay un bajo reconocimiento e infradiagnéstico de la EPOC (26).

1.3.- Alteraciones de la via aérea y el parénquima pulmonar

Inflamacioén crénica

El HC induce un proceso inflamatorio en el pulmén que podria subyacer en el desarrollo de
la EPOC. Este infiltrado inflamatorio involucra el reclutamiento hacia el pulmén de
neutréfilos, macréfagos y linfocitos, y la induccién de estrés oxidativo que provocaria la
destruccion del parénquima pulmonar y el remodelado de la via aérea (1, 3, 27-29). El
conocimiento del papel de las diferentes células inflamatorias es complejo porqué en la
EPOC se alteran distintas estructuras (patologia de la via aérea, enfisema y alteraciones

vasculares) con diferentes patrones de inflamacion y diferentes patologjas.

Neutrofilos: la acumulacion de neutréfilos es uno de los eventos del daino pulmonar en
fumadores, particularmente en el desarrollo de enfisema (30), al inducir un desequilibrio
proteasa-antiproteasa y/o oxidante-antioxidante. EI HC también lesionaria el epitelio
respiratorio induciendo el reclutamiento de neutréfilos hacia las vias aéreas (31, 32).
Estudios en humanos muestran una distribucién no uniforme tanto en fumadores con
funcién pulmonar normal como con EPOC, y una correlacion entre el nimero de neutréfilos
y el de paquetes-ano fumando (33). Los neutréfilos liberan radicales de oxigeno, elastasa y
citocinas que activan la secrecion de las glandulas submucosas de la via aérea (34)
induciendo la produccion de esputo mediando efectos en las células caliciformes, ademas
de inducir enfisema e inflamacion. Los inhibidores de metaloproteinasas mejoran el

enfisema y el remodelado de los bronquios pequenos (35), demostrando el rol de las
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proteasas de neutrofilos en la patologia. Por otro lado, el HC disminuye la capacidad

fagocitica de los neutrofilos al suprimir la actividad de la caspasa-3 (36).

Macréfagos: los macréfagos también contribuyen en la fisiopatologia de la EPOC (37). En
humanos, los macréfagos se localizan en zonas de destruccion de la pared alveolar y se
relacionan con el enfisema, ademas, su nimero en la via aérea correlaciona con la
severidad de la EPOC (38). Esto indica que estas células también pueden inducir una
respuesta elastolitica con la exposicion al HC (39, 40). De hecho, los macréfagos pueden
liberar especies reactivas de oxigeno, citocinas, quimiocinas y metaloproteinasas de la
matriz (MMPs) (41). En fumadores, los macréfagos a nivel de la via aérea distal se asocian
a fibrosis peribronquiolar (42) y en EPOC, los macréfagos tienen menor capacidad para
fagocitar células epiteliales apoptéticas de la via aérea contribuyendo a la no resolucion del

dano a este nivel (43).

Eosindfilos: aunque el papel de los eosinéfilos en la patogénesis de la EPOC esta poco
clarificado, se postula que un numero elevado de eosinéfilos en las secreciones
bronquiales puede representar un fenotipo distinto de la enfermedad ya que éstos
pacientes responden al tratamiento con corticosteroides (44, 45). La infiltracion de la via
aérea por eosindfilos se considera un rasgo caracteristico del asma, pero se ha
demostrado su presencia en la via aérea, en el 20%-40% de las muestras de esputo
inducido en pacientes con EPOC estable y durante las exacerbaciones (46, 47). Esto
sugiere que el tabaco tiene un papel potencial en el reclutamiento de eosinéfilos hacia el
pulmén (48). Ademas, hay que considerar que algunos pacientes con EPOC tienen rasgos
que concuerdan con el asma y en los que el patrén inflamatorio contiene un aumento de

eosinofilos (49).

Linfocitos: ademas de la infiltracion ya comentada del pulmén por las células del sistema
inmune innato, las células del sistema inmune adaptativo también participarian en el
proceso inflamatorio de la EPOC (3). En este sentido, los linfocitos T CD8+ y CD4+ también

estan implicados en esta respuesta inflamatoria crénica pulmonar en la EPOC. La
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inflamacion mediada por los linfocitos se distribuye difusamente en el pulmén y persiste
después de dejar de fumar (50, 51). El ndmero de células T CD8+ esta aumentado en el
parénquima pulmonar y la via respiratoria, correlacionandose inversamente con el FEV1
(52), sugiriendo que estas células causan dano tisular en la EPOC. También se ha
relacionado el nimero de células apoptéticas en el parénquima pulmonar con el de
linfocitos T, principalmente células CD8+ citoliticas, como mecanismo en el desarrollo del
enfisema (53) y hay mayor namero de linfocitos CD4+ en la via aérea de estos pacientes
(28). Ademas, las células Ty B se agregan formando foliculos linfoides que se encuentran
en mayor nimero en pacientes con EPOC mas severa (3, 27). El incremento de células Ty
B en los pulmones de pacientes con EPOC podria suponer un rasgo caracteristico de la
autoperpetuacion del proceso inflamatorio en esta patologia y su persistencia crénica en

los pacientes (1).

Enfisema pulmonar

En el enfisema hay destruccion de las paredes alveolares (Figura 2), con el consecuente
aumento de los espacios aéreos distales que contribuye a la limitacién al flujo aéreo
debido a la reduccion de la elastancia (3, 24). La destruccion de la elastina, componente
importante del tejido conectivo del parénquima pulmonar, mediada por elastasas liberadas
por macréfagos y neutréfilos que sobrepasaria la actividad antiproteasa fisiolégica se cree
que es uno de los mecanismos fisiopatogénicos en la induccion de la destruccion del
parénquima alveolar. Al desequilibrio destruccion-reparacion se le anadiria el efecto
inhibitorio del HC sobre la sintesis de colageno y elastina (54). También se ha de
considerar la relacion entre la deficiencia genética de la proteina o-1-antitripsina
circulante, que inhibe la elastasa de neutréfilos con el enfisema pulmonar (55). Por otro
lado, destacar que el nlimero total de bronquiolos terminales y el area transversal que
ocupan éstos dentro del pulmén esta reducido en los pacientes con EPOC y enfisema.
Ademas, el estrechamiento y la pérdida de bronquiolos terminales precederian a la

aparicion de la destruccion del parénquima pulmonar. Este proceso explicaria el
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incremento por un factor de 4 a 40 de la resistencia de la via aérea pequena en los
pacientes con EPOC (56). También, como ya se ha comentado, la pérdida de lecho capilar y
densidad vascular pulmonar asociada al enfisema podria contribuir al desarrollo de la HP
asociada a la EPOC (9, 10, 57, 58). Y por otro lado, la desnutriciéon crénica también se
asocia a alteraciones semejantes al enfisema pulmonar, con una menor superficie alveolar

y mayor volumen aéreo pero sin disminucion del flujo aéreo (59).

Figura 2. Enfisema en la EPOC. Corte de un pulmén completo
que muestra enfisema, mas prominente en los [6bulos
superiores. El recuadro rectangular muestra destruccion
centrolobulillar y agrandamiento. El recuadro oval muestra
infiltrado inflamatorio consistente en macréfagos, linfocitos T

CD8+ (inmunotincion), y otras células, en la pared y los

espacios aéreos alveolares (1).

Ademas, se postula que el enfisema también podria deberse, al menos en parte, a una
homeostasis y reparacion del parénquima pulmonar alteradas, mediado por la via de
sefnalizacion NO-cGMP. Esta via, que se alteraria con la exposicion al HC, tendria una
accion importante en la preservacion de la arquitectura pulmonar a través de mediadores
como VEFGA y FGF10, y enzimas antioxidantes, como SOD1, ademas de reducir la
inflamacion (60). Por otra parte, hay evidencia de un papel causativo de la sintasa
inducible de NO (iNOS) y peroxinitrito (ONOO-) en el enfisema inducido por HC (61) que

podria prevenirse incrementando los niveles de cGMP (60).
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Fibrosis

En individuos fumadores, se ha observado cierto grado de fibrosis en la via aérea (3, 62).
Las fibras de colageno gruesas se asocian con la cicatrizacién y podrian modular la rigidez
de los tejidos (63). Ademas, la asociacion de la fibrosis con el enfisema se considera una
entidad especifica de pronéstico reservado (64-66). Los mecanismos que llevan a la
fibrosis alrededor de las vias aéreas se desconocen, pero podria tratarse de un intento de

reparacion de la inflamacion crénica.

1.4.- Alteraciones de la circulacion pulmonar

El HC también se asocia con disfuncion del endotelio vascular (67), sobreexpresion de
factores de crecimiento (68) e infiltracion de células inflamatorias en las arterias
pulmonares (11). Estos factores inducen la proliferacion de células musculares lisas (CML)
en las arterias pulmonares y consecuentemente, el remodelado vascular e incremento de

la resistencia vascular pulmonar (RVP).

Remodelado vascular

El remodelado vascular es el conjunto de cambios estructurales vasculares que llevan a la
reduccion de la luz de las arterias pulmonares, principalmente en los vasos mas pequenos
y las arterias precapilares (67, 69). Los cambios estructurales consisten en el
engrosamiento de la capa intima debido a la proliferaciéon de CML, sin embargo, el
engrosamiento de la capa muscular, de existir, es menos evidente (Figura 3) (70, 71). El
remodelado vascular explica el incremento irreversible de la RVP y es la causa principal de
HP en la EPOC. ElI remodelado de la intima también se debe al depédsito de elastina y
coldgeno (71). Tanto la VPH persistente (72) como los efectos directos de HC (67)

explicarian el remodelado vascular pulmonar asociado con la EPOC (71, 72).
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Figura 3. Arteria muscular pulmonar de un paciente con EPOC. Nétese el engrosamiento prominente de la
intima y el estrechamiento luminal. a) Inmunotincién con anticuerpo monoclonal contra a-actina de musculo
liso, que muestra proliferacién de CML en la intima. b) Tincion de orceina que revela abundante depésito de
fibras elasticas en la capa intima (70).

Disfuncion endotelial

El endotelio pulmonar tiene un importante papel en el control de la homeostasis vascular
(73) al liberar agentes vasodilatadores como el éxido nitrico (NO) y la prostaciclina, y
vasocontrictores como la endotelina-1 o la angiotensina. La disfuncién endotelial es
entendida como una respuesta vasodilatadora inadecuada debida al desequilibrio en la
liberacion de estos agentes. En individuos fumadores y pacientes con EPOC, las arterias
intrapulmonares muestran disfuncién endotelial, que se asocia a una menor expresion de
la sintasa endotelial de NO (eNOS) y, consecuentemente, a una menor sintesis de NO por
las células endoteliales, principal vasodilatador endégeno y regulador del crecimiento
celular. Estas alteraciones se considera que son las que promueven el desarrollo de HP en

la EPOC (Figura 4) (8, 67, 74).

Cigarette Inflammation Figura 4. Fisiopatologia de la HP en la EPOC.
smoke W13 products
l El HC y/o los productos de la inflamacion
@@@ Endothelial cell
| pueden iniciar los cambios al danar las
Endothelial células endoteliales y producir disfuncion
dysfunchon /
TVEGF endotelial. Esto comporta un desequilibrio
¢eNOS
v PGI,S entre factores vasoactivos y de crecimiento
- - SMC
Ty .. proliferation | | promoviendo la proliferacién de CML. La

Inﬂammaﬁon/ i hipoxia, inflamacion, y estrés de friccion
Intimal thickening
(remoiiellng) ) amplifican 'y perpetidan los efectos,

1 PAP contribuyendo atin mas a la HP (8).
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El NO endotelial activa la guanilato ciclasa soluble (sGC) produciendo la formacion del
segundo mensajero monofosfato de guanosina ciclico (cGMP) (74, 75). EI cGMP
intracelular disminuye la concentracion de calcio intracelular, produciendo una accion
vasorelajadora y de inhibicion de la proliferacién sobre las CML (60, 76). En el pulmén, el
cGMP es metabolizado por la accion de la fosfodiesterasa-5 (PDE5). Por otro lado, la
prostaglandina (PGl2), sintetizada tanto por las células endoteliales como CML, estimula la
adenilato ciclasa, incrementando la produccion de monofosfato de adenosina ciclico
(cCAMP) que actla como segundo mensajero relajando las CML e inhibiendo su
proliferacion. Este mediador estd disminuido en pacientes con HP (77, 78). Las arterias
pulmonares de pacientes con EPOC y fumadores con funcion pulmonar normal desarrollan
mayor efecto vasoconstrictor y menor vasorelajacion en respuesta a vasodilatadores
dependientes de la sintesis de NO como acetilcolina (ACh) y adenosina difosfato (ADP) (12,
67), sugiriendo que la exposicion al HC podria ser, en parte, el causante de la lesién

endotelial.

Hipertension pulmonar

La HP asociada a la EPOC es una complicacion grave presente en mas de la mitad de los
pacientes en estadio severo y que esta desencadenada, en parte, por la exposicion al HC
(79). Ademas, constituye un factor de mal pronéstico (80, 81). La HP se clasifica
clinicamente en diferentes grupos que comparten caracteristicas patologicas y

hemodinamicas y aproximaciones terapéuticas similares (Tabla 1) (82):
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m Updated Classification of Pulmonary Hypertension*

1. Pulmonary arterial hypertension

1.1 idiopathic PAH

1.2 Heritable PAH

1.2.1 EMPR2

1.2.2 ALK-1, ENG, SMAD9, CAV1, KCNK3

1.2.3 Unknown

1.3 Drug and toxin induced

1.4 Associated with:

1.4.1 Connective tissue disease

1.4.2 HWV infection

1.4.3 Portal hypertension

1.4.4 Congenital heart diseases

1.4.5 Schistosomiasis
1" Pulmonary venc-occlusive disease and/or pulmonary capillary hemangiomatosis
1"”. Persistent pulmonary hypertension of the newbom (PPHN)

2. Pulmonary hypertension due to left hean disease
2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular disease
2.4 Congenital/acquired left heart inflow /outflow tract obstruction and
congenital cardiomyopathies
3. Pulmonary hypertension due to lung diseases and/or hypoxia
3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattermn
3.4 Sleepdisordered breathing
3.5 Alveolar hypoventilation disorders
3.6 Chronic exposure to high altitude
3.7 Developmental lung diseases

4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension with unclear multifactorial mechanisms
5.1 Hematologic disorders: chronic hemolytic anemia, myeloproliferative
disorders, splenectomy
5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis,
lymphangioleiomyomatosis
5.3 Metabolic disorders: glyco gen storage dise ase, Gaucher disease, thyroid disorders
5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure,
segmental PH

*5th WSPH Nice 2013. Main modifications to the previous Dana Point classification are in bold.
BMPR = bone morphogenic protein receptor type Il; CAV1 = caveolinl; ENG = endoglin;
HIV = human immunodeficiency virus; PAH = pulmonary arterial hypertension.

En la EPOC, la fisiopatologia de la HP se caracteriza por disfunciéon endotelial (67),
desequilibrio de factores de crecimiento (68) y una respuesta inflamatoria aumentada (11)
en los vasos pulmonares. Estos factores inducen la proliferacion de CML en la pared del
vaso que lleva al aumento de RVP. La HP se define por valores anormalmente elevados de
la presion media de la arteria pulmonar (PAPm) >25mmHg y una presion enclavada
pulmonar normal (£15mmHg), medidas mediante cateterismo cardiaco derecho (83). En la
EPOC la supervivencia se relaciona inversamente con el valor de PAP (81, 84, 85) (Figura
5).
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Figura 5. indices de supervivencia segun el nivel inicial de PAPm (<20 mmHg o > 20 mmHg). Los dos

subgrupos muestran diferencias significativas tras cuatro y siete anos (81).

Entre los factores implicados en la HP asociada a la EPOC se encuentran:

Humo de cigarrillo (HC): ademas de alquitran y nicotina contiene otros compuestos téxicos
y carcinégenos como metales pesados, hidrocarburos aromaticos policiclicos, azaarenos,
N-nitrosaminas, 6xido de nitrégeno y acido cianhidrico. Se generan radicales libres y
oxidantes altamente reactivos (86, 87) que causan dano oxidativo a las membranas
celulares, enzimas y ADN (88). La exposicion ambiental a HC (fumadores pasivos) también

favorece la predisposicion a la mayoria de enfermedades respiratorias (89, 90).

Hipoxia alveolar: actia como estimulador de la VPH (91, 92), produciéndose redistribucion
del flujo sanguineo hacia los segmentos mejor ventilados para mantener una relacion Va/Q
adecuada (93). La VPH es especifica de la circulacion pulmonar puesto que a nivel
sistémico la hipoxia produce vasodilatacién para mantener la oxigenacion tisular (94). El
NO liberado por las células endoteliales pulmonares, que puede disminuir debido a las
alteraciones vasculares de la EPOC, contrarresta la VPH (95, 96). Por otro lado, la hipoxia
crénica induce el remodelado de las arterias pulmonares con hipertrofia de la capa
muscular (y no de la capa intima como en la EPOC) y consecuentemente el aumento de la

RVP que puede llevar a la hipertrofia del VD e insuficiencia cardiaca derecha.
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Disfuncién endotelial: la disfuncion endotelial en las arterias pulmonares de pacientes con
EPOC se asocia con la expresion disminuida de eNOS y la liberacion reducida de NO (67,
74). Las arterias pulmonares de los pacientes con EPOC muestran menor vasodilatacion
dependiente de endotelio. Estudios in vitro en baho de oO6rganos con arterias
intrapulmonares de estos pacientes muestran la respuesta disminuida a ADP de estas
arterias (67). Por lo tanto, la desregulacion de mediadores endoteliales como Ia
disminucion de NO y el aumento de entotelina-1 tendrian un papel patogénico en el
desarrollo de la HP (97, 98). Ademas, la disfuncién endotelial correlaciona con la severidad

del remodelado vascular que también llevaria al desarrollo de HP (12).

Inflamacion: la infiltracion de las arterias pulmonares por células inflamatorias podria
favorecer el desarrollo y progresion de la HP asociada a la EPOC (11). Aunque no esta claro
el papel patogénico de estas células, podrian contribuir a las alteraciones vasculares
pulmonares mediante la expresion de citocinas y factores de crecimiento. En este sentido,
el incremento de linfocitos correlaciona con la disminucién en la relajacién dependiente de
endotelio y el engrosamiento de la intima de las arterias (67). El infiltrado inflamatorio
también correlaciona con el grosor de la pared arterial e inversamente con la funcion
endotelial (11). Ademas, la interleuquina-6 (IL-6), la proteina C reactiva (PCR) y el TNF-o se

asocian a mayor PAP en la EPOC (99, 100).

2.- Modelo experimental de EPOC

El modelo experimental de EPOC deberia reproducir los cambios morfolégicos y funcionales
que se observan en los pacientes con EPOC. La posibilidad de disponer de modelos
experimentales de EPOC permite estudiar los mecanismos patogénicos y los efectos de las
intervenciones terapéuticas tanto sobre la estructura como sobre estos mecanismos
alterados. En el diseno del modelo animal se han de tener en cuenta las diferencias
anatémicas y genéticas entre especies animales que comportan diferente susceptibilidad

al desarrollo de las alteraciones de la EPOC. A continuacion se resume algunos de los
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modelos animales disponibles en la literatura que intentan mimetizar los cambios

fisiopatologicos mas destacados de la EPOC:

2.1.- Inflamacién pulmonar

Las enfermedades respiratorias como la bronquitis crénica, asma o EPOC se caracterizan
por la limitacion al flujo aéreo debida en parte a la inflamacidon pulmonar cronica que
contribuye al remodelado bronquial y vascular y al enfisema. Los modelos animales de
inflamacion son frecuentes en la investigacion de enfermedades respiratorias cronicas
(101, 102).

El lipopolisacarido (LPS) es una endotoxina de las bacterias Gram negativas utilizada como
factor inductor de la inflamacion pulmonar (102, 103). ElI LPS, administrado
intratraquealmente o inhalado, estimula el sistema inmune innato iniciando el influjo de
neutrofilos (104, 105), la liberacion de TNF-x, IL-1B, MMP-9 y MMP-12 (106, 107),
inflamacion bronquial, remodelado y obstruccién de la via aérea, enfisema y alteracion de
la funcion pulmonar (108, 109). Sin embargo, la relevancia como modelo de EPOC es
cuestionable debido a que induce inflamacion que responde a glucocorticoides (110) y
tolerancia inmunolégica.

También se ha utilizado contaminantes inhalados como polvo organico y peptidoglicano
para inducir cambios inflamatorios en el parénquima pulmonar y la via aérea (111). En
otros modelos animales se ha intentado reproducir la inflamacién crénica del pulmén
mediante la colonizacion bacteriana de la via aérea por instilacion intratraqueal de
bacterias vivas (112). De hecho, al ser la inflamacién cronica y la bronquitis cronica
entidades caracteristicas de la EPOC, también se ha utilizado la exposicion crénica al HC

como modelo de inflamacién pulmonar (113).

2.2.- Enfisema

La generacion del enfisema se podria explicar, en parte, por la teoria proteasa-
antiproteasa. La instilaciébn en hamsteres de papaina (proteasa obtenida de la papaya)
induce lesiones enfisematosas (114) que apuntaria a las proteasas liberadas por células
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inflamatorias reclutadas en el tracto respiratorio como mediadoras que participan en la
destruccion del parénquima pulmonar y el desarrollo de enfisema en la EPOC (115). En
modelos animales la instilacion de enzimas elastoliticas como la elastasa pancreatica
porcina y de neutréfilos humanos induce enfisema (30, 116). Este modelo animal se
caracteriza por la degradacion de la elastina junto con la infiltracion inflamatoria por
macrofagos, neutréfilos y linfocitos , la sobreexpresion de mediadores proinflamatorios
como TNF-a, IL-1B, IL-6 y IL-8 (117) y la metaplasia de células caliciformes (118) que
conlleva el empeoramiento de la funcién pulmonar.

Debido a que en humanos la desnutricion puede asociarse a la aparicion de lesiones
enfisematosas (59), algunos autores han utilizado la restriccion cal6rica en modelo animal
para reproducir la pérdida alveolar (119). También, segln algunos estudios en modelos
animales el enfisema podria explicarse por un mantenimiento y reparacion deficiente del
parénquima pulmonar que podria inducirse por procesos de apoptosis regulados por VEGF

(120) y su receptor VEGFR (121) y la activacion de caspasa-3 (122).

2.3.- Hipertension pulmonar

La hipoxia cronica induce HP en modelos animales (123). En ratas produce un aumento de
la PAPm que se correlaciona con el desarrollo de hipertrofia del VD. En ratones, la
exposicion a hipoxia también produce un incremento de la PAPm, pero menor remodelado
vascular que en ratas (124, 125). En este modelo también se desarrolla remodelado de los
vasos pulmonares con aumento de expresion de a-actina de CML.

