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‘. 1. Yo, Luz Clemencia DE PAEZ, en mi condicién de apoderada de 1la

sociedad solicitante de la patente de la referencia, me refiero al
oficio No. 12484 notificado por fijacidén en lista del 11 de Agosto de
2011.

2. Mediante oficio No. 12484 se puso en conocimientoc del solicitante
el informe que contiene las observaciones hechas por su Despacho sobre
la presente sclicitud de patente. Las observaciones realizadas en el
oficio son las siguientes:

3. Reivindicaciones.

El Examinador sugiere al solicitante eliminar la expresidén “o ii) una
sal farmacoldgicamente aceptable del mismo” de la reivindicacién 1 del
pliego reivindicatorio.

Con el fin de atender la anterior observacidén y de acuerde con el
articulo 34 de la Decisién 486, se presenta un nueve capitulo
reivindicatorio conformado por 5 reivindicaciones como sustituto del
anteriormente presentado, en el cual no ha sido incluida la expresiédn

*o 1i) una sal farmacoldgicamente aceptable del wmismo”, de

.’ confermidad con las sugerencias del Sr. Examinador. De tal manera
que, la objecién formulada a este respecto se debe tener por
superada.

Sin embargo, en el evento gue el Despacho considere que una
modificacién adicional sea necesaria, respetuosamente le solicito
hacer uso de la facultad que le otorga el articulo 45 incisc 2. de la
Decisidén - 486 de la Comisién de la Comunidad Andina a efecto de
requerir ndevamente de nuestra parte cualquier complementacidn o
aclaracidn.
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CAVELIER

ABOGADOS

4, Andlisis de patentabilidad

El Examinador concluye que el nivel inventivo de la presente solicitud
se ve afectadc por el documento US221049384 (D1) v el documento
"norwoed Daryl, et al. *“Olmesartan Medoxomil for Hypertension: A
Clinical Review”, Drug Forecast, Vol. 27, No.12, december 2002% (D3).
Su Despacho enuncia:

* "“La solicitud se diferencia de D1 en que el antagonista de
arigiotensina II es olmesartan medoxomilo. El efecto técnico que
genera tal diferencia es que la composicidén genera un efecto
antihipertensiveo mayor al de la combinacién de wvalsarté&n vy
amlodipino besilato, siendo asi, 1til para el tratamiende de la
hipertensién”.

* “No obstante, D3 ensefla que el olmesartén medoxomilo presenta
una mayor eficacia antihipertensiva segin resultados reportados
en estudios comparativos {estudic Ball y estudic de Oparil), al
ser olmesartan medoxomilo mas efectivo en disminuir la presidn
en pacientes con hipertensién gque valsartdn, losartidn e
irbesartan” .

e “De manera tal, que la persona del oficic normalmente versada en
la materia, de acuerdo con las divulgaciones de D1 y D3,
cambiaria el valsartén de las composiciones de D1 por olmesartin
modoxomilo, va gque éste presenta un mejor efecto
antihipertensivo que el valsartadn como se divulga en D3, con la
expectativa razonable de obtener una composicidn gque tenga mejor
efecto antihipertensive que las de D1, dadas las ensefianzas de
D3; por tanto, no son inesperados los resultados presentados
para la composicidn reclamada, relacionados con un efecto
antihipertensivo mayor al de la combinacién de wvalsartén vy
amledipino besilato”.

Con respecto a lo sefialado por su Degpacho, mi representada desea
poner de presente lo siguiente:

De acuerdo con el articulec 18 de la Decisidn 486:

“Articulo 18.- Se considerard gque una invencién tiene nivel
inventive, si para una persona del oficie normalmente
versada en la materia técnica correspondiente, esa
invencién no hubiese resultado obvia ni se hubiese derivado
de manera evidente del estado de la técnica”.

De 1o anterior, es claro que para determinar si una invencidn es
inventiva o no, el examinador debe determinar gi 1la misma se deriva de
manera obvia a partir del estado de la técnica.

El estado de la técnica es el conjunto de conocimientos técnicos
dentre del campo de la invencidén gue hayan sido publicados por
cualgquier medio, antes de la fecha de solicitud de la invencidn o de
la prioridad reivindicada. A pesar de que esta bhisqueda de
anterioridades se realiza a posteriori, es decir, tomando como punto
de partida la invencién y la forma como efectivamente se soluciond el
problema técnico, al realizar la evaluacidn de nivel inventiveo el
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examinador debe ponerse en el lugar del inventor al momente de
realizar la invencién junto con los conocimientos técnicos existentes
al momento de la solicitud con el fin de entender el esfuerzo y
andlisis que dicho inventor requirié para resolver el problema técnico
planteado. Lo anterior, por cuantoc si la invencidén es analizada con
los avances tecnoldgicos hoy conocides vy adicionalmente se toma como
punto de partida la forma como efectivamente se soluciond el problema
técnico, la invencién en todos los casos le resultard obvia vy
evidente.

De otro lado, se debe tener en cuenta el alcance de las palabras obvio
y evidente, y cémo estas deben ser tenidas en cuenta al momento que el
técnico medio hace el examen de nivel inventivo.

Segin la jurisprudencia del Tribunal, es obvio “aquello que salta a la
vista de manera clara y directa; lo “gue se encuentra o pone delante
de los ojos, muy clarc o que no tiene dificultadr~.?

Por otro lado, el Tribunal define agquello gque es evidente como “la
certeza clara y manifiesta de lo que no se puede dudar; cierto, claro,
patente y sin la menor duda”.?

Asi entonces, es posible concluir que para ser pertinentes en la
evaluacidén de nivel inventivo de la presente invencién, los documentos
citados deberian revelar sugerencias vy enseflanzas claras para el
técnico en la materia gue lo lleven a obtenerla. Para este fin, el
Sefior Examinador debe examinar sil, de conformidad c¢on diches
documentos (el estado de la técnica més préximo), una persona versada
en la materia habria © no propuesto las caracteristicas técnicas que
distinguen la invencién reivindicada y gque permiten alcanzar los
resultados obtenidos por dicha invencién.

En tal sentido consideramos oportuna la cita del tratadista GOMEZ
SEGADE, menciocnada por el Tribunal de Justicia del Acuerdo de
Cartagena en la sentencia proferida, dentro del Proceso No. 26-IP-99,
el 23 de julio de 1999:

“Tal y come lo establece GOMEZ SEGADE (obra citada) el
inventor debe reunir los méritos que le permitan
atribuirse una patente, sélo si la invencién fruto de su
investigacién y desarrclloc creativo constituyen “un
salto cualitative en la elaboracidn de la regla
técnica”, actividad intelectual minima que le permitirsd
que su invencidn no sea evidente (no obvia) del estado
de la técnica.”.

Teniendo en cuenta el anterior, podemos concluir gque una invencidn no
se considera obvia u evidente y por tanto cumple con el requisito de
nivel inventivo cuando la migma hava resultado a través de estudic vy
experimentacidn (investigacidn) y constituya un adelanto tecnolégico,
materializado en un resultadc inegperado (mejorado) vy ademids no
evidente para alguien del oficio.

1
2

Proceso No, 192-IP-2005. Tribunal de Justicia de la Comunidad Andina.
Ibidem,
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Con el fin de demostrar que los argumentos esgrimidos por el Sefior
Examinador no resultan de recibo en el presente caso, toda vez que sus
conclusiones no son adecuadas frente a la metodologia que debe
adelantarse para determinar el nivel inventivo de una solicitud de
patente, mi representada desea poner de presente lo siguiente:

4.1 El efectoc de 1la composicién farmacéutica reivindicada es
inesperado y no se puede derivar de manera obvia a partir del estado
de la técnica.

En primer lugar, deseamos poner de presente que tal como se evidencia
en el documento D3, la interaccidén de una droga con un blogqueador de
los receptores de angiotensina II (ARB) no necesariamente se observa
con un ARB  estructuralmente diferente, tal como el olmesartan
medoxomilo. En efecto, D3 divulga que las diferencias estructurales
entre compuestos ARBs resulta en diferencias farmacoldgicas vy
farmacocinéticas (Ver paginas 611, 613). En efecto, D3 muestra que los
compuestos ARB no proporcionan resultados similares cuando son
empleados en combinacién con otras drogas. Por ejemplo, a partir de la
tabla 1 de D3 se observa que el losartan tiene interacciones
farmacolégicas significativas con la rifampina y el fluconazol, mis
sin embargc dichas interacciones no sSe observan c¢on otros ARBs
listados en la tabla 1.

Adicicnalmente, a partir de la tabla 1 de D3 se observa que el
telmisartan tiene interacciones importantes con la digoxina. Dichas

interaccicnes tampoco se observan con otros ARBs listados en la tabla
1.

Asi entonces, las interacciocnes del telmisartan en combinacidn con el
digoxin, las cuales no son obsgservadas con otros ARBs listados en la
tabla 1 incluyende el olmesartan medoxomilo, demuestran gue se
presentan distintas interacciones con diferentes ARBs en combinacién
con compuestos que afectan los niveles de calcio en el sistema
cardiovascular.

Las diferencias que se presentan entre distintos compuestos ARBs son
agimismo divulgadas en la publicacidén: Eklind-Cervenka et al.,
"Association of Candesartan vs Losartan With All-Cause Mortality in
Patients With Heart Failure”, JAMA, Vol. 305, Ne.2, 175-182. January
12, 2011, radicade ante su Despacho el 10 de Marzo de 2011, en donde
se establece que diferentes ARBs actdan a través de diferentes
mecanismo que resultan en diferentes tasas de mortalidad en pacientes
gue dependen del ARB especifico administrade. En particular, en dicho
documentc se revela que 1los antagonistas de 1la angiotensina II:
candesartan y losartan, tienen efectos diferentes en pruebas cara a
cara de la mortalidad de pacientes con insuficiencia carxdiaca a partir
de un estudio realizado a 30,254 pacientes que se les administraba
candesartan o losartan con el cual se demostrd que el candesartan se
asocia con menores causas de mortalidad en comparacidén con el
losartan.

Entre las razcnes que explican la mayor efectividad del candesartan en
comparacién con el losartan, se encuentran las siguientes:
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(1) El Candesartan tiene 4 sitios de unién en el receptor ATl

mientras que el losartan tiene 2 sitios de unién.

- {2) La unidn del losartan es débil mientras que las uniones del
candesartan son fuertes.

- (3) Una mutacién de la Lisina'®® disminuye 45 veces la afinidad
del candesartan y solo 5 veces la del losartan.

- (4)Estudios en ratas han demostrade que el candesartan es entre
10 hasta 30 veces mds potente gque el losartan.

-~ (5) Estudios clinicos relacionados con la hipertensién también
sugieren gque el candesartan puede ser mas efectivo que el
losartan por cuanto Unicamente el candesartan puede disminuir
los niveles de plasma del activador-inhibidor del plasmindgenc 1
v la proteina quimiatrayente de monocitos.

- (6) El candesartan inhibe en mayor grado que el losartan el
incremento de la angiotensina II-inducida en filtraciones
renales y la secrecidn de aldostercna.

- (7)) El1 candesartan (lemg/d) en comparacidén con el losartan
(100mg/d} es mids efective al bajar la presidén arterial.

- {(B) En un estudio de hipertensidn, el candesartan se asocid con
menos fallas del corazén {no pregentadas anteriormente) en
comparacidén con el losartan y adicionalmente, en estudios
realizados en pacientes de edad avanzada con fallas del ceorazdn,
el losartan se asocid® con menos tasas de supervivencia, en
comparacidén con el irbesartan, valsartan y candesartan.

En vista de las anteriores diferencias entre dos compuestos ARBs y su
interaccién con diferentes drogas, es claro gue una persona versada en
la materia no podria predecir de forma razonable los efectos
observados a partir de la administracidén de un ARB en combinacién con
un bloqueador de los canales de calcio (CCB) o predecir los efectos de
diferentes SRBM en combinacién con el mismo CCB. Por lo tanto, ninguno
de los documentos D3-D1 proporcionan enseflanza o sugerencia alguna que
dirija a una persona versada en la materia a prever de forma absocluta
y certera gue al combinar el clmesartan medoxomilo y la amledipina se
obtendrian resultados satisfactorios.

4.2. La anterioridad Dl no ensefla un efecto sinérgice de una
composicidn gque consiste de un ARB v una dihidropiridina CCB.

La anterioridad D1 (US2001049384) revela un método de tratamiento ¥y
una composicidédn farmacéutica gque comprende un antagonista de la
angiotensina II, valsartan, en combinacidén con un blogqueador de los
canales de calcio, el cual se encuentra ejemplificado mediante 18
compuestos, los cuales incluyen los tres blogueadores de canales de
calcio revelados en la reivindicacidn 1 de la presente invencidn.

Asf en el parrafo [0017] dicha anterioridad afirma gque la combinacién
de valsartan y un bloqueador de los canales de calcic “.resulta no
solo en un efecto sinérgice sino también en beneficios adicioconales..”.
Lo anterior es la Gnica mencidén en D1 con respecto a un efecto
sinérgico; gin embargo, D1 no incluye prueba alguna en donde se
egtablezca la efectividad terapéutica de las composiciones alli
reveladas, o en donde dicha efectividad corresponda a un efecto
sinérgico. En efecto, D1 reconoce que la larga lista de indicaciones




CAVELIER

ABOGADOS

terapé&uticas proporcionadas carecen de base cientifica alguna vy
establece explicitamente en el parrafo [0021] que una persona versada
en la materia necesitaria seleccionar “un modelo relevante para probar
las indicaciones terapéuticas mencienadas...”.

Los Unicos datos experimentales divulgados en D1 se refieren a la
combinacién de valsartan y verapamil. E1 verapamil es un CCB que es
estructuralmente diferente a las dihidropiridinas CCBs y exhibe
propiedades muy distintas. Las diferencias estructurales N
farmacoldgicas significativas entre el verapamil y una dihidropiridina
no motivarian a una persona versada en la materia a predecir, a partir
de la actividad de una combinacién de un ARB y verpamil, las
propiedades de diferentes combinaciones de distintos ARBs vy
dihidropiridinas CCB, tal como la amlodipina.

Sin embargo, tal como se explica en la publicacién: Nayler et al.,
“"Calcium antagonists and their mode of action: an historical
overview”, Br. J.clinic¢. Pharmac. 21: 97s-107s (1886), la cual se
encuentra anexa al presente memorial, los compuestos blogueadores de
los canales de calcio son considerados como un grupo heterogéneo toda
vez que estos compuestos presentan entre si diferentes sitios de
unidén, farmacocinética y formas de interaccidén. Por ejemplo, como se
muestra a continuacidén, la estructura quimica del verapmil no comparte
un ndclec en comin con la estructura de la amlodipina:

Verapamil Amlodipine
’ HyC N ) /\\/ WMy
- | [ 1
N CHy H,CO O\\—/CH;
2Hi0 ocH, e 0

o]
OCH,

Adicionalmente, a partir del estado del arte se sabe que las CCE del
tipo fenilalquilamina, tal como el wverapamil, se unen a sitios de
unién diferentes a los de las CCB del tipo dihidropiridina, tal como
la amledipina. Por ejemplo, la publicacidn : Nakayama et al.
*Identification of 1,4—dihydro;23yridine binding regions with the «l
subunit of skeletal muscle ¢Ca®" channels by photoaffinity labeling
with diazipine”, Proc. Natl. Acad.Sci, Vol 88, pp 89203-9207 (October
1%91), la cual se encuentra anexa al presente memorial, divulga un
modelo para los diferentes sitios de unidm, el cual se reproduce a
continuacidn:
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A partir de dicha publicacién es claro que los sitios de unidén de CCBs
del tipo dihidropiridina se localizan en la superficie exterior,
mientras gque el verapimil interactda <¢on un sitio xreceptor
intracelular. De modo que, en wvista de la heterogeneidad de los
compuestos CCB, las propiedades y actividades observadas para un tipo
de CCB, tal como los CCB del tipeo fenilalguilamina (i.e. verapamil) no
seria tenido en cuenta por una persona versada en la materia para
predecir el comportamiento de una CCB del tipo dihidropiridina, tal
como la amlodipina, la cual se une a sitios de unidén completamente
distintos a log de las fenilalquilaminas. Asi entonces, de lo anterior
es claro que una persona versada en la materia no podria predecir de
manera certera vy evidente la actividad de una combinacién de

olmesartan medoxomilo y una amlodipina a partir de las enseflanzas de
D1.