En modelos animales, la monocrotalina (MCT), que es un alcaloide de pirrolizidina y
constituyente de la planta toxica Crotalaria spectabilis, causa HP, hipertrofia y disfuncion
del VD y alteraciones en la vasculatura pulmonar. En ratas la MCT causa dano endotelial
que lleva al desarrollo de HP (126, 127). En este modelo experimental el aumento de la
PAP y el remodelado vascular también podrian deberse al infiltrado inflamatorio vascular
inducido por MCT (128). Sin embargo, este modelo se considera mas propio de

hipertension arterial pulmonar (HAP) que de HP asociada a la EPOC.
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2.4.- Modelo de EPOC por exposicion al humo de cigarrillo

Los modelos in vivo de inflamacién y dano pulmonar inducido por HC se utilizan para
investigar los mecanismos patogénicos de la EPOC. La ventaja mas importante sobre otros
modelos experimentales es la utilizacion del principal agente primario causante de la
enfermedad en humanos, el HC, para modelar y reproducir las alteraciones fisiopatologicas
que caracterizan a la EPOC (129-135). Por consiguiente, los modelos animales de
exposicion al HC muestran el nexo causal entre la exposicion al HC y la inflamacion y los
cambios vasculares y de la via aérea asociados con la EPOC. Entre estos modelos animales
por exposicion al HC, el cobayo desarrolla de manera mas proxima que otros modelos
animales alteraciones pulmonares morfolégicas y funcionales que se asemejan a las
observables en pacientes con EPOC (133). En este sentido, los cobayos expuestos al HC
desarrollan enfisema, remodelado de la via aérea con metaplasia de células caliciformes,
infiltracion inflamatoria y reproducen las alteraciones de los vasos pulmonares en la EPOC
al inducir su muscularizacioén, incrementar la PAP y provocar disfuncién endotelial (131,
136, 137). Por lo tanto, este modelo experimental desarrolla HP por lo que se pueden
investigar los mecanismos implicados (60, 138). Sin embargo, la naturaleza y
caracteristicas del infiltrado inflamatorio celular y su relacién con los cambios estructurales
que tienen lugar en el pulmén no estan completamente caracterizadas en el modelo

experimental de EPOC por exposicion crénica a HC en cobayos.

3.- Tratamiento farmacolégico en la EPOCy la HP

La terapia farmacolégica reduce los sintomas de la EPOC, la frecuencia y severidad de las
exacerbaciones, mejora la calidad de vida y la tolerancia al ejercicio. El tratamiento actual
de la EPOC se fundamenta en el empleo de agentes broncodilatadores de larga duracion,
agonistas beta-adrenérgicos o anticolinérgicos (24). Por otro lado, con el uso de
vasodilatadores se intenta combatir la HP asociada a la EPOC reduciendo la PAP y la
sobrecarga del VD, incrementando el gasto cardiaco y mejorando la oxigenacion tisular

(139). Pero en estos pacientes, los agentes vasodilatadores pueden empeorar el

15



Introduccion

intercambio gaseoso al inhibir la VPH, dando lugar a un mayor desequilibrio ventilacion-
perfusion (140-143). En la presente tesis doctoral se han evaluado los efectos de dos tipos
de compuestos, tanto sobre la estructura como sobre los mecanismos patogénicos en el
modelo de EPOC en cobayos por exposicion créonica a HC. Estas intervenciones

farmacol6gicas son las que a continuacion se detallan:

3.1.- Antagonistas muscarinicos: bromuro de aclidinio

Los antagonistas muscarinicos (anticolinérgicos) de accion prolongada (Long-Acting
Muscarinic Antagonists, LAMAs) son farmacos de primera eleccion en el tratamiento de la
EPOC estable (24) y entre otros beneficios reducen la frecuencia de exacerbaciones (144)y
el nivel de declive en el FEV1 (145), lo que sugiere que sus efectos podrian ir mas alla de la
accion broncodilatadora (146), pudiendo tener efectos sobre los cambios histopatolégicos
pulmonares de la EPOC. En este sentido, la activacion de receptores muscarinicos puede
inducir la secrecion de citocinas y leucotrienos por las células inflamatorias y epiteliales
(147-149), la proliferacion de fibroblastos (150), aumentar la respuesta de las CML a los
factores de crecimiento (151, 152), y modular la expresion de proteina contractil de CML
(150).

Bromuro de aclidinio es un LAMA inhalado que fue aprobado para su comercializaciéon en
julio de 2012 por la European Medicines Agency (EMA) y la U.S. Food and Drug
Administration (FDA) para el tratamiento de la EPOC. Aclidinio se une a los receptores
muscarinicos M1-M5, tiene una mayor selectividad por los receptores M3 que por los M2, y
se disocia mas lentamente de los M3 que de los M2 (153). En ensayos clinicos con
pacientes con EPOC, aclidinio produjo una broncodilatacién sostenida durante 24 horas,
incrementd la tolerancia al ejercicio (154), mejord la obstruccion al flujo aéreo, redujo la
percepcion de disnea, y retrasd la aparicién de la primera exacerbacion (155-157). En
modelos experimentales, bromuro de aclidinio ha demostrado una actividad antagonista
potente y de larga duracion de los receptores muscarinicos, comparable a bromuro de

ipratropio y bromuro de tiotropio (153). Estudios en modelos experimentales de
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obstruccion al flujo aéreo han demostrado que el tratamiento con LAMAs disminuye el
nimero de células inflamatorias en el lavado broncoalveolar (LBA) (158, 159), reduce la
liberacion de citocinas inflamatorias por las CML de la via aérea (147), y contrarresta el
proceso de remodelado de la via aérea (159, 160), evidenciando que ademas de la accion
broncodilatadora la terapia anticolinérgica podria anadir otros beneficios terapéuticos en el

manejo de la EPOC (Figura 6) (161).
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Figura 6. Receptores muscarinicos. La distribucién de los receptores muscarinicos en el arbol

bronquial esta principalmente restringida a los receptores M1, M2 y M3 (161).

La mayoria de estudios experimentales con antagonistas muscarinicos se han realizado en
modelos de asma alérgico (160, 162, 163), dano pulmonar inducido por instilaciéon de LPS
(164) y exposicion aguda al HC (158). Sin embargo, se conoce poco de los efectos de los
LAMAs en modelos animales de EPOC inducida por la exposiciébn crénica al HC, que
ademas de utilizar el mismo agente causativo reproducen de manera mas parecida los

cambios morfologicos y funcionales que aparecen en los pacientes con EPOC (133, 135).
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3.2.- Inhibidores de la fosfodiesterasa-5: sildenafilo

Como se ha comentado, la disfuncion endotelial en arterias pulmonares de pacientes con
EPOC se asocia con la expresion reducida de eNOS y una liberacion disminuida de NO (67,
74). Este NO endotelial activa la sGC que lleva a la formacion del segundo mensajero
cGMP (74, 75). El cGMP intracelular disminuye la concentracion de calcio intracelular, y de
esta forma, se relajan las CML vasculares (165). El NO endotelial puede también inhibir la
proliferacion de CML a través de mecanismos dependientes de cGMP (166). En el pulmoén,
el cGMP se metaboliza principalmente por la accién de la PDE5. Los inhibidores de PDE5,
como sildenafilo, mejoran la via de senalizacion NO-cGMP y ejercen efectos vasodilatador y
antiproliferativo (Figura 5) (167, 168). Estudios en modelos experimentales de HP inducida
por hipoxia (169) o MCT (170, 171) han demostrado que sildenafilo reduce la PAP,
previene la hipertrofia del VD y ejerce un efecto antirremodelado en los vasos pulmonares.
Sin embargo, los efectos de sildenafilo sobre la estructura pulmonar no se han evaluado en
modelos experimentales de EPOC por exposicion cronica al HC. Sildenafilo se utiliza

actualmente en el tratamiento de la HAP (172).
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En pacientes con EPOC y HP asociada, hemos demostrado que sildenafilo disminuye la RVP
de manera aguda (142), pero este efecto no se trasladd a una mayor tolerancia al ejercicio
al administrarlo durante 3 meses (173). Esta influencia limitada en la tolerancia al ejercicio
podria deberse a los cambios concomitantes que tienen lugar en el parénquima pulmonar y

via aérea de los pacientes con EPOC.
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Hipotesis

La presente tesis doctoral se plantea en base a las siguientes hipétesis:

1. El modelo experimental de EPOC por exposicion al HC en cobayos reproduce la
destruccion del parénquima y las alteraciones en la via aérea y vasos pulmonares
caracteristicas de la EPOC, en los que diferentes mediadores quimicos y células
inflamatorias tendrian un papel fisiopatolégico destacable. Por este motivo,
hipotetizamos que la exposicion crénica al HC producird en cobayos un proceso
inflamatorio asociado con cambios morfolégicos y funcionales en las estructuras

pulmonares similares a lo que se observa en los pacientes con EPOC.

2. La adecuada caracterizaciéon del modelo experimental de EPOC en cobayos permitiria
su uso en la evaluacién de los efectos de nuevos farmacos y dianas terapéuticas en el
tratamiento de la EPOC. En este sentido, se evallan los efectos de bromuro de
aclidinio, un antagonista muscarinico de accion prolongada, y sildenafilo, un inhibidor

selectivo de la PDED.

2.1. Basandonos en estudios previos realizados y en que aclidinio tiene una potente
afinidad por el receptor muscarinico M3 (153) que media la accidon proinflamatoria
y proliferativa de la ACh (146, 149, 151), y su efecto inhibitorio en la diferenciacion
miofibroblastica (174), hipotetizamos que ademas de su actividad broncodilatadora
aclidinio podria tener efectos antirremodelado y antiinflamatorio en el tejido

pulmonar en este modelo animal de EPOC por exposicion crénica al HC.

2.2. Por otro lado, el cobayo carece de VPH pero desarrolla HP tras la exposicion cronica
a HC (134). La falta de VPH permite testar los efectos antirremodelado de
vasodilatadores minimizando el potencial efecto perjudicial en el intercambio de
gases. En un estudio reciente hemos demostrado que en cobayos expuestos
cronicamente al HC la administracion de un estimulador de sGC independiente de
NO que incrementa los niveles de cGMP, reduce la RVP y previene el remodelado

vascular pulmonar, y el desarrollo de enfisema (60). Por lo tanto, hipotetizamos que
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sildenafilo, que aumenta la actividad de cGMP al impedir su metabolizacion, podria
ejercer efectos favorables sobre la estructura pulmonar ademas de su accion

vasodilatadora.
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Objetivos

De acuerdo con las hipétesis y los antecedentes expuestos, los objetivos que se plantearon

en los tres articulos que conforman esta tesis doctoral fueron:

1.- Primer articulo. Pulmonary inflammatory reaction and structural changes induced

by cigarette smoke exposure in the Guinea pig.

Objetivo general

Evaluar la naturaleza y caracteristicas de la reaccion inflamatoria en el pulmén, y su
implicacién en los cambios estructurales que tienen lugar a nivel pulmonar en el modelo

experimental de EPOC en cobayos expuestos crénicamente al HC.

Obijetivos concretos

I. Caracterizar el tipo de células inflamatorias y su distribucion en las estructuras

pulmonares (via aérea, vasos y parénquima).

Il. Analizar el remodelado de la via aérea y de los vasos pulmonares.

Ill. Evaluar la presencia de fibrosis y la aparicion de enfisema en el parénquima.

IV. Explorar los mecanismos que interconectan la infiltracion de células inflamatorias

con las alteraciones estructurales caracteristicas de la EPOC.

V. Establecer la importancia, el orden secuencial y la dinamica de estas alteraciones

en el desarrollo de la EPOC.
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Objetivos

2.- Segundo articulo. Effects of Aclidinium Bromide in a Cigarette Smoke-Exposed

Guinea Pig Model of Chronic Obstructive Pulmonary Disease.

Objetivo general

Investigar los efectos del broncodilatador bromuro de aclidinio sobre los cambios

histopatolégicos y el infiltrado de células inflamatorias en los pulmones del modelo de

EPOC en cobayos crénicamente expuestos al HC.

Obijetivos concretos

24

Evaluar el efecto de aclidinio sobre las alteraciones morfolégicas, como potencial

agente antirremodelado de la via aérea.

Evaluar el efecto de aclidinio sobre la infiltracion de células inflamatorias en las

estructuras pulmonares, como potencial agente antiinflamatorio.

Evaluar el efecto de aclidinio sobre la funcidon pulmonar y los signos respiratorios

caracteristicos de la EPOC, particularmente su efecto broncodilatador.

Evaluar el efecto de aclidinio sobre otras alteraciones tipicas de la EPOC como la

metaplasia de células caliciformes y el desarrollo de enfisema pulmonar.

Explorar posibles mecanismos que interconectan los diferentes cambios

observados con la administracion de aclidinio.



Objetivos

3.- Tercer articulo. Sildenafil in a cigarette smoke-induced model of COPD in the

guinea pig.

Objetivo general

Evaluar los efectos del vasodilatador sildenafilo sobre la hemodinamica pulmonar, funcion

endotelial, y el remodelado vascular y del parénquima, en el modelo de EPOC en cobayos

cronicamente expuestos al HC.

Obijetivos concretos

Evaluar el efecto de sildenafilo sobre la hemodinamica pulmonar, como agente

vasodilatador de la circulacion pulmonar.

Evaluar el efecto de sildenafilo sobre la hipertrofia del VD y la funcién endotelial de

arterias pulmonares.

Evaluar el efecto de sildenafilo sobre las alteraciones morfolégicas y el remodelado

vascular pulmonar, como potencial agente antiproliferativo.
Evaluar el efecto de sildenafilo sobre el funcionalismo respiratorio.

Integrar posibles mecanismos que expliguen los cambios producidos con la

administracion de sildenafilo.
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Resultados

Esta tesis doctoral se fundamenta en los siguientes tres articulos originales de los que el

doctorando es primer autor:

Primer articulo:

Dominguez-Fandos D, Peinado VI, Puig-Pey R, Ferrer E, Musri MM, Ramirez J, Barbera JA.
Pulmonary inflammatory reaction and structural changes induced by cigarette
smoke exposure in the Guinea pig. COPD. 2012 Aug;9(5):473-84.

Factor de impacto: 2.310 (Posicion 28 de 50). Tercer cuartil del area de conocimiento

“Respiratory system” (ISI Web of KnowledgesM, Journal Citation Reports®,

http://sauwokb.fecyt.es/admin-apps/JCR/JCR?RQ=RECORD&rank=28&journal=COPD

Segundo articulo:

Dominguez-Fandos D, Ferrer E, Puig-Pey R, Carreno C, Prats N, Aparici M, Musri MM,
Gavalda A, Peinado VI, Miralpeix M, Barbera JA. Effects of Aclidinium Bromide in a
Cigarette Smoke-Exposed Guinea Pig Model of Chronic Obstructive Pulmonary

Disease. Am ] Respir Cell Mol Biol. 2014 Feb;50(2):337-46.

Factor de impacto: 4.109 (Posicién 7 de 53). Primer cuartil del area de conocimiento

“Respiratory system” (ISI Web of KnowledgesM, Journal Citation Reports®,

http://sauwokb.fecyt.es/admin-apps/JCR/JCR?RQ=RECORD&rank=7 &journal=AM+J+RESP+CELL+MOL

Tercer articulo:

Dominguez-Fandos D, Valdés C, Ferrer E, Puig-Pey R, Blanco |, Tura-Ceide O, Paul T,

Peinado VI, Barbera JA. Sildenafil in a cigarette smoke-Induced model of COPD in the

guinea pig. Eur Respir J. (actualmente en segunda revision).
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Factor de impacto: 7.125 (Posicion 4 de 54). Primer cuartel y decil del area de

conocimiento “Respiratory system” (ISI Web of Knowledges™, Journal Citation Reports®,
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Pulmonary inflammatory reaction and structural changes induced by

cigarette smoke exposure in the Guinea pig.

David Dominguez-Fandos, Victor lvo Peinado, Raquel Puig-Pey, Elisabet Ferrer, Melina Mara

Musri, Josep Ramirez, Joan Albert Barbera.

Articulo publicado en COPD-Journal of Chronic Obstructive Pulmonary Disease
2012 Aug;9(5):473-84.
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Abstract

Cigarette smoke (CS) induces an inflammatory process in the lung that may
underlie the development of chronic obstructive pulmonary disease (COPD). The
nature and characteristics of this process have not been fully established in
animal models. We aimed to evaluate the pulmonary inflammatory reaction and
its involvement in structural changes in guinea pigs chronically exposed to CS.
19 Hartley guinea pigs were exposed to 7 cigarettes/day, during 3 or 6 months. 18
control guinea pigs were sham-exposed. Numbers of neutrophils, macrophages
and eosinophils and lymphoid follicles were assessed in different lung structures.
Airway and vessel morphometry, alveolar space size and collagen deposition
were also quantified. After 6 months of exposure, CS-exposed guinea pigs
showed increased numbers of neutrophils, macrophages and eosinophils in the
airways, intrapulmonary vessels and alveolar septa, as well as lymphoid follicles.
Increased numbers of muscularized intrapulmonary vessels were apparent at
3 months. After 6 months of exposure, the airway wall thickened and the alveolar
space size increased. Gollagen deposition was also apparent in airway walls and
alveolar septa after 6 months’ exposure. The magnitude of airway wall-thickening
correlated with the number of infiltrating inflammatory cells, and the extension of
collagen deposition correlated with alveolar space size. We conclude that in the
guinea pig, 6 months of CS exposure induces inflammatory cell infiltrate in lung
structures, at an intensity that correlates with airway remodelling. These changes
resemble those observed in COPD, thus endorsing the pathogenic role of CS and
the usefulness of this animal model for its study.

Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by pro-
gressive and not fully reversible airflow limitation, usually associated with
a chronic inflammatory process in the airways and lung parenchyma in
response to noxious particles or gases, in particular cigarette smoking (1,2).

The pathogenesis of COPD involves the recruitment of neutrophils, mac-
rophages, and lymphocytes to the lung, as well as the induction of oxidative
stress, all of which result in lung parenchymal destruction and airway remod-
elling (3-7). Full understanding of the role of inflammatory cells in COPD is
difficult because this disease involves a mixture of processes (airways disease,
emphysema and vascular abnormalities) with different patterns of inflamma-
tion and different pathologies.
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Over the last 10 years in vivo models of lung inflam-
mation and lung damage induced by cigarette smoke
(CS) have been used to investigate mechanisms related
to COPD. Their greatest advantage over other experi-
mental models is the ability to use the primary disease-
causing agent to model several key features of the disease
in small animals. CS-exposure animal models therefore
provide the strongest evidence for a causal link between
inflammation and the structural changes associated
with COPD.

The guinea pig develops, more closely than other ani-
mal models (8), morphological and physiological altera-
tions after exposure to CS that resemble those seen in
COPD. The nature and characteristics of inflammatory
cell infiltrate and its eventual relationship with struc-
tural changes occurring in the lung have not been fully
characterized.

The present study aimed to investigate the nature and
characteristics of the inflammatory cell infiltrate in the
lungs of guinea pigs after two periods of CS exposure,
and to assess its relationship with structural abnormali-
ties in the airways, lung parenchyma and pulmonary
vessels.

Methods

Additional information on methods is provided in the
supplementary material.

Animals and experimental model

Thirty-seven male Hartley guinea pigs (~300 g) were
randomly divided into four groups. Nineteen guinea
pigs were exposed to the smoke of 7 non-filtered
research cigarettes (1R3F; Kentucky University
Research; Lexington, KY, USA) per day, 5 days a week,
using a nose-only system (9) (Protowerx Design Inc;
Langley, British Columbia, Canada). One group (n = 6)
was exposed to CS for 3 months and the other group
(n = 13) for 6 months. The other two groups were 18
control animals, sham-exposed to CS by placing them
for the same length of time in the nose-only system
over the same periods of time (n = 10 for 3 months
and n = 8 for 6 months) without lighting the cigarettes.
At the end of the 3- or 6-month period, the animals
were sacrificed under anesthesia 24 h after the end
of the experiments. The ethical review board for ani-
mal research of the University of Barcelona approved
all the experimental protocols and the experiments
were performed following institutional guidelines
that comply with national and international laws and
policies.

Lung tissue preparation

The lungs were removed and inflated intratracheally
with 4% formaldehyde for 24 h under a constant pres-
sure of 25 cm H,O. The lung tissue blocks were embed-
ded in paraffin.

JOURNAL OF CHRONIC OBSTRUCTIVE
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Characterization of inflammatory cells

The assessment of inflammatory cell infiltrate was per-
formed on 5 pm serial sections stained with H&E to
identify neutrophils and lymphoid follicles. The pres-
ence of eosinophils and macrophages was quantified on
sections stained with Congo red and PAS, respectively
(10;11).

The number of neutrophils, eosinophils and mac-
rophages infiltrating the adventitia was counted in 10
airways (median of internal luminal perimeter (Pil),
971 pum) and in 10 pulmonary arteries (median of inter-
nal elastic lamina perimeter (Pim), 324 um) per animal.
Inflammatory cells in alveolar septa were counted in
20 fields, randomly selected at a magnification of x640.
The results were expressed as the number of cells per
alveolar septal area. The lung tissue sections were
examined for the presence or absence of lymphoid fol-
licles. The rate of guinea pigs with lymphoid follicles
was calculated.

Morphometric measurements

Serial sections 5 pm thick were immunostained with
a mouse monoclonal antibody against human smooth
muscle a-actin (MO0851; DakoCytomation, Glostrup,
Denmark). Sites of primary antibody were revealed with
an ABC system kit (PK-6102 kit; Vector Laboratories,
Burlingame (CA), US) and DAB+chromogen solution as
substrate (DakoCytomation).

Ten non-cartilaginous airways per animal were
randomly selected and photographed using a bright
field microscope (Leica Microsystems Imaging Solu-
tions Ltd, Cambridge, UK) coupled to a digital camera
(Leica). Images were processed using analysis software
(Image-Pro Plus, Media Cybernetics, Carlsbad, Calif).
For each airway, the outer and inner aspects of the mus-
cular layer (12) and the internal luminal perimeter (Pil)
were outlined and the occupied areas were calculated.
The thickness of the smooth muscle layer in airways was
estimated as the difference in the delimited areas of the
outer and inner aspects of the muscular layer normal-
ized by the Pil. Similarly, the perimeter of adventitia was
outlined and the area was computed. Pil was used as
the internal reference measure (13) to normalize all the
airway dimensions. Pulmonary vessels with an external
diameter <50 pm were analyzed in lung sections stained
with orcein. Vessels with double elastic laminas were
counted and expressed as the number per sq. mm of
tissue.

Lung sections were assessed by immunohistochemis-
try with anti-a-actin and anti-desmin antibodies (Dako,
Glostrup, Denmark). The immunoreactions to both
antibodies were quantified as the number of positive
vessels per sq. mm of tissue. The presence of emphysema
was evaluated by measuring the mean linear intercept
of alveolar septa in 20 randomly selected fields per slice
using an image analysis system (Leica Qwin) in H&E-
stained lung sections.
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Assessment of fibrosis

Total collagen in lung structures was evaluated in
paraffin-embedded sections stained with Sirius red. An
average of 11 airways and 16 fields of alveolar septa per
animal were randomly captured.

The percentage of alveolar septa occupied by collagen
fibres and the area of muscular layer in airways occupied
by collagen were determined under bright field micros-
copy. Thick and thin collagen fibres were identified by
brightening to orange-red and green, respectively, under
polarized light microscopy (14). The areas for each type
of fibre were evaluated by an image analysis system
(Image-Pro Plus). Areas of fibrosis in the airways were
normalized by Pil.

Data analysis
Results of normally distributed variables are shown
as meantstandard deviation (SD) in tables and as
meantstandard error of the mean (SEM) in figures.
Results of non-normally distributed variables are
expressed as median and interquartile range (IQR).
Results in figures are showed as mean + SEM.
Comparisons between groups were carried out by
using a two-way analysis of variance (ANOVA), con-
sidering exposure and time as main factors. When sig-
nificant, post-hoc pairwise comparisons were performed
using the unpaired ¢-test or Mann-Whitney rank sum
test to identify the source of variation, for normally and
non-normally distributed data, respectively.

To investigate whether cell counts may differ accord-
ing to the size of the airways or pulmonary vessels (15),
specific assessments were carried out in airways and
vessels with Pil and Pim values, above (larger) or below
(smaller) the median value. The occurrence of lymphoid
follicles was determined by Fisher exact test, construct-
ing a contingency table for each period of time. Rela-
tionships between variables were assessed using the
Pearson’s correlation test. A p-value lower than 0.05 was
considered significant.

Results

Nineteen of the 24 CS-exposed animals and all the 18
non-exposed animals completed the exposure period
and were used for the morphological analysis. The cause
of death was attributed to severe bronchoconstriction
during CS exposure. Animals showed normal behaviour
and activity during the experimental procedures and
they did not reveal any signs of respiratory infection or
major abnormalities in the lungs after sacrifice.

Inflammatory cells

Compared with non-exposed animals, the number
of neutrophils increased in airways and vessels after
6 months of CS exposure (Figure 1 and Table 1). This
response was observed irrespective of the size of the
airways or pulmonary vessels (Table 1). After 3 months
of exposure, the number of neutrophils was already

A Airways B Pulmonary vessels G Alveolar septa
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Figure 1. Neutrophilic infiltration in the lung of guinea pigs. Individual counts for neutrophils in the airways (A), pulmonary vessels (B) and alveolar septa (C) of
controls and CS-exposed animals. Results are expressed as number of cells normalized by Pil in airways, Pim in vessels or square millimeter in alveolar septa.
Horizontal bars represent median values. * p < 0.05 CS-exposed vs. Control (Mann-Whitney rank sum test). Photomicrographs of an airway (D), a pulmonary vessel
(E) and alveolar septa (F) of guinea pigs exposed to CS (H&E stain. Scale bar, 20 mm). Arrows show infiltrating neutrophils.
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Table 1. Number of neutrophils, macrophages and eosinophils in lung structures after different periods of cigarette smoke exposure

3 months 6 months
Control CS-Exposed Control CS-Exposed
(n=10) (n=6) (n=29) (n=13)
All airways 0.4 (0.3-0.7) 1.1 (0.6-1.3) 0.6 (0.4-0.8) 1.3 (0.9-1.7)*
Airways . _ | —1.5)*
(cells/mm) Larger airways 0.7 (0.6-1.2) 1.4 (0.7-1.9) 0.6 (0.4-0.6) 1.3(1.0-1.5)
Smaller airways 0.3 (0.0-0.4) 0.7 (0.2-1.3) 0.7 (0.1-0.8) 1.3 (0.9-2.0)*
Neutrophils All vessels 0.3 (0.0-0.6) 0.7 (0.2-1.3) 0.3(0.2-0.8) 1.3(0.8-1.9)*
Vessﬁ'fm()ce"S/ Larger vessels 0.0 (0.0-0.5) 0.8 (0.3-2.1)* 0.5 (0.2-0.6) 0.8 (0.5-2.1)*
Smaller vessels 0.0 (0.0-0.4) 0.4(0.0-1.4) 0.0 (0.0-0.4) 1.5 (0.8-18)*
Alveolar septa (cells/mm?) 12.5 (7.4-17.5) 16.2 (11.3-22.3) 11.7 (9.2-14.1) 15.6 (11.4-18.8)
All airways 0.2 (0.1-0.3) 0.2 (0.2-0.5) 0.1 (0.0-0.4) 0.4 (0.3-0.6)*
Airways 8 g _ g g
(cells/mm) Larger airways 0.1 (0.0-0.3) 0.2 (0.1-0.3) 0.2 (0.0-0.3) 0.4 (0.3-0.5)
Smaller airways 0.0 (0.0-0.4) 0.3 (0.0-0.6) 0.0 (0.0-0.4) 0.6 (0.1-0.9)
Macrophages All vessels 0.1 (0.0-0.4) 0.3(0.3-1.2) 0.0 (0.0-0.0) 1.0 (0.53-1.6)*
Vessels -
(cells/mm) Larger vessels 0.2 (0.0-0.6) 0.5 (0.0-0.7) 0.0 (0.0-0.0) 0.6 (0.0-1.4)
Smaller vessels 0.0 (0.0-0.0) 0.7 (0.0-2.9)* 0.0 (0.0-0.0) 1.2 (0.8-1.6)*
Alveolar septa (cells/mm?) 1.1 (0.0-2.6) 5.3 (2.6-6.5) 0.0 (0.0-0.6) 6.6 (2.7-10.3)*
All airways 3.0 (1.7-3.3) 45 (3.2-4.9) 1.5 (0.8-2.4) 5.0 (4.1-6.3)
Airways ; L _ i _7 0\
(cells/mm) Larger airways 3.7 (2.9-4.7) 4.3(3.1-9.2) 1.9 (1.1-3.5) 5.1 (4.1-7.0)
Smaller airways 2.1(1.0-3.1) 3.4 (1.3-5.8) 1.1(0.2-1.7) 4.2 (3.6-6.0)
Eosinophils All vessels 0.5 (0.2-1.0) 1.6 (1.2-3.0)* 0.6 (0.2-0.8) 1.6 (0.9-2.8)*
Vessels * — =
(cells/mm) Larger vessels 0.4 (0.3-0.8) 1.8 (0.6-3.6) 0.3 (0.1-0.8) 0.7 (0.2-1.2)
Smaller vessels 0.7 (0.0-1.2) 2.2 (1.4-3.1) 0.0 (0.0-1.0) 2.0 (1.0-3.4)
Alveolar septa (cells/mm?) 4.3(1.8-8.8) 10.2 (8.7-16.4) 0.5(0.0-1.9) 7.1 (5.6-7.6)*

Values are median and IQR.
*p < 0.05 CS-exposed vs. Control (Mann-Whitney rank sum test).

increased, suggesting a progression of the inflammatory
process with prolonged CS exposure.

CS-exposed animals showed an increased number of
macrophages infiltrating alveolar septa, after both 3 and
6 months. The number of macrophages also increased
in the adventitia of both pulmonary vessels and airways
after 6 months of exposure (Figure 2 and Table 1).

The number of eosinophils increased in airways and
vessels, after both 3 and 6 months of exposure to CS. The
number of eosinophils also increased in alveolar septa
after 6 months. Eosinophilic infiltrate was greater in the
airways than in the vessels. We did not observe any dif-
ferences between larger and smaller airways (Figure 3
and Table 1).

Lymphoid follicles were identified close to the air-
ways and vessels in CS-exposed animals after 6 months
of exposure (Figure 4). Whereas 46% of CS-exposed
animals showed follicles after 6 months of exposure,
they were practically absent in sham-exposed animals
(p < 0.05, Fisher exact test).

Morphometric assessments of airways
The morphometric measurements in airways from con-
trol and CS-exposed groups are shown in Table 2 and
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Figure 5. Airways were classified into larger and smaller
airways according to whether they fell above or below
the median value of Pil.

Compared with the control group, the airway wall was
thicker in the CS-exposed group after 6 months of expo-
sure. This enlargement was apparent for both larger and
smaller airways, although after 6 months of exposure the
differences were more pronounced in smaller airways. It
is worth noting that there was an enlargement of airway
wall thickness with time, which was essentially due to the
enlargement of the mucosa+submucosa, probably as a
result of the maturation of lung structures during growth.

Adventitia. A significant thickening of the adven-
titia was observed after 6 months of CS-exposure;
this was more prominent in the smaller airways.
Muscularis. A significant thickening was shown
after 6 months of CS exposure, particularly in
smaller airways; this was due to the increase in
smooth muscle content, as shown by a-smooth
muscle actin immunoreactivity.
Mucosa+submucosa. Significant enlargement of the
inner wall, comprising the epithelium and the sub-
mucosa, was observed in CS-exposed animals as
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Figure 2. Macrophage infiltration in the lungs of guinea pigs. Individual count for macrophages in the airways (A), pulmonary vessels (B) and alveolar septa (C)
of controls and CS-exposed animals. Results are expressed as number of cells normalized by Pil in airways, Pim in vessels or square millimeter in alveolar septa.
Horizontal bars represent median values. * p < 0.05 CS-exposed vs. Control (Mann-Whitney rank sum test). Photomicrographs of an airway (D), a pulmonary vessel
(E) and alveolar septa (F) of guinea pigs exposed to CS (PAS stain. Scale bar, 20 mm). Arrows show infiltrating macrophages.

A Airways B Pulmonary vessels g Alveolar septa
14 14 5 30
*
*
e 12 4 * 2
10 4 e A L = .
E A Y . & € 20 °
B {8 (] e A E . *
2 . A 2 157
5] . A P :
£ AL 2 A 8 o1 o [ 1]
@ N 99 . A " oo— a == 5 ‘*‘
8 A A - ° i & O 5 "°8— A
2 %% . a8 8 i vl ul ) = i
o ‘nga'o ° A 0% [} :ﬁ-
04 AA o o Ap 0
o & 2 2 & & & & & & &
N & & & QN & 2y & N N & &
&8 & IS S &5 S &5 S &5 & &5 S
(s) ‘O $) O’ 4\0 &) o <O &) O O (&) ot O (o) O «© o
& & N & 3§
,,J@ & ,.b& & bé‘ 0°° bé‘ o n.,& ogé ..56‘ fod b((‘ S 66‘ fod rbé‘ & ,bé‘ o t,6‘ S ‘b@ &
[©) &) [©) € O
D E F

Figure 3. Eosinophil infiltration in the lungs of guinea pigs. Individual count for eosinophils in the airways (A), pulmonary vessels (B) and alveolar septa (C) of
controls and CS-exposed animals. Results are expressed as number of cells normalized by Pil in airways, Pim in vessels or square millimeter in alveolar septa.
Horizontal bars represent median values. * p < 0.05 CS-exposed vs. Control (Mann-Whitney rank sum test). Photomicrographs of an airway (D), a pulmonary vessel
(E) and alveolar septa (F) of guinea pigs exposed to CS (Congo red stain. Scale bar, 20 mm). Arrows show infiltrating eosinophils.
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Figure 4. Pulmonary lymphoid follicles. Percentage of individuals with
presence or absence of lymphoid follicles in lung tissue of control and
CS-exposed groups (A).* p < 0.05 (Fisher exact test). Photomicrographs
of lymphoid follicle (arrows) in peribronchial (B) and perivascular (C) lung
tissue of CS-exposed guinea pigs at 6 months (H&E stain. Scale bar,
100 mm).

compared with controls, after both 3 and 6 months.
There were no differences between the larger and
smaller airways.

Emphysema. There was an increase in the mean dis-
tance between the alveolar septa in animals exposed
to CS for 6 months (control vs. exposed: 64 + 6 vs.
73 £5 um, p = 0.001).

Morphological evaluation of pulmonary vessels
The morphometric measurements of intrapulmonary
vessels are shown in Table 3. There was a trend towards
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a greater proportion of intrapulmonary vessels with
double elastic laminas in animals exposed to CS during
6 months. The number of vessels with positive immu-
noreactivity to a-smooth muscle actin was higher in
animals exposed to CS, after both 3 and 6 months. No
differences were observed in the proportion of vessels
with positive immunoreactivity to desmin (Table 3).

Fibrosis

Collagen deposition was evaluated under both bright
field and polarized light microscopy in both the alveolar
septa and the muscular layer of airways. The results for
total collagen and both thick- and thin-fibre collagen are
shown in Table 4 and Figure 6.

There was an increase in the proportion of collagen
deposition in both the septa and the airways in animals
exposed to CS for 6 months. The increase in collagen
was more pronounced in smaller airways than in larger
airways.

We analyzed the extension of thick- and thin-fibre
collagen under polarized light. There was a greater
deposition of thick-fibre collagen after 6 months of CS
exposure in both the alveolar septa and the muscular
layer of airways.

Correlations

The number of peribronchial neutrophils correlated
with the thickness of the airway wall and its different
layers, particularly in smaller airways (Figure 7 and
Supplementary Table 1), and also with the alveolar
size (r = 0.43, p = 0.01). The number of macrophages
infiltrating the airways correlated with the wall thick-
ness of smaller airways (Figure 7 and Supplementary
Table 2) and the alveolar size (r = 0.37, p = 0.03). The
macrophages in alveolar septa also correlated with the
alveolar size (r = 0.45, p = 0.06). Moreover, the deposi-
tion of total (Figure 8) and thick-fibre collagen (r = 0.42,
p = 0.01) in alveolar septa correlated positively with the
degree of emphysema.

The number of peribronchial eosinophils correlated
weakly with the thickness of the airway wall and its
different layers (Supplementary Table 3). Only perivas-
cular eosinophils correlated weakly with the number of
a-actin-positive intrapulmonary vessels (r = 0.36, p =
0.03; Supplementary Figure 1).

Discussion

The present study shows that guinea pigs chronically
exposed to CS develop an inflammatory reaction in
all their pulmonary structures, clearly apparent after
6 months of exposure, as well as morphological changes
in those structures. The changes in airway structure
were pronounced, especially in smaller airways, and
correlated with the number of infiltrating neutrophils
and macrophages. Animals exposed to CS also devel-
oped a muscularization of small pulmonary vessels
that was unrelated to the neutrophilic or macrophagic
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Table 2. Morphological characteristics of airways

3 months 6 months ANOVA
Control CS-Exposed Control CS-Exposed CS Time of
(n=10) (n=6) (n=28) (n=13) Exposure Exposure Interaction
Extended-airways radius (um) 174 + 32 193 + 39 205 + 37 228 + 33 0.093 0.010 0.844
All airways 371+45 452 +114 46.7 + 6.6 66.9 + 12.3* <0.001 <0.001 0.072
m’)‘ Wall Thickness | »cer airways ~ 46.0+67  57.2+147  587+74 759+17.8"  0.005 0.002 0.533
Smaller airways 285+43 35.8+14.3 33.8+5.3 56.0 + 6.5* <0.001 <0.001 0.008
) All airways 111+29 131 +57 11.9+53 21.2 +6.4* 0.004 0.020 0.052
Thickness of
Adventitia Larger airways 134 +6.4 16.6 £ 6.0 14.9+£9.2 20.2+£6.7 0.091 0.301 0.656
(um) Smaller airways 10.2 +3.7 10.3+9.6 77+45 22.3+7.0* 0.002 0.036 0.002
) All airways 128+1.9 15.7 + 3.3* 19.9+25 25.4 + 4.8* 0.002 <0.001 0.274
Thickness of
Mucosa+submucosa  Larger airways 16.2 +2.3 184 +4.4 228+29 29.7+7.6 0.019 <0.001 0.200
e (um) Smaller airways 10.8 £ 2.1 12.8 2.1 16.6 £ 3.7 20.6 +4.7 0.020 <0.001 0.422
= ) All airways 13.2+2.0 16.5+£6.7 15.0 £ 2.6 20.3 £5.7F 0.011 0.086 0.538
= Thickness of
<:=> Muscularis Larger airways 19.3 £ 3.1 21.9+85 19.1+£3.7 249 +95 0.102 0.579 0.521
=]
s (Hm) Smaller airways 91+15 10.8 £ 2.5 10.0+1.8 14.2 + 4.2* 0.007 0.040 0.215
=]
T) . %
g Smooth Muscle All airways 11.7+£25 14675 11.7+£26 16.4 £ 5.0 0.022 0.564 0.578
ﬂf) Content Larger airways 18.0+ 3.5 20.3 £9.1 15.7 + 4.1 20.1+8.3 0.160 0.605 0.647
; L) Smaller airways 77 +1.7 86+22 72+15 10.7 + 3.9* 0.023 0.432 0.165
g Values are mean + SD.
E *p < 0.05 CS-exposed vs. Control (t-test).
=
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Morphometry of airways. Bar graphs show mean + SEM of airway wall thickness, in all (A), larger (B) and smaller (C) airways in both control and
CS-exposed guinea pigs, for 3 and 6 months of exposure. Immunohistochemistry for SMC a-actin in airways of a control (D) and a CS-exposed (E) animal. Scale bar,
100 mm. * p < 0.05 CS-exposed vs. Control, 1 p£0.05 6 months Control vs. 3 months Control and t p < 0.05 6 months CS-exposed vs. 3 months CS-exposed (t-test).
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Table 3. Morphological characteristics of vessels

3 months 6 months ANOVA
(ﬁ°:t1“(’,') CS(-IE )g)tged ?[? r;trso)l CS(’;]E:pf ?:J;)e d Exp%iure Time of Exposure Interaction
zfassstfc'sl;’ﬂ]tfr‘]g‘(’r‘)‘:r'%mz) 0304 0406 0304 0605 0.199 0.403 0574
[ 2409 48+20" 2710 40+12" <0.001 0.550 0.195
Jessels gesrmin+ 19209 3026 13213 17:14 0.194 0.069 0.534

(per mm?)

Values are mean =+ SD.
*p < 0.05 CS-exposed vs. Control (t-test).

infiltrate. In addition to thickening of airway walls, ani-
mals exposed to CS presented deposition of collagen in
alveolar septa, which ran in parallel with the severity of
the inflammatory process. After 6 months of exposure,
emphysema was apparent, and this was associated with
collagen deposition and an increased number of mac-
rophages and neutrophils infiltrating the bronchial wall,
and of macrophages in alveolar septa.

To our knowledge, this is the first longitudinal study
evaluating the characteristics of the inflammatory cell
burden in the various lung tissue structures of guinea
pigs exposed to CS. Our data reveal that animals exposed
to CS mimic some of the inflammatory characteristics
shown in smokers, supporting the validity of this species
as an experimental model of COPD.

Neutrophils

The results of the present study show that in control
animals, neutrophils were preferentially located in the
alveolar septa, whereas the number of infiltrating neu-
trophils in the airways was low. The number of neutro-

Table 4. Collagen deposition in airways

phils in the airways of CS-exposed animals increased
progressively over time and was clearly apparent after
6 months of exposure. A consistent infiltrate was also
found around pulmonary vessels, indicating that the
inflammatory reaction affects these lung structures
and can be detected after 3 months of exposure, while
becoming clearly apparent after 6 months. These find-
ings are consistent with studies in humans showing a
non-uniform distribution of inflammatory cells in both
smokers with and without COPD, and a correlation
between neutrophil numbers and pack-years of smok-
ing (16). The accumulation of neutrophils is considered
one of the key events in the pathogenesis of lung injury
in smokers, particularly in the development of pulmo-
nary emphysema (17), because these cells can induce
protease-antiprotease  and/or  oxidant-antioxidant
imbalance(s).

In this respect, it is important to note that neutro-
philic inflammatory reaction correlated with the thick-
ness of the airway wall and its different layers, particu-
larly in smaller airways, and with interseptal distance,

3 months 6 months

Control CS-Exposed Control CS-Exposed

(n=10) (n=6) (n=28) (n=13)
ol Al airways 1.06 (0.70-2.30) 2.51 (0.96-3.47) 0.85 (0.36—1.49) 2.25 (1.38-3.19)*
Collagen Larger airways 1.79 (0.69-3.00) 2.46 (1.52-4.61) 1.33 (0.54-2.67) 2.50 (1.69-3.48)
(om) Smaller airways 1.07 (0.36-1.79) 1.18 (0.57-3.21) 0.48 (0.18-0.98) 1.87 (0.85-2.64)*
Thick Al airways 0.10 (0.09-0.16) 0.25 (0.14-1.10) 0.17 (0.01-0.53) 0.28 (0.20-0.66)
Collagen Larger airways 0.26 (0.16-0.59) 0.40 (0.21-1.61) 0.33 (0.02-1.26) 0.39 (0.24-0.73)
(om) Smaller airways 0.06 (0.01-0.12) 0.09 (0.04-0.50) 0.01 (0-0.09) 0.16 (0.09-0.26)*
_ Al airways 0.26 (0.12-0.34) 0.09 (0.04-0.54) 0.13 (0.08-0.19) 0.12 (0.08-0.21)
((L(;ﬂ;lgen Larger airways 0.31 (0.18-0.46) 0.12 (0.05-0.64) 0.17 (0.11-0.25) 0.14 (0.08-0.19)

Smaller airways

0.19 (0.07-0.30)

0.06 (0.02-0.39)

0.10 (0.06-0.13)

0.09 (0.05-0.30)

Values are median and IQR.
*p < 0.05 CS-exposed vs. Control (Mann-Whitney rank sum test).
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Collagen deposition in the lungs. Bar graphs show mean + SEM of the percentage of area occupied by total collagen and thick and
thin collagen fibres in the alveolar septa of control and CS-exposed guinea pigs (A). Photomicrographs of lung sections stained with Sirius red.
Total collagen fibers were seen in red under bright field (B and D) and orange to red (thick collagen fibres) or green (thin collagen fibres) under
polarized light (C and E). Scale bars, 100 mm. * p < 0.05 CS-exposed vs. Control and t p < 0.05 6 months CS-exposed vs. 3 months CS-exposed

(Mann-Whitney rank sum test).

suggesting that neutrophils may participate in airway
remodelling and emphysema. Interestingly, Churg et al.
(18) demonstrated that the administration of metal-
loproteinase inhibitors can ameliorate morphological
emphysema and enhance small-airway remodelling,
thereby strengthening the role of neutrophil proteases
in this condition. They did not, however, evaluate the
inflammatory infiltrate to test the origin of metallo-
proteinases. The present study extends these previous
results and identifies neutrophils as a key component in
airway remodelling and emphysema.

Macrophages
An increased number of macrophages in the bronchial
tree of subjects with COPD (19) has been related to
emphysema, suggesting they can also induce an elas-
tolytic inflammatory response in airways exposed to CS
(20). In animals exposed to CS, we observed a greater
increase in the number of macrophages in the alveolar
septa compared with the airway adventitia. Moreover,
there was a positive relationship between the alveolar
size and the number of macrophages in the bronchial
tree and alveolar septa, thereby providing evidence
of their theoretical potential in this condition. Mac-
rophages appear to play a pivotal role in the pathophysi-
ology of COPD and can account for most of the known
features of the disease (21).

In humans, macrophages are located at sites of alveo-
lar wall destruction and their numbers in the airways

www.copdjournal.com

also correlate with the severity of COPD (22). Studies
of emphysematous lung tissue from human subjects
have shown a direct relationship between alveolar mac-
rophage density in the parenchyma and severity of lung
destruction (23). Our findings, and the distribution pat-
tern of macrophages in CS-exposed animals, are similar
to observations made in humans, emphasizing the criti-
cal role of CS in these cells.

Eosinophils

Apart from neutrophils and macrophages, there is evi-
dence that eosinophils may also play a role in COPD
and that patients with eosinophilic inflammation may
represent a distinct phenotype of the disease. Although
eosinophilic airway inflammation is usually considered
a feature of asthma, its presence in large- and small-air-
way tissue samples and in 20%—40% of induced sputum
samples has been demonstrated in patients with stable
COPD. Airway eosinophilia increases during COPD
exacerbations (24—26).