4.3 Resultados inesperados contra la hipertensidn.

La combinacién de olmesartan medoxomilo y una amleodipina proporicna un
efecto ventajoso en comparacién con las combinacicones reveladas en los
documentos D1y D3. Lo anterior, por cuante 1la combinacién
reivindicada no solc proporciona una mayor reduccidn de la presidn en
comparacién a cuando cada uno de 1los compuestos por separado es
empleado sino gue adicionalmente, dicha combinacién permite a un mayor
porcentaje de pacientes tratados, alcanzar los niveles de presidn
arterial deseados. Con el £fin de demostrar el efecto inesperado
obtenido con la combinacidn acd reivindicada, nuevamente se dirige la
atencién del Sefior Examinador a la publicacidn: Chrysant,
"Amlodipine/ARB Fized Dose Combination” Drugs Today, vol. 44, issue &,
pages 443-453, 2008, presentada anexa al memorial de respuesta de la
anterior accién oficial NWo.14387 y radicado ante su Despache en Marzo
del presente afio, en donde ge presentan datos comparativeos entre la
combinacién de olmesartan medoxeomil y amlodipina frente a cualgquiera
de los dos componentes tomados individualmente (Ver Tabla II}). En
dichos datos presentados en la tabla II ze tiene lo siguiente:
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Moneiherapy :
Treatment PL AB AB oM OM OM
Dose (mg/dav) 0 5 10 10 20 40
SDBP (mmflg) -3.1 9.4 12.7 8.3 9.2 10.2
SSBF (mmHg) 4.8 14.9 16.7 11.5 - 13.8 16.1
Combination Therapy i -
Treatrnent AB/OM AB/OM | AB/OM | AB/OM | AB/OM AB/OM
Dose (mg/day) 5/10 5/20 5/40 10/10 10/20 10/40
SDBP (mmHg) -138 14.0 - 15.5 16.0 17.0 12.0
SSBP (mmHg) -24.2 23.6 254 253 | 29.2 30.1
Adicionalmente, en dicha publicacién se afirma que “todos los grupos
de tratamiento muestran una reduccién mag grande en la presién
arterial en comparacién con el placebo (P<0.001) y los efectos de

disminucién en la presidén arterial son mas grandes que los de las
monoterapias (P<0.001)” (Ver p. 446, columna izquierda, lineas 36 a
40) . Es decir, la combinacién de olmesartan medoxomil y besilato de
amlcdipina proporciona un beneficio relacionade con la disminucidn en
la presién arterial en comparacién con la monoterapia de los
componentes tomados  individualmente. Adicionalmente, los datos
proporcionado en la Figura 2 de la publicacidn muestra gue un mayor
numero de pacientes tratados con la terapia de combinacién alcanzaron
las metas de presidn arterial (<140/90 mmHg) gue los gue recibieron
solo la monoterapia. Especificamente, los datos de dicha Figura 2 del
muestran que mas del 50% de los pacientes que recibieron 5/40, 10/10,
o 10/20 mg/dia de amlodipina/olmesartan alcanzaron el control de 1la
presidén arterial (definide como <140/90 mmHg), mientras a un
porcentaie mucho mds bajo de pacientes suministrados con el maximo de
la dosis de la monoterapia de amlodipina {10 mg/dia, 36.1% de
pacientes gue alcanzaron el objetivo) o de olmesartan (40 mg/dia,
38.5% de pacientes gue alcanzaron el objetive), alcanzé el control de
presidén arterial. Se encontraron diferencias aln mas grandes cuando se
comparan dosis de monoterapia menores a las miximas con las dosis de
las terapias de combinacidn (ver pdgina 449, Figura 2).

En consecuencia, el elevado nimero de pacientes que alcanzaron los
controles de preeidn arterial corresponde a un regultado ventajoso vy
sorprendente. De hecho, no existe evidencia alguna para predecir que
en donde solo el 36% o el 38% de pacientes gque recibian las dosis
mdximas de amlodipina (es decir 10mg/dia) o de olmesartan (es decir
40mg/dia), pudieran controlar su presién arterial de, un porcentaje
mayor de pacientes (es decir el 46.6%} gue recibian dosis més bajas de
cada ingrediente en combinacidn (es decir 5mg/dia de amlodipina vy
20mg/dia de olmesartan), pudieran controlar su presién arterial. Es
asi como dicho incremento en el porcentaje de pacientes gue son
capaces de contrelar su presidn arterial, no es predecible a partir de
las enseflanzas del estado del arte (D1 o D2) y por lo tanto,
gorresponde a un resultado ventajogo.

AGn mas, los datos mencionados anteriormente resuelven una necesidad
insatisfecha, vya que la hipertensidén sin control representa una
necesidad latente en el campo médico y los datos arriba mencicnados
proporcionan evidencia de que la composicién farmacéutica de 1la
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presente invencidn se comporta de manera diferente frente a las
composiciones ensefiadas en el estado del arte. Especificamente,
deseamos aclarar que la composicidn de la presente invencidn permite
que un nimero mas elevado de pacientes alcancen el control de la
presidén arterial, que lo que alcanzarian con las dosis méximas de la
monoterapia con amlodipina (es decir 10mg/dia)l o con olmesartan
(40mg/dia), respectivamente. Asi, dicho incremento es altamente
significativo ya que hace que ocurran disminuciones sustanciales en
eventos cardiovasculares aun con pequefias disminuciones en la presidn
arterial.

4.4 Resultados inesperados en comparacidn con combinaciones de otros
ARBs con amlodipina.

De otro lade, se tiene que la combinacién de olmesartan medoxomilo y
el bloqueador de los canales de calcio 1, 4 dihidropiridina, i.e.
amolodipina, proporciona un resultado inesperado en comparacidn comn la
combinacién de valsartan y amlodipina, teniendo en cuenta las
enseflanzas de la publicacién: C.V.S. Ram, "“Antihypertensice efficacy
of olmesartan medoxomil or valsartan in combination with amlodipine: A
review of factorial-design studies”, Current Medical Research and
opinién, vol. 25, no. 1, p. 177-185, 2009, la cual se presentc ante su
Despacho el 10 de Marzo de 2011.

En dicho documento, se proporciona evidencia relacionada con el hecho
de que la composicién de la presente invencidn produce un efecto
material mis alto en comparacidén con la combinacién de valsartan y
amlodipina. Especificamente, alli se menciona gque la combinacidn
“amlodipina 10mg/olmesartan medoxomil 40mg proporciond las reducciones
corregidas por placebe mas altas en tanto el promedico de minimos
cuadrados para presién arterial sistdlica en posicidn sedente (SeSBP)
como para la presidén arterial diastélica en posicidén sedente (SeDBP)
(15.9 vy 25.7 mmHg, respectivamente, por el contraric de 9.8 y 15.5
mmHg, con dosis mdximas de amlodipina (10mg) y de valsartan (320mg)},
regpectivamente)” (Ver p. 184, columna izgquierda, lineas 37 a 52). Con
relacién a la reduccidén de la presidén arterial diastdlica en posicidn
sedente (SeDBP), los datosg reportados demuestran que el promedio de
minimos cuadrados para la SEDBP para la reduccidn maxima corregida por
placebo de amlodipina v olmesartan medoxomil, es de 6.1 mmHg o acerca
de 62% (6.1mmHg / 9.8 mmmHg) wmads alta que la wméxima reduccidn
corregida por placebo de amlodipina y valsartan. De igual manera, los
datos revelados para el promedio de minimos cuadrados de la SeSBP para
la reduccién mis alta corregida por placebo para una combinacién de
amlodipina y olmesartan medoxomil es de 10.2mmHg o© cerca del 66%
(10.2mmHg/15.5mmHg) mis alta que el la reduccidén maxima corregida por
placebc de una combinacidén de amleodipina y valsartan. AtGn mids, en
dicho documento se afirma que “se ha demostrado que la moralidad por
riesgo cardiovascular se duplica con cada incrementc de 20/10 mmHg en
la presién arterial arriba de 115/75 wmmHg” (Ver columna derecha,
pagina 177, lineas 2 a 5).

En particular, en los datos mostrados en la tabla 4 de la publicacidn
arriba mencionada, se observa que una dosis de 10mg de olmesartan no
es en promedio, mas efectiva en reducir la presidn diasteolica de la
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sangre {(SeDBP) en comparacién con 320 mg de valsartan administrados
solos. 8in embargo, la tabla 4 reporta que 10 mg de olmesartan

proporcionaron una reduccidn del placebo en SeDBP de 5.3,

En contraste,

En todo caso,

la tabla 4 reporta que 320 mg de valsartan proporcionan

una reduccidn del placebo en SeDBP de 6.6 y 4.5. en

dicha tabla también se observa que cuando se compara la dosis de 10mg
la combinacidén de

de c¢lmesartan,

con la dosis de 320 mg de valsartan,

olmesartan y amlodipina de manera sorprendente proporciona una
reduccién mayor en SeDBP en comparacién con la combinacién de
valsartan y amlodipina.
Amlodipine Olmesartan Valsartan Placebo Adjusted
Reduction in SeDBP
= 10 mg e 53
— e 320 mg 6.6
— o 320 mg 4.5
> mg Omg [ - 10.8
>mg | e 320 mg 9.1
10 mg 10 mg 13.2
L 10 mg — 320 mg 9.8
Adicionalmente, los datos reportados en la tabla 4 muestran que una

dosis de 10mg de olmesartan no es en promedio, mas efectiva en reducir
la presidén sistélica de la sangre (SeSBP) en comparacifén con 320 mg de
valsartan administrados solos. Sin embarge, la tabla 4 reporta que 10
mg de olmesartan proporcionaron una reduccidn del placebo en SeSEP de
8.1.

En contraste, la tabla 4 reporta que 320 mg de valsartan proporcionan
una reduccién del placebo en SeSBP de 9 y 6.9. En todo caso, en dicha
tabla también se observa gue cuando se compara la dosis de 10mg de

olmesartan, con la dosis de 320 mg de valsartan, la combinacidn de
olmesartan y amlodipina de manera sorprendente proporciona una
reduccién mayor en SeSBP en comparacién con 1la combinacién de
valsartan y amlodipina.
Amlodipine- Olmesartan Valsartan Placebo Adjusted
Reduction in SeDBP
e 10 mg e 8.1
= s 320 me 9
---- —— 320 mg 6.9
5 mg 10 mg we— 19.8
Smg | seve- 320 mg 16
0 mg 10mg — 22
10 mg J— 320 mg 155

teniendo en cuenta la informacidén revelada en dicho
en la materia apreciaria que la
reduccién del promedio de minimos

En consecuencia,
documento, una persona versada
magnitud de la mejora en la
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cuadrados tanto de la SeDEP como de la SeSBP mediante la composicidn
de la presente invencidn en comparacidén con la combinacidn de
amlodipina con valsartan, proporciona cerca del doble de la reduccidn
en el riesgo de muerte cardiovascular, el cual es claramente un
resultado inesperado y ventajoso.

Por lo tanto, no puede ser afirmade que la composicién de la presente
invencién podria ser derivada de manera obvia, ya que por medic de los
resultados mencionados, se ha demostradeo el efecto mayor al esperado
alcanzado por la composicidn de la presente invencién en comparacién
con el resultado obtenido en la anterioridad D1, lo que es demuestra a
su vez gue la presente invencidén no pudo haber sido derivada de manera
obvia a partir de D1,

Adicicnalmente, ademds de las reducciones mAs bajas en el presién
arterial, en comparacién con la composicién de la presente invencién,
la combinacidén de amlodipina y valsartan tiene ciertas deficiencias,
por cuanto “la terapia de combinacién con valsartan 160mg con 10mg de
amlodipina ha sido reportada come incapaz de atenuar la activacién
simpdtica inducida por la amlodipina® (Ver Pag. 184, columna derecha,
lineas 1 a 4} y no se proporcicna explicacidn para dicha diferencia
entre la combinacidén de amlodipina/valsartan en comparacién con la
combinacién de amlodipina/olmesartan. Por lo tanto, es claro que la
actividad obtenida con la composicidn acéd reivindicada es inesperada y
lo impredecible que es la combinacidén de dos ingredientes activos.

Adicicnalmente, se presenta anexo al presente memorial una pruebas
comparativas que demuestran la efectividad en la disminucién de 1la
presién en la sangre al emplear la combinacién de olmesartan
medoxomilo y besilato amlodipina en comparacién con la combinacidén de
losartan y besilato de amlodipina, a partir de los cuales se observa
lo siguiente:

Table 1
Tost Subitance . 24-hour average of mean blood pressure (mmHg)

: 1"Day [2¥Day | 3%Day | 4" Day 5" Day
Vehicle 6 | 184%2 | 186+4 | 18143 | 18243 | 180+3

Amlodipine besylate | 6 | 163%3 | 164%3 | 164£3 | 166%3 | 1563

Amiodipine besylate +
olmesartan medoxomil

Amlodipitic besylate +
losartan potassiym

5 145{.":2 1471 | 1491 | 151%1 | 152+2

6 | 165%3 | 158£2 | 159£2 | 160+2 | 1601

Values represent mean + S EM,

Una combinacién de 2mg/kg de besilato de amlodipina con 0.3 mg/kg de
olmesartan medoxomilo proporcionan una reduccidn aproximada de 10mmHg
en la presidén sistélica en comparacidn con una combinacidn de 2 mg/kg
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de besilato de amlodipina con 0.3 mg/kg de losartan. De modo que,
teniendo en cuenta que una disminucién de 5 a 6 mmHg puede reducir el
riesgo de un derrame en un 40%, una enfermedad coronaria del corazdn
en un 15 a 20%, fallas del corazdn y mortalidad por una enfermedad
vascular, es clarc que el resultado obtenido con la composicién
reivindicada representa una mejora significativa toda vez que reduce
el riesgo de que el paciente sufra de eventos coronarios fatales.

4.5 Resultados inesperados frente a otras enfermedades
cardlovasculares.

La composicidn acd reivindicada también presenta un efecto inesperado
frente a otras enfermedades cardiovasculares, incluyendeo la
arteriosclerosis. A este respecto, se presenta anexeo al presente
memorial la publicacidén: Inaba et al., "“Prevention of Vascular Injury
by Combination of an AT1 Receptor Blocker, Olmesartan, With Various
Calcium Antagonists”, American Journal of Hypertension, 22, 145-150
f2009), la cual proporciona evidencia de que la composicidn
reivindicada produce un efecto inesperado frente otras enfermedades
cardicvasculares, tal como inflamacién vascular y arteriosclerosis.

En dicha publicacidn, se reportan un experimento en el cual cada drega
se uso a una dosis subefectiva, en la cual no se pudiera inhibir de
manera significativa wuna forwmacién neointimal. Las drogas fueron
administradas a ratones con lesiones vasculares y los datos se
muesgtran a continuacidn:

3500
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10004
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36 50 01 05 10 G 05 1D
Nif mgkodey)  Amlmokeiay)  Azel (mglkgiéay)
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De lo anterior, es claro que una dosis de 1 mg/kg/dia de nifedipina,
0.1lmg/kg/dia de amlodipina, 0.1lmg/kg/dia de azelnidipina no
proporcionan una reduccidn significativa en el area transversal de la
neointima. Similarmente, la dosis subefectiva de olmesartan tampoco
proporciond una reduccidén significativa. De modo que, no se esperaria
gue la combinacién de dos dosis sub-efectivas proporcionara una
reduccién significativa, tal como se muestra en la Fig. 1b que se
muestra a continuacidn:
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En consecuencia, la combinacién de olmesartan vy amlodipina o

azelnidipina proporciona una reduccidn inesperada de la respuesta
inflamatoria en arterias dafiadas y por lo tanto, el riesgo de
arteriosclerosis, en comparacidén cuando se emplea cada una de estas
. drogas por separado. Teniendo en cuenta lo anterior, es claroc gue los
efectos de la composicidén acd reivindicada son inesperados.

La combinacidén de olmesartan y amlodipina o azelnidipina también
proporciona un resultado inesperado en la inhibkicién de la produccién
de aniones super-6xidos. Tal como se seflala Inaba et al, la produccidn
excesiva de especies reactivas de oxigeno, juega un papel importante
en la inflamacidén vascular y se encontrd gque la combinacidn de
olmezsartan con amlodipina ¢ azelnidipina, proporcionaban reducciones
significativas en la produccidn de aniones super-6xidos (alrededor del
70%) a pesar de que cada uno de estos componentes por separado no
afectaban de ninguna manera la produccién de los super-oxidos:
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La descripcidén de la presente solicitud, también proporciona
evidencias en relacién con gque la composicién reivindicada presenta
efectos inesperados «contra la arteriosclerosis. La descripeidn
presenta datos experimentales in vitro en la Figura 8 (descrita en el
ejemplo de ensayo 1), que demuestran gue cuando dosis bajas de
azelnidipina y olmesartan son insuficientes por si sclas para producir
cualquier efecto ventajoso, al ser administrados conjuntamente se
observa que la sintesis de DNA en misculos blandos de rata se suprimia
considerablemente.