In guinea pigs, eosinophils were the predominant
cells and were homogenously distributed in airways,
pulmonary vessels and septa, and they correlated
weakly with morphological changes in smaller airways
and small intrapulmonary vessels. We do not rule out
the possibility that the eosinophilic reaction elicited
by CS exposure may be a specific feature of the guinea
pig, along with its enhanced bronchial hyperrespon-
siveness, but the presence of eosinophilic bronchitis in
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Figure 7. Correlations between inflammatory infiltrate and remodelling. Linear
regression of neutrophils (A) and macrophages (B) with the thickness of total wall
in smaller airways. Solid circles are CS-exposed animals independently of time
of exposure.

smokers who are not asthmatics suggests a potential
role of CS in the recruitment of eosinophils in lung
structures (27).

Lymphocytes

Inflammation mediated by lymphocytes in the lung is
considered a key component of COPD (28;29). These
inflammatory cells, which persist long after ceasing to
smoke (30), are diffusely distributed and might play an
important role in the onset and maintenance of a chronic
inflammatory response throughout the lung. In addition,
T and B cells aggregate into organized lymphoid follicles
in close proximity to the airways and within the lung
parenchyma (3;6). It has been reported that the number
of airways containing lymphoid follicles is increased in
severe COPD (GOLD stages 3 and 4) when compared
with patients in stages GOLD 0 to 2 (6). We evaluated
the presence of lymphoid follicles in the lungs of guinea
pigs. In our study, there was an increased proportion
of lungs with lymphoid follicles in animals exposed for
6 months to CS. Moreover, there was a trend towards

JOURNAL OF CHRONIC OBSTRUCTIVE
PULMONARY DISEASE

A
*
T 1
90 ¥
—
E
= g0 A
8 2.
_‘3 o0 AL 'A_
© 704 00,
= o0 @ A Al
L w - 4
w
& 601 o ° P
= L A
50
3 months 3 months 6 months 6 months
Sham Ccs Sham Ccs
B
90 4 r=0.36
p=0.029
£
< g0 °
8 o * ° *
c
3 Og0 . °
2 704 ~00 =
= &) * ¢ °
=%
2 604 & O¢ o
<4 00
8]
= [ ]
50 4
40 T T r T T T T
0 2 4 6 8 10 12

Total collagen in septa, %

Figure 8. Emphysema in the lungs and correlation with fibrosis. Dot plot
showing individual interseptal distance in each experimental group and
mean (horizontal bars) (A). *p < 0.05 (t-test). Linear regression of total
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circles are CS-exposed animals and open circles are sham-exposed animals
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a positive correlation between follicle size and the wall
thickness of smaller airways.

Lung fibrosis

Recent studies have demonstrated areas of lung fibro-
sis in some smokers. Furthermore, the association of
emphysema with fibrosis has been recognized as a
specific entity, with a poor outcome (31-33). In guinea
pigs exposed to CS, we observed collagen deposition
in airways and alveolar septa. Moreover, some degree
of fibrosis has been observed in the airways of smokers
(6;12;34). The mechanisms of fibrosis around the air-
ways are not yet understood, but they probably involve
an attempt to repair chronic inflammation. Our results
concur with those of Wright et al. (14), who showed
increased amounts of thick collagen fibres in the small-
airway walls in a model of guinea pig exposed to CS.
We also observed marked fibrosis in alveolar septa,
fitting with an increase in emphysema. These septal
areas could be more susceptible to damage and repair
overlapping emphysematous lesions (33). Interestingly,
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we observed airway inflammation preceded by airway
remodelling, supporting the role of inflammation in
lung remodelling (4,35,36). We observed an increase in
thick collagen fibres, especially in smaller airways, in
contrast to thin fibres. Thick collagen fibres have been
associated with scarring and could modulate the stift-
ness of tissues (37).

The study has some limitations. Inflammatory cells
were identified by a combination of histochemical
staining and standard morphological criteria. Immu-
nostaining with monoclonal antibodies would have
provided more specific identification of inflammatory
cells. Unfortunately, most of the commercially avail-
able antibodies are not sensitive or specific enough for
immunohistochemical characterization in the guinea
pig. We conducted preliminary immunohistochemical
analyses with several commercially available antibodies
but they lacked the specificity, selectivity and repro-
ducibility required by our experimental conditions.
Accordingly, we used standard histochemical and
morphological criteria to distinguish the inflammatory
cell populations.

Conclusions

In summary, our study has fully characterized a pleio-
tropic inflammatory reaction induced by chronic CS
exposure in the airways, pulmonary vessels and alveo-
lar septa of the guinea-pig lung. The inflammatory
reaction was composed of neutrophils, macrophages
and eosinophils and persisted over time, especially in
smaller airways and vessels. The intensity of the neutro-
philic and macrophagic infiltrate correlates with smaller
airway remodelling and emphysema, emphasizing the
crucial role of these cells in morphological changes
associated with COPD. The remodelling of small pul-
monary vessels was not associated with neutrophil and
macrophage infiltration but slightly correlated with that
of eosinophils.

In animals exposed to CS, areas of collagen deposi-
tion were apparent in alveolar septa and smaller airways
and were associated with the enlargement of the alveo-
lar size. Therefore, CS-induced inflammatory reaction
not only leads to lung damage but also to a repair pro-
cess. All in all, this indicates that the effects of CS on
the guinea pig lungs mimic those observed in patients
diagnosed with COPD, further supporting the use of
this animal model in studies of the clinical progression
of COPD and therapeutic interventions.
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APPENDICES

Supplementary Material - Methods

Animals and experimental model

Animals were provided with water supplemented with vitamin C (1 g/L; Roche Pharma,
Madrid, Spain) and fed with a diet of standard chow ad /ibitum. Their body weights
were measured weekly throughout the experimental period.

Morphological analysis of airways

Immunostaining. 5 pm serial sections were immunostained with a mouse monoclonal
antibody against human smooth muscle a-actin (M0851; DakoCytomation, Glostrup,
Denmark). Sections were deparaffined and hydrated. Peroxydase inhibition was
performed in a hydrogen peroxide solution and sections were washed twice in PBS.
Nonspecific antibody binding was blocked with nonimmune serum and incubated
overnight at 4°C with primary antibody (all reagents from DakoCytomation). Sites of
primary antibody were revealed with an ABC system kit (PK-6102 kit;
VectorLaboratories, Berlingame (CA), US) and DAB-+chromogen solution as substrate
(DakoCytomation). Sections were counterstained with Gill’s hematoxilin.
Morphometric studies. To sample a comparable airway orientation so estimates
represent true thicknesses of layers, only airways cut in cross section (a long-short
diameter ratio of 2:1 or less) were evaluated. The smooth muscle perimeter Pos and Pis
were defined respectively as the outer and the inner perimeter of the smooth muscle.
The internal luminal perimeter (Pil) was defined as the perimeter of the airway lumen.
The areas outlined by Pos, Pis and Pil were also determined (Aos, Ais and Ail).
Thickness of smooth muscle layer was calculated as the difference in the areas
surrounded by the outer and the inner perimeter of the smooth muscle divided by Pil

((Aos — Ais) / Pil). Smooth muscle content was estimated by dividing the a-actin+ area



in airway by the Pil. Mucosa+submucosa ((Ais - Ail) / Pil), adventitia (Aad / Pil) and
total wall thickness ((Aad + (Aos — Ail)) / Pil) were also calculated, where Aad is the
area of adventitia.

Collagen deposition

The slides, after deparaffining were taken through distilled water and stained in
saturated picric acid with 0.1% Sirius red. Airways and alveolar septa were captured at a
magnification of x160 and x320, respectively, for fibrosis evaluation.

Under polarized light microscopy, collagen fibres of different thickness emit different
colours [14]. The thick and denser collagen fibres brighten orange to red, whereas the

thinner collagen fibres are detected green.



Supplementary Table 1. Relationship between neutrophilic infiltrate and

morphometric parameters of stratified airways

Adventitial Neutrophils (cells/mm Pil)

All Airways Larger Airways  Smaller Airways

(n=37) (n=37) (n=37)
Total Wall Thickness r=0.564 r=0.265 r=0.727
(um) p <0.001 p=0.123 p<0.001
Thickness of Adventitia r=0.625 r=0.388 r=0.613
(um) p <0.001 p=0.019 p<0.001
Thickness of r=0.429 r=0.136 r=0.524
Mucosa+submucosa (um) p=0.008 p=0.428 p<0.001
Thickness of Muscularis r=0.326 r=0.090 r=0.658
(um) p=0.049 p =0.602 p <0.001
Smooth Muscle Content r=0.226 r=0.054 r=0.503

(um) p=0.179 p=0.754 p =0.001



Supplementary Table 2. Relationship between macrophagic infiltrate and

morphometric parameters of stratified airways

Adventitial Macrophages (cells/mm Pil)

All Airways Larger Airways Smaller Airways
(n=37) (n=37) (n=37)

Total Wall Thickness r=0.502 r=0.339 r=0.474
(um) p=0.001 p=0.046 p=0.003
Thickness of Adventitia r=0.394 r=0.257 r=0.407
(um) p=0.016 p=0.130 p=0.014
Thickness of r=0.387 r=0.266 r=0.322
Mucosa+submucosa (um) p=0.018 p=0.123 p=0.052
Thickness of Muscularis r=0.490 r=0.233 r=0.504
(um) p=10.002 p=0.179 p=0.001
Smooth Muscle Content r=0.407 r=0.222 r=0.510

(um) p=0.012 p=0.199 p=0.001



Supplementary Table 3. Relationship between eosinophilic infiltrate and

morphometric parameters of stratified airways

Adventitial Eosinophils (cells/mm Pil)

All Airways Larger Airways Smaller Airways
(n=37) (n=37) (n=37)

Total Wall Thickness r=0.529 r=0.298 r=0.268
(um) p<0.001 p=0.087 p=0.126
Thickness of Adventitia r=0.566 r=0.266 r=0.245
(um) p <0.001 p=0.123 p=0.162
Thickness r=0.369 r=0.119 r=0.219
Mucosa+submucosa (um) p=10.024 p=10.490 p=0.206
Thickness of Muscularis r=0.370 r=0.324 r=0.207
(nm) p=0.024 p=0.054 p=0.234
Smooth Muscle Content r=0.336 r=0.363 r=0.173

(um) p=10.042 p=0.029 p=0.319






Resultados

1.1.- Resultados principales

Células inflamatorias

Neutrdfilos. El nimero de neutréfilos en la via aérea y los vasos pulmonares aumenté con
la exposicién durante 6 meses al HC, independientemente del tamano de la via aérea y los
vasos pulmonares. El nimero de neutréfilos ya aumenté con la exposiciéon durante 3

meses, sugiriendo una progresion del infiltrado neutrofilico al prolongar la exposicion al HC.

Macréfagos. Los animales expuestos al HC mostraron mayor nimero de macrofagos
infiltrando septo alveolar, tanto a los 3 como a los 6 meses de exposicion. En vasos

pulmonares y via aérea aumentaron los macréfagos sélo tras 6 meses de exposicion.

Eosindfilos. El nimero de eosindfilos incrementé en la via aérea y los vasos pulmonares,
tanto después de 3 como de 6 meses de exposicion al HC. El infiltrado eosinofilico fue
mayor en la via aérea que en los vasos pulmonares y no se observaron diferencias segun el

calibre de via aérea. En el septo alveolar aumenté tras 6 meses de exposicion.

Foliculos linfoides. El porcentaje de animales en los que se observaron foliculos linfoides
préximos a la via aérea y a los vasos pulmonares fue mayor en los expuestos al HC durante

6 meses. En los animales no expuestos practicamente no se observaron foliculos linfoides.

Evaluacion morfométrica de la via aérea y enfisema

La exposicion al HC durante 6 meses produjo un engrosamiento de la pared bronquial
debido tanto al engrosamiento de la capa muscular por el incremento de musculo liso
como al de la capa adventicia, y fue mas prominente en la via aérea mas pequena.
También se observd un engrosamiento de la pared bronquial con el tiempo y con el HC

tanto a los 3 como a los 6 meses, debido al engrosamiento de la mucosa y la submucosa.

Enfisema. Se produjo un incremento de la distancia media entre los septos alveolares en

los animales expuestos durante 6 meses al HC.

Evaluacion morfolégica de los vasos pulmonares
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El nimero de vasos positivos para a-actina de musculo liso fue mayor en los animales
expuestos al HC tanto a los 3 como a los 6 meses. La proporcion de vasos intrapulmonares
de pequeno tamano con laminas elasticas dobles tendié a aumentar con la exposicion

durante 6 meses al HC y no hubo diferencias en la proporcién de vasos desmina+.
Fibrosis

La proporcion de colageno total y fibras de colageno gruesas depositadas en el septo
alveolar y en la capa muscular de la via aérea, principalmente la mas distal, increment6 en

los animales expuestos durante 6 meses al HC.
Correlaciones

Tanto el infiltrado de neutréfilos como de macréfagos peribronquiales correlacioné con el
remodelado de la pared bronquial, particularmente en la via aérea de menor calibre, y
también con el enfisema. En el septo alveolar el infiltrado por macrofagos y el depésito de

colageno total y de las fibras mas gruesas también correlacion6 con el enfisema pulmonar.

El ndmero de eosinéfilos peribronquiales y perivasculares sélo correlacioné débilmente con

el remodelado bronquial y vascular, respectivamente.
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Effects of Aclidinium Bromide in a Cigarette Smoke-Exposed Guinea
Pig Model of Chronic Obstructive Pulmonary Disease

David Dominguez-Fandos', Elisabet Ferrer', Raquel Puig-Pey’, Cristina Carrefio?, Neus Prats?, Monica Aparici?,

Melina Mara Musri', Amadeu Gavalda?, Victor |. Peinado'*

, Montserrat Miralpeix?, and Joan A. Barbera'*

"Department of Pulmonary Medicine, Hospital Clinic-Institut d’Investigacions Biomédiques August Pi i Sunyer, University of
Barcelona, Barcelona, Spain; 2Almirall S.A. R&D Center, Barcelona, Spain; and SCentro de Investigacion Biomédica en Red de

Enfermedades Respiratorias, Spain

Abstract

Long-acting muscarinic antagonists are widely used to treat chronic
obstructive pulmonary disease (COPD). In addition to bronchodilation,
muscarinic antagonism may affect pulmonary histopathological changes.
The effects of long-acting muscarinic antagonists have not been
thoroughly evaluated in experimental models of COPD induced by
chronic exposure to cigarette smoke (CS). We investigated the effects of
aclidinium bromide on pulmonary function, airway remodeling, and
lung inflammation in a CS-exposed model of COPD. A total of 36 guinea
pigs were exposed to CS and 22 were sham exposed for 24 weeks. Animals
were nebulized daily with vehicle, 10 pg/ml, or 30 pg/ml aclidinium,
resulting in six experimental groups. Pulmonary function was assessed
weekly by whole-body plethysmography, determining the enhanced
pause (Penh) at baseline, after treatment, and after CS/sham

exposure. Lung changes were evaluated by morphometry and
immunohistochemistry. CS exposure increased Penh in all conditions.
CS-exposed animals treated with aclidinium showed lower baseline Penh
than untreated animals (P = 0.02). CS induced thickening of all bronchial
wall layers, airspace enlargement, and inflammatory cell infiltrate in
airways and septa. Treatment with aclidinium abrogated the CS-induced
smooth muscle enlargement in small airways (P = 0.001), and tended
to reduce airspace enlargement (P = 0.054). Aclidinium also attenuated
CS-induced neutrophilia in alveolar septa (P = 0.04). We conclude that,
in guinea pigs chronically exposed to CS, aclidinium has an

Long-acting muscarinic antagonists
(LAMAs) are first-choice drugs for the
treatment of patients with stable chronic

obstructive pulmonary disease (COPD)
(1). Among other outcomes, treatment
with LAMAs significantly reduces the

antiremodeling effect on small airways, which is associated with
improved respiratory function, and attenuates neutrophilic infiltration in
alveolar septa. These results indicate that, in COPD, aclidinium may exert
beneficial effects on lung structure in addition to its bronchodilator
action.

Keywords: acetylcholine/pharmacology; airway resistance;
emphysema; inflammation; muscarinic antagonists

Clinical Relevance

Patients with chronic obstructive pulmonary disease
(COPD) benefit from regular treatment with long-acting
muscarinic antagonists (LAMAs). It has been postulated that
LAMAs might exert lung effects that go beyond their
bronchodilating action. Our results indicate that, in

a cigarette smoke-exposed guinea pig model of COPD,
aclidinium bromide, a new LAMA, abrogated smooth
muscle enlargement in small airways and attenuated
neutrophilic infiltration in alveolar septa, in addition to
improving respiratory function. These findings show that
LAMAs might exert beneficial effects on lung structure
additional to their bronchodilator action.

frequency of COPD exacerbation episodes
(2) and lowers the rate of decline in FEV; in
some patients (3), suggesting that their
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investigate the effects of two different doses
of aclidinium on the histopathological
changes and inflammatory cell infiltrate in
the lungs of guinea pigs chronically exposed
to CS. This is a well established experimental
model of COPD that develops morphological
and physiological alterations that resemble
and mimic those seen in patients (18, 28, 29).

Some of the results of these studies have
been previously reported in the form of
abstracts (30, 31).

Materials and Methods

Experimental Groups

A total of 58 male guinea pigs were divided
into two groups: exposed, using a nose-only
system, to the smoke of six cigarettes per day,
5 days per week, for 6 months (n = 36); and
sham-exposed (n = 22). Before CS or sham
exposure, the animals were treated with
distilled water (vehicle), 10 pg/ml, or 30 pg/ml
of aclidinium solution using an ultrasonic
nebulizer (Devilbiss Ultraneb 3000; Somerset,
PA), resulting in six experimental groups.

All animal procedures were approved by
the ethics review board on animal research of
the University of Barcelona, and complied
with national and international guidelines.

Assessment of Respiratory Function
and Cough

Respiratory function was assessed by
unrestrained whole-body plethysmography.

Assessments were performed weekly at the
following time points: 24 hours after last CS
or sham exposure (baseline), 30 minutes
after nebulization of aclidinium or vehicle,
and 10 minutes after the CS or sham
exposure (see Figure El in the online
supplement).

At each time point, we recorded the
breathing frequency (Bf), tidal volume, and
enhanced pause (Penh), which reflects
changes in the waveform of the box pressure
signal from both inspiration and expiration,
related to the timing comparison of early
and late expiration (32).

To investigate the antitussive properties
of aclidinium, the number of cough episodes
was assessed using the method described
by Lewis and colleagues (33). Briefly, during
the first minute after CS exposure, coughs
were counted de visu once a week for the
last 16 weeks of the study.

Lung Morphometric and
Immunohistochemical Analysis

After death, the lungs were removed,
inflated, and fixed under constant pressure.
The thickness of the mucosa plus
submucosa, muscularis, and adventitia,

as well as the area showing positive
immunoreaction to a-actin, was measured
in 10 airways. The median internal luminal
perimeter of each airway (34) was used as
a reference to normalize the morphometric
assessments and group them by airway size.

Goblet cells were counted in the airway
epithelium of 10 cross-sectioned airways,
stained with Alcian blue.

Pulmonary emphysema was evaluated in
hematoxylin and eosin-stained tissue sections
by measuring the mean linear intercept of
alveolar septa in 20 randomly selected fields.
Vascular remodeling was evaluated by
assessing the number of intrapulmonary
vessels under 50-wm diameter showing
positive immunostaining to a-actin and
expressed as vessels per square millimeter.

Identification and differential counting
of neutrophils, eosinophils, and lymphoid
follicles were performed in each animal,
in 5-pm serial sections stained with
hematoxylin and eosin, in 10 airways and
20 microscopic fields of lung parenchyma,
as previously described (28).
Macrophages were counted on sections
stained with periodic acid-Schiff.
Lymphoid follicles were assessed by
measuring their area and normalized by
the number of airways.

Data Analysis

Normally distributed variables are expressed
as mean (* SD), and nonnormally
distributed variables as median and
interquartile range.

To analyze the evolution of
plethysmographic respiratory parameters
(Bf, Penh, tidal volume) assessed weekly
over the course of the 6-month study period,
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Figure 1. Average value of the enhanced pause (Penh) assessed by unrestrained whole-body plethysmography in guinea pigs exposed to cigarette
smoke (CS) or sham, treated with vehicle, aclidinium bromide (Ac) 10 wg/ml (Ac10) or 30 pg/ml (Ac30). Measurements obtained at baseline (A), 30 minutes
after treatment nebulization (B), and 10 minutes after CS or sham exposure (C) are shown. P values denote the main effects assessed with the two-way
ANOVA, CS exposure and Ac treatment, as well as their interaction. Graph symbols show the mean log-transformed area under the curve (AUC) of
Penh, and bars show the 95% confidence interval. Post hoc pairwise comparisons were performed when significant interaction was shown in the ANOVA.

*P < 0.05 compared with control group (vehicle).
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we calculated the area under the curve of all
measurements performed in each animal
as a summary measure.

Comparisons between groups were
performed using a two-way ANOVA. The
main effects of CS exposure, aclidinium, and
their interaction were analyzed. When
significant, post hoc pairwise comparisons
were performed using the Student-
Newman-Keuls test. Relationships between
variables were assessed using the Pearson’s
correlation test. A P value less than 0.05
was considered significant.

Results

The guinea pigs showed normal behavior
and activity during the experimental
procedures, and tolerated well the
administration of aclidinium. A total of 12
of the CS-exposed animals died during the
study (4 in the group treated with vehicle,
6 in the group treated with 10 pg/ml
aclidinium, and 2 in the group treated with
30 pg/ml aclidinium), whereas all the
nonexposed animals completed the study.
Similar mortality rates have been observed
in guinea pigs exposed to CS (28, 29). There
were no significant differences in mortality
among the groups of animals exposed to
CS. Lung morphometric and
immunohistochemical assessment analyses
were performed in the animals that
completed the whole study period.

Respiratory Function

The average value of Penh at baseline,
assessed by the area under the curve of all
the measurements obtained during the
study period, was higher in animals exposed
to CS than in the sham-exposed group (P =
0.001). Treatment with aclidinium
resulted in a significant decrease in Penh
(P = 0.023), without any difference between
treatment doses (Table 1, Figures 1A and
E2).

At 30 minutes after treatment
nebulization, a significant interaction
between CS exposure and aclidinium on
Penh was observed in the ANOVA (P =
0.049), reducing the Penh value in CS-
exposed animals treated with aclidinium in
a dose-dependent manner (Table 1,

Figure 1B).

CS exposure elicited a significant 4- to
6-fold increase in Penh immediately after
exposure (Table 1). In CS-exposed animals
treated with aclidinium, there was a trend
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Table 2: Lung Morphometric Assessments
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toward attenuated reactivity, with a lower
increase in Penh immediately after CS
exposure (P = 0.053). The absolute value of
Penh after exposure was also reduced in
animals treated with aclidinium (P =
0.024), an effect that was particularly
marked in CS-exposed animals treated with
the 30-pg/ml dose (Table 1, Figure 1C).