En la descripcidén de la presente solicitud también se divulga gue los
datos del ejemplo de ensayo 1, demuestran de forma clara que la
coadministracién in vive de azelnidipina y olmesartan presenta un
efecto sinérgico, inhibe la proliferacién de c&lulas de misculo
blando. Como se puede observar a partir de las figuras 5A y 5B, los
ratones a los cuales se les administrd una combinacién de 0.1lmg/kg/dia
del ©blogueador de los canales de calcio (dihidropiridina},
azelnidipina, y 0.5 mg/kg/dia de olmesartan presentardn una reduccidn
mayor en la cantidad de sintesis de DNA de células de misculo blando
en comparacidén a cuando cada uno de estos compuestos era administrado
por separado.

Las figuras 6A y 6B también demuestran que 1la combinacidén de
azelnidipina v olmesartan proporciona una reduccidn mayor en el area
transversal de la neointima en comparacidédn a cuando cada uno de estos
compuestos es administrado por separado.

El efecto sinérgico de la composicidén reivindicada se encuentra
soportado en el documento: Jinno et al., "“Calcium Channel Blocker
Azelnidipine Enhances Vascular Protective Effects of ATl Receptor
Blocker Olmesartan®, Hypertension, 43, 263-269 (2004}, en el cual se
divulga que el olmesartan o la azelnidipina por separado en dosis de
0.5 o 0.1 mg/kg por dia, no afectan la formacidén de neocintima, el
indice Brd U, la activacidn de ERIK, STAT1 y STAT3, la expresidn de
p22P"* y la produccién de aniones super-6xidos. Sin embargo, revela
que la ccadminsitracién de olmesartan y azelnidipina con estas dosis
digminuyen de forma significativa estos aprametros (Ver figuras 4 a 6
y II}.

De lo anterior, es clarc gue la composicidn reivindicada presenta un
efecto sinérgico en el tratamiento de enfermedades vasculares y la
hipertensidn.

Adicionalmente, la informacién presentada en la descripcién de 1la
presente solicitud, se encuentra soportada por el documento: Suzuki et
al., “Effect of combination of calcium antagonist, azelnidipine and
AT1 receptor blocker, olmesartan, on atherosclerosis in apolipoprotein
E-deficient mice”, J. Hypertens, 23: 1383-1389 (2005}, la cual
proporcionha informacién que evidencia que la combinacidén de una
dihidropiridena, azelnidipina, y olmesartan proporciona un efecto
mejorado en la inhibicién de la aterosclerosis. Tal como se puede
observar en la Figura 1 de Suzuki, et al., la lesidén de aterosclerosis
en la aorta de los ratones se veia reducida en mayor proporcidn cuando
se coadministraban el olmesartan y la azelnidipina en comparacién a
cuando cada uno de estos compuestos era administrado por separado.
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Asimismo, en dicheo documento se presentan resultados sorprendentes en
la figura2, en la cual se demuestra que la combinacién de 0.1
mg/kg/dia de azelnidipina y 1 mg/kg/dia de olmesartan reducen de forma
significativa las lesiones de aterosclerosis en la aorta.

4.5 Conclusiocnes.

Teniendo en cuenta los anteriores argumentos, respetuosamente ponemos
de presente que no compartimos la opinién del Sefior Examinador en
relacién con el hecho gque el documento D1 afecta la actividad
inventiva de la presente solicitud por cuanto no revela la combinacidén
especifica acéd reivindicada o la actividad inesperada de la misma. De
hecho, sin experimentacidn algiina, no e=z posible predecir con certeza
que la combinacién de olmesartan medoxomilo junto con una amlodipina o
una azelnidipina, daria a lugar a un efecto sinérgico en el
tratamiento de la hipertensién y enfermedades cardiacas a partir de
las ensefianzas de dicho documento.

Por lo tanto, teniendo en cuenta el carécter general de las ensefianzas
de D1 toda vez gue no incluye prueba alguna en donde se establezca la
efectividad terapéutica de las composiciones alli reveladas, o en
donde dicha efectividad corresponda a un efecto sinérgico,
respetuosamente deseamos poner de presente que considerar este tipo de
enseflanzas para las invenciones relacionadas con esta Aarea de la
ciencia, impediria el desarrollo de este campo de la ciencia, porgue
nadie estaria interesado en el desarrollo de nuevas investigaciones
sobre este asunto, yva que no seria posible obtener el privilegioc de
una patente para un nuevo desarrcllo o el progreso técnico en este
campo .

En este casc particular, es evidente que la prediccidn de la actividad
de una combinacidén de un antagonista de los receptores de angiotensina
IT y un bloqueador de los canales de calcio es un tema muy complejo vy
dificil de realizar toda vez gue debido a la heterogeneidad de los
CCB, las posibles combinaciones responden de una manera muy distinta.
Asimismo, el examinador debe tener en cuenta gue nNoO €S una tarea
sencilla y facil para una persona experta en el arte la de generalizar
y prever la actividad de composicicnes comprendiendo un CCB y un
antagonista de los receptores de angiotensina II a pesar de que ya se
conocen varias combinacicnes en el estado del arte que comprenden
ambos compuestos. En efecto, vale la pena resaltar que las ensefianzas
generalés comoc las reveladas en D1 no pueden ser objeto de patente de
invencién porque las mismas carecen de total validez desde el punto de
vista técnico, pues no sclamente son vagas sSinc gque carecen de
sustentacién cientifica alguna. De esta manera, el régimen de patentes
evita no solo que se otorgue patente de invencién a simples enunciados
que pueden llegar a constituir ciencia ficcidn sinoc que se tenga en
cuenta las mismas para impedir la patentabilidad de creacicnes gue
tengan la entidad de una invencién, en la medida que no anticipan
cientificamente la solucién a un problema técnico.

Adicionalmente, se reitera nuevamente a su Despacho, gque en 1la
practica no existe previgibilidad con respecto a que si alguna
combinacién especifica de medicamentos del estade del arte pueda o no
proporcionar un tratamiento beneficioso para pacientes sin gue se
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presenten efectos secundarios. Los documentos discutidos antericrmente
establecen que dentro de los medicamentos revelados en el estado del
arte 1dtiles en el tratamiente de la hipertensidn, no existe
previgibilidad acerca de gque una combinacidén especifica pueda
proporcionar un efecto beneficioso sin gue se presenten efectos
secundarios. Dichos documentos establecen también que la composicidn
farmacéutica tiene un efecto inesperado y ventajoso cuando se usa para
tratar la hipertensidn, a saber, una disminucidén sustancial en la
presidén arterial lo que resulta en los beneficiecs discutidos
anteriormente.

Deseamos aclarar gue en la presente invencién se han seleccionado dos
monoterapias del voluminosc numero de moncterapias del estado del arte
para proporcionar la composicién farmacéutica de la invencién, la cual
presenta un efecto inesperado y significativo en el tratamiento de
pacientes, la cual no podria ser predicho de manera obvia por una
persona versada en la materia.

De modo que, de lo anterior es claro gque no hay ensefilanza o sugerencia
alguna en los documentos citados gque dirija a una persona versada en
la materia a resolver el problema especifico planteado en esta
solicitud tal como lo hace la presente solicitud, es decir, resolver
la necesidad de proporcionar nuevas composiciones farmacéuticas que
combinen un antagonista de receptores de angictensina II y un
bloqueador de canales de calcio (derivados de dihidropiridinas) gque
sean Utiles en el tratamiento de la hipertensién y enfermedades
cardiacas y al mismo tiempo presenten un efecto mejorado inesperado en
comparacidén con composiciones de este tipo ya conocidas en el estado
del arte. Por lo tanto, la materia reivindicada deberia considerarse
inventiva frente al estado de la técnica.

5. Puesto que se han atendido a cabalidad las observaciones
hechas por su Despacho sobre la presente solicitud de patente,
respetuosamente solicite ge continlie con su tramitacidn y proceda con
la concesién de la patente.

6. ANEXCS

Nuevo pliego reivindicatorio conformado por 5 reivindicaciones
Formulario de modificaciones.

Pruebas comparativas.

Nayler et al., “Calcium antagonists and their mode of action:
an historical overview?”, Br. J.clinic. Pharmac. 21: 975-107s
(1886 .

* Nakayama et al. “Identification of 1,4-dihydropyridine binding
regions with the ol subunit of skeletal muscle Ca®* channels

by photoaffinity 1labeling with diazipine”, Proc. Natl.
Acad.Sci, Vol 88, pp 9203-9207 (October 1991).
e Inaba et al., “Prevention of Vascular Injury by Combination of

an ATl Receptor Blocker, Olmesartan, With Variocus Calcium
Antagonists”, American Journal of Hypertension, 22, 145-150
(2009) .
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* Jinno et al., “Calcium Channel Blocker Azelnidipine Enhances
Vascular Protective Effects of AT1 Receptor Blocker
Clmesartan”, Hypertension, 43, 263-269 (2004).

¢ Suzuki et al., “Effect of combination of calcium antagonist,
azelnidipine and ATl receptor blecker, olmesartan, on
atherosclerosis in apolipoprotein B-deficient mice”, J.

Hypertens, 23: 1383-1389 (2005)
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REIVINDICACIONES

1. Una composicién farmacéutica que comprende:

(A) el antagonista de los receptores de angiotensina II (S5-metil-
2-oxo—1,3-dioxolen—4—il)metilo—4—(1—hidroxi—1-metiletil)—2—propil—
1-[[2"-(1H-tetrazol-5-il)bifenil-4-illmetil] imidazol-5-
carboxilato; vy

(B) un bloqueador de los canales de calcio seleccionado de (i)
azelnidipina, (ii) amlodipina &6 (iii} besilato de amlodipina.

2. Una composicién  farmacéutica de conformidad con la
reivindicacién 1, caracterizada porque el antagonista de los
receptores de angiotensina II es (5-metil-2-oxo-1,3-dioxolen-4-
il)metilo¥4—(l—hidroxi—l—metiletil)-2—propil-1—[{2’—(1H-tetrazol—
5-il)bifenil-4-illmetil] imidazol-5-carboxilato.

3. Una composicién farmacéutica de conformidad con las

reivindicaciones 1 a 2, caracterizada porgque el bloqueador de los
canales de calcio es azelnidipina.

4. Una  composicién farmacéutica de conformidad con  las
reivindicaciones 1 a 2, caracterizada porque el bloqueador de los
canales de calcio es besilato de amlodipina.

5. Una  composicién farmacéutica de conformidad con las

reivindicaciones 1 a 2, caracterizada porque el bloqueador de los
canales de calcio es amlodipina.

MGM\MGM\ ID-203865\WPC15869



COMPARATIVE TEST

OLM + amlodipine besylate
Losartan + amlodipine besylate

- Test Example: Antihypertensive activity |

40, 49-week old male spontaneously hypertensive rats (SHR} were orally administered
amlodipine besylate (2 mg/kg), olmesartan medoxomil (0.3 mg/kg) + amlodipine

| besylate (2 mg/kg), losartan potassium (0.3 mg/kg) + amlodipine besylate (2 mg/kg), or
the vehicle (0.5 % carboxymethyl cellulose Na solution, 2 mL/kg) once a day, for 5
days, in groups of 6 animals. Mean blood pressure was measured by a telemetry method
d‘uring the 3-day observation period and the S-day treatment period. The 24-hour
average value of mean blood pressure was calculated for analysis. Analysis of variance
(ANOVA,) for repéated measures with the baseline value as a covariate was applied to
compare between antihypertensive effects of amlodipine 'besylaté alone and combined
with olmesartan ﬁedoxomil or losartan potassiuin. Cﬁanges in blood pressure are
sht;wn in Table 1. Excellent antlhypcrtenswc effects were observed in ammals in the
group co-administered olmesartan medoxomil + amlodipine besylate. ANOVA for
repeated measures revealed that although treatment with losartan potassium did not
.poténciate the antihypertensive effect of amlodipine besylate (P=0.2429), treatment
with olmesartan medoxomil potenciated the antihypertensive effect of amlodipine
besylatc (P<0.0001). It was also demonstrated that the antihypertensive effect of
combined administration of amlodipine besylate and olmesartan mcdoiomil was greater
than ‘that of combined administration of amlodipine besylate and losartan potassium

(P=0.0004).



Table 1

24-hour average of mean blood pressure (thH g)

Test Substance n -
1"Day (2“Day | 3%Day | 4" Day | 5' Day
"| Vehicle _ 6 | 184%2 | 1864 | 1813 | 182+3 | 180+3

Amlodii:ine besylate 6 | 163£3 | 164+3 | 164+3 | 166+3 | 166+3
Amiodipine bcsylaté + B

6 | 149%2 | 1471 | 149%1 | 151+1 | 152+2
olmesartan medoxomil '
Amlodipine besylate +

6 | 1653 ['158+2 | 159+2 | 160%£2 | 1601
losartan potassium L ' '

Values represent mean + S.E.M.
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Prevention of Vascular Injury by Combination of an
AT, Receptor Blocker, Olmesartan, With Various

Calcium Antagonists

Shinjitnaba’™?, Masaru twai’, Yumiko Tomono', Izumi Senba’, Megumi Furune!, HarumiKanno', Hideki
Okayama?, Masaki Mogi?, Jitsuo Higaki and Masatsugu Horiuchi'

BACKGROUND

" A combination of different types of antihypertensive drugs is widely
used for the treatment of hypertension. We examined the Inhibitory
effects of a combination of an AT, receptor blocker (ARB), olmesartan,
with various caicium channel blockers (CCBs} on inflammatory
vascutar remodeling.

METHODS .

Inflammatory vascular remodeling was induced by polyethylene-cuff
placement around the famoral artery of C57BL/6) mice at 10 weeks of
age. Olmesartan (0.5 mg/kg/day) was administered intraperitoneally
using an osmatic minipump. CCBs (nifedipine 1.0 mg/kg/day,
amlodipine 0.1 mg/kg/day, azelnidipine 0.1 mg/kg/day), and

hyd rochlorothiazide (HCTZ 0.5 mg/kg/day) were administered orally.

RESULTS

Inthe injured artery, supercxide anion production and expression
of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
subunits p47PP°* and Rac-1 were markedly increased, together with

AT, receptor blockers (ARBs) and calcium channel blackers
(CCBs} are well established as the most popular and useful
drugs for the treatment of hypertension and cardiovascular
disease. Furthermore, combination therapy with various types
of antihypertensive drugs, e.g, ARB and CCB, is frequently
used to enhance their antihypertensive and cardioprotective
effects compared with monotherapy.!? Recent clinical trials
demonstrated that strict control of blood pressure was essen-
tial to prevent organ damage and reduce mortality of hyper-
tensive patients.>¢ In addition, recent studies also suggest that
the combination of ARB and CCB has not only an antihyper-
tensive effect, but also a protective action against cardiovascu-
lar disease.”? Accumulating evidence suggests that oxidative
stress, an excessive production of reactive oxygen species, plays
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expression of monocyte chemetactic protein-1 (MCP-1) and tumor
necrosis factor (TNF)-a. Administration of a single drug alone at
each concentration did not significantly inhibit these changes in the
injured artery, However, a combination of olmesartan with various
CCBsinhibited neointimal formation as well as oxidative stress and
inflammatory markers in the injured artery. Moreover, among these
CCBs, inhibition of these markers by olmesartan with azelnidipine
was stronger than that caused by a combination with other CEBs. On
the other hand, a combination of subeffective doses of olmesartan
and HCTZ did not significantly affect vascular changes after cuff
placement,

CONCLUSIONS

These results suggest that the combination of ARB with CCB
synergistically inhibits vascular remodeling and that the inhibitory
actlons of ARB on vascular remodeling may vary depending on the
combined CCB.

Am JHypertens 2069; 22:145-150© 2009 American Journal of Hypertension, Ltd.

an important role in vascular inflammation and consequent
remodeling.'%12 We previously reported that coadministration
of an ARB and a CCB synergistically enhances the beneficial
effects of these drugs on vascular remodeling and atherosclerosis
by blunting oxidative stress, inflammation and vascular smooth
muscle cell proliferation compared with monotherapy.®6 These
results suggest a possible synergistic interaction between ARB
and CCB in their effects on cardiovascular injury. However,
since each drug has a specific structure and characteristics, the
combined effects might differ depending on the pair of drugs.
In this study, we compared the effects of 2 combination of an
ARB, olmesartan, and a CCB on inflammatory vascular injury
using three different CCBs with a subeffective dose of each
drug, focusing on their effecis on oxidative stress.

METHODS

Animals and treatment, Adult male C57BL/6] mice (aged 10-12
weeks; purchased from Clea Japan, Osaka, Japan} were housed
in a room where lighting was controlled (12h on, 12h oft)
and room temperature was kept at 24°C. They were given free
access to standard laboratory chow (MF; Oriental Yeast, Osaka,
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Japan) and water. To induce vascular injury, a polyethylene tube
{2-mim-long: PE 90; Becton Dickinson, Franklin Lakes, NJ) was
placed loosely around the left femaral artery, as described previ-
ousty. " The experimental protocol was approved by the Animal
Studies Committee of Ehime University. First, we examined the
dose-response effects of each CCB alone on neointimal forma-
tion. A selective ARB, olmesartan (provided by Sankyo, Tokyo,
Japan), was administered continuously at a dose of 0.5 mg/kg/
day with an osmotic minipump (Alzet model 1002; Durect,
Cupertino, CA) implanted intraperitoneally at the same time
as cuff placement. CCBs, nifedipine (1.0, 3.0, and 5.0 mg/kg/
day), amlodipine (0.1, 0.5, and 1.0 mg/kg/day) and azelnidipine
(0.1, 0.5, and L.Omg/kg/day) (provided by Sankye, Tokyo,
Japan), and hydrochlorothiazide (HCTZ: 0.5 mg/kg/day, Sigma.
St. Louis, MO) were administered orally from the same time as
cuff placement.® We administered ~0.1m! of CCBs and HCTZ
as a suspension with 0.5% carboxymethyl cellulose sodium
salt. Control animals had the same volume of the vehicle orally.
Blood pressure was measured by the indirect tail-cuff method
(MK-1031; Muromachi Kikai, Tokyo, Japan).

Morphometric analysis. The femoral arteries were taken at
14 days after cuff placement and fixed by perfusion wirth 10%
neutral-buffered formalin. Paraffin-embedded cross-sections
were prepared ag previously described.®'* Intimal area was
measured using' computer-imaging software (Densitograph;
ATTO, Tokyu, Japan) afier Elastica van Gieson staining,

Immunohistochemistry. Macrophages were stained as described
previously.’ The femoral arteries were taken at 7 days after coff
placement and fixed by perfusion with 10% neutral-buffered
formalin. The number of macrophage per high pawer field
(x200) was measured after staining with anti-F4/80 monoclonal
antibody (CI:A3-1; BMA Biomedicals, Augst, $witzerland).

Quantitative reverse transcription-PCR. Total RNA was
extracted from the femoral arteries at 7 days after cuff place-
ment. Quantitative real-time reverse transcription-PCR was
performed using Premix Ex Taq (Takara Bio, Shiga, Japan).
The PCR primers for p47Pho% were 5°-GTCCCTGCATCCTAT
CTGGA-3' ({forward) and 5-GGGACATCTCGTCC
TCTTCA-3 (reverse); for Rac-1, 5-CCAGTGAATCTGGGC
CTATG-3' (forward) and 5-ACAGTGGTGTCGCACTTC
AG-3 (reverse); for monocyte chemotactic protein-1 (MCP-1),
5-TTAACGCCCCACTCACCTGCTG-3" (forward) and
5’-GCTTCTTTGGGACACCTGCTGC-3'  (reversel; for
tumor necrosis factor (TNF)-a, 5'-CGAGTGACAAGCCTGT
AGCC-3' (forward) and 5'-GGTGAGGAGCACGTAGTCG-Y
(reverse) and for glyceraldehyde-3-phosphate dehydroge-
nase, 5-TGCGACTTCAACAGCAACTC-3" {forward) and
5'-ATGTAGGCCATGAGGTCCAC- (reverse).

In situ detection of superoxide anion production in injured
arteries. Histological detection of superoxide anion was
performed as described previously!> In brief, frozen,
enzymatically intact, 10-ym-thick sections of injured femeoral
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arteries at 7 days after operation were incubated immediately
with dihydroethidium (10pmol/l) in PBS for 30min at 37°C
in a bumidified chamber protected from light. For detection of
ethidium with red fluorescence, samples were examined with
an Axioskop microscope (Axioskop 2 Plus with AxioCam;
Carl Zeiss, Oberkochen, Germany) equipped with a compu-
ter-based imaging system. Intensity of the fluorescence was
analyzed and quantified using computer-imaging software
(Densitograph; ATTO, Tokyo, Japan).

Statistical analysis. Values are expressed as mean t s.e.m. in the
text and figures. The data were analyzed by vne-way ANOVA.
If a statistically significant effect was found. post hoc analysis
was performed by Fisher’s test to detect the difference between
the groups. A value of P < 0.05 was considered to indicate sta-
tistical significance.

RESULTS

Effect of combination of ARB with various CCBs

on neointimal formation after cuff placement

Cuff placement around the femoral arlery induced neointimal
formation (Figure 1). In our previous studies, an ARB or CCB
alone was shown to inhibit neointimal formation 516 Middle
and higher doses of each CCB alone inhibited the neointimal
formation (see Supplementary Figure S1 online). On the other
hand, a lower dose of nifedipine (1.0 mg/kg/day), amlodipine
(0.1 mg/kg/day), and azelnidipine (0.1 mg/kg/day) did not affeci
neointimal formation (see Supplementary Figure S1 online).
In this study, we used each drug at a subeffective dose, by which
neointimal formation could not be significantly inhibited. Each
combination of olmesartan with a CCB, nifedipine, amlodipine,
or azelnidipine, at subeffective duses significantly inhibited
neointimal formation (Figure 1). However, this inhibitory
action of the combination was greatest for olmesartan with
azelnidipine. On the other hand, a combination of olmesartan
and a subeffective dose of HCTZ did not significantly change
neointimal formation (Figure 1). These combinations did not
change the systolic blood pressure (Table 1).

Effect of combination of almesartan and CCB on in situ
superoxide anion production in injured arteries

Figure 2 shows superoxide anion production detected by dihy-
droethidium. Cuff placement increased superoxide anjon pro-
duction in the injured arteries. Olmesarian and each CCB alone
did not change superoxide anion production (data not shown).
However, a combination of olmesartan and CCB at these doses
decreased superoxide anion production. Among these comb-
nations, the inhibition by olmesartan with azelnidipine was the
greatest. On the other hand, a combination of olmesartan and
HCTZ did not change superoxide anion production (Figure 2).

Effect of combination of olmesartan and CCB on

expression of NADPH oxidase subunits, p47P"°* and Rac-1,
ininjured arteries

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase consists of several subunits and produces superoxide
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anion.'”” mRNA expression of p47P"% and Rac-1 was signifi-
cantly decreased by olmesartan with any CCB in the injured
arteries at 7 daysafter cwf placement. [n addition, amaong these
combinations, olmesartan with azelnidipine inhibited expres-
sion of p47P%* MANA more greatly than did olmesartan with
amlodipine (Figure 3).

Effect of combination of ofmesartan and CC8 on
inflammatory response in injured artery

Cuft' placement induces an inflammatory respanse in the
injured arteries. Expression of MCP-]1 and TNF-a was

Ao tuer)

Figure 1| Effect of Olm with calclum channel blocker on negintimal
formation in injured arteries 14 days after polyethylene-cuff placernent.
Arterlal samples were taken 14 days after cuff placement and paraffin-
embedded cross-sections were prepared, (a) Representative Elastica van
Gleson's staining of injured arteries. (b) Cross-secttonal areas of the intima
and media as described in Methods. n = 5-7 for each group. Values are mean
* s.em. Aml, amiodipine (0.1 mg/kg/day}; Azel, azelnidipine (0.1 mg/kg/day);
HCTZ, hydrachiorothiazide (0.5 mavkg/day); Nif, nifedipine (1.0 myg/kg/day);
OIm, olmesartan (0.5 mg/kg/day). *P < 0,05 vs. Control or Olm + HCTZ.

*P < 0.05 v& Olm 4 Nif or Olm + AmL,
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increased in the injured arteries. As shown in Figure 4, a
combination of olmesartan and CCB inhibited expression of
MCP-1 and TNF-a in the injured arleries. However, Lhe combi-
nation of olmesartan with azelnidipine inhibited these markers
more markedly than other combinations. Each combination
of vlmesartan with a CCB significantly inhibited migration of
macrophages around injured vessels (control vs. olmesartan
with nifedipine, olmesartan + amlodipine, and olmesartan +
azelnidiping; 22.0+ 1.7vs. 138 +3.0,13.3+23,and 11.2+ 1.8

a

Contral Ohm +« HGTZ

Oim + Nif Otm + Aml Clen + Aze)

35,000

or

30,000 T
25.000
20,000
15.000

Intensity of fssrescence
(arbitrary units)

10,000 1
“Azel

+ Qlm.

=il

Contral

Figure 2 | Detection of superoxide anion production in injured arteries 7

days after cuff placement and effect of Olm with calcium channel blockers,
Vascular samples were taken 7 days after operation, in situ production of
superoxide was detected by dihydroethidium {DHE), as described in Methods.
{a) Representative staining of injured arteries with DHE. (b) Intensity of
fluorescence after DHE staining in injured arteries. Intensity of fluorescence
was determined using com puter-imaging software as described in Methods.
n=35-7 for each group. Values are mean + s.em. Aml, amlodipine; Azel
azelnidipine; H(TZ, hiydrochlorothiazide: Nif, nifedipine; Olm, olmesartan,

*P < 0.05 vs. Controd or Olm +HCTZ,

Table 1] Systolic blood pressure, heart rate and body weight after administration of Olm, CC8s, and HCTZ for 14 days

Control Qlm Olm + Nif
Systalic blood pressure {(mm Hg)

90.510.7 90.8+ 0.6 89.3+1.4
Heart rate (beat/min}

690+ 12 710+ 16 J20+13
Body weight {g)

24405 256+ 1.0 248106

Otm +Aml Olm + Azel Oim+ HCTZ
B9.2+0.6 89.6+1.2 90.1£1.7
700+19 69419 684x19
25.1+1.0 - 247104 25.5+08

Olm, HCTZ and/or CCBs wefe administered and systalic blood prassure was measured after 14 days by the indirect tait-cu!f method as described in Methods. » = 5-6 for each group.
Aml| amlodipine (0.1 mg/kgrday); Azel, azelnidipine (0.1 ma/kg/fday); CCBs, caldum chanrniel blockers; HCTZ, hydrochlorathiazide (0.5 mg/kg/day); Nif, nifedipine (1.0 mgrkg/day); Oim,

olmesartan {0.5 mg/kg/day).
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Figure 3 | Effect of Olm with ¢akium channe! biocker on expression of

{a) p47Phx and {b) Rac- 1 in Injured arterles 7 days after cuff placemnent,
Arterial samples were taken 7 days after cuff placement and total RNA was
purified as described in Methods. Level of mRNA was measured byrea*
time reverse transcription-PCR as the content relative to that of GAPDH
from pocled ateries in = 6-7 for each group). Values are mean  s.e.m,
Aml, amiodipine; Azel azelnldipine; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; Nif, nifedipine; Olm, almesartan. *P < 0.05 vs. Control,
TP < 6.05 vs, Olm + Aml
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Figure 4| Effect of Dim with calcium channel biocker on expression of (a)
MCP-1 and (b)TNF-ain injured arteries 7 days after cuff placement. Arterial
samples were taken 7 days after cuff placement and total RNA was purified
as described in Methods. Level of mANA was measured by real-time reverse
transcription-PCR as the content relative to that of GAPDH from pooled
arterles (n = 6-7 for each group). Values are mean & s.e.m, Aml, amlodipine;
Azel arelnidipine: GAPOH, glyceraldehyde-3-phosphate dehydrogenase;
MCP-1, monocyte chemotactic protein-1; Ni, nifediping; Olm, olmesartan;
TNF, tumor necrosls factar, *P < 0.05 vs. Contral. P < 0,05 va Olm + NIf,

count/field, respectively). However, there were no significant
differences among any combination.

DISCUSSION

In this study, we demonstrated that the combination of an
ARB, olmesartan, with a CCB synergistically inhibited vascu-
lar remodeling and the inflammatory response without affect-
ing systolic blood pressure, using a mouse model of vascular
injury. We further demonstrated that the combination of sub-
cffective doses of an ARB and a CCB inhibited oxidative stress,
such as superoxide anion production and expression of pA7Phex
and Rac-1, in injured arteries, and that the inhibitory action
of olmesartan and azelnidipine was greater than that of other
combinations. On the other hand, the combination of olme-
sartan and a subeffective dose of HCTZ did not significantly
affect vascular changes after cuff placement. These results sug-
gest that the combination of an ARB and a CCB is useful to
inhibit vascular remodeling, and that the inhibilory effect of
the combination may vary depending on the combined drugs.
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We previously reported that CCB as well as ARB inhibited
vascular remodeling.5'617 We alsa reported that a CCB, azeln-
idipine, enhanced the inhibitory action of an ARB, olmesartan,
on vascular remodeling after cuff placement.$ in previous
reports, signaling molecules such as Pyk2, c-Src, ERK, and
STAT were shown to be involved in AT, receptor-mediated
actions.!®!® CCB may inhibit the activation of these signaling
molecules. The mechanism of synergistic action of ARB and
CCB is not yet clear. However, some possibilities can be con-
sidered to explain this issue. One possibility might be the mod-
ulation of intracellular calcium level by ARB and CCB. It has
been reported that intraceltular Ca>* plays a role in angiotensin
I1-induced stimulation of MAP kinase and consequently vas-
cular smooth muscle cell praliferation.® Since angiotensin 1§
increases intracellular calcium level, ARB inhibits the calcium-
dependent pathway of angiotensin II signaling by reducing
intracellular calcium level. The calcium-dependent pathway
may have a threshold. Therefore, subeflective dase of ARB or
CCB decreases intracellular calcium slightly but not under
threshold. The combination of subeffective dose of ARB and
CCB lowers intracellular calcium under threshold. Another
possibility might be that ARB has Ca?*-independent pathway.
We have previously reparted that a CCB, azelnidipine (0.5 or
LOmg/kg/day), significantly decreased neointimal forma-
tion even in AT,aKQ mice, whereas olmesartan did not show
additional inhibition.8

Cuff placement-induced neocintimal formation was associ-
ated with an increase in oxidative stress determined by super-
oxide production, NADPH oxidase activity, and NADPH
oxidase subunit expression.®* In this study, superoxide anion
production and expression of NADPH subunits, pd7Phox and
Rac-1, were decreased by olmesartan with various CCBs in the
injured arteries (Figures 2 and 3). NADPH oxidase consists of
subunits of membrane components (Nox1, Nox4, and p22pho)
and cytosolic components (p47PM* ang Rac-1, etc.). We also
measured the expression of Nox1 and Nox4, membrane com-
ponents of NADPH oxidase subunits. Expression of Nox4 was
under detectable level in the injured artery. However, expres-
sion of Nox1 was significantly lowered only by the combina-
tion of olmesartan and azelnidipine (data not shawn). These
results suggest that the antiatherosclerotic effects of a combi-
nation of olmesartan with CCBs are mediated, at least partly,
through modulation of oxidative stress. Dihydropyridine-type
CCBs are among the most commonly used drugs for the treat-
ment of hypertension. However, the molecular mechanisms by
which CCBs reduce atherosclerasis are not fully understood.
One of the mechanisms that have been proposed for the ben-
eficial effect of CCBs is antioxidative activity independent of
calcium entry blockade,516:17:2! I, fact, the antioxidant action
of CCB seemed to be stronger than that of ARB.22

The cuff injury model stimulates an inflammatory reaction
that appears to play a role in increase of neointimal formation.
We have also reported that the inflammatory responses, such as
infiltration of macrophage or leukocytes and increased expres-
sion of chemokines and cytokines, can be observed in the injured
artery.'* In this study, the expression of MCP-1 and TNF-a was
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synergistically inhibited by the combination of olmesartan and
CCB, suggesting the synergistic inhibition of inllammatory
response by its combination. We also demonstrated that combi-
nation of olmesartan with various CCBs significantly decreased
macrophage infiltration around injured vessels. In this study, we
also messured circulating levels of MCP-1 and TNF-q at 7 days
after cufl placement. Circulating level of MCP-1 and TNF-a
detected by ELISA (Invitrogen, Camarillo, CA) was not signifi-
cantly changed by treatment with drugs (data not shown). This
result suggests that inhibitory effect by combination of olm-
esartan and CCB on decrease in neointimal formation might
be at least in part due to suppression of local inflammatory
response in the injured vascular wall.