In animals exposed to CS, the breathing
pattern differed from that of the sham-
exposed group, showing higher Bf at
baseline (Table 1). There was also a trend
toward higher Bf at baseline in guinea pigs
treated with aclidinium. After treatment
nebulization, both the Bf and the tidal
volume were lower in sham-exposed guinea
pigs treated with 30 pg/ml aclidinium,
compared with animals nebulized with
vehicle (Table 1). CS exposure
significantly changed the breathing
pattern, increasing both the Bf and the
tidal volume (Table 1). No effect of
aclidinium on the breathing pattern was
observed after CS exposure.

Cough Episodes

CS induced cough episodes in exposed
guinea pigs (0 = 0 vs. 10 * 8 accumulated
episodes per animal at Week 24 in sham-
and CS-exposed animals, respectively; P <
0.001; Figure E3). There was a trend toward
fewer cough episodes in CS-exposed
animals treated with 30 wg/ml aclidinium
(Figure E3). Aclidinium in sham animals
did not induce cough.

CS-exposed guinea pigs treated with 30
pg/ml aclidinium also showed better
tolerance of CS, presenting less frequent
episodes of bronchoconstriction during or
after the exposure (data not shown).

Histological Assessments

Airways. CS exposure induced significant
enlargement of the bronchial wall, especially
in small airways, with a consequent
reduction in the lumen area. This
enlargement was dependent on the
thickening of all bronchial wall layers:
mucosa plus submucosa, muscularis, and
adventitia (Table 2). The enlarged muscular
layer in CS-exposed animals was due to
greater smooth muscle content, as shown
by positive immunoreaction to a-actin
(Figure 2) (data not shown).

In guinea pigs exposed to CS and
treated with aclidinium, the increase in
bronchial wall thickness in smaller airways
(internal perimeter below the median) was

Dominguez-Fandos, Ferrer, Puig-Pey, et al.: Aclidinium Bromide in Experimental COPD Model

less pronounced than in CS-exposed,
untreated animals (Table 2). This effect was
particularly apparent in the muscular layer,
because, in animals exposed to CS and
treated with aclidinium, the thickness of the
muscularis did not differ from that of
sham-exposed animals, and was
significantly lower than in CS-exposed,
untreated animals (Figure 2G). Thus,
aclidinium at the two tested doses
abrogated the enlargement of the muscular
layer induced by CS, in particular in small
airways (Table 2, Figure 2). The smooth
muscle content in the airways, evaluated by
immunoreactivity to a-actin, in animals
exposed to CS and treated with aclidinium,
was similar to that of sham-exposed

animals and significantly lower than that of
CS-exposed, untreated guinea pigs (data
not shown).

No significant differences related to
aclidinium were observed in the thickness of
the mucosal and adventitial layers (Table 2).

Exposure to CS gave rise to a marked
increase in bronchial goblet cells, in
particular in larger airways, but treatment
with aclidinium did not modify the number
of bronchial goblet cells (Table 2, Figure E4).

Lung parenchyma. Development of
pulmonary emphysema, assessed as the
increase in the mean distance between
alveolar septa, was observed in animals
exposed to CS. There was a trend toward less
enlargement of airspace size in animals
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Figure 2. Assessment of smooth muscle content in small airways (lumen perimeter below the
median value). Photomicrographs of airways immunostained with anti-a-actin antibody in sham-
exposed guinea pigs treated with vehicle (A), 10 wg/ml Ac (B), or 30 pg/ml Ac (C); and CS-exposed
guinea pigs treated with vehicle (D), 10 pg/ml Ac (E), or 30 wg/ml Ac (F). Scale bar, 100 wm. The bar
graph shows the morphometric assessment of the muscular layer thickness in the six experimental
groups (G). The two-way ANOVA showed significant interaction between CS exposure and Ac
treatment (P = 0.001). *P < 0.05 compared with control group (vehicle).
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exposed to CS and treated with aclidinium
(P = 0.054) (Table 2, Figure E5).

Intrapulmonary vessels. CS exposure
induced the muscularization of small
intrapulmonary vessels, as shown by an
increased proportion of vessels exhibiting
positive immunoreactivity to a-actin
(Figure E6). The administration of
aclidinium did not significantly modify the
changes induced by CS in pulmonary
vessels (Table 2).

Inflammatory cells. The number of
inflammatory cells was increased in animals
exposed to CS, both in the alveolar septa and
in the airways (Figure 3, Table E1). In the
alveolar septa, the administration of
aclidinium was associated with a decreased
number of neutrophils (P = 0.039), without
any difference in the number of macrophages
or eosinophils (Figure 3). In the airways,
treatment with aclidinium did not affect the
number of infiltrating neutrophils or
eosinophils (Figure 3, Table E1).

The presence of lymphoid follicles was
a prominent feature of guinea pigs exposed
to CS, in keeping with previous reports (28).
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Treatment with aclidinium did not modify
the number or size of lymphoid structures
induced by CS exposure (Figure E7).

Correlations

In CS-exposed animals, the area under the
curve of baseline Penh correlated
significantly with the thickness of the airway
muscular layer, particularly in smaller
airways (r = 0.67, P < 0.001; Figure 4) and
with emphysema (r = 0.66, P < 0.001;
Figure 4). Furthermore, the numbers of
neutrophils and eosinophils infiltrating
the airways correlated with the wall
thickness of smaller airways (r = 0.61, P =
0.002 and r = 0.66, P < 0.001, respectively;
Figure E8).

Discussion

Results of the present study show that, in
guinea pigs chronically exposed to CS, the
administration of aclidinium exerted an
antiremodeling effect on the airways that
was associated with reduced respiratory
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resistance. Furthermore, aclidinium slightly
attenuated the neutrophilic infiltrate in the
alveolar septa induced by CS exposure.

Chronic exposure to CS increased
respiratory resistance, as assessed by whole-
body plethysmography, in line with
previous observations in this experimental
model (35, 36). Such an increase in
respiratory resistance could be attributed to
histopathological changes taking place in
the airways and lung parenchyma, because
baseline Penh strongly correlated with
airway muscular thickness and airspace
size. Therefore, in the CS-exposed guinea
pig model, airway remodeling and
emphysema account for increased
respiratory resistance (36); this is similar to
what occurs in COPD.

Treatment with aclidinium
significantly reduced the respiratory
resistance over the study period, and
attenuated the acute hyperresponsiveness
induced by CS exposure. These effects could
be attributed, at least in part, to the
antiremodeling effect of the drug on the
airways, as animals exposed to CS and
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Figure 3. Immunohistochemical assessment of inflammatory cell infiltrate in guinea pig lungs. Graphs show the number of neutrophils (A), eosinophils (B),
and macrophages (C) in alveolar septa, and the number of neutrophils (D) and eosinophils (E) in the airways. Assessments were performed in guinea pigs
exposed to CS or sham, treated with vehicle, 10 wg/ml Ac (Ac10), or 30 pg/ml Ac (Ac30). P values denote the main effects assessed in the two-way

ANOVA: CS exposure and Ac treatment.
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Figure 4. Correlations of the average value (AUC of all study measurements) of the Penh, assessed
by unrestrained whole-body plethysmography, with the thickness of the muscular layer of small
airways (lumen perimeter below the median value) (A) and the mean linear intercept of alveolar septa
(B), in guinea pigs exposed to CS, treated with vehicle, 10 pg/ml Ac (Ac10), or 30 wg/ml Ac (Ac30).
The Penh value was significantly correlated with both measurements (= 0.67, P < 0.001 and r =

0.66, P < 0.001, respectively).

treated with aclidinium showed no
enlargement of the airway smooth muscle.
These observations suggest a major role for
muscarinic activation in airway smooth
muscle remodeling (4, 8, 9). Indeed, in

a guinea pig model of allergic asthma,
Gosens and colleagues (15) showed that
the administration of the muscarinic
antagonist, tiotropium, inhibited the
increase in airway smooth muscle mass.
The effects of aclidinium shown in the
present study extend these previous
observations, and provide evidence of the
involvement of the cholinergic pathway in
airway smooth muscle remodeling caused
by chronic exposure to CS. In fact, Milara
and colleagues (27) have shown that

Dominguez-Fandos, Ferrer, Puig-Pey, et al.: Aclidinium Bromide in Experimental COPD Model

aclidinium attenuates fibroblast
proliferation and migration, as well as the
transition of fibroblasts into myofibroblasts
in smokers and patients with COPD.
These findings indicate that muscarinic
antagonists may have a major impact on
airway remodeling, in addition to their
sustained bronchodilator effect. In fact,
whereas the antiremodeling effect did not
differ between the two aclidinium doses, the
30-pg/ml dose had a slightly greater effect
on Penh and cough episodes, suggesting
that higher doses might have exerted
additional bronchodilator action. In

any case, the demonstration of such
antiremodeling activity of antimuscarinic
therapy in a properly validated animal

model of COPD (18, 19) strengthens the
results of recent clinical trials showing the
clinical efficacy of aclidinium in patients
with COPD (24-26).

The cholinergic system participates in
the inflammatory response, and muscarinic
receptors have been shown to be expressed
not only in the parasympathetic nervous
system, but also in nearly all the cell types
located in the airways (8, 37). Muscarinic
M; receptor stimulation by CS induces the
secretion of IL-8 by human airway smooth
muscle cells (5). The M; receptor is the
primary subtype involved in airway smooth
muscle contraction and cell proliferation
induced by methacholine (9, 38).

Acetylcholine has also been shown to
be released from inflammatory cells (8, 39).
Aclidinium has been reported to decrease
the eosinophil cell count in BAL in
a murine model of allergen-induced asthma
(12). Tiotropium has also been shown to
inhibit the CS-induced neutrophilic
inflammation in BAL in mice (11). These
findings suggest that muscarinic
antagonists might attenuate the
inflammatory component induced by
airway damage. In our study, treatment
with aclidinium was associated with
a reduced number of neutrophils in the
alveolar septa of guinea pigs exposed to CS,
whereas other inflammatory cell types
remained unaffected. There was also
a trend toward a reduced number of
neutrophils in sham-exposed animals
treated with 30 pg/ml aclidinium. The
observed effect on parenchymal neutrophils
is consistent with the reduction in the
number of neutrophils in BAL produced by
tiotropium in mice exposed to CS (11). In
contrast, the inflammatory influx induced
by CS in the airways was unaffected by
aclidinium. The latter finding is consistent
with studies in patients with COPD, where
treatment with tiotropium, either alone
or in combination with fluticasone, failed
to reduce the number of inflammatory cells
in induced sputum (40). In addition,
the limited anti-inflammatory effect of
aclidinium on the airways might be species
specific, result from the intense
inflammatory reaction induced by CS
exposure, or be related to the fact that we
assessed airway neutrophils in the bronchial
wall, which may provide a different
inflammatory profile than sputum or BAL
(41). Although wall thickness correlated
with the intensity of inflammatory infiltrate
in the airways, the contrasting effects of
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aclidinium on airway remodeling and
inflammatory cell infiltrate suggest that the
antiremodeling effect on airway smooth
muscle was more probably due to the effect
on signaling pathways regulated by
muscarinic agonists (42, 43), rather than

a direct effect on airway inflammatory cell
recruitment.

The airspace size did not differ between
CS-exposed, aclidinium-treated animals and
control animals. Furthermore, if we pool
the two doses of aclidinium, the mean
distance between alveolar septa was
significantly higher in CS-exposed,
untreated guinea pigs than in CS-exposed,
treated animals (48.5 £ 9.1 wm vs. 42.6 *+
4.7 pm; P = 0.023). Overall, our findings
suggest that the drug could have a potential
effect on preventing the development of
emphysema. It is tempting to speculate that
aclidinium reduced the neutrophilic influx
induced by CS in the alveolar septa, and
thus prevented the enlargement of airspace
size; however, we did not find any
relationship between the airspace size and the
number of neutrophils in the alveolar septa.

Aclidinium might block the activation
of signal transduction pathways associated
with G protein--linked muscarinic
receptors, such as the RhoA/Rho-kinase
cascade, thus improving the clearance of
apoptotic cells (44). Indeed, the expression
and function of RhoA is increased by
proinflammatory cytokines in animal
models of COPD (8). Therefore, we
hypothesize that aclidinium might prevent
the enlargement of airspace by attenuating
the activation of G protein-dependent
pathways in epithelial cells, thereby
improving the homeostasis of lung

parenchyma. Nevertheless, as recently
pointed out (45), the effects of experimental
drugs on emphysema should be treated with
caution, as positive results in experimental
models may not translate to humans.

The increased amount of goblet cells
and mucus hypersecretion in the airway
epithelium is a characteristic feature of
smokers and patients with COPD (46, 47).
Both CS exposure and cholinergic agonists
are associated with an increased expression
of MUC5AC mucin (48, 49). Aclidinium
and other LAMAs may suppress MUC5AC
expression (17, 48). In the present study,
animals exposed to CS showed prominent
goblet cell metaplasia in the airways,
in keeping with previous observations
in this experimental model (50). The
administration of aclidinium did not
modify the number of goblet cells in CS-
exposed animals, even though it selectively
inhibits CS-induced MUC5AC expression
in the airways (48). Considering that the
histochemical analysis of goblet cells may
not correlate with the immunohistochemical
expression of MUC5AC (51), we cannot
rule out that, in our experimental model,
aclidinium might have had an inhibitory
effect on MUC5AC without altering goblet
cell hyperplasia.

This study has some limitations. First,
inflammatory cells were identified by
a combination of histochemical staining
and standard morphological criteria.
Immunostaining with monoclonal
antibodies would have provided more
specific identification of inflammatory cells.
Unfortunately, most of the commercially
available antibodies are not sensitive or
specific enough to achieve high selectivity

and reproducibility in the guinea pig.
Accordingly, we used standard
histochemical and morphological criteria to
distinguish the inflammatory cell
populations. Second, the present study
shows an inhibitory effect of aclidinium
bromide on smooth muscle cell
proliferation, but the specific pathways
involved in this process were not evaluated.
Third, the effects of aclidinium were
assessed using a preventive design, where
treatment was instituted from Day 1 of
smoke exposure. Whether or not the effects
of the drug will be the same once the
structural abnormalities are already in place
remains to be established. The latter should
be addressed in future studies in this
experimental model.

In conclusion, the present study,
conducted in a validated animal model of
COPD, shows potential therapeutic benefits
for aclidinium beyond a direct effect on
respiratory function improvement, in
preventing airway remodeling, reducing the
neutrophilic infiltrate in alveolar septa, and,
to some extent, avoiding the development
of emphysema. These results strengthen
the evidence shown in clinical studies for
the potential benefits of aclidinium in the
treatment of COPD. H
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SUPPLEMENTARY MATERIALS AND METHODS

Animals used in the study

Fifty-eight male Hartley guinea pigs (~415 g in weight) were purchased from Harlam Ibérica,
Spain. The animals were fed a diet of standard chow ad libitum and provided with water
supplemented with vitamin C (1 g/L; Roche Pharma, Madrid, Spain). They were weighed
weekly throughout the experimental protocol. The ethical review board on animal research of
the University of Barcelona approved the experimental protocols of the study, which was
performed in accordance with institutional guidelines that comply with national (Generalitat
de Catalunya decree 214/1997, DOGC 2450) and international (Guide for the Care and Use of

Laboratory Animals, National Institutes of Health, 85-23, 1985) laws and policies.

Cigarette-smoke exposure

Guinea pigs were divided into two groups at random: sham-exposed (room air) (n=22) and
exposed to the smoke of non-filtered research cigarettes (3R4F; Kentucky University
Research, Lexington, KY, USA) (n=36, 5 days/week, for 24 weeks), using a nose-only system
(E1) (Protowerx Design Inc, Langley, British Columbia, Canada). Over the first three weeks,
the amount of cigarettes was increased gradually to habituate the animals. From the fourth

week onward, the animals began to be exposed to the total load of cigarettes (6 per day).

Administration of aclidinium bromide

Micronized aclidinium bromide was synthesized and provided by Almirall S.A. (Barcelona,
Spain). The animals from each group were treated daily for 6 months with either distilled
water (vehicle), 10 pg/mL (Ac10) or 30 pg/mL (Ac30) of aclidinium solution. Thus, six final

groups were used: vehicle+sham, vehicle+cigarette smoke (CS), Ac10+sham, Ac10+CS,
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Ac30+sham, and Ac30+CS. Animals treated with vehicle or aclidinium were nebulized with
an ultrasonic nebulizer (Devilbiss Ultraneb 3000, Somerset, PA, USA) in methacrylate
chambers for 12 minutes, 1 hour before exposure to CS or air (sham). For the first 2 minutes
the nebulizer was switched on and for the following 4 minutes it was switched off (E2). This
procedure was repeated twice. The nebulization was directed at guinea pigs via a gas mixture
containing 5% CO», 21% O,, and 74% N, (Air Liquide, Barcelona, Spain).

Aclinidinium concentrations (10 and 30 pg/mL) selected in this study were below to those
that produce adverse effects in long-term toxicological studies in rats and dogs (3 and 6
months). In addition, the bronchoprotective effect in front of acetylcholine challenge in
guinea pigs at 30 ug/mL was lower than 50% after 24 hours of aclidinium administration
(E2). Taken together, the aclidinium concentrations used in this chronic study are not

supramaximal.

Unrestrained whole-body plethysmography

Respiratory function was measured weekly in conscious guinea pigs by unrestrained whole-
body plethysmography (Buxco Research Systems, Wilmington, NC, USA). Guinea pigs that
breathed spontaneously were placed inside the chambers. The recording period started when
the animals had adapted (no scratching, sniffing, or chewing) and data was collected and
averaged for 3 minutes. Pressure signals were fed into a computer for visualization, storage,
and offline analysis with specific software. Measured ventilatory parameters included
breathing frequency (Bf) and tidal volume (TV). Respiratory resistance was assessed by the
enhanced pause (Penh) (E3, E4). Penh is a unit-less index described as:

Penh = PEF/PIF x (Te/Rt-1)
Where PEF is the peak of expiratory height, PIF is the peak of inspiratory height, Te is the

expiratory time, and Rt is the time to expire 65% of the volume.

E3



Measurements were recorded at three different points: 24 hours after the last exposure to CS
(baseline), 30 minutes after nebulization of aclidinium or vehicle, and 10 minutes after

exposure to CS or sham (Figure E1). At the end of the study, the area under the curve (AUC)
for each parameter (Penh, TV, and Bf) assessed along the 6 months of study (Figure E2) was

calculated using a logistic curve-fitting equation for each animal.

Assessment of cough

The number of cough episodes during the first minute after CS exposure was counted de visu
once a week in each animal for the last 16 weeks of the study by two independent observers.
The criterion for cough was a characteristic high sound with the mouth open, which was

easily distinguished from a sneeze (ES).

Lung-tissue preparation

Twenty-four hours after their last exposure to CS, the animals were anesthetized with

50 mg/kg ketamine and 7 mg/kg xylazine by intramuscular puncture.

A blood sample (500 uL) was collected from each animal to evaluate hematological
parameters. The differential blood-cell count, including lymphocytes, eosinophils,
neutrophils, monocytes, and total white blood cells, was analyzed by hematology analyzer
(Sysmex, Kobe, Japan).

The lungs of each guinea pig were removed, inflated, and fixed for 24 hours with 4%
formaldehyde by airway instillation under constant pressure of 30 cm H,O. After sampling,
tissue blocks were dehydrated and lung sections were embedded in paraffin or frozen using

optimal cut temperature (O.C.T; Tissue-Tek, Sakura Finetek, Zoeterwoude, The Netherlands).

Morphometric analysis of airways

Tissue preparation and airway sampling. Paraffin blocks were cut into serial sections 5 pm

thick and placed on glass slides for histological examination. Ten cross-sectional airways
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stained with hematoxylin-eosin per animal were randomly photographed at a magnification of
x320 using a Leica DM5000 B light microscope with a Leica DFC300 FX digital camera
(Leica Microsystems Imaging Solutions Ltd, Cambridge, UK).

Stereological methods and measurements of airway dimensions. Airways cut in a reasonable
cross-section (a long-short diameter ratio up to 2:1) were evaluated. Images were analyzed by
planimetry using Image-Pro Plus 4.5 software (Media Cybernetics, Carlsbad, CA, USA).
Different morphological dimensions were measured on each airway (E6) in sections
immunostained with primary monoclonal mouse anti-human smooth muscle a-actin (M0851;
DakoCytomation, Glostrup, Denmark). The smooth-muscle perimeters Pos and Pis were
defined respectively as the perimeter of the outer and inner border of the muscular layer. The
areas outlined by Pos and Pis were also determined (Aos and Ais). The perimeter of the
airway lumen (internal luminal perimeter, Pil) and its outlined area (luminal area, Ail) were
also defined. Thickness of the muscular layer was calculated as the difference in Aos and Ais
divided by Pil ((Aos — Ais) / Pil). Airway smooth-muscle content in muscular layer was
calculated in airways immunostained with smooth-muscle a-actin by dividing the a-actin®
area in the muscular layer by the Pil. Mucosa+submucosa ((Ais - Ail) / Pil), adventitial (Aad /
Pil), and total wall thickness ((Aad + (Aos — Ail)) / Pil) were also calculated, where Aad is the
area of the adventitial layer.

Because the histological examination of airways in the guinea pig shows no differences
between different branches, to identify their position in the airway tree and normalize
assessments by size the median Pil value in the airways was used as an internal reference
parameter (E7), not only to normalize assessments by airway size but also to group the airway
into larger (above the median) or smaller (under the median). Median Pil value is obtained

with all the airways analyzed.
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Inflammatory cells

Histological examination of inflammatory cells was performed in 5 pum-thick serial sections
stained with hematoxylin-eosin to identify neutrophils, eosinophils, and lymphoid follicles.
Macrophages were counted on sections stained with periodic acid-Schiff. Ten airways cut in a
reasonable cross-section at a magnification of x320 and 20 fields of parenchyma (x640) were
randomly selected and photographed. In the airways, cell counting was related to Pil and in
the alveolar septa it was expressed as number of cells per septa area. Sections of lung tissue
were examined for the presence or absence of lymphoid follicles. When these were present,
the sum of the area occupied by all the lymphoid follicles was calculated and normalized by

the number of airways.

Data analysis

Normally distributed variables are expressed as mean+standard deviation in tables and as
meanzstandard error of the mean in figures. Non-normally distributed variables are expressed
as median and interquartile range.

To analyze the evolution of plethysmographic respiratory parameters (Bf, TV, Penh), assessed
weekly throughout the 6-month study period, we calculated the AUC of all the measurements
performed in each animal as a summary measure.

Comparisons between groups were carried out using a two-way analysis of variance. The
main effects of CS exposure, aclidinium and their interaction were analyzed. When
significant, post-hoc pairwise comparisons were performed using the Student-Newman-Keuls
test. In the Penh, expressed as AUC value, a logarithmic transformation was performed in
order to normalize distributions since data were not homoscedastic, and followed a non-
normal distribution.