In this study, among dihydropyridine-type CCBs, the inhi-
bition of inflammatory change by olmesartan with azeln-
idipine was stronger than that by combinations with other
CCBs. Azelnidipine was developed as a third-generation Ca2*
channel blocker. Shinomiya et al. reported that azelnidipine
more effectively inhibiled the production of isoprostane from
cultured human arterial endothelial cells stimulated with
hydrogen peroxide compared to other CCBs {nifedipine and
amlodipine).® Therefore, we could expect that azelnidipine
has a stronger antioxidative effect than other agents in the
same class. Inducible nitric oxide induced-nitric oxide pro-
duction contributes to the progression of cardiovascular dis-
ease. Moreover, it is known that dihidropyridine-type CCBs
such as nifedipine and amlodipine inhibit the activation of
inducible nitric oxide and contributes to vasculoprotective
effects. Ma et al. previously reported that azelnidipine exhib-
ited more powerful inhibition of nitric oxide production than
other CCBs including nifedipine and amlodipine* Although
the exact molecular mechanism of the inhibition of inflamma-
tory response by azelnidipine has not been fully elucidated,
azelnidipine differs from other dihydropyridine-type CCBs
with respect to its pharmacokinetic profile. In azelnidipine,
one methyl group is substituted by an amino group in the
dihydropyridine ring, whereas other dihydropyridine-type
CCBs have two methyl groups, located at positions 2 and 6
of the dihydropyridine ring.25 Moreover, it has been reported
that azelnidipine is highly lipophilic, and is thus retained in
the vascular wall 5% ‘These characteristics of azelnidipine may
induce strong inhibitory actions on vascular remodeling and
vascular oxidative stress, compared with other CCBs.

A recent study showed that the combination of losar-
tan/HCTZ is useful for the management of hypertension.2
Huowever, in this study, the combination of subeffective doses
of olmesartan and HCTZ did not significantly affect necinti-
mal formation and superoxide anion production after cuff
placement, probably because we used these drugs at non-
hypotensive and subeffective doses in this study, in order to
exclude hemodynamic changes by these various combinations.
These data suggested that the combination of an ARB with a
CCB might be better to the combination ofan ARBwith HCTZ
with respect to their pleiotrophic effects on cuff-induced vas-
cular remodeling, In this study, we did not examine the com-
bined effects with various ARBs. However, it is suggested that
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the beneficial etfects of drug combinations may vary depend-
ing on combined drugs.

Our present findings suggest the possibility that the combi-
nation of an ARB with a CCB is better than the combination of
an ARB with HCTZ for vascular remodeling, at least when the
drugs are used at subeffective doses. The inhibitory effects of
the combination of ARB with CCB are, at least partly, depend-
ent on a decrease in oxidative stress. Therefore, we conclude
that combination treatment of an ARR with a CCB coul be
clinically beneficial. Moreover, we also demaonstrated thar the
inhibitory actions of the combination might vary depending on
different CCBs. Which kind of CCB is superior for preventing
vascular remodeling must be further investigated in the future.

Supplementary materialis linked to the ontine version of the gaper
at httpx//www.nature.com/ajh
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Calcium Channel Blocker Aielnidipine Enhances Vascular
Protective Effects of AT, Receptor Blocker Olmesartan

Toyohisa Jinno, Masaru fwai, Zhen Li, Jian-Mei Li, Horg-Wei Liu, Tai-Xing Cui,
Hiromi Rakugi, Toshio Ogihara, Masatsugu Horiuchi

Abstract—The present stidies were undertaken to investigate the potential effect of a calcium channel blocker (CCB)Y
enhance the inhibitory cffect of an angiotensin (Ang) Il type | (AT,) reecpior blocker (ARB} on vascular injury and the
cellular mechanism of the effect of CCB on vascular remodeling, In polvethylene cuff-induced vascular injury of the
mouse femoral artery, proliferation of vascular smooth musecle cells (VSMUCs) and neointimal formation sssociated with
activation of extracellulasr signal-regulated kinase (ERK), and tyrosinc-phosphorylation of signal transducer and
activator of wanscription (STATH and STAT3. inflammatory response assessed by monocyte chemoatiractant protein- £
and tumor necrosis factor-« expression. as well as oxidative stress such as expression of NADH/NADPH oxidase 2R
subunit and superoxide production, were less in AT, receptor null mice. Administration of nenhypotensive doses of u
CCB, azelnidipine {0.5 or 1 mga’kg per day) attenuared these parameters in wild-lype and AT a receptor null mice.
Coadministration of lower doses of an ARB. olmesartan (0.5 mg/kg per day). and azelnidipine (0. mg/kg per day),

which did not affect vascular remodeling, significantly inhibited these parameters in wild-type mice. Morcover, the

cffective dose of azelidipine (1 mg/kg per day} exaggerated the
| or 3 mg/kg per day on VSMC proliferation in the injured
vascular mjury at least parly ndependent of the inhibiti
exaggerate the vascular protective effects of almesartan, sugg

inhibitory action of olmesartan at effective doses of

arteries, These results sugpest that azelnidipine couid inhibit
on of AT, receptor activation and that azelridipine could

esting clinical possibility that the combination of CCB and

ARB could be more cffective in the treatment of vascular diseases. (Hypertension. 2004:43:263-269.)

Key Words: angiotcnsin m calcium channel m oxidative stress m vascular remodeling w inflammation

vidence indicates that angiotensin (Ang) 1T is more than 2
hormone with hemodynamic and renal actions. I is also a
local, biologicatly active mediator that has direct effects on endo-
thelial and vascular smooth nwscle cells (VSMCs) and plavs a key
role in the initiation and amplification of pathobiotogical events that
lead to vascular diseasc.” Ang IT is 2 major mediator of oxidative
stress and reduced nitric oxide (NO) activity by activating NADH/
NADPH oxidase, which results in the production of the superoxide
anian.? Other mechanisms whereby Ang 1F may promote. vascular
remodeling and the formation of vascular lesions are the modulation
of VEMC migration and decreased VSMC apoptosis. M suggesting
thal Ang IT is a pleiogopic focal mediator of vascuolar remodeling
and lesion formation. These major cardiovascular actions of Angll
have been reported to be mediated by the type | Ang If (AT)
receptor, and AT, receptor blockers {ARBs) have been widely used
as antihypertensive drugs with the expectation of a vascular protec-
tive effect s
Caleium channel blockers {CCBs) have been shown 1o retard
atherogencsis in animal models and to prevent the development
of early lesions in human coronary arterics, They are used in the
treatment of angina pectoris and hypertension., However, the

mechanism by which CCB reverse endothelial dysfunction and
prevent vascular damage is largely unknown. One of the
mechanisms proposed to explain the hencficial effect of CCBs
on endothelial function is antioxidant activity.®7 Recenthy,
Fukuo et al reported that the CC13 nifedipine indirectly upregu-
lates endothelial superoxide dismutage expression by stimulating
vascular endothelial growth factor production by adjacent
VSMCX 1t has been reported that DNA synthesis induced by
Ang 1T and growth faciors such as platelet-derived arowth factor
(PDGF) in VSMCs is significantly blunied by CCBs. and that
CCBs inhibit neomtimal formation in 1he injured artery.® 1!
Accumulating cvidence has suggested that the intracellular
signaling mechanigms, by which AT, receptors exent hypertro-
phic and/or hyperplastic effects on their targets such as VSMC,
arc closely associaied with receptor and non-receplor tyrosine
kinases, and that some AT, receptot-mediated signaling requires
Ca’*-sensitive (yrosine kinases.'? These resulis sugpest the
possibility that combination therapy of ARB and CCB could
more cfiectively prevent vascular damage than maonotherapy.
Arterial neointimal thickening is an important process in
the development of atherosclerosis, bypass graft failure, and
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Figure 1. Effects of azelnidipine on DNA synthesis and morpho-
metric changes after cuff placement. Samples were prepared
from cuffed {femorat arteries of WT and AT,aKO mice as
described in Methods. A, BrdU uptake in VSMC in media and
neointima was assayed 7 days after operation. B8, Morphometric
analysis of media and neocintima was performed 14 days after
operation, n=8 to 10 for each group. *P<0.05. $+P<0.01 versus
without azelnidipine. $£<0.05 versus WT without azelnidipine.

restenosis after angioplasty. We have developed a mouse
model of vascular disease induced by polyethylene cuff
placement around the femoral artery, in which the AT,
receptor is upregulated. followed by VSMC proliferation.
vascular inflammation. and neointimal thickening.'> 1= In the
present study, we used this mouse model of cuff-induced
vascular injury and explored the following possibilities: (1)
dihydropyridine CCB. azelnidipine, can prevent vascular
injury, independently of the AT, receptor; and (2) possible
signaling mechanism of CCB-mediated prevents vascular
remodeling, especially when focusing on growth-promoting
signals and oxidative stress. Morcover, we investigated that

Systolic Biood Pressure After Administration of Azelnidipine
and Olmesartan in WT and AT,ak0 Mice

Azelnidipine  Ofmesartan  Azelnidipine - Olmesartan
Groups () {mm Hg) (rmm Hg) {mm Hg)
WT 964217 97.2+13 96.9+2.9 97.2=17
AT,aKG 824=0.9" 829208" §28=25 nd.

Azelnidipine and ¢lmesartan were administered and systolic blood pressure
was measured 14 days later by the indirect til-cuff method as described in
Methods. n.d. indicates not determined, Azelnidipine dose was 1.0 mg/kg per
day. Olmesartan dose was 3.0 mg/kg per day.

“P=<0.05 vs WT,

azelnidipine can exaggerale the inhibitory effect of an ARB,
olmesaran, on vascular remodeling,

Methods

Animals and Operation

Adult male AT,a receprar knockout mice (AT akKO)" (donaled by
Tanabe Seivaku Co. Lid.. Osnka Japan) and wild-type (W) mice
(based on C57BL/6S sfrain: Clea Japan Inc.. Osaka, Japan) aged 1010 12
weeks were used in this siudy. The Animal Studies Committee of Ehime
University approved the experimental protacol. Fhe surgical procedure
for ewlt-induced vaseular injurv in the femora! artery was performed
acewrding (o the method previousty described.t o

Administration of CCB and ARB

Azelnidipine (CS-905: donated by Sankvo Pharmaccutical Co..
Tokyo. Japun) was administered orally afier cufi placement for 7 or
Id days. Olmesanan (RNH-6270: donated by Sankye Pharmaceuti-
cal Co.. Tokyw. Jagan) was administered using an osmotic minipump
{modei 1002: Alza Corp,} implanted intraperitoneally at the same
time as cuff-placement. as previously described.' Blood pressure
was measured by the indirect lail-cufl method with blood pressure
monitor {MK-030: Muromachi Kikai Co. Lid, Tokyo. Japunj,

Morphometric Analysis, Measurement of DNA
Synthesis, and Immunohistochemical Study
Marphometric analysis, measurement of DNA synthesis determined
by the incorporation of bremadeoxyuridine (BrdU). and immunohis-
tocheimical study were performed according to the methods previ-
ously described.!® 1o

Detection of Inflammatory Factors,
NADH/NADPH Oxidase, and Signaling Molecules
by Western Blot

Tolal proteins were prepared from pooled aneries (6 10 8 arleries for
each group). and Western blot was performed using speeific anti-
bodies as previously described.'® 4o Anti-p22™ antibodies were
purchased from Sama Cruz Biotechnolagy Ine. Densitometric anal-
ysis was performed using an iinage seanner (EPSON GT-2000) and
NIH imaging software,

Immunofluorescent Study

PasalTin-cmbedded sections were incubated with anti-p22™* anti-
body, washed. and incubated with biotin-lubeled sccondary antibud-
ies. then incubated with Cy3-labeled streptavidin. Serial sections
treated with secondary antibadies alone did not show specific
staining, Samples were examnined with a Zeiss Axioskop microscope
equipped with a computer-based imaging system.'®

Superoxide Detection

Frozen. enzymatically intact, 10-um-thick sections of sham-operated
and injured femoral arterics were incubated at the same time with
dihydroethidium (DHE: 10 wmol/L) in PBES for 30 minutes al 37°C
in a humidified chamber protected From light'* DHE is oxidized on
reaction with superoxide 1o ethidium, which binds to TINA in 1he
nucleus and fuoresees red. For ethidium detection, a 543-nm argon
faser combined with a 500- to $50-nm band-pass filter was used.

Statistical Analysis

Yalues are expressed as mean=SEM in the text and figure. Data
were analyzed by 2-way ANOV A, followed by post-hoc analysis. A
value of P<0.05 was considered 10 be statistically significant.

Results

Effect of Azelnidipine on Neointimal Formation
and VSMC Proliferation After Cuff Placement in
WT and AT aKO Mice

To examine the possibility of whether CCB could exert a
vascular protective effect. in part independently of antagoniz-
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ing AT, recepior stimuiation. we used AT aKO rmiice and
exammed the effect of azelnidipine on vascular injury. As
previously reporicd.' BrdU labeling index in VSMCs in the
media and neointima measyred 7 days after cuff placement
was significantly lower in AT\ aKO mice, and neoiniimal
formation 14 days aficr operation was also significantly less
than that in WT mice (Figure 1). These results support the
notion that AT, receptor stimulation plays a role in vascular
remodeling via enhancing VSMC proliferation. Azelnidipine
at a dose of 0.5 or | mg/kg per day. which did not influence
blood pressure and heart rate. significantly inhibited DNA
synthesis in VEMC and ncointimal formation in WT and
AT, akQ mice (Table, Figure 13,

Signaling Mechanism of Inhibitory Effect of
Azelnidipine on Neointimhal Formation

To examine the signaling meehanism, we focused on extracel-
lular signal-regulated kinase (ERK) activity. because the ERK
pathway, which is activated by the AT, receptor and growth
factars, is eritical for cell proliferation,'® We also examined the

A B
P22 Em i T — —— 1
@ SN NCTI | S e —" S Azel (-
-
£
= Azel (+)
i
o
® c
wr AT KO Azel )
Azel (+)

=
..-:1

tyrosine-phosphorylation of signal transducer and activator of
transcription (STAT) and STAT3 in the injured anery. because
STAT seem to be involved in AT, receptor-mediated - fos
expression in VSMCs.™ Consistent with previous repars, 151
cuff-induced vascular injury increased phosphorylation of ERK,
STATI, and STAT3 in the injured artery 7 days after cuff
placement without changes in total protein lfevels of these
proteins, whereas these increases were smaller in AT, aKO mice
(Figure 2). Azelnidipine at a dose of 1 mg/ke per day signifi-
cantly inhibited activation of ERK and STAT in the injured
artery in WT and AT,aKO mice. .

Effect of Azelnidipine on Inflammatory Response

and Oxidative Stress Induced by Cufl Placement

Westem blot using pooled anery samples showed that the
expression of monocyte chemotactic protein (MCPY-1 and
tumor necrosis factor (TNF)-« was increased 7 days after cuff
placement in WT and AT,aKO mice: however, (his increase
was less in AT, aKO mice (Figure Ta. available at htip://
www.hypertensionaha.org). Azelnidipine (1 mg’kg per day)

ATiaK()

W

Figure 3. Effect of azelnidipine (1.0
ma/kg per day) oh oxidative stress in
injured artery. Tissue samples were pre-
pared from injured arteries 7 days after
operation. A, One representative result of
Westemn blots (uppen) and densitometric
analysis {lower} of p227* ysing three
different pooled sampies are shown. B.
One representative result of four inde-
pendent immunohistochemical staining
of p22r* in cuffed artery. C, One repre-
sentative result of four independent fluo-
rescence of superoxide in cuffed artery,
*P<0.01 varsus cuff aions in WT.

ATl KO
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inhibited the expression of MCP-1 and TNF-or not only in
WT mice but also in AT,2KO mice (Figure la). Consistent
with these resuits, immunohistochemical staining showed
similar results (Figure Tb and fc. available online at http://
www.hypertensionaha.org). Next, we examined the effect of
azelnidipine on expression of p22°*, a membrane-associated
NADH/NADPH oxidase subunit. and superoxide anion pro-
duction in the injured artery. Expression of p22m™* and
superoxide anion production was increased after cuff place-
ment in WE and AT, aKQ mice: however. these increases
were less in AT aKO mice (Figure 3). Azelnidipine inhibited
the expression of p22™ and superoxide anion production in
hoth WT and AT, aKO mice (Figure 3).