To investigate whether some of the parameters evaluated may differ according to the size of

the airways or the pulmonary vessels (ES8), specific assessments were carried out in airways
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and vessels with Pil and internal elastic lamina perimeter (Pim) values, above (larger) or
below (smaller) the median value. Relationships between variables were assessed using the

Pearson’s correlation test. A P value < 0.05 was considered significant.
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TABLE

TABLE E1. CHARACTERISTICS OF INFLAMMATORY CELL INFILTRATE

Two-way ANOVA main

Vehicle Acl10 pg/ml Ac30 pg/ml effects (P Value)
Shan(ll;i):gp)osed CS(—neill)gjed Shan(ll;ix%osed CS;Z)(:pg))sed Shar?’;ix%osed CS;Z);p(;sed eXpCOEure Ac Interaction
Neutrophils 10.2 (6.3-13.1) 12.6(10.8-16.4) 10.2 (6.8-11.5) 13.3(9.2-16.2) 6.7 (4.1-9.7) 10.2(7.7-13.2) 0.004  0.039 0.988
iggl";‘:frﬁfz) Macrophages 13(0.822)  8.1(4.9-10.0) 1.9(1.4-23) 9.1(52-127) 15(1.327) 7.9(6.1-15.7) <0.001 0462  0.747
Eosinophils 1.6 (0.0-2.1) 4.7 (2.1-7.7) 0.9 (0.0-3.1) 6.5(2.7-148) 1.2(09-2.3) 49(0.5-6.1) 0.001  0.288 0414
All airways 0.1 (0.0-0.1) 0.7 (0.4-0.8) 0.1(0.0-0.2) 1.0(0.3-1.3) 0.1(0.1-02) 0.6(0.2-0.8)  0.002  0.707 0.598
Neutrophils Larger airways 0.1 (0.0-0.2) 0.4 (0.3-0.7) 0.1 (0.0-0.4) 0.4 (0.1-09) 0.1(0.02-0.1) 0.8 (0.2-1.0) 0.014 0.890 0.646
Airways Smaller airways 0.0 (0.0-0.0) 0.8 (0.3-1.6) 0.0(0.0-0.2) 1.3(0.8-1.5) 0.0(0.0-0.2) 0.3(0.0-0.5) 0.002 0.291 0.276
{cells/mm) Allairways ~ 1.5(0.9-1.6)  3.6(17-68)  13(1.1-2.0) 452469 16(0924) 17(1327) 0003 0244  0.186
Eosinophils Larger airways 1.6 (1.3-2.1) 3.0 (1.8-5.4) 1.2 (1.1-1.4) 2.6 (1.6-4.8) 1.7 (1.0-2.5) 1.7 (1.2-3.0) 0.046 0.386 0.346
Smaller airways 1.0 (0.5-1.5) 3.5(1.2-10.4) 14(0.8-2.2) 57(1.399) 1.7(0.5-23) 2.0(0.8-24) 0.003 0.167 0.156
Lymphoid follicles (um®) 5688+6803 27043+27518 159344216 12952+11346  2056+3542  17337+18195 0.002  0.268 0.686

Definition of abbreviations: Ac = aclidinium; ANOV A = analysis of variance; CS = cigarette smoke.
Values are median (interquartile range) and mean+standard deviation.
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FIGURE LEGENDS

Figure E1.

Experimental protocol diagram for the measurement of lung-function parameters. Once a
week, pulmonary function was evaluated using unrestrained whole-body plethysmography
system at three different points: baseline, 30 minutes after nebulization, and 10 minutes after

cigarette smoke (CS)/sham exposure.

Figure E2.

Evolution of weekly measurements of the enhanced pause (Penh), evaluated by unrestrained
whole plethysmography, at baseline, during the 6 months of the study period. Values are
median at each weekly measurement of animals in each experimental group. As a summary
measure of all the assessments, the area under the curve (AUC) was calculated for each
animal. The median AUC of each experimental group is shown. Ac10 = aclidinium

10 pg/mL; Ac30 = aclidinium 30 pug/mL; CS = cigarette smoke.

Figure E3.
Accumulated coughs per animal during the study. Symbols show the accumulated mean value
in the six experimental groups. Ac10 = aclidinium 10 ug/mL; Ac30 = aclidinium 30 pg/mL;

CS = cigarette smoke.

Figure E4.

Goblet cell metaplasia in airways. (A) Number of muco-secretory cells in the epithelial
surface of airways in all the airways analyzed (left panel), in airways with internal perimeter
above the median (central panel), and in airways with internal perimeter below the median
(right panel). Assessments were performed in guinea pigs exposed to cigarette smoke (CS) or

sham, treated with vehicle, aclidinium bromide (Ac) 10 (Ac10) or 30 (Ac30) pug/mL. Values

Ell



are meanzstandard error of the mean of each experimental group. P values denote the main
effects in the two-way analysis of variance: CS, Ac.

(B) Microphotographs of transverse sections of airways stained with alcian blue in a
representative case of each experimental group. Note the increased number of goblet cells,

stained light blue, in the epithelium of CS-exposed animals. Scale bar, 50 pum.

Figure ES.

Assessment of pulmonary emphysema. (A) Airspace size, evaluated by the mean linear
intercept, in the lung parenchyma. Assessments were performed in guinea pigs exposed to
cigarette smoke (CS) or sham, treated with vehicle, aclidinium bromide (Ac) 10 (Ac10) or 30
(Ac30) pg/mL. Values are meantstandard error of the mean of each experimental group.

P values denote the main effects in the two-way analysis of variance: CS, Ac. There was a
trend toward significant interaction between CS and Ac (P = 0.054), given that the interseptal
distance in CS-exposed animals treated with Ac was similar to that of their respective sham-
exposed controls.

Microphotographs of lung parenchyma sections stained with hematoxylin of a sham-exposed

guinea pig (B) and a CS-exposed (C) animal. Scale bar, 50 um.

Figure E6.

Muscularization of small intrapulmonary arteries. (A) Bar charts showing the number of
vessels with positive immunoreactivity for smooth-muscle a-actin. Assessments were
performed in guinea pigs exposed to cigarette smoke (CS) or sham, treated with vehicle,
aclidinium bromide (Ac) 10 (Ac10) or 30 (Ac30) pg/mL. Values are meantstandard error of
the mean of each experimental group. P values denote the main effects in the two-way

analysis of variance: CS, Ac.
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Microphotographs of sections immunostained with smooth-muscle a-actin antibody of a

sham-exposed (B) and CS-exposed (C) animal. Scale bar, 50 um.

Figure E7.

Pulmonary lymphoid follicles. (A) Plots of individual counts of the area occupied by
lymphoid follicles per number of airways. Assessments were performed in guinea pigs
exposed to cigarette smoke (CS) or sham, treated with vehicle, aclidinium bromide (Ac) 10
(Ac10) or 30 (Ac30) ug/mL. The horizontal bars denote the mean value in each group.

P values denote the main effects in the two-way analysis of variance: CS, Ac.
Microphotographs of a lymphoid follicle in a guinea pig exposed to CS at low (B) (scale bar,

200 pum) and high (C) (scale bar, 50 um) magnification.

Figure ES.

Correlations between inflammatory infiltrate and remodeling. Linear regression of neutrophils
(A) and eosinophils (B) with the thickness of total wall in small airways (lumen perimeter
below the median value). in guinea pigs exposed to cigarette smoke, treated with vehicle,
aclidinium bromide (Ac) 10 (Ac10) or 30 (Ac30) ug/mL. The thickness of total wall in small
airways was significantly correlated with both measurements (r = 0.61, P = 0.002 and

r=0.66, P <0.001, respectively).
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Resultados

2.1.- Resultados principales

Funcién respiratoria

El valor medio del Penh (enhanced pause) a nivel basal a lo largo del estudio fue mas
elevado en los animales expuestos al HC. El tratamiento con aclidinio produjo una
disminucién del Penh, sin diferencias entre ambas dosis testadas. En cambio, después de
la nebulizacion del farmaco la reduccion del valor medio del Penh en los animales

expuestos al HC fue mayor con la dosis de 30 pg/mL.

La exposicion al HC produjo un aumento inmediato de 4 a 6 veces en el Penh. Esta
reactividad tendié a ser menor en los animales tratados con aclidinio. Ademas, el valor
medio de Penh después de la exposicién al HC a lo largo del estudio también fue menos

elevado con el tratamiento con aclidinio, particularmente con la dosis de 30 pg/mL.

La exposicion al HC cambié el patrén respiratorio, produciendo un aumento de frecuencia
respiratoria (FR) y volumen corriente (VC) sobre los que aclidinio no tuvo efecto. Los
cobayos tratados con aclidinio también mostraron una tendencia a una mayor FR basal.
Después de la nebulizacién del compuesto, tanto la FR como el VC fueron menos elevados

en los cobayos no expuestos tratados con aclidinio 30 pg/mL.

Episodios de tos

El HC indujo episodios de tos en los cobayos. En los animales expuestos al HC la
administracion de aclidinio 30 yg/mL tendi6é a disminuir los episodios de tos y mostraron

mejor tolerancia al HC, presentando menos episodios de broncoconstriccion.

Analisis histolégicos

Via aérea: la exposicion al HC indujo el engrosamiento de la pared bronquial a expensas de
todas sus capas, especialmente de la via aérea pequena, provocando una reduccion de su
luz. El engrosamiento de la capa muscular fue debido al mayor contenido en musculo liso
a-actina+. En los cobayos expuestos al HC y tratados con ambas dosis de aclidinio, este

incremento del grosor de la pared bronquial fue menos acentuado, y fue particularmente
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evidente en la capa muscular y en la via aérea pequena. De hecho, el contenido en
musculo liso en la via aérea, en los animales expuestos al HC y tratados con aclidinio fue
similar al de los animales no expuestos. Sin embargo, el grosor de la mucosa y adventicia

no mostrd diferencias debidas a aclidinio.

La exposicion al HC provocé un incremento de células caliciformes en epitelio bronquial, en

particular en la via aérea mas grande, que no se modifico con el tratamiento con aclidinio.

Parénquima pulmonar: se desarrollo enfisema en los animales expuestos al HC y hubo una
tendencia a un menor aumento del tamahno de los espacios aéreos en los animales

expuestos al HC tratados con aclidinio.

Vasos intrapulmonares: la exposicion al HC indujo muscularizacion de los vasos

intrapulmonares pequenos, que no se modificé con la administracién de aclidinio.

Células inflamatorias: el infiltrado de células inflamatorias en el septo alveolar y la via
aérea estaba aumentado en los animales expuestos al HC. La administracién de aclidinio
se asocid6 a menor infiltracion de neutréfilos en el septo alveolar. En cambio, su
administracién no modificé el nimero de macréfagos o eosindfilos intraseptales ni de
neutrofilos o eosindéfilos infiltrando la via aérea. El tratamiento con aclidinio no modifico ni

el ndmero ni el tamano de los foliculos linfoides que indujo la exposicion al HC.
Correlaciones

En los animales expuestos al HC, el valor de Penh a nivel basal correlaciond con el grosor
de la capa muscular de la via aérea, particularmente de la mas pequena, y también con el
grado de enfisema. Ademas, el nimero de neutrofilos y eosinéfilos que infiltran via aérea

correlaciond con el grosor de la pared de los bronquios de menor calibre.
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3.- Tercer articulo

Sildenafil in a cigarette smoke-induced model of COPD in the guinea

pig.

David Dominguez-Fandos, César Valdés, Elisabet Ferrer, Raquel Puig-Pey, Isabel Blanco

Olga Tura-Ceide, Tanja Paul, Victor lvo Peinado, Joan Albert Barbera.

Articulo remitido a European Respiratory Journal,

actualmente en segunda revision.
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ABSTRACT

Sildenafil, a phosphodiesterase-5 inhibitor used to treat pulmonary hypertension (PH),
may have effects on pulmonary vessel structure and function. We evaluated the effects
of sildenafil in a cigarette smoke (CS)-exposed model of chronic obstructive pulmonary
disease (COPD).

Forty-two guinea pigs were exposed to CS or sham-exposed and treated with sildenafil
or vehicle for 12 weeks, divided into 4 groups. Assessments included: respiratory
resistance, pulmonary artery pressure (PAP), right ventricle (RV) hypertrophy,
endothelial function of the pulmonary artery (PA), and lung vessels and parenchymal
morphometry.

CS-exposed animals showed increased PAP, RV hypertrophy, raised respiratory
resistance, airspace enlargement, and intrapulmonary vessel remodelling. CS exposure
also produced wall thickening, increased contractility and endothelial dysfunction in the
main PA. CS-exposed animals treated with sildenafil showed lower PAP and a trend to
less RV hypertrophy than CS-exposed only. Furthermore, sildenafil preserved the
intrapulmonary vessel density and attenuated the airspace enlargement induced by CS.
No differences in gas exchange, respiratory resistance, endothelial function and vessel
remodelling were observed.

We conclude that in this experimental model of COPD, sildenafil prevents the
development of PH and contributes to preserve the parenchymal and vascular integrity,

reinforcing the notion that the nitric oxide-cGMP axis is perturbed by CS exposure.

Abstract word count: 199

Summary: Sildenafil reduces pulmonary vascular tone and contributes to preserve

tissue integrity in experimental COPD.
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INTRODUCTION

Pulmonary hypertension (PH) is a frequent and serious complication of chronic
obstructive pulmonary disease (COPD), triggered in part by cigarette smoke (CS)
exposure [1]. The pathophysiology of PH in COPD involves endothelial dysfunction,
imbalance of growth factors [2] and an enhanced inflammatory response [3] in
pulmonary vessels. These factors, alone or in combination, induce smooth muscle cell
(SMC) proliferation in the vessel wall leading to increased pulmonary vascular
resistance.

Endothelial dysfunction in pulmonary arteries of COPD patients is associated with
reduced endothelial nitric oxide synthase (eNOS) expression and impaired release of
nitric oxide (NO) [4, 5]. Endothelial NO activates the soluble guanylate cyclase (sGC)
resulting in the formation of the secondary messenger cyclic guanosine monophosphate
(cGMP) [4, 6]. Intracellular cGMP decreases the concentration of intracellular calcium,
thereby relaxing vascular SMC [7]. Endothelial NO may also inhibit SMC proliferation
through cGMP-dependent mechanisms [8]. In the lung, cGMP is metabolised primarily
by the action of phosphodiesterase-5 (PDES). Inhibitors of PDES, like sildenafil,
enhance the NO-cGMP signalling pathway and exert vasodilator and anti-proliferative
effects [9]. Studies in experimental models of PH induced by hypoxia [10] or
monocrotaline [11, 12] have shown that sildenafil reduces pulmonary artery pressure
(PAP), prevents RV hypertrophy and exerts an anti-remodelling effect in pulmonary
vessels. Sildenafil is currently used for the treatment of pulmonary arterial hypertension
[13].

In patients with COPD and associated PH, we have demonstrated that sildenafil
decreases pulmonary vascular resistance acutely [14], but this effect did not translate

into augmented exercise tolerance when administered during 3 months [15]. This
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limited influence on exercise tolerance could be due to the concomitant changes that
occur in the lung parenchyma and airways of COPD patients.

The effects of sildenafil on lung structure have not been evaluated in experimental
models of COPD. The utilization of guinea pigs exposed to CS is the most
advantageous approach to reproduce COPD features by using the primary disease-
causing agent [16, 17]. This species lacks hypoxic pulmonary vasoconstriction (HPV)
but develops chronic PH after exposure to CS for relatively long periods [17]. The lack
of HPV is an additional advantage to test the anti-remodelling effects of vasodilators
minimizing a potential detrimental effect on gas exchange.

In a recent study we have demonstrated that the administration of a NO-independent
sGC stimulator to guinea pigs chronically exposed to CS reduces pulmonary vascular
resistance and prevents pulmonary vascular remodelling, as well as the development of
emphysema [18]. Therefore, we hypothesized that sildenafil, which enhances the
activity of cGMP by impeding its metabolization, might exert favourable effects on lung
structure beyond its vasodilator action.

Accordingly, the present study aimed to evaluate the effects of sildenafil on pulmonary
haemodynamics, endothelial function, and vascular and parenchymal remodelling, in

guinea pigs chronically exposed to CS.

METHODS

Experimental groups

Forty-two male guinea pigs were divided into two groups: exposed to the smoke of 7
non-filtered research cigarettes/day (3R4F; Kentucky University Research; Lexington,

KY, USA) (smoke content per cigarette: 11 mg total particulate matter, 9.4 mg tar, 0.73
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mg nicotine, and 12 mg carbon monoxide), 5 days/week, for 12 weeks (n=26); and
sham-exposed (n=16), using a nose-only system (Protowerx Design Inc; Langley,
British Columbia, Canada). Daily after CS or sham exposure, animals were
administered with a vehicle (distilled water, n=18), or treated with 1mg/kg of sildenafil
citrate solution by gavage (n=24), resulting in four experimental groups. Sildenafil (UK-
92,480-10) was kindly provided by Pfizer (Sandwich, Kent, UK).

All animal procedures were approved by the ethics review board on animal research of

the University of Barcelona and complied with national and international guidelines.

Unrestrained whole-body plethysmography

Respiratory  function was measured weekly by unrestrained whole-body
plethysmography (Buxco Research Systems, Wilmington, NC, USA) as previously
described [19]. Breathing frequency (Bf), tidal volume (TV), minute ventilation (MV)
and respiratory resistance (enhanced pause (Penh)) [20] were recorded 10 min before

exposure (baseline) and 10 min after CS or sham exposure.

Pulmonary haemodynamics and arterial oxygenation

At the end of the experimental protocol and 24h after the last exposure to CS and
sildenafil dose, systolic (sPAP), diastolic (dPAP) and mean (mPAP) PAP were
measured under anaesthesia in open-chest animals using a catheter placed in the main
pulmonary artery through the RV and connected to a pressure transducer (Buxco
Research Systems, Wilmington, NC, USA).

Arterial PO, (PaO,) was analysed in blood sampled from the carotid artery, immediately

after hemodynamic measurements. The animals were subsequently sacrificed.
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Right ventricle hypertrophy
The heart was removed and RV and left ventricle plus the septum (LV+S) were
dissected and weighed separately, and the ratio between RV and LV+S weight

[RV/LV+S] was calculated.

Endothelial function

The main PA was isolated, cleaned of fat and connective tissue and cut into rings of 3
mm length. The left branch was placed in an organ bath chamber and attached to an
isometric transducer (Panlab, Barcelona, Spain). After a period of stabilization, arteries
were contracted with KCI (60 mM) to determine their viability and contractile capacity.
Endothelial function was assessed in pre-contracted pulmonary artery rings as
previously described [17], by measuring changes in wall tension in response to
cumulative doses of adenosine diphosphate (ADP). At the end of the studies, main

pulmonary artery rings were fixed and cryo-embedded for histological examination.

Morphometric and histological assessments

Explanted lungs were inflated and fixed with formalin under a constant pressure of 30
cmH,O for 24h and then embedded in paraffin.

The wall thickness of the main pulmonary artery was measured in sections stained with
elastin-Van Gieson. Vascular density was assessed as the number of pulmonary vessels
per square millimetre of lung tissue. The number of small intrapulmonary vessels
(diameter <50um) showing positive immunostaining for smooth muscle (SM) a-actin or
with double elastic laminas in orcein-stained sections were counted, and expressed as a
percentage of the total number of small intrapulmonary vessels. Intrapulmonary vessels

(diameter <50um) immunostained for a-actin were further classified semi-quantitatively



O©CoONOOORWN =

European Respiratory Journal

depending on the proportion of the vessel wall positive for oa-actin into: non-
muscularised, <1/4 of the vessel wall; partially muscularised, >1/4 - <3/4; or fully
muscularised, >3/4.

The mean airspace size was evaluated in hematoxylin—stained tissue sections by
measuring the mean linear intercept (MLI) of alveolar septa in 20 randomly selected

fields.

Real Time-PCR

Total RNA was extracted from lung tissue using the RNeasy Micro Kit (Qiagen GmbH,
Hilden, Germany). Total RNA was retrotranscribed and quantification of eNOS was
performed by real-time PCR as previously described [17]. Expression of eNOS was
normalized to B-actin expression as endogenous housekeeping gene and relative gene

expression was analysed using the 2724 method [21].

Data analysis

Results are expressed as mean+standard deviation (SD) or as median and interquartile
range (IQR), depending on whether or not the variables followed a normal distribution.
The progression of respiratory parameters (Penh, Bf, TV and MV) was assessed weekly
throughout the 3 months of study and expressed as the area under the curve (AUC) of
all measurements.

Comparisons between groups were carried out using a two-way analysis of variance
(ANOVA), considering exposure to CS and sildenafil as main factors, and their
interaction. When significant, post-hoc pairwise comparisons were performed using the
Student-Newman-Keuls test. Relationships between variables were assessed using the

Pearson’s correlation test. A p-value <0.05 was considered as significant.
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RESULTS

Pulmonary haemodynamics and right ventricle hypertrophy

Animals exposed to CS showed higher PAP than non-exposed animals (p=0.005)
(Figure 1A and Table 1). Treatment with sildenafil prevented the increase of PAP
induced by CS, and PAP values were similar to sham-exposed animals (Figure 1A and
Table 1).

Untreated CS-exposed animals showed RV hypertrophy. In guinea pigs exposed to CS
and treated with sildenafil the RV/LV+S ratio was lower than in the CS-exposed group,

although not significantly, and not different from sham-exposed animals (Figure 1B).

Endothelial function and vascular contractility

The maximal contraction induced by KCl in pulmonary arteries was greater in animals
exposed to CS (Table 1). Sildenafil treatment did not modify the contractile response of
pulmonary arteries.

Endothelium-dependent relaxation induced by cumulative doses of ADP was slightly
attenuated in animals exposed to CS, as suggested by a trend to a right shift (ECs)
(p=0.096) and a higher AUC (p=0.058) of the dose-response curve (Table 1 and
Supplementary Figure 1). Concomitant treatment with sildenafil did not modify the

endothelium-dependent vasodilator response.

Morphometric and histological assessments
Wall thickness of the main pulmonary artery was greater in animals exposed to CS
(Supplementary Figure 2). No difference was observed in animals exposed to CS and

treated with sildenafil (Table 2).
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The proportion of small vessels (diameter <50pm) showing positive immunoreactivity
to SM a-actin was higher in animals exposed to CS (Figure 2A-C and Table 2). When
vessels were scored according to the degree of muscularisation, it was apparent that in
the CS-exposed groups, there was a decrease in the proportion of non-muscularised
vessels and a concomitant increase in the proportion of partially and fully muscularised
intrapulmonary vessels (Figure 2A-C). Treatment with sildenafil did not modify
changes induced by CS.

No significant differences between groups were observed in the proportion of arteries
with double elastic lamina (Table 2).

Exposure to CS showed a trend to reduce the density of small intrapulmonary vessels.
Animals treated with sildenafil showed greater small vessel density, thereby preventing
the reduction induced by CS exposure (p=0.009) (Figure 3 and Table 2).

Development of pulmonary emphysema, assessed as an increased MLI, was observed in
animals exposed to CS compared with the sham-exposed group (p=0.028) (Figure 4A-E
and Table 2). Guinea pigs exposed to CS and treated with sildenafil showed
intermediate MLI values that did not differ either from CS-exposed or from sham-

exposed animals (Figure 4A-E and Table 2).

Gene expression of eNOS
No differences in the gene expression of eNOS in lung homogenates were observed

between groups (Table 2).

Pulmonary function and blood gas measurements

Unrestrained whole body plethysmographic measurements performed before CS or

sham exposure showed a trend to lower MV (p=0.051) (Supplementary Table 1). After

10
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CS exposure a dramatic increase in TV, MV and Penh took place (Supplementary
Figure 3B and Supplementary Table 1). The concomitant administration of sildenafil
neither modified the pulmonary function at baseline nor after CS exposure
(Supplementary Figure 3A and Supplementary Table 1).

Guinea pigs exposed to CS showed a trend to lower arterial PO, than non-exposed
animals (p=0.138). The administration of sildenafil did not modify the PaO, value,

neither in CS-exposed nor in non-exposed guinea pigs (Supplementary Table 1).

Correlations

In CS-exposed animals, the muscularisation of small pulmonary vessels correlated with
the RV weight (1=0.55, p=0.01, Figure 2D) and the density of small intrapulmonary
vessels was inversely related to RV hypertrophy (r=-0.52, p=0.01, Figure 3B).
Furthermore, the MLI correlated with mPAP (r=0.56, p=0.01) and with the total number

of small pulmonary vessels (r=-0.44, p=0.01, Figure 4F).

DISCUSSION

The present study evaluated the effects of sildenafil in guinea pigs chronically exposed
to CS. Our results show that sildenafil prevented the increase in PAP and the subsequent
RV hypertrophy, but did not modify pulmonary vascular remodelling induced by CS.
Furthermore, sildenafil showed a trend to diminish the airspace enlargement induced by

CS exposure and preserved the intrapulmonary vessel density.

The main effect observed in this study was the prevention of PH in CS-exposed animals

treated with sildenafil. Whereas, guinea pigs exposed to CS showed increased mPAP
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and RV hypertrophy when compared with non-exposed animals, in keeping with
previous studies [22, 23]; those CS-exposed, treated with sildenafil showed mPAP
values and a RV/LV+S weight ratio similar to the non-exposed animals, confirming the
vasodilator action of sildenafil in this experimental model [10, 11, 12]. The lack of
increase in PAP was not accompanied by differences in lung vessel structure, since CS-
exposed guinea pigs treated with sildenafil showed pulmonary artery wall thickening,
muscularisation of small vessels, and proliferation of SMCs at similar levels to CS-
exposed, untreated guinea pigs and significantly higher than in non-exposed animals.
Therefore, in the current experimental setting sildenafil exerted vasodilator but not anti-
remodelling effect on pulmonary arteries.

Previous studies in experimental models of PH induced by hypoxia have provided
discrepant results regarding the anti-remodelling effect of sildenafil in pulmonary
vessels. Whereas in some studies sildenafil prevented pulmonary vascular remodelling,
along with the reduction of PAP [10, 24], in others it failed to exert anti-remodelling
effect [25], despite reducing PAP, similar to what occurred in our study. We used a
sildenafil dose similar to that approved in humans with pulmonary arterial hypertension
[26] (1 mg/kg per day during 12 weeks; cumulative dose, 84 mg/kg), which is a low
dose compared with previous studies in experimental models of PH induced by hypoxia
[10, 24, 25, 27]. It is tempting to speculate that such a low dose could have been
sufficient to exert vasodilation, but it was insufficient to produce an anti-remodelling
effect. Nevertheless, in previous studies in experimental PH, a significant anti-
remodelling effect has been shown with cumulative sildenafil doses of 180 mg/kg [24],
whereas cumulative doses of 525 mg/kg failed to produce any anti-remodelling effect
[25]. We cannot disregard that the absence of anti-remodelling effect of sildenafil on

pulmonary vessels observed in our study could be attributed to the experimental

12

Page 12 of 72



Page 13 of 72

O©CoONOOORWN =

European Respiratory Journal

conditions we used, since there are no previous studies with sildenafil conducted in
guinea pigs or using CS exposure as a mechanism of pulmonary vascular damage. It is
conceivable that the effect of CS exposure on pulmonary vessel structure could exceed
those produced by hypoxia, which has been used in previous experimental settings. In
fact, in a previous study conducted in guinea pigs we showed differences in the
characteristics of pulmonary vascular remodelling between CS exposure and hypoxia

[23].

Current observations with sildenafil in the guinea pig chronically exposed to CS
contrast with the effects we have recently shown in this experimental model using a
sGC stimulator (BAY 41-2272) [18]. With the latter compound we showed not only
reduced pulmonary vascular resistance, but also less pulmonary vascular remodelling.
Although no direct comparisons between the two drugs have been made, it is tempting
to speculate that sGC stimulation might be more effective in increasing cGMP levels
than PDES5 inhibition [28], thereby resulting in a more potent anti-remodelling effect.

Interestingly, the airspace size was lower and the small vessel density was higher in CS-
exposed animals treated with sildenafil than in CS-exposed untreated animals and did
not differ from non-exposed guinea pigs. Since the airspace size and the small
intrapulmonary vessels density were significantly correlated, our data suggest that
sildenafil contributed to preserve the structural integrity of the lung. In the present study,
changes in airspace size were of small magnitude and therefore insufficient to produce
any effect on respiratory resistance or gas exchange, akin to previous observations [18].
The preservation of the intrapulmonary vascular surface, which allows reduced vascular
resistance, might explain the reduced PAP in sildenafil-treated animals despite the lack

of change in vessel remodelling. The inverse relationship between small vessel density

13
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and RV hypertrophy also points to that direction, although we cannot disregard a direct
effect of sildenafil on RV itself as a mechanism of reduced hypertrophy [24, 29]. We
have observed similar effects employing a sGC stimulator, which prevented both
pulmonary vascular remodelling and emphysema development in CS-exposed guinea
pigs [18]. Taken together, this suggests that cGMP plays a key role in preserving the
lung structure. The mechanisms underlying such effects of sildenafil were not explored
in the present study, but the alluded previous study shows that increased production of
cGMP by sGC stimulation increases mediators of vascular integrity and lung
maintenance, such as VEFGA and FGF10, and antioxidant enzymes, such as SOD1; and
reduces inflammation by preventing the activation and adherence of circulating
inflammatory cells [18]. Accordingly, we hypothesize that the prevention of cGMP
degradation by PDES inhibition with sildenafil contributed to preserve lung parenchyma
and vascular integrity by similar mechanisms, namely antioxidant and antiflammatory
effects, and up-regulation of mediators of vessel integrity. The fact that sGC stimulation
exerts a greater effect on cGMP intracellular levels than the prevention of its
degradation by the inhibition of PDES5 [28] might explain that in the current
investigation the effects of sildenafil on vessel remodelling and airspace size were less
pronounced than those observed with the sGC stimulator BAY 41-2272 [18]. On the
other hand, there is evidence for a causative role of inducible nitric oxide synthase
(INOS) and peroxinitrite (ONOO-) in CS induced emphysema and vessel remodeling
[30]. The effects of peroxinitrite that act in part through oxidizing sGC can also be

prevented by increasing cGMP levels [18].

The study has some limitations. First, we used a preventive experimental design by

starting sildenafil administration at the same time as CS exposure. Accordingly, we

14
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cannot state that sildenafil will exert similar effects once the structural changes induced
by CS have already developed. Indeed, in patients with severe COPD and mild-to-
moderate PH, sildenafil failed to improve exercise tolerance [15]. Second, we used a
sildenafil dose similar to that approved in humans to treat pulmonary arterial
hypertension [26]. Therefore, we cannot disregard that higher doses could have
produced a greater impact on vessel remodelling and/or airspace size. Third, our data
suggest that sildenafil contributed to preserve the structural integrity of the lung
parenchyma although whether this is reflected in reduced compliance remains to be
established. Finally, assessment of exercise function would have been informative to
elucidate whether the effects of sildenafil might translate to patients with COPD.
However, the effects of CS exposure on exercise tolerance in the guinea pig have not
been documented and the inclusion of an exercise arm would have increased the

complexity of our study.

In conclusion, the results of the present investigation show that sildenafil prevents the
development of PH and RV hypertrophy in an experimental model of COPD induced by
chronic exposure to CS. These effects are likely due to a vasodilator effect, along with
the preservation of parenchymal integrity and vascular surface, since no effects on
vessel remodelling were observed. Current results reinforce the notion that the NO-
cGMP axis is perturbed by CS exposure and contributes to clarify the effects of
sildenafil in COPD-associated PH. Further investigations are needed to determine the

role of PDES5 inhibition once the disease is established.
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TABLE 1. Assessment of in vivo pulmonary artery pressure and in vitro reactivity

Page 22 of 72

Vehicle Sildenafil 1mg/kg
Sham-exposed CS-exposed Sham-exposed CS-exposed CS

Two-way ANOVA main
effects (p-value)

Sildenafil Interaction

(n=8) (n=10) (n=8) (n=10) exposure
Pulmonary Systolic 9.0+4.3 14.3+8.0% 6.6+2.0 8.242.7% 0082 0038 0346
artery Diastolic 3.842.5 10.5+7.5 5.0+1.2 4.9+1.6 0.059  0.202 0.050
pressure
(mmHg) Mean 57+1.6 12.4+7.7% 5.7+1.5 6.3+1.8% 0.036  0.081 0.081
KCl 1828.4+489.2  2560.9+711.1%  1660.7£530.1 2604.9£605.7% <0.001  0.771 0.619
Contraction (60 mM)
(mg) NE 4.6+163.1 +200.2 1£1 17.0+172 141 1
(10° M) 574.6+163. 573.5£200.2  538.1£105.7  717.0¢172.0 0. 0370  0.136
Changein 43¢50 231.8+433  200.6+57.4 22634272 0058  0.753 0.935
Relaxation to | tension (AUC)
ADP ECs,
7.18+0.86 6.61£0.40 6.79+0.60 6724027  0.096 0479  0.191

(-log [M] ADP)

Values are mean+SD. *Arbitrary units of area under the curve (AUC).
* p <0.05 compared with its sham-exposed group.

1 p <0.05 compared with vehicle CS-exposed group.
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TABLE 2. Morphologic assessments and quantification of eNOS expression

O©CoONOOORWN =

. . . Two-way ANOVA main
10 Vehicle Sildenafil effects (p-value)
Sham-exposed CS-exposed Sham-exposed CS-exposed CS

12 (n=8) (n=10) (n=8) (n=11)  exposure Sildenafil Interaction

Pulmonary artery wall

* *
14 thickness (um) 57.7£23.3 77.8+9.0 54.8+4.7 75.4+9.8 <0.001 0.565 0.963

16 SM a-actin-positive 25.145.5  403+13.1%  26.4+4.6 39.8+7.1% <0001 0877  0.760
arteries (%)

18 Arteries with double

. <o 1.3£2.5 4.1+6.6 0.7£2.0 2.8+1.2 0.101 0.512 0.833
19 elastic lamina (%)

20 Vessels <50pm/mm’ 23.5+4.2 19.0£5.6 27.3£5.0 25.4+5.71  0.077 0.006 0.476

20 Interseptal distance (pum) 69.1£12.8 78.0£11.8 64.7£7.6 71.3£7.9 0.028 0.114 0.749

Relative eNOS expression

24 (eNOS/B-actin) 1.07£0.14 1.08+0.13 1.10£0.14 0.96+0.12  0.632 0.699 0.586

28 Values are mean+SD.
30 * p <0.05 compared with its sham-exposed group.

32 1 p <0.01 compared with vehicle CS-exposed group.
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Figure 1. Pulmonary artery pressure and right ventricle hypertrophy. A) Mean pulmonary artery pressure
(mPAP). Data represent the median in each group as the middle line in the box. The box stretches from the
25th percentile (lower hinge) to the 75th percentile (upper hinge). The whiskers extend from the box to the
90th and 10th percentiles. B) Right ventricle hypertrophy assessed as the weight ratio between the RV and

the left ventricle (LV) plus septum (S). Data are presented as mean+SEM. Treatment with sildenafil in
cigarette smoke (CS)-exposed animals prevented the increase in mPAP and attenuated RV hypertrophy.

*p<0.05; **p<0.01.
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exposed to cigarette smoke (CS), irrespective of sildenafil administration, showed a lower number of non-
muscularised arteries and developed a greater number of partially and fully muscularised arteries. *p<0.05;

50 **p<0.01. Microphotographs of a-actin immunostained small pulmonary vessels (<50 ym) in a control
51 guinea pig (B) and an animal exposed to CS (C). In the exposed animal fully muscularised arteries are
52 present. Arrows indicate small intrapulmonary vessels. Scale bar, 100 um. (D) Correlation between the
53 percentage of muscularised small intrapulmonary vessels and the weight of the right ventricle (RV) in guinea
54 pigs exposed to CS treated with vehicle (solid circles) or sildenafil (solid triangles), r=0.55, p=0.01.
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SUPPLEMENTARY MATERIALS AND METHODS

Animals and cigarette smoke exposure

Forty-two male guinea pigs (~300g in weight) were divided into two groups at random:
sham-exposed (room air, n=16) and exposed to the smoke of 7 non-filtered research
cigarettes/day (3R4F; Kentucky University Research; Lexington, KY, USA), 5
days/week, for 12 weeks (n=26), using a nose-only system [1, 2] (Protowerx Design
Inc; Langley, British Columbia, Canada). Guinea pigs were weighed weekly throughout
the experimental protocol. All animal procedures were approved by the ethical review
board on animal research of the University of Barcelona and complied with national and

international guidelines.

Sildenafil administration

Animals were daily treated by gavage 1h after the exposure to CS or air (Sham) for five
days a week along the study with either distilled water (Vehicle, n=18), or Img/kg of
sildenafil (UK-92,480-10) citrate solution (Sildenafil, n=24) synthesized and provided
by Pfizer (Sandwich, Kent, UK).

Four final groups were used: Sham Vehicle, CS Vehicle, Sham Sildenafil, and CS

Sildenafil.

Unrestrained whole-body plethysmography

Respiratory function was measured weekly in conscious guinea pigs by unrestrained
whole-body plethysmography (Buxco Research Systems, Wilmington, NC, USA).
Guinea pigs breathing spontaneously were placed in plethysmographic chambers. The
recording period started when animals were adapted (not scratching, sniffing or

chewing) and data was collected and averaged for 3 min. Pressure signals were fed into
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a computer for visualization, storage and offline analysis with specific software. Data
was recorded at the following time-points: 10 min before (baseline) and 10 min after the
exposure to CS or sham exposure. At each time-point we recorded the breathing
frequency (Bf), the tidal volume (TV), the minute ventilation (MV) and the respiratory
resistance (enhanced pause (Penh)) [3, 4]. Penh is a unit-less index described as:
Penh = PEF/PIF x (Te/Rt-1)

Where PEF is the peak of expiratory height, PIF is the peak of inspiratory height, Te is
the expiratory time, and Rt is the time to expire 65% of the volume.

At the end of the study the area under the curve (AUC) for each parameter (Penh, Bf,
TV and MV) assessed along the 3 months of study was calculated using a logistic

curve-fitting equation for each animal.

Pulmonary haemodynamics measurements

Systolic (sPAP), diastolic (IPAP) and mPAP were measured under anaesthesia with
ketamine and xylazine (50 and 7 mg/Kg respectively) in open-chest guinea pigs using a
20 GA catheter connected to a pressure transducer (Buxco Research Systems,
Wilmington, NC, USA). The catheter was placed in the main pulmonary artery through
the right ventricle (RV). Measurements were performed in normoxic conditions by

pumping in fresh air.

Right ventricular hypertrophy

Immediately after the hemodynamic measurements were completed, the
cardiopulmonary block was isolated and weighed. The heart was removed and the RV
was dissected from the left ventricle and septum (LV+S), under a stereomicroscope

(Leica Microsystems Imaging Solutions Ltd, Cambridge, UK), and these were weighed
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separately. RV hypertrophy was measured as the ratio between the RV weight and the

weight of the LV+S ([RV/LV+S], Fulton index).

Arterial oxygenation
Blood gas analyses (CIBA-Corning 860, CIBA-Corning Diagnostics Corporation,
Medfield, MA, USA) were performed in blood sampled from the carotid artery

immediately after the hemodynamic measurements.

Endothelial function

The main pulmonary artery was isolated from the cardiopulmonary block. The artery
was cleaned of fat and connective tissue, measured in length and weighed and cut into
rings of 3 mm in length. The left and right branches of the main pulmonary artery were
obtained and the left branch was placed in an organ bath chamber and was attached to
an isometric transducer (Panlab, Barcelona, Spain). After a period of stabilization,
arteries were contracted with KCl (60 mM) to determine their viability and contractile
capacity. All rings were pre-incubated with indomethacin (1 x 10 M) in order to inhibit
the synthesis of cyclo-oxygenase products. The rings were then contracted with
norepinephrine (NE; 1 x 107 to 0.2 x 10° M) to obtain a stable plateau of tension.
Endothelial function was assessed as the change in wall tension in response to
cumulative doses of adenosine diphosphate (ADP; 107 to 10 M), an endothelial nitric
oxide (NO)-dependent vasodilator, as previously described'. Endothelium-dependent
vasodilator responses were assessed by the maximal relaxation induced by ADP, the
dose that caused 50% relaxation (ECs), and the area under the curve (AUC). Whereas

ECsp is a single-point estimated value, the AUC is a summary measure obtained from
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all experimental points in the dose-response curve, providing a complete profile of

vessel responsiveness.

Morphometric and histological assessments

After the hemodynamic measurements were completed, the lungs were removed,
inflated and fixed during 24h with formalin by airway instillation under constant
pressure of 30 cmH,0. After sampling, tissue blocks were dehydrated and lung sections
were embedded in paraffin or frozen by using optimal cutting temperature (O.C.T;
Tissue-Tek, Sakura Finetek, Zoeterwoude, NL). Lung tissue was prepared and tissue
sections were used for morphometric and histological analysis of the vasculature.
Histological examination was performed in 4-um sections.

After the organ bath studies, main pulmonary artery rings were fixed in 4%
formaldehyde and cryo-embedded in O.C.T. Morphometric studies were performed in
4-um slices sections. The thickness of the muscular layer of the main pulmonary artery
wall was measured by planimetry in sections stained with elastin-Van Gienson. The
distance between the external and internal elastic laminas was measured 10 times in two
different rings of the artery using an image analysis system [5] (Leica Qwin).

Vascular remodelling was evaluated by assessing the number of intrapulmonary vessels
(external diameter <50um) showing positive immunostaining for smooth muscle (SM)
a-actin antibody (Dako, Glostrup, Denmark) and by the number of vessels with double
elastic laminas in orcein-stained sections, expressed as a percentage of the total number
of small intrapulmonary vessels. Intrapulmonary vessels immunostained for a-actin
were further semi-quantitatively classified in a scale depending on the proportion of the
vessel wall positive for a-actin [6]: non-muscularised, <1/4 of the vessel wall; partially

muscularised, >1/4 - <3/4; or fully muscularised, >3/4.
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Real Time-PCR

Total RNA was extracted from lung tissue homogenates using RNeasy Micro Kit
(Qiagen GmbH, Hilden, Germany). RNA concentration (A260) and sample purity
(260/280 ratio) were measured in the NanoDrop 2000c spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). The quantification and quality of RNA was also
measured in a Bioanalyser platform (Agilent Technologies, Inc., Santa Clara, CA,
USA). Total RNA was retrotranscribed and quantification of eNOS was performed with
real-time PCR as previously described'. Expression of eNOS was normalized to B-actin
expression as endogenous housekeeping gene and relative gene expression was analysed
using the 272" method [7]. Primers were designed based on guinea pig eNOS sequence
from GeneBank using specific software (Primer Express, Applied Biosystems, Foster
City, CA, USA). Amplification was performed on PTC-200 Peltier thermal cycler
equipped with a Chromo4 real-time PCR detector module (MJ Research, BioRad,
Hercules, CA, USA). The identities of the amplified products were examined using melt
curve analysis. The primer sequences for eNOS were 3’-
AGCCAACGCGGTGAAGATC-5" and 5’-TTAGCCATCACCGTGCCC-3’ and for -

actin 3’- ATATCGCTGCGCTCGTTGTC-5" and 5’~-AACGATGCCGTGCTCAATG-3".

Data analysis

Results in tables are expressed as meantstandard deviation (SD) or as median and
interquartile range (IQR), depending on whether or not the variables followed a normal
distribution. Results in figures are showed as meantstandard error of the mean (SEM)

or as box plots with median and 10th, 25th, 75th and 90th percentiles.
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To analyse the evolution of plethysmographic respiratory parameters (Bf, TV, MV and
Penh), assessed weekly through the 3 months study period, we calculated the AUC of
all measurements performed in each animal as a summary measure.

Comparisons between groups were carried out using a two-way analysis of variance
(ANOVA), considering exposure to CS and sildenafil treatment as main factors and
their interaction. When significant, post-hoc pairwise comparisons were performed
using the Student-Newman-Keuls test.

Relationships between variables were assessed using the Pearson’s correlation test. A p-

value < 0.05 was considered significant.

SUPPLEMENTARY RESULTS

Body weight and body mass index

Animals treated with sildenafil gained more weight than vehicle-treated animals
irrespective of the exposure to CS (p<0.001) (Supplementary Figure 4A). Additionally,
sildenafil administration was significantly associated with higher body mass index
(BMI) in animals exposed to CS (CS Vehicle vs. CS Sildenafil: 9.7+0.5 vs 10.8+0.7

kg/m?, p<0.001) (Supplementary Figure 4B).

Pulmonary function
At baseline, animals exposed to CS showed a reduction in MV. Ten min after CS
exposure the TV increased and the MV increased. Treatment with sildenafil did not

modify any of the lung function measurements (Supplementary Table 1).
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SUPPLEMENTARY TABLE

Supplementary Table 1. Effects of sildenafil on respiratory function and arterial

oxygen tension

Two-way ANOVA main

Vehicle Sildenafil 1mg/kg
AUC effects (p-value)
Sham-exposed CS-exposed Sham-exposed CS-exposed CS Sildenafil Tnteracti
(n=8) (n=10) (n=8) (n=5) exposure ' COnatll meraction

Baseline  950.0+102.1 923.74£90.2 967.5+£65.3 909.9+73.4 0.197 0.954 0.624
Breathing
F a
requency exAp(f)t:urre 894541055  $23.9475.0  933.8491.7 876241284 0085 0213  0.857
Tidal Baseline 55.0+£6.0 50.8+3.4 52.6+3.8 51.2+1.9 0.081 0.534 0.385
ida
Volume® After

exposure 54.7£5.2 101.3+25.9* 54.3+4.2 106.8+4.7* <0.001  0.666 0.611
Minute Baseline  5650.8+815.5 5191.5£506.0  5552.4+662.5 5070.7+320.9 0.051 0.638 0.962

Ventilation® After
exposure

5196.8+688.8

9358.9+2751.9* 5467.3+631.4 10156.3+1150.6* <0.001  0.409 0.682

Pa0O, (mmHg)

70.7£17.1

55.0£19.9 62.3+30.6 55.3+13.6 0.138 0.593 0.564

Values are mean+SD. Area under the curve. *Arbitrary Units.