Effecis of Olmesartan and Azelnidipine on
Vascular Remodeling

Olmesartan at { or 3 mghkg per day significantly decreased
ncointimal formation and decreased BrdU-positive VSMC in the
media and ncointima in WT mice (Figure 4) without a change in
blood pressure (Table). as previously reported.'s Zhu et al
teporied that cultured aortic VSMCs prepared from AT,aKO
mice display functional AT,b receptors. and activation of these
receplors [eads 1o calcivm entry and metabolism, To examine the
rolc of AT\b receptor in this cuff-induced vascular injury model,
we examined the effect of effective dose of olmesartan (3 mg/kg
per day) on DNA synthesis in VSMC in AT,akQ mice and
demonstrated that olmesartan did not significantly inhibit BrdU
incorporation in VSMCs (Figure 4), Moreover, we demonstrated
that the expression of AT\b receptor was very low in femoral
artery and did not change after cuff placement.” These results
suggest that the involvement of AT\b receptor is less possible in
this cuff-induced vascular injury model in femoral artery. Ad-
ministration of olmesartan (3 mg/kg per day) significantly
decreased the activation of ERK. STATI. and STAT3 without
ary change in their total protein levels (Figure 11. available
online ar ittp:/Awww.hypertensionaha.org) and inhibited the
expression of MCP-1, TNF-w, and p22"™ (Figure 5 and Figure
6). Next. we examined the possibility of whether azcelnidipine

together with olmesartan could exert a synergistic effect to

prevent vascular injury. Olmesartan or azelnidipine alone a
fower doses (0.5 or 0.1 mg/kg per day. respectively) did not
affect neointimal formation, BrdU index. activation of ERK,
STATI. and STAT3, expression of p22™" and superoxide anion
production. However, coadministration of olmesartan and
azelnidipine at these doscs significantly decreased (hese param-
efers (Figure 4 to 6 and 1I). We also observed that a lower dose
of azehidipine (0.1 my/kg per day) significantly exaggerated the
inhibitory effects of olmesartan at effective doses (1 or 3 mg/kg
per day) on BrdU index (Figure 4). Morcover. we observed that
effective dose of azelnidipine (I mg/kg per day) exaggerated the
inhibitory eftect of olmesartan at effective doses of 1 or 3 me/ky
per day on VSMC proliferation in the injured arteries (Figure 4.

Discussion
In a mouse model of vascular injury, we have documented
that cuff placement around the femoral artery induces neoin-
timal thickening with an increase in VSMC protiferation and
inflammation, as well as upregulation of components of the
renin-angiotensin system such as the AT, receptor in injured
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Figure 4. Effect of azelnidipine/olmesartan combination on DNA
synthesis and morphometric changes after cuff placement.
Sampies were prepared from cuffed femoral arteries as in Figure
1. A, Dose-dependent effect of otmesartan on BrgU uptake in
media and neointima in cuffed artery of WT and AT,aKO mice.
B, BrdU uptake in media and neointima in cuffed anery of W7
mice treated with combination of azetnidipine and olmesartan.
C. Morphometric analysis of media and neocintima in injured
artery with olmesartan alone (left) and the combination of lower
doses of azelnidipine at 0.1 mg/kg per day and olmesartan at
0.5 ma/kg per day {right), n=8 te 10 for each group. *P<0.05
varsus without azelnidipine and/or olmesartan. +P-0.05 versus
without azefnidipine, $P0.05 versus azelnidipine (0. 1 mg/kg
per day).

arteries.™ s the present study, we further demanstrated that
supcroxide anion production and expression of p22™* were
increased in injured arteries induced by cuff placemem
{Figure 3). Because it has been shown that NADH/NADPH
oxidases arc a major enzymatic source of superoxide gener-
ation in vascular cells.?? the upregulation of NADH/NADPH
oxidases might cause a burst of superoxides, therehy contribut-
ing to the pathophysiology of cuff-induced vaseular injury, We
demenstrated that proliferation of VSMC. neoimimal formation.
inflammation assessed by MCP-1 and TNF-or expression. ex-
pression of p22™™ and superoxide anion production were
attenuated in AT, KO mice (Figure 3 and 1). Administration of’
a nonhypotensive dose of an ARB, olmesastan, significantly
attenuated these vascular responses, supporting the notion that
Ang 11 stinwlation via the AT, receptor exerts pleiotropic effects
an vascular remedeling in WT mice {Figuwe 5 and 6).
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Figure 5. Effects of azelndipine/oime-
sartan combination on MCP-1 and

TNF-«¢ expression in injured artery. Tis-
sue samples were prepared from cuffed
arteries 7 days after aperalion. A, Dose-
dapendent effect of olmesartan on
MCP-1 and TNF-. expression. B,
Effects of azelnidipine/olmesartan com-
bination on MCP-1 and TNF-a expres-
sion. One representative result of West-
ern blots {(upper) and densitometric
analysis (lower) using three or four dif-
ferent pooled samples are shown. One
representative result of four different
immunohistachemical staining of MCP-1
(C) and TNF-w (D) in cuffed artery.
"P=0.01 versus cuff alone.
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Azelnidipine

CCB are also widely used for the treatment of hypertension
with the expectation of their potential vascular protective effect,
It scems to be possible that combination therapy of an ARB with
a CCB could cxert more beneficial effects on vascular remod-
eling than monotherapy. although the effects of CCB on vascular
discases are niot well established. To explore this possibitity and
examine the possible cellular and signaling mechanisms in-
volved in the patential vasoproiective offect of CCB and ARB,
we used a cuff-induced vascular injury model. in which Ang 1
plays a role in the pathogenesis of vascular remodeling as
mentioned above. We demonstrated that azelnidipine even a a
namhypotensive dose effectively inhibited DNA synihesis of
VEMC and neointitnal formation in WT and AT aKO mice
{(Figure 7). These results suggest that azelnidiping could inhibit
the VSMC proliferation in vascutar injury and. further, that this
effect of azehidipine is at least partly indcpendent of the
inhibition of AT, receptor activation. Moreover, we denion-
strated that olmesatan or azelnidipine alone at lower doses did
not affect ncointimal formation; however, coadministration of
both olmesartan and azelnidipine at these doses (0.5 and 0.1
mg/kg per day, respectively), significantly inhibited VSMC
proliferation and neointimal formation (Figure 4).

It has been reported that AT, receptor stimulation increases
intracellular Ca®™ via an influx of cxtracelluiar Ca®™* by
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opening ceil membrane calcium channcis or refeuse from the
intracellular Ca™ pool, which feads 10 activation of Ca’*.
sensitive kinases, such as Pyk2 and Src and transactivation of
cpidermal growth factor (EGF) receptor. and conscquent
activation of downstream mitogen-activated protein (MAP)
kinases such as ERK, therchy contributing to VSMC
growth.!” Seewald ct al** reported that the Ang [l-induced
stimulation of ERK is a Ca®™-dependent process mainly
through the influx of Ca** from outside of the VSMC and is
important for Ang ll-induced DNA synthesis in VSMCs. Tt
has also been reported that nifedipine decreased DNA syn-
thesis and toral cellutar protein content as well as the levels of
phosphorylated ERK and Pyk-2 and even the phosphorylation
of Pyk-2 in cultured VSMC. and that nifedipine suppressed
VEMC proliferation in balloon-injured rat thoracic aorta.!!
Consistent with these results, we demonstrated that adminis-
tration of a nonhypotensive dose of azelnidipine effectively
inhibited activation of ERK in the cuff-induced injured artery
{Figure 2}. It is cstablished that sequentially activate protein
kinases such as ERK mediate further transmission of arowth
signais to the nucleus through expression of the immediate
carly growth response gene c-fas, which is regulated by the
net interaction of different transcription factors. STAT arc
known to be activated by many different extracellular signal-
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ing proteins including cytokines, growth facters, and Ang 11
via the AT, receptor. We observed that azelnidipine de-
creused the phosphorylation of STATI and STAT3 in WT
and AT.aKO mice (Figure 2), Morcover. we observed that
coadministration of a lower dose of azelnidipinc and olme-
sartan attcnuated the activation of ERK and STAT, although
azelnidipine or olmesartan alone at these doses (0.5 or 0.1
mg/kg per day, respectively) did not affect activation of ERK
and STAT (Figure I1). These results suggest that azelnidipine-
mediated inactivation of ERK and STAT may centribuic to
the exaggeration of the inhibitory effect of olmesartan on
vascular injury. ,

Oxidative stress induces the expression of redox-sensitive
genes for chemoattractant proteins, such as MCP-1, and lenko-
cyte adhesion molecules and intracellular adhesion motecules,
The superoxide anion may function as a signaling molecule,
mediating increased activity of NF-«B that coordinates the
upregulation of these proinflammatory genes.?25 Ang 11 acti-
vates membrane oxidase NADH/NADPH oxidase, which results
in production of the superoxide anion. and this proinflammatory
action of Ang IT on the vessel wall interacts synergistically with
those of other cardiovaseular risk factors, such as dystipidemia
and diabetes.* We examined the possibility that CCB could exert
an antioxidative stress effect in the injured artery, and observed
that a nonhypotensive dose of azelnidipine inhibited the expres-
sion of p22™, superoxide anion production, and MCP-1 and

Azelnidipine

different pooled samples are shown, C,
One representative result of four differ-
ent immunohistochemical staining of
p22°™* in cuffed artery. D, One repre-
sentative result of four different immu-
nofluorescence of superoxide in cufied
artery. "P<0.07 versus cuff aione.

Azelnidipine
+ Olmesartan

TNF-¢ expression in WT and AT,aKO mice (Figure 3 and 1.
We also observed that coadministration of a lower non-cffective
dose of azelnidipine and olmesartan (0.5 and 0.1 mg/kg per dav,
respectively) inhibited oxidative stress in the injured artery.
These results suggest that azelnidipine could inhibit AT,
receptor-mediated as well as AT, receptor-independent oxida-
tive stress in vascular injury, at lcast partly because of inhibition
of the expression of p22™", therchy decreasing superoxide anion
production. Once produced. reactive oxygen species can activate
several receptor and nonreceptor prokein tyrosine kinases possi-
bly via inhibition of a protein tyrosine phosphatase. These
tyrosine kinases include-the JAK and Src families, Pyk2/CAK,
and the receptors for EGF and PDGF.?2¢ Thercfore, it is
conceivable that azelnidipine-mediated inhibition of oxidative
siress could contribute to the attenuation of FRK and STAT
activation in the injured artery. therchy decreasing VEMC
preliferation.

Taken together. our results provide the evidence of a
synergistic vascular protective effect of CCBs and ARBs, and
further extend the clinical notion that the combination of
CCBs and ARBs could be more effective in the treatment of
vascular diseases and hypertension than monotherapy.

Perspectives
We demonstrated that azelnidipine could exaggerate the vascular
protective effects of olmesartan, suggesting that the combination
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of CCB azelnidipine and ARB olmesanan could be more
effective in the treatment of vascular diseases. In addition. a low
dosage of combined drugs may be able o reduce the side cffects
in clinical applications. Moreover, we reported that combination
of ARB, valsartan with fluvastatin, or estrogen exagoerate their
vascular protective effect in cuff-induced vascular injury mod-
el.’%1% In contrust. evidences demonsirated that the combination
of an ACE inhibitor. perindopril. and an ARB. candesarian
cilexeril. may be more effective in the treatment of cardiac and
vascular discases in stroke-prone spontancousty hvpenensive
rais than the combination of 2 CCB, amiodipine. with an ACE
tnhibitor or an ARB or monotherapy with cach agent2? and that
despite a similar reduction in blood pressure, the addition of the
CCB, amlodipine, to the ARB. valsartan, fatled to provide
similar renoprotection to that observed with an equiliypotensive
regimen of ARB as monotherapy in diabetic nephropathy.® In
addition, Lassila et al* reponed that CCB. amlodipine. despite
sitilar cffects on blood pressure. confers less antitrophic effects
in the diabetic heart and blood vessels in diabetic spontaneousty
hypertensive rats compared with valsartan, Thesc apparent
discrepancies would be because of different animal models and
different dosages. More detailed analysts of the cellular and
signaling mechanism of CCB will provide further insights into
the pathogenesis of hypertension and atherosclerosis and may
injtiate new rational and therapeutic concepts.
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Calcium antagonists and their mode of action: an historical
overview

WINIFRED G. NAYLER & J. 5. DILLON
Department of Medicine, University of Melbourne, Australia

1 The Ca?* antagonists are a novel group of drugs useful in management of a variety of
cardiac disorders. They differ from one another in terms of their chemistry, tissue
specificity and selectivity. As a group, however, they share the common property of
slowing Ca?* entry through voltage-activated, ion-selective channels. Some of them
exhibit other properties, including that of interfering with Na* transport. At least one of
them, diltiazem, has an intraceflular action.

2 Specific high and low affinity binding sites have been identified for two of the major
groups of Ca®*-antagonists, with the binding sites for verapamil and its derivatives being
distinct from those which can be occupied by the dihydropyridines. The number {(Brax)
and affinity (Kp) of these binding sites changes under certain pathological conditions—
including a reduction in ischaemia and in spontaneous hypertension, an increase in the
latter, at present, only demonstrated for the dihydropyridine binding sites.

3 The sensitivity of a particular tissue to these drugs will depend upon a number of factors
including the number of binding sites that are present, the contribution made by the Ca2+
entering through the voltage-activated channels to the functioning of the tissue, and
properties which are peculiar to a particular type of CaZ* antagonist, for example,
whether, as in the case of verapamil, they exhibit use-dependence.

Keywords caicium antagonists

Introduction

Although cardicactive substances are known to
have been present in many of the medicines
administered in antiquity by the Egyptians, and
later by the Greeks, there is, as yet, no evidence
to suggest that either civilization made use of
any of the naturally ocourring Cal* antagonists.
By contrast at least one naturally occurring Ca?**
antagonist—'Tanshinone’, has featured pre-
dominantly in Chinese cardiovascular medicine
for the past three thousand years (Patmore &
Whiiing, 1982). Qur current interest in these
drugs does not stem from ancient Chinese
medicine, however, but rather from experiments
carried out in Fleckenstein’s laboratory in the

mid 1960s. When investigating the coronary
vasodilator properties of two, then newly syn-
thesized, compounds, prenylamine and vera-
pamil, Fleckenstein and his colleagues (Flecken-
stein et al., 1969) correctly deduced that the
peculiar properties these two compounds ex-

- hibited warranted the creation of a new class of

drugs, to be known as ‘the calcium antagonists’
(Fleckenstein, 1971). This conclusion was based
on the abservation that the ability of these drugs,
and particularly of verapamil (Figure 1), to un-
couple excitation—contraction coupling in heart
muscle, and hence to exert a negative inotropic
effect, could be reversed by adding Ca?*.

Cotréspondence: W, G. Nayler, Department of Medicine, University af Melbourng, Austin Hospital, Heidelberg,

Victoria, Australia
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Figure 1 Chemical formulee of Ca** antagonists.

By the late 1960s, and therefore at a time
when verapamil and prenylamine were the only
Cal* antagonists which were available, three
important properties of the Ca?* antagonists had
already been established, because by then it was
known that these drugs are powerful coronary
dilators, that they are negatively inotropic and
that their negative inotropism can be overcome
by raising extracellular Ca?*. Although it took
very little time to establish that these drugs
lacked B-adrenoceptor blocking  activity
(Nayler et al., 1968) their vasodilator action on
the peripheral circulation was largely ignored
until the mid 1970s, when Lewis et al. {1978) first
described & sustained decresse in the mean arterial
blood pressure in & group of paticats receiving
verapamil. At about the same time, and possibiy
in association with the introduction of other
Ca?* antagonists, their potential use in the
management of other cardiovascular disorders,
including supraventricular tachyarrhythmias
{Schamroth et al., 1972; Krikler & Spurrell,
1974), angina pectoris (Livesley et al., 1973;
Parodi et al., 1979), began to attract widespread
attention.