*p <0.001 compared with its sham-exposed group.
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31 Supplementary Figure 1. Endothelium-dependent relaxation in pulmonary arteries. Relaxation of main
pulmonary artery rings in response to cumulative doses of adenosine-5'-diphosphate (ADP), after pre-

contraction with norepinephrine (NE). Values are expressed as % change in tension in NE pre-contracted

33 artery rings . Panel shows dose-response curves of the 4 experimental groups (n=8-11, each). Data are

34 presented as mean+SEM. Main effects in the two-way ANOVA for the area under the curve: cigarette smoke

35 (CS), p=0.058; sildenafil, p=0.753.
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Supplementary Figure 2. Pulmonary artery wall thickness (A). Wall thickness of the main pulmonary artery
was increased in animals exposed to cigarette smoke (CS) and unaffected by the administration of sildenafil.
Data are presented as mean+SEM. **p<0.01. Microphotographs of elastin-Van Gienson stained main
pulmonary artery in a control guinea pig (B) and an animal exposed to CS (C). Sildenafil treatment did not
modify thickening of the main pulmonary artery induced by CS exposure. Scale bar, 300 um.
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Supplementary Figure 3. Respiratory resistance. A) Area under the curve (AUC) of 12 weekly measurements
of the enhanced pause (Penh) at baseline B) AUC of 12 weekly measurements of Penh obtained 10 min after
cigarette smoke (CS) exposure. Graphs show mean+SEM. The AUC has arbitrary units. Main effects in the
two-way ANOVA for Penh at baseline and after CS exposure: CS, p=0.187; SIL, p=0.417 and CS, p<0.001;
SIL, p=0.095, respectively. Comparison between groups: *p<0.05; ***p<0.001.
281x133mm (300 x 300 DPI)



O©CoONOOORWN =

European Respiratory Journal

A *
&) N T T
L 7
Sl - ’ : :
cs * 3 +
Sildenafil - + +

Supplementary Figure 4. Body weight. Area under the curve (AUC) of 12 weekly measurements of body
weight (A) and body mass index (BMI) (B). Values are mean+SEM. Sildenafil treatment induced greater
weight gain in both cigarette smoke (CS)-exposed and unexposed animals. Main effects in the two-way
ANOVA for body weight and BMI: CS, p=0.193 and 0.172; SIL, p<0.001 and 0.007, respectively.
Comparisons between groups *p<0.05; **p<0.01; ***p<0.001.
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Resultados

3.1.- Resultados principales

Hemodinamica pulmonar e hipertrofia del ventriculo derecho

Los animales expuestos al HC mostraron mayor PAP que los no expuestos y el tratamiento
con sildenafilo previno este incremento de PAP, manteniéndose los valores proximos a los

de animales no expuestos.

Los animales expuestos a HC no tratados con sildenafilo mostraron hipertrofia del VD.
Hubo una tendencia a la prevencion de la hipertrofia de VD en los animales tratados con
sildenafilo, ya que no se observaron diferencias en el indice de pesos VD/VI+S entre los

cobayos expuestos al HC tratados con sildenafilo y los animales no expuestos.

Funcidén endotelial y contractilidad vascular

La contraccion maxima inducida por KCl en arterias pulmonares fue mayor en animales
expuestos al HC y el tratamiento con sildenafilo no modificé esta respuesta contractil. La
relajacion dependiente de endotelio inducida por dosis acumulativas de ADP se atenu6
ligeramente en los animales expuestos al HC, como sugijere la tendencia a desplazarse a la
derecha (ECso) y el aumento de AUC de la curva dosis-respuesta. El tratamiento con

sildenafilo no modificd esta respuesta vasodilatadora dependiente de endotelio.

Andlisis morfométrico e histolégico

El grosor de la pared de la arteria pulmonar principal fue mayor en los animales expuestos

al HC y no se observaron diferencias en los animales expuestos tratados con sildenafilo.

La proporcion de vasos pequefnos o-actina+ fue mayor en los animales expuestos al HC,
con una disminucién en la proporciéon de vasos no muscularizados y un aumento en la de
vasos intrapulmonares parcial y completamente muscularizados. El tratamiento con

sildenafilo no modifico los cambios inducidos con HC.

No se observaron diferencias significativas entre grupos en la proporciéon de arterias con

lamina elastica doble.
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La exposicion al HC mostré una tendencia a reducir la densidad de vasos pequenos
intrapulmonares y los animales tratados con sildenafilo mostraron una mayor densidad de

vasos pequenos, previniendo la reduccion inducida por la exposicion al HC.

Se observo desarrollo de enfisema pulmonar en los animales expuestos al HC y los cobayos
expuestos al HC tratados con sildenafilo mostraron valores intermedios de distancia media
interseptal (mean linear intercept, MLI) que no difirieron de los animales expuestos al HC ni

de los animales no expuestos.

Expresion génica de eNOS

No se observaron diferencias entre grupos en la expresion génica de eNOS en

homogeneizado de pulmon.

Mediciones de funcion pulmonar y gasometria en sangre

Las mediciones basales de pletimosgrafia mostraron una tendencia a menor ventilacién
minuto (VM) en los grupos expuestos a HC. Tras la exposicion al HC tuvo lugar un
incremento drastico en el VC, VM y Penh. La administracién concomitante de sildenafilo no

modifico la funcion pulmonar basal ni tras la exposicion a HC.

Los cobayos expuestos al HC mostraron una tendencia a menor PO: arterial y sildenafilo no

modificé el valor de Pa02, ni en cobayos expuestos al HC ni en los no expuestos.

Correlaciones

En los animales expuestos al HC, la muscularizacion de vasos pulmonares pequenos
correlaciond con el peso del VD y la densidad de vasos intrapulmonares pequenos se
relacioné inversamente con la hipertrofia del VD. Ademas, el MLI correlacioné con la PAPm

y con el nimero total de vasos pulmonares pequenos.
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Discusion de resultados

Respuesta inflamatoria en el modelo experimental de EPOC

La exposicién al HC induce un proceso inflamatorio en el pulmén que puede llevar al
desarrollo de la EPOC. En el cobayo, la exposicion al HC durante 6 meses induce infiltracion
por células inflamatorias y cambios morfolégicos en las diferentes estructuras pulmonares.
La intensidad de la reaccién inflamatoria correlaciona con el remodelado de la via aérea.
Estos cambios se asemejan a los que se observan en los pacientes con EPOC (3, 28, 29,
37, 46). Los cambios estructurales son especialmente pronunciados en la via aérea de
menor calibre y correlacionan con la infiltracion por neutréfilos y macrofagos. Sin embargo,
el remodelado de los vasos pulmonares mas pequefios con la exposicion al HC no
correlaciona con el infiltrado por neutréfilos o macrofagos. La severidad del proceso
inflamatorio también va en paralelo con el depdsito de colageno en el septo alveolar que
presentan los animales expuestos al HC. De hecho, tras los 6 meses de exposicion, el
enfisema inducido se asocia con el depdsito de colageno y el aumento del infiltrado de

neutréfilos y macréfagos en la pared bronquial y el septo alveolar.

En los animales control, los neutréfilos se localizan preferentemente en el septo alveolar,
mientras que en via aérea infiltran progresivamente con la exposicion al HC. Alrededor de
los vasos pulmonares también se observa un infiltrado de neutréfilos con la exposicion.
Estos hallazgos son consistentes con estudios en humanos que correlacionan el nimero
de neutréfilos con el consumo acumulado de cigarrillos (33). Ademas, la acumulacion de
neutréfilos se considera uno de los eventos importantes en la patogénesis del enfisema
pulmonar en individuos fumadores, al inducir un desequilibrio proteasa-antiproteasa (30).
En este sentido, la reaccion inflamatoria por neutrofilos correlaciona particularmente con el
engrosamiento de la pared de la via aérea de pequeno tamano, y con la distancia
interseptal, identificando a los neutrofilos como un componente que participaria en el

remodelado de la via aérea y el enfisema.

Por otro lado, el incremento de macréfagos en el arbol bronquial de sujetos con EPOC (40)

también se ha relacionado con el enfisema, sugiriendo que también podrian colaborar en
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la respuesta inflamatoria elastolitica (39). En los animales expuestos al HC, observamos un
aumento de macrofagos en el septo alveolar que se relaciona con el tamano alveolar. En
humanos, los macrofagos se encuentran en lugares de destruccion de la pared alveolar y
en bronquios, correlacionando con la severidad de la EPOC (38, 175). Nuestros hallazgos
son similares a las observaciones hechas en humanos, enfatizando el papel del HC sobre

los macrofagos (37).

Aunque clasicamente la inflamacion de la via aérea por eosinéfilos esta considerada una
caracteristica del asma, la inflamacién eosinofilica podria jugar un papel en la EPOC y estos
pacientes podrian representar un fenotipo distinto de la enfermedad. Su presencia en la
via aérea y en el esputo se ha demostrado en pacientes con EPOC estable y aumenta
durante las exacerbaciones (46, 47). En los cobayos, los eosindfilos son las células
inflamatorias predominantes y se distribuyen homogéneamente en via aérea, vasos
pulmonares y septo alveolar, pero su correlacion con los cambios morfolégicos en la via
aérea y los vasos intrapulmonares de pequeno calibre es débil. Por eso, la reaccion
eosinofilica inducida por el HC podria ser especifica del cobayo, junto con la
hiperreactividad bronquial, aunque la bronquitis eosinofilica en fumadores no asmaticos

sugieren un papel del HC en el reclutamiento de eosindéfilos en el pulmon (48).

La inflamacién en el pulmén mediada por linfocitos (50, 176) podria jugar un papel
destacado en la EPOC. Las células T y B pueden organizarse en foliculos linfoides (3, 27) y
su nimero en el pulmén es mayor en los estadios EPOC grave-muy grave (3). En nuestro
estudio, hay un aumento de foliculos linfoides en los pulmones de cobayos expuestos al HC

gue tiende a correlacionar con el remodelado de la via aérea pequena.

Algunos estudios han demostrado fibrosis pulmonar en fumadores y su asociacién con el
enfisema ha sido reconocida como una entidad especifica, con malas consecuencias (62,
64-66). Los mecanismos de fibrosis probablemente suponen un intento de reparar la
inflamacion. En los cobayos expuestos al HC, el depésito de colageno en la via aérea y los

septos alveolares encaja con un incremento del enfisema. También observamos un
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aumento de fibras de colageno gruesas, que se ha asociado con la formacién de cicatrices

de reparacion y podrian modular la rigidez de los tejidos (63).

Nuestro estudio en cobayos expuestos al HC sugiere que este modelo experimental
reproduce las alteraciones inflamatorias que se observan en la EPOC, reforzando su validez
como modelo experimental de EPOC y nuestra hipétesis de que a partir de la reaccion
inflamatoria producida por el HC se desencadenaria el remodelado de la via aérea, el
parénquima pulmonar y los vasos intrapulmonares. Por lo tanto, es un modelo apropiado
para disenar estudios de intervencion terapéutica en la EPOC como son el segundo y tercer

estudio de esta tesis doctoral.

Efectos de bromuro de aclidinio en el modelo experimental de EPOC

En los cobayos cronicamente expuestos al HC, la administracion de aclidinio tiene un
efecto antirremodelado en la via aérea que se asocia con una disminucién de la resistencia
respiratoria. Ademas, aclidinio atenta ligeramente el infiltrado de neutréfilos en el septo
alveolar inducido por la exposicion al HC. El incremento de la resistencia respiratoria con la
exposicién crénica al HC podria atribuirse a los cambios histopatologicos que tienen lugar
en el pulmén (131), ya que el Penh basal correlaciona con el remodelado de la via aérea y
el enfisema; como ocurre en los pacientes con EPOC. Por lo tanto, la reduccién de la
resistencia respiratoria y la atenuacion de la hiperreactividad aguda inducida por el HC con
el tratamiento con aclidinio podria deberse, en parte, al comentado efecto antirremodelado
del farmaco a nivel de las vias aéreas. Estos hallazgos sugieren la implicacion de la
activacion muscarinica en el remodelado del musculo liso de la via aérea (146, 150, 151),
ampliando la observacion previa sobre la inhibicién de la cantidad de musculo liso en via
aérea con antagonistas muscarinicos en un modelo de asma alérgico (177). En otro
estudio, aclidinio atenud la proliferacién y migraciéon de fibroblastos, y la transicion de
fibroblastos a miofibroblastos en fumadores y pacientes con EPOC (174) evidenciando que
la via colinérgica estaria implicada en el remodelado de la via aérea causado por la

exposicién cronica al HC. Estos hallazgos indican que ademas de su efecto broncodilatador
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mantenido, los antagonistas muscarinicos pueden tener un impacto importante en el
remodelado de la via aérea. En nuestro estudio, el efecto antirremodelado no difiere entre
las dos dosis de aclidinio administradas, en cambio, la dosis mas elevada de 30 pyg/mL
tuvo algo mas de efecto sobre el Penh y los episodios de tos. En cualquier caso, la
demostracion de actividad antirremodelado con aclidinio en el modelo animal de EPOC
refuerza los resultados de ensayos clinicos que muestran la eficacia de aclidinio en los

pacientes con EPOC (155-157).

Por otro lado, el sistema colinérgico participa en la respuesta inflamatoria y los receptores
muscarinicos se expresan en el sistema nervioso parasimpatico y en casi todos los tipos
celulares localizados en la via aérea (150, 178). El receptor muscarinico M3, que esta
involucrado en la contracciéon del muisculo liso de la via aérea y la proliferacion celular
(151, 179), puede estimularse por el HC induciendo la secrecién de IL-8 por las CML
humanas de la via aérea (149). Ademas, la ACh también es liberada por las células
inflamatorias (150, 180) y se ha observado que aclidinio disminuye el nimero de
eosindfilos en el LBA en un modelo murino de asma (159) y que el antagonista
muscarinico, triotropio, inhibe la inflamacion neutrofilica inducida por HC en LBA en ratén
(158). Esto sugiere que los anticolinérgicos podrian atenuar el componente inflamatorio
inducido por el dafno en el pulmén. En nuestro estudio, el tratamiento con aclidinio se
asocia a un menor nimero de neutréfilos en el septo alveolar pero no a una disminucién
del influjo inflamatorio inducido por el HC en la via aérea. Estos hallazgos son consistentes
con los mostrados con triotropio, que disminuy6 los neutréfilos en el LBA de ratones (158)
y sin embargo, no logro reducir el nimero de células inflamatorias en el esputo inducido en
pacientes con EPOC (181). El efecto antiinflamatorio limitado de aclidinio en la via aérea
podria ser consecuencia de la intensa reaccion inflamatoria inducida por el HC, o de que
los neutréfilos en la pared bronquial de la via aérea pueden suponer un perfil inflamatorio
diferente que el esputo o BAL (182). En nuestro estudio, el grosor de la pared correlaciona
con la intensidad del infiltrado inflamatorio en las vias aéreas, sin embargo, los efectos

contrapuestos de aclidinio sobre el remodelado de la via aérea y el infiltrado inflamatorio
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sugieren que el efecto antirremodelado fue mas probablemente debido al efecto sobre las
vias de senalizacion reguladas por los agonistas muscarinicos, que al efecto directo en el

reclutamiento de células inflamatorias en la via aérea.

El tamano del espacio alveolar no difiere entre los animales expuestos al HC tratados con
aclidinio y los animales control. Asimismo, al hacer el analisis juntando las dos dosis de
aclidinio, la distancia media entre septo alveolar es mayor en los cobayos expuestos al HC
no tratados que en los expuestos al HC tratados con aclidinio, sugiriendo que el farmaco
podria tener un potencial efecto en la prevenciéon de desarrollar enfisema. Una hipétesis
que explicara esta observacion seria que aclidinio reduce el influjo de neutréfilos inducido
por el HC en el septo alveolar, previniendo en parte la destruccion del septo alveolar.
Hipotetizamos que aclidinio podria prevenir el agrandamiento del espacio aéreo al
bloguear en células epiteliales la activacion de la cascada RhoA/Rho-quinasa asociada a

receptores muscarinicos, mejorando el aclaramiento de células apoptoéticas (150, 183).

En el presente estudio, los cobayos expuestos a HC muestran una prominente metaplasia
de células caliciformes en las vias aéreas, que junto con la hipersecrecién mucosa es una
caracteristica de los fumadores y pacientes con EPOC (7, 184). La administracion de
aclidinio no modifica el nidmero de células caliciformes, a pesar de que aclidinio y otros
LAMAs inhiben la expresion de la mucina MUC5AC inducida por HC en las vias aéreas (164,
185). Sin embargo, el analisis histoquimico de las células caliciformes puede no
correlacionar con la expresion de MUCBAC (186), y en nuestro modelo animal, aclidinio

también podria haber tenido efecto inhibitorio sobre MUC5AC.

Efectos de sildenafilo en el modelo experimental de EPOC

En el modelo experimental de EPOC en cobayos cronicamente expuestos al HC, sildenafilo
previene el incremento de PAP y la subsiguiente hipertrofia del VD, pero no modifica el
remodelado vascular pulmonar inducido por el HC. Aunque si que se observa que
sildenafilo preserva la densidad de vasos intrapulmonares y muestra una tendencia a

disminuir el aumento de los espacios alveolares inducido por la exposicion al HC.
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El efecto principal observado en este estudio fue la prevencion de HP en los animales
expuestos al HC tratados con sildenafilo. Mientras que los cobayos expuestos al HC
muestran un incremento de PAPm e hipertrofia del VD; los animales expuestos al HC,
tratados con sildenafilo muestran valores de PAPm y un indice de pesos VD/VI+S similar a
los animales no expuestos, confirmando la accion vasodilatadora que ejerce sildenafilo en
este modelo experimental (169, 171). La falta de incremento en la PAP no se acompana de
cambios en la estructura de los vasos pulmonares, ya que los cobayos expuestos al HC
tratados con sildenafilo muestran engrosamiento de la pared de la arteria pulmonar y
muscularizacion de vasos pequenos similares a los cobayos expuestos al HC, no tratados.
Por lo tanto, sildenafilo produce un efecto vasodilatador pero no antirremodelado en las
arterias pulmonares. En algunos estudios en modelos experimentales de HP inducida por
hipoxia sildenafilo previno el remodelado vascular pulmonar, junto con la reduccién de PAP
(169, 187) y en otros no produjo efecto antirremodelado (143), aunque redujera la PAP,
similar a lo que sucede en nuestro estudio. Esto podria deberse a que usamos una dosis
de sildenafilo similar a la aprobada en humanos con HAP (188), que es baja en
comparacion con otros estudios en animales (143, 169, 187, 189). Sin embargo, estudios
previos en HP experimental, han demostrado efecto antirremodelado con dosis
acumulativas de sildenafilo de 180 mg/kg (187), mientras que dosis acumulativas de 525

mg/kg no produjeron tal efecto (143).

No hay estudios previos realizados con sildenafilo en cobayos o utilizando la exposicion al
HC como mecanismo de dano vascular pulmonar para comparar nuestros resultados. En
cambio, las observaciones con sildenafilo en el cobayo crénicamente expuesto al HC
contrastan con los efectos que hemos mostrado en este modelo experimental utilizando un
estimulador de sGC (BAY 41-2272) (60), con el que se consigue una disminucion de la RVP
pero también un menor remodelado vascular pulmonar. Una hipétesis que explicara este
hecho es que la estimulacion de sGC podria ser mas efectiva en incrementar los niveles de
cGMP que la inhibicibn de PDE5 (190), y de ese modo producir mayor efecto

antirremodelado.
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Es de interés destacar que el tamano de los espacios aéreos es menor y la densidad de
vasos pequenos mayor en los animales expuestos al HC tratados con sildenafilo, que en los
animales expuestos al HC no tratados, y no difiere de los cobayos no expuestos. También
se observa una correlacion entre el tamano de los espacios aéreos y la densidad de vasos
intrapulmonares de pequeno tamano que sugeriria que sildenafilo contribuiria a preservar
la integridad estructural del pulmén. Ademas, la preservacion de la superficie vascular
intrapulmonar, que conllevaria una menor RVP, podria explicar la reduccion de PAP con
sildenafilo a pesar de no mejorar el remodelado vascular. La relacion inversa entre la
densidad de vasos pequenos y la hipertrofia del VD también apuntaria en esa direccion,
aunque sildenafilo también podria ejercer un efecto directo sobre el VD que disminuyera su
hipertrofia (187, 191). En conjunto, estos hallazgos sugieren que cGMP juega un papel
crucial en la preservacion de la estructura pulmonar. Aunque los mecanismos que
subyacen a estos efectos de sildenafilo no se exploraron, estudios de nuestro grupo
muestran que la producciéon aumentada de cGMP por la estimulaciéon de sGC incrementa
mediadores de integridad vascular y mantenimiento pulmonar, como VEFGA y FGF10, y
enzimas antioxidantes, como SOD1; ademas de reducir la inflamacién (60). El hecho de
que la estimulacién de sGC ejerza un mayor efecto sobre los niveles intracelulares de
cGMP que prevenir su degradacion inhibiendo la PDE5 con sildenafilo (190) también
podria explicar que los efectos de sildenafilo sobre el tamano del espacio alveolar sean
menos pronunciados (60). Por otra parte, hay evidencia de que la sintasa inducible de NO
(iNOS) y peroxinitrito (ONOO-), que actia en parte a través de la oxidacion de sGC,
participarian en el desarrollo de enfisema y remodelado vascular inducido por HC (61) y

podria prevenirse incrementando los niveles de cGMP (60).
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A partir de los resultados obtenidos en los estudios realizados en esta tesis doctoral se

extraen las siguientes conclusiones:

1. En el cobayo, la exposicién cronica al HC induce una reaccién inflamatoria pleiotropica
en la via aérea, los vasos pulmonares y los septos alveolares del pulmén que se compone
de neutréfilos, macréfagos y eosinéfilos y persiste en el tiempo, especialmente en la via

aérea y vasos pulmonares de menor calibre.

2. La intensidad del infiltrado neutrofilico y macrofagico correlaciona con el remodelado de
la via aérea periférica y el enfisema. Asimismo, con la exposicion al HC, aparecen areas de
deposito de colageno en el septo alveolar y via aérea periférica que se asocia con el
agrandamiento del espacio alveolar. Por lo tanto, la reaccién inflamatoria inducida por el
HC no s6lo comporta dafno sobre las estructuras pulmonares sino también un proceso de

reparacion.

3. Estas alteraciones se asemejan a las que se observan en los pacientes con EPOC,
avalando el papel patogénico del HC y se refuerza el uso del cobayo expuesto
crénicamente al HC como modelo experimental valido de EPOC para su uso en estudios de

progresion clinica e intervenciones terapéuticas.

4. En este modelo experimental de EPOC, aclidinio mejora la funcién respiratoria, previene
el remodelado de la via aérea pequena, atenua el infiltrado neutrofilico en el septo alveolar
y contribuye parcialmente a evitar el desarrollo de enfisema. De ello se deduce que
ademas de ejercer accion broncodilatadora, bromuro de aclidinio tiene efectos
beneficiosos sobre la estructura pulmonar, que contribuirian a explicar los efectos del

farmaco en los pacientes con EPOC.

5. En el modelo de EPOC en cobayos expuestos cronicamente al HC, sildenafilo previene el
incremento de la PAP y la subsiguiente hipertrofia del VD, preserva la densidad vascular y

contribuye parcialmente a evitar el desarrollo de enfisema. Estos hallazgos refuerzan la
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idea de que el eje NO-cGMP se altera con la exposicion al HC y que la intervencion
farmacol6gica sobre dicha via de senalizacion no sélo tiene efecto vasodilatador sino que

también contribuye a preservar la integridad de la estructura pulmonar.
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