Twenty years have elapsed since these initial
but eritical experiments were performed with

the Ca** antagonists and in that time not only
has the original premise that verapamil and pre-
nylamine were the forerunners of a new class of
drugs been amply confirmed: in addition new
drugs have been developed, their clinical efficacy
(Table 1} established and expanded and, more

Table I Therapeutic uses of Ca®* antaganists

Vascular
Angina (effort, vasospastic and rest)
Arterial hypertension
Pulmonary hypertension
Cerebral vasospasm
Raynaud's phenomenon
Migraine
Intestinal ischaemin
Experimental atherosclerosis
Cardiec faflure

Myocardium
Hypoxia
Ischaemiz
Cardiomyopathies
Cardiopulmonary bypass
Arrhythmias

Skeletal muscle
Malignant hyperthermia




recently, their specific binding sites identified
(Glossmann ef af., 1984),

Chemistry and classification

One of the most puzzling characteristics of the
Ca?* antagonists is their chemical heterogeneity
(Nayler & Horowitz, 1983). As a general rule,
the currently available drugs of this class can be
subdivided into four main groups, on the basis of
their chemistry (Table 2). These are the phenyi-
alkylamines, of which verapamil (Figure 1} is
the prototype; the dihydropyridines, including
nifedipine (Figure 1), nitrendipine and nicardi-
pinte; the benzothiazepines, including diltiazem;
and the piperazines. Lidoflazine and cinnasizing
belong to this latter group. There are, of courss,
othier ways of subdividing these drugs. For
example (Nayler, 1983) they can be grouped on
the basis of their tissue selectivity. If this method
of subdivision is to be used then drugs which
exert their greatest potency in the vasculature,
lidoflazine for example, can be grouped separately
from those which exhibit their greatest potency
at ather sites, the sino-atrial node for example.
Irrespective of how these drugs are subclassified,
however, two fundamental questions must be
answered. Firstly, there must be some rational
explanation as to why such chemically diverse
drugs can share the common property of ‘Ca?*
antagonism’, and secondly the basis of their
tissue sefectivity must be established. The answer
to the first of these problems probably lies in the

Calcium antagonists: mode of action 998

Table 2 Chemistry of the Ca™ antagonists

Phenylalkylamine-derivatives

verapamil

gallopamil

tiaparnil

anipamil

ronipamil
Dihydropyridine-derivatives

nifedipine

nimodipine

niludipine

nitrendipine

nisoldipine

nicardipine

felodipine
Benzothiazepine-derivatives

diltiazem
Piperazine-derivatives

lidoflazine

cinparizine

flunarizine

recent identification of different receptor or bind-
ing sites for the chemically distinct groups of
Ca®* antagonists. The answer to the second
question is almost certainly multifactorial, in-
volving tissue-dependent differences in receptor
distribution, fundamental differences in the Ca?*
requirerents of the varlous target tissues, other
propetties of these drugs not neccssarily related
to Ca?* antagonism (Table 3), possible tissue-
dependent differences in the functioning of the
siow channels, and the regional presence of other

Table 3 Other properties of phenylalkalamine type calcium antagonists

. Property Reference
Interaction with other receptors
Muscarinic Katliner et al. (1982)
! Gengo ef al. (1984)
SHT Angus et al. (1982)
Opiate Fairhurst et al. (1980)
a-adrenoceptors Nayler e al. (1982)

Inhibition of piatelct aggregation
Inhibition of thromboxane release
Local anaesthetic activity
Inhibition of fast Na* channels

\ Inhibition of slow Na* channels

Inhibition of ACTH, GH and TSH release
Inhibition of glucose-induced insulin release

Karliner et al. (1952}
Glossmann & Hornung (1980)

Ribeiro ef af. (1982)
Mehta er af. (1983)

Kass & Tsien (1975)
Kojima & Sperelakis (1983)
Eto eral. (1974)

Conn «f al. (1980)
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inotropically or vasoactive substances, for
example angiotensin (Hof, 1984).

Receptors for the Ca®* antagonists

The recent availability of radioactively labelled
Ca? antagonists has greatly facilitated the search
for the specific binding sites for these drugs.
Uking classical saturation and displacement bind-
ing techniques at least two and probably three
chemically-distinct types of saturable, stereo-
specific binding sites have now been identified.
Some of these binding sites are highly selective
for the dihydropyridine-based Ca®* antagonists
(Triggle & Janis, 1984) whilst others preferentially
bind the diphenylalkylamines, including vera-
pamil and gallopamil (Hulthen er al,, 1982;
Reynolds et al., 1983). Within cach group, how-
ever, both low and high affinity binding sites
have been identified and characterized. In cardiac
myocytes these binding sites are predominantly
concentrated in the cell membranes, a factor
which may explain why the primary action of
these drugs is at the cell sorface. A similar situa-
tion exists in vascular smooth muscle cells (Janis
etal., 1982), However, receptor binding sites for
the Ca?* antagonists are not limited to the cardio-
vascular system, For example, they occur in the
brain (Janis et al., 1984) and are present in large
numbers in skeletal muscle cells (Borsotto er
al., 1984). It follows, therefore, that the mere
presence of binding sites or ‘receptors’ for these
compounds alene does not dictate tissue sensi-
tivity, because skeletal muscle, for example, is
relatively insensitive to the Ca?* antagonists
despite the presence of both high and low affinity
binding sites, This lack of sensitivity of skeletal
muscle can be most easily explained by recalling
that whereas cardiac muscle depends upon the
presence of extracellular Ca®t for excitation—
contraction coupling, skeletal muscle derives Ca?*
for this purpose from its own intracellular stores.
In this respect smooth muscle cells, including
those of the vasculature, resemble cardiae muscle
cells in relying to a large extent upon an influx
of extracellular Ca?* for excitation—contraction
coupling, In &ll three muscle types, however,
tension development is directly dependent upon
the.’availabilhy of ionized calcium in excess of
107" m.

Slow Ca** channels and Ca®* antagonists in
cardine muscle

In cardiac muscle excitation involves the activa-
tion of two distinct inward currents (Reuter,

1979). The first of these currents is carried by
Na* whilst (Figure 2) the second is carried
mainly by Ca?* (Beeler & Reuter, 1970). The
Ca?* that acts as the main charge carrier for this
second and relatively slowly activated current
(hence the term ‘the slow Ca?* current') traverses
the membrane through channels which are
voltage-sensitive, gated, and ion-selective. Each
slow channel allows approximately 30000 calcium
ions to enter per second and there may be as
many as 30 channels um™ of cell surface. This
means that there are as many s 10000 fanctional
Ca?* channels per cardiac muscle cell (Reuter,
1983). As well as being ion-selective and voltage-
sensitive some of the slow Ca?* channels are
‘receptor’ controlled by a mechanism which in-
volves the cyclic-AMP dependent phosphoryla-
tion of the channei or of a protein closely asso-
ciated with the channel. This phosphorylation
apparently causes a conformational change in
the channel, thereby increasing the probability
of its opening on membrane depolarization
(Reuter, 1983). Although the precise structure
of these slow Ca™ channels has yet to be defined,
recent studies have shown them to contain a
278000 dalton protein structure, with a 45000
dalton sub unit mgable of binding the dihydro-
pyridine-based Ca** antagonists (Venter er af.,
1983). It is reasonable to surmise (Figure 3)
therefore, that there must be a selectivity filter at
the orifice of the channel, because certain
divalent cations, including Co? and Mn?*
cannot penetrate through it. In addition, the
kinetics of slow channel transport are such that it

- can be assumed that not only must the channel

contain voltage sensors, it must also be gated,
with the pates opening to allow Ca?* influx
(Figure 3).

During each depolarization the slow Ca?t
current accounts for the entry of at least 20
umol Ca®* kg™! heart weight (Langer, 1980) and
although this is insufficient Ca2* to activate con-
traction it probably triggers the release of ad-
ditional Ca** from intracellular storage sites
(Nayler, 1966; Fabiato & Fabiato, 1978). It is
these channels, which facilitate the influx of
Ca?* during excitation, which are the pre-
dominant sites of action of the Ca?* antagonists
in cardiac and in the smooth muscle cells of the
vasculature. In the case of the dihydropyridines
their specific binding sites are thought to be
closely associated with, or an integral part of, the
outer neck of the slow channel.

Evidence for this comes from two sources:

(a) the number of dihydropyridine binding
sites im both cardiac and smooth muscle cells
(1-10 pM? membrane) closely resembles the
density of Ca?* channels as estimated electro-



Calcium antagonists: mode of action 1018
Na* Ca® + Nat

fast slow

inward inward

current currants
L

+30 . K+
LEE 1 e
- currants

+10F

~10 =

Transmembrane potential {mV)

—-70

Figure 2 Jon movements associated with a ventricular action potential,

Selactivity filter

l ‘ Externat
Membrang
internal
Voitege sensor Gates Voliage sensor

Closed'channel
External
Intarnal

Ca?+
Open channel

Figure 3 Schématic representation of a slow Ca?* channal,



1028 Winifred G. Nayler & J. 8. Dilion
physiologically; and

(b) the synthesis of channels induced by PGE
in certain neuronal cells is accompanied by the
appearance of additiona! dihydropyridine bind-
ing sites (Nirenberg e al., 1983).
The situation is less clear for verapamil and its
derivatives. Ligand displacement studies have
shown that these receptor sites are quite distinct
from those occupied by either diltiazem or the
dihydropyridines but it is probable that they are
allosterically linked to these other binding sites
(Figure 4). There is some evidence which indicates
that they are located on the cytosolic surface of
the membrane, adjacent to the slow channels.

By inhibiting the inward movement of Ca?*
through the slow channcls, the Ca?* antagonists
exert a direct negative inotropic—and hence an
energy sparing (Nayler ef af., 1980)—effect on
the myocardium. In the intact circulation, how-
ever, this negative inotropism can be concealed
because of reflex changes in the circulation as
a whole, unless these refiex changes are sup-
pressed because of disease or because of the
presence of other pharmacological agents. The
Ca?* antagonists are also powerful vasodilators
in the coronary as well as in the peripheral
vasculature and again their efficacy depends
upon their ability to impede. the inward move-
ment of Ca through voltage-sensitive ion-
selective channels (Figure 5). In addition vera-
pamil and diltiazem, but not nifedipine, slows
atrio-ventricular nodal conduction and again
this is due to their ability to impede slow channel
function. This brings us to the important ques-

tian as to why the Ca* antagonists exhibit such a-

broad spectrum of tissue selectivity within the

circulation. For example, why are the dihydro-
pyridine-based Ca®* antagonists (for example,
nifedipine) more potent than the phenylalkyt-
amines (verapamil) in dilating the peripheral
vasculature, but iess potent in other areas, in-
cluding the atrio-ventricular nodal tissue when
this, as with excitation~contraction coupling in
heart muscle. is known to depend upon the
inward movement of Ca?* through voltage-
activated slow channels? There must also be
some explanation as to why some smooth muscle
cells, including those of the bronchial tree, are
reiatively unaffected by the Ca?* antagonists,
despite their dependence on the entry of Ca2*
through voltage-activated slow channels for the
activation of their contractile response.

Tissue selectivity

Many factorsseem to be involved in determining
the sensitivity of a particular tissue to the Ca?+ -
antagonists. They include;

(a) the number of binding sites that are
present;

(b) the relative importance of Ca?* entry
through the slow channel as far as the function-
ing of that tissue is concerned; .

(c) the duration of time for which each channel
is open;

(d) the effect of voltage on receptor binding
activity;

(e) other properties of the drugs (Table 3) not
necessarily related to Ca* antagonism;

(f) the pathology of the tissue, and

(g) whether or not the drug displays use-
dependence. :

Cell surface

Nifedipine binding site

" Diltiazem binding site

Verapami! binding site

Slow Ca®* channat

4 Schematic representation of iocation of Ca?* antagorist binding siles relative to the orifice of a

slow Ca?* channel,
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Using this list as a guide it is relatively easy to
account for the relative lack of sensitivity of
bronchiolar smooth muscle because that tissue
has the capacity to derive a large proportion of
the Ca?* it requires for contraction from its own
internal stores. We can also explein, in part at
least, why verapamil, but not nifedipine, acts
preferentially at the atrioventricular node
(Rowland et al., 1979), Verapamil exhibits the
phenomenon of use-dependence. That is, its
potency increases as the frequency of membrane
depolarization and hence of channel opening is
enhanced, presumably because it can only in-
fluence the functioning of the channel when the
channel is in its active or open state. Nifedipine
exhibits this property to a far lesser degree, and
only within a non-physiolagical range. Hence, at
the rapidly firing tissues of the atrio-ventricular
node the potency of verapamil is relatively en-
hanced, relative to that of nifedipine, a factor
which underliesits usefulness as an antiarrhythmic
agent. Nifedipine, on the other hand, is far more
potent in the vasculature, possibly because of
tissue-dependent differences in the distribution
of the diphenylalkylamine and dihydropyridine
binding sites.

Before retuming to the overall effects of the
Ca?" antagonists on the circulation as a whole
two relatively recent findings should be men-
tioned. These relate to the discovery of Ca?*
agonists (Schramm et al., 1983), as opposed to
Ca?* antagonists, and to the observation that
certain pathological conditions, including myo-
cardial ischaemis and hyperiension, influence
both the number and affinity of the Ca?*-
antagonist receptors {or binding sites).

Ca** agonists

A newly discovered nifedipine derivative, Bay K
8644 (Schramm er af., 1983) interacts with the
same binding sites-as the other ditiydropyridines,
but instead of slowing Ca’* entry through the
voltage-sensitive stow channels it enhances Ca?*
cntry, prompting a positive inotropic responsc.
This is of great interest because it may be the
forerunner of a new group of positive inotropes.
As yet, however, there is no indication as to
whether minor chemical substitutions in any of
the other chemicaily-distinguishable subgroups
of the Ca®* antagonists (the phenylalkylamines,
benzothiazepines or the piperazines) will produce
other Ca?* agonists.

Caleium antagonist binding sites in pathological
conditions

Recent results obtained in our laboratories in-
dicate that both the affinity and number (or
density) of the specific binding sites for nitrendi-
pine (a nifedipine-derivative) and verapamil in
cardiac cell membrane preparations is reduced
during an ischaemic episode. Thus, using classical
saturation binding techniques on enzymatically
characterized sarcolemmal fragments prepared
from cither acrobically perfused or ischacmic
(without reperfusion) hearts, we have found that
60 -min normothermic ischaemia reduces both
the number (B, Table 4) and, except in the
case of the nitrendipine binding high affinity
sites, the affinity of these receptors for the appro-
priate ligand. Nevertheless Table 4 does show
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Tabled Effect of ischaemia on sarcolemmal binding of |*H)-verapamil and [*H}nitrendipine*

High affinity Low affinity
[*H]-verapamil Kp Boes Kg B
o () (pmolmg) () fomolmg™)
acrobic perfusion 037+0.01 23472 749 x 179 2808
60 min ischaemia 0.17 +0.04 39x15 34502 0804
P <0.05 P<0.02 F <003 P<0.02
[PH}nifedipine Kp B Ko Bru
(nm) {fmol mg~’) (nM) (fmol mg™)
acrobic perfusion 0.24x044 313110 476 = 8.7 124 =02
&0 min ischaemia 0.2+05 842145 15829 6.1 =02
NS P<0.03 P <0.03 P<0.02

Each set of results is mean * s.e. mean of six experiments, X, is the concentration of drug needed

to saturate half the receptors, and B, is the

density of receptors. The satcolemmal fragments

were isolated from rat hearts perfused at 37° C or made ischaemic for 60 min at the same
temperature. The sarcolemmal fragments were enzymatically characterized.

that "H]-nitrendipine and [*H}-verapamil bind-
ing receptors survive such = prolonged period of
ischaemia. In the case of the surviving [*H}-
nitrendipine binding sites we have been able to

- show that they are still functional because when
the nifedipine-based Ca®* agonist is added after
60 min of ischaemia it promotes an increased
rate of Ca** influx.

Hence the reported failure of calcium an-
tagonists that are added only upon repetfusion
to influence the sequence of events that occur
during post-ischacmic reperfusion (Bourdillon
& Poole-Wilson, 1982) cannot be attributed to a
failure of the receptors to survive in a functiopal
state. Further evidence of the survival of these
receptors is provided by the data shown in Table
5 which indicates that verapamil, when added
only upon reperfusion after 30 min normothermic
ischaemia, does slow the rate of Ca®* gain. The
failure of verapamil (or nifedipine) to, abolish
the excessive gain in Ca?* that ocours under
these conditions can best be explained by recall-
ing that the slow channels are only one of the
routes available for excessive Ca®* entry.

Ischaemia is not the only condition which
alters the density of the Ca** antagonist binding

sites. Thus, whereas ischaemia reduces, hyper-
tension increases the number of sites available
for dihydropyridine binding sites (Chatelain ‘et
al., 1984) & factor which may explain why the
cardiovascular system in hypertensives is hyper-
sensitive to these drugs. Comparable data is not
yet available for the verapamil-binding sites.

Abnormal tissuc pathology is not the only
factor which influences the activity of the various
Ca?* antagonist binding sites. Binding is known
to be pH and tempcrature sensitive; it is also
influenced by the cationic composition of the
extracellular fluid, with a raised Ca2* content
cither decreasing or increasing the lipand bind-
ing capacity of the membranes, depending upon
which particuiar ligand is being nsed.

Is there an intracelluar site of action?

Since most of the Ca?* antagonists, including
verapamil are lipophilic and accumulate intra-
cellularly (Lullmann er al., 1979; Pang & Spere-
lakis, 1983) it is not surprising to find that the
question as to whether these drugs have an intra-
cellular action, in addition 10 that of the cell

TableS Effect of verapamil when added onlyupon reperfusion, on reperfusion-induced Ca** gaim*

Cell C* (umol g™ dry weight)
Time of reperfusion afer 30 min ischaemia {min)
5

12 15
Control reperfusion 421 = 0.79 10.35 = 2.18 13.65 = 0.59 17.79 = 1.83
Repertusion with 270 =0.14 5.00 £ 0.12 5.41 + 0.76 11,27+ 1.8
1075 » verapamil

*Each result is mean * s.c. mean of six experiments. The results relate to cell Ca®* Quring

reperfasion after 30 min of ischaemia.



membrane, has re-emerged, Only in one case
has unequivocal evidence of an intracellular site
of -action been obtained. Thus diltiazem has
been shown to slow Na*:Ca?* exchange across
the mitochondrial membrane (Matlib ez al., 1983)
but the significance of this is unknown. There is
other evidence, however, which suggests that
when relatively high concentrations are achieved
many of the Ca2* antagonists interfere with the
Ca®*-accumulating and releasing activity of the
sarcoplasmic reticulum, in smooth as well as in
cardiac muscle ceils (Saida & van Brecmen,
1983; Wang er al., 1984), There is also some
evidence which suggests that at high, but not
therapeutically relevant concentrations, they re-
‘duce the Ca?* sensitivity of the myofilaments
{Morgan ez al., 1983).

Probiems of definition

Returning then, to the proposition originally
outlined by Fleckenstein, that for a substance to
be classed as a ‘Ca®* antagonist’ it must satisfy
two requirements:

(a) its predominant characteristic must be that
of inhibiting the voltage-activated inward dis-
placement of Ca?*; and

_(zb) thig inhibitory effect must be overcome by
Ca*t,

Presumably this second requirement can be
accounted for in terms of the ability of Ca?* to
displace Ca®* antagonists that have been pre-
viously bound to their respective binding sites
(Galizzi et al., 1984).
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Whether the term ‘Ca®* antagonist’ is the
most appropriate name for these drugs is still
being debated (Lee & Tsien, 1983), particularly
in view of the new data which shows that the
movement of Ca?* through the slow channels is
bidirectional, and that the Ca?* antagonists im-
pede both Ca** influx and Ca®* efflux through
this route.

Ca®* antagonists and the circulation

From the data presented here it is difficult to
escape the conclusion that the Ca®* antagonists
arc a chemically heterogenous group of drugs
(Nayler, 1983). This heterogeneity extends
beyond their chemistry to include their binding
sites, their pharmacokinetics {Table 6), and
even perhaps, their precise mode of interaction
with the stow channels themselves. Nevertheless,
their one common and outstanding property is
that of impeding slow channel function. Since
the inotropic state of the myocardium, vaso-
motor tone and atrio-ventricular conduction is
largely dependent upon Ca?* influx through the
voltage-sensitive, ion-selective slow channek
the efficacy of these drugs in the meanagement of
angina, hypertension and when used prophy-
lactically, ischaemic heart disease, is not sur-
prising.

These investigations were supported by & grant from
the Nationaf Health and Medical Research Council of
Australia.

Table & Pharmacokinetics of Ca’* antagenists

Nifedipine Verapamil

Daose

Oral 10-40 mg 8 h-! 80-160mg 8 h-!

Intravenous 5-15 pg kg? 100200 pg kg

i Plasma concentration 10-75 ng ml- 50-250 ng mi~!

% protein bound 83 %0
First pass extraction by liver 40-60% 75-85%
Half-life (1,) 351 510k
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ABSTRACT To identify regions that are involved in the
formation of the dihydropyridine receptor site of skeletal
muscle L-type Ca** channels, the al subunit of the channel
complex was specifically Inbeled with the 1,4-dihydropyridine-
receptor-selective photoaffinity probe [*Hjdiazipine. Photoaf-
finity-Iabeled regions were identified by probing labeled pro-
teolytic fragments with several anti-peptide antfbodies recog-
nizing different segments of the « sequence. Forty fo 50% of
the al-associated [*H]diazipine label wes conteined In the
tryptic fragment between Arg-988 and Als-1023 derived from
the loop between segments S5 ard S6 in-domatn 1L This reglon
corresponds to a4 portion of the channel that is belleved to
contribute to formation of the transmembrare pore. Twenty to
30% of the labeling occurved lo a V8 protease fragment
between Glu-1349 and Trp-1391. This fragment contuing trans-
membrane segment $6 of domain IV and has previously been
shown to form part of the drug receptor for phenylalkylamine
Ca’* antagonists. Our data suggest that the dihydropyridine
receptor Is formed by close apposition of two discontinnous
regions of the al subunit sequence in domaing I and IV, In
light of previous work localizing this receptor site to the
extracellular surface of the lpid bilayer, it is proposed that
amino aeid residues at the extrncellular surface In the leop
connecting segments INS5 and ITIS6 and at the extraceflular
end of segment IVS6 contribute to formation of the dlhydro-

pyridine receptor site.

Voltage-gated L-type Ca?* channels mediate Ca?* influx into
many excitable cells and serve as voltage sensors for exci-
tation~contraction coupling in skeletal muscle (for review,
see refs. 1 and 2). In contrast to other types of Ca?* channels
(N, T, and P type; for review, see ref: 3), L-type Cal*
channels are modulated by distinct chemical classes of Ca?*
antagonists, such as 1,4-dihydropyridines (DHPs), phenylal-
kylamines, and benzothiazepines (for review, see ref, d4).
These drugs specifically bind with high affinity to distinct
ailosterically coupled receptor sites on the al subunit of the
caicium channe! complex as revealed by photoaffinity label-
ing (4=7). Neutron-diffraction and kinetic studies (8) suggest
that DHPs approach their receptor site by lateral diffusion
after partition into the lipid bilayer of the membrane. This
binding domain is tHought to be localized close to the outer
surface of the al subunit as. DHPs in a membrane-
impermeable charged form oily have access to their receptor
site if applied from the extracellular side (9, 10). This is in
contrast to phenylalkylamine Ca** antagonists, such as ve-
rapamil, that interact with an intracellular receptor site
formed in part by the intracellular end of trensmembrane
helix IVS6 and/or the adjacent intracellular amino acid

The publication costs of this article were defrayed in part by page charge
* payment. This article must therefore be hercby marked “‘advertisement™
in accordance with 18 U.5.C. $1734 solely 1o indicate this fact,

residues (11). Knowledge of the regions of the o1 subunit
involved in the formation of the DHP receptor site would help
to elucidate the molecular basis of channel modulation by
DHPs and allosteric interaction between the DHP and phe-
nylalkylamine binding domains. In this report, we define the
location of the DHP binding domain within the a1 subunit of
skeletal muscie Ca?* channels by photoaffinity labeling with
the DHP-receptor-selective ligand trifluoroethy! diazirine
[*H)diazipine (12, 13) and mapping of labeled proteolytic
fragments using sequence-directed antibodies. ‘

EXPERIMENTAL PROCEDURES

Materials. [PH]Diazipine, 2-[4-(1-azi-2,2,2-trifluoroethyl)-
benzoylaminoethy! 2,6-dimethyl-4-(2-mrifluoromethy!)phe-
nyl-1,4-dihydropyridine-3,5-dicarboxylate (21.2 Ci/mmol; 1
Ci = 37 GBq), was synthesized as described (13). Unlabeled
(%)-PN200-110 was a gift from Sandoz Pharmaceutical. Un-
labeled (—)-desmethoxyverapamil and [N-methyl-*Hi-
LU49888 {(-)-5-[(3-azidophenethy)[N-methyi-*H}meth-
ylamino}-2-(3,4,5-trimethoxyphenyl)-2-isopropyivalcroni-
trile} were gifts from Knoll (Ludwigshafen, F.R.G.).
Enzymes and chemicals were obtained from the following
sources: digitonin, from Wako Pure Chemical (Osaka) or
Sigma; diisopropyt phosphofluoridate, N-hydroxysuccinim-
idyl m-maleimidobenzoate, bovine serum albumin (essential-
ly globulin free), and porcine thyroglobulin; from Sigma;
tosyl L-phenylalanine chloromethy! ketone trypsin (from

"bovine pancreas), from Worthington; V8 protease, from
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Bochringer Mannheim; protein A-Sepharose 4B, from Phar-
macia; prestained low molecular weight markers, from BRL!
unstained high molecular weight standards, from Bio-Rad;
Amplify and ACS-H liquid-scintiation fluid, from Amer-
sham; Econofluor and Protosol, from New England Nuclear.

Peptide Synthesls and Antibody Production. Synthetic cal-
cium channel peptides (CPs) corresponding to particular
regions of skeletal muscle al subunit were synthesized by the
solid-phase method (14). Polyclonal antisera were raised in
rabbits against peptides corresponding to the following amino
acid residues of the al sequence (15); 1219-1232 {CP-(1219~
1232)], 1338-1351 [CP-(1338-1351)], 964-976 plus C-terminal
cysteine [CP-(964-976C)], and 1011-1026 plus C-terminal
cysteine [CP-(1011-1026C)}. Peptides were purified by re-
verse-phase HPLC and their structure was confirmed by
amino acid and sequence apalysis. For immunization, pep-
tides were coupled through cysteine residues to porcine
thyroglobulin using N-hydroxysuccinimidyl m-maleimido-
benzoate {16). Preparation of the site-directed antisera
against CP-(743-759), CP-(1339-1354), and CP-(1382-1400)
was as described (11),

Abbreviations: CP, Ca?*.channel paptide; DHP, dihydropyridine.
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To obtain tryptic fragments of CP-(1011-1026C), the pep-
tide was digested with trypsin (substrate/enzyme weight
ratio = 20) in 50 mM Tris C|, pH 8.0/2 mM CaCl, for 30 inin
at 37°C. The two fragments, CP«(1011-1022) and CP-(1023-
1026C), were isolated by reverse-phase HPLC and their
amino acid compositions were determined.,

Photoaffinity Labeling of Partially Purified Co** Channels,
Calcium channels in digitonin extracts of purified T-tuBule
fractions from rabbit skeletal muscles were purified by wheat
germ agglutinin-Sepharose chromatography as described {17,
18). For [*Hldiazipine photolabeling, the pooled purified
fractions (0.1-0.3 mg of protein per ml, 10-30 nM DHP sites)
supplemented with 2 mM CaCl, were reversibly labeled with
10 aM [*H]diazipine for 1 h at 25°C in the dark in the absehce
(total labeling) or presence (nonspecific labeling) of 10
(x)-PN200-110. The incubation mixtures were transferred
into plastic Petri dishes on ice and irradiated with a Panasonic
20-W black light/blue lamp (at 5 cm) for 30 min. After
photolysis, the samples were dialyzed against deionized
water, adjusted to 0.1% SDS, lyophilized, and stored at
—30°C. Photolabeling of al with the phenylalkylamine
[N-methyl-HILUA49888 was carried out as described (11).

Purification of ["H]Dlazipine-Labeled a1 Subwmnits. Photo-
labeled and lyophilized protein (2.9 mg) was dissolved inf0.9
mt of 0.4 M Tris-HC! (pH £.0) and reduced with 1% 2- er-
captoethanol for 15 min at room temperature before ear-
boxymethylation with 70 mM sodium iodoacetate for 1 h.
Photolabeted al subunits were then further purified by gel-
permeation chromatography with two columns of TSK
G4000SW as described (19), Fractions corresponding to(the
al subunits were pooled, lyophilized, and stored at -30°C in
small samples until use,

Proteolysis of Purified [PH]Diazipine-Labeled a1 Suburits,
Trypsin digestion. Purified ["Hldiazipine-labeled al subuhits
(8 % 10° dpm/20 ug) were dissolved in deionized water (0.5
ml) by brief ultrasonication and dialyzed against 6 M urea
followed by distilled water (15) and concentrated to 0.1 m| by
lyophilization. The concentrate was digested with trypsin
(0.5 pg/m or 100 ug/ml) in 0.1 M Tris CL, pH 8.0/2 mM C4Cl,
at 37°C. The reaction was stopped by the addition of a final
concentration of 5 mM diisopropyl phosphofluoridate after
the indicated incubation times,

V8-protease digestion. Purified [*H]diazipine-labeled| al
was digested with V8 protease (0.2-1.0 mg/ml) in 20-40 InM
sodium phosphate in the presence of 0.3% digitorin (pH 7.8)
at 37°C as indicated. For immunoprecipitation, the samiple
was boiled for 5 min and. adjusted to final concentrationk of
1% Triton X-100, bovine serum albumin (I mg/ml), and [150
mM NaCl.

Immunoprecipitation. Antibodies were bound to protein
A-Sepharose 4B by incubating 1 vol of serum with 1 vol of
swollen gel in RIA buffer containing 10 mM Tris Ci (rH 7.2),
150 mM NaCl, and 0.1% or 1,0% Triton X-100 for 2 h at 4°C.
The gel was. washed with ice-cold RIA buffer before [the
addition of digested or nondigested [*H]diazipine-labeledial.
After incubation for 2 h at room temperature, the resin was
washed with RIA buffer. Inmunoprecipitated radinacti ity
was either directly determined by liquid scintillation counting
after resuspension of the resin in 0.1 M sodium citrate (pH
3.0) or anmaiyzed by SDS/PAGE after denatiiration oflthe
resin in SDS sample buffer (5 min at 95°C or 15 min at 55 C).

SDS/PAGE, Gel Slicing, and Fluorography. Stan
SDS/PAGE was performed as described (ref. 11; gel system
1, 8% polyacrylamide; gel system 2, 8-20% polyacrylanjide
gradient). For separation of smaller fragments the gel system
described by Schigger and von Jagow (20) was used :[gel
system 3: stacking gel, 4% T/3% C; spacer gel, 109% T/3% C;
separating gel, 16.5% T/6% C (where T is total monomer and
C s crosslinker)]. To visualize immunoprecipitated photbla-
beled peptides, gels were fixed or stained with Coomabsie
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blue R-250, impregnated with Amplify, dried, and exposed to
Kodak XARS film. Altematively, individual gel lanes were
manually cut into 3-mm slices and radioactivity was mea-
sured in ACS-II with 3% (vol/vol) H;0; or in Econofiuor with
3% (vol/vol) Protosol.

RESULTS AND DISCUSSION

Photolabeling with (*HIDiazipine. We have described 1z,
13) the synthesis and pharmacological characterization of the
DHP-receptor-selective photoaffinity ligand [*H]diazipine.
[?H]Diazipine is structurally closely related to the phenyl-
azide [*Hlazidopine (4) but contains a trifluoroethyl diazirine
as the photoreactive group. Both ligands possess similar
reversible binding properties for skeletal muscle Ca®*-
channel-associated DHP receptors (12). In contrast to
PHlazidopine, the covalent bond formed between [*H]diaz-
ipine and the receptor site is chemically stable against acid
treatment and reducing agents (12, 13). Fig. 1 (Janes 1-3)
shows an SDS/PAGE analysis of partially purified skeletal
muscle Ca®* channels photolabeled in the absence and pres-
ence of 10 xM PN200-110. [*H]Diazipine labeling is specific
and oceurs exclusively in the al subunit of the channel
complex. Reductive denaturation did not remove specific al
labeling (see Fig. 1), which has been reported for [*Hjazi-
dopine (21). Photeaffinity labeling of «1 subunits with diaz-
ipine was reduced by 60% by the phenylalkylamine (—)-D888
(data not shown), in agresment with the allasteric interac-
tions between the DHP and phenylalkylamine receptor sites
observed in reversible binding experiments (4),

Isolation of Three Fragments Specifically Photolabeded with
[PH]Diazipine. Trypsin (0.5 zg/mi) digestion of the purified
sample (substrate/enzyme ratio = 200) led to the appearance
of labeled 50- to 95.kDa polypeptides, which were further
cleaved to labeled fragments of 3.0, 6.2, and 7.4 kDa upon
prolonged digestion (Fig. 1, lanes 4-7). These fragments were
resistant to further cleavage with very high protease concen-
trations [trypsin (100 ug/ml); substrate/enzyme ratio = 1}as
shown in Fig. 1 (lane 8) after separation in the higher-
resolving gel system 3. Quantitative determination of the
radioactivity from gel slices revealed that these fragments
contained 40-509%, 15-20%, and $-10% (range, n = 4) of the
total el-associated radioactivity, respectively.

Fic. 1. Tryptic digestion of [*H]diazipine-photolsbeled al sub-
unit. Partially purified Ca** channels (10 zg) were photolabeled with
PHidiazipine in the absence (lane 1) or presence (lane 2) of 10 M
(+)}PN200-110 and purified. The purified photolabeled ol subunit (2
#g, lane 3} was analyzed in gel systam 1 (8% polyacrylamide)

- followed by fluorography of the dried gel. Eighty to 85% (range of

three experiments) of labeled al was recovered after ge} filtration.
FPurified photolabeled o1 subunit (2 pg, 80,000 dpm) was digested
with trypsin (0.5 ug/ml) at 37°C for 0.5 h (lane 4), 1 h (lane 5), 2 h {lane
6), or 4 h (lane 7). The reaction was stopped by addition of § mM
dilsopropyl phosphofluoridate and the photolabeled peptlides were
separated in gel system 2. A more complete tryptic digest (100 ug/ml
for 6 h) separated in gal system 3 is shown in lane 8. Fluorograms of
dried gels are shown with molecular masses indicated as kDa.
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identification of Two Specilically Photolabeled Segments of
the al Subunit by Immunoprecipitation with Sequence-
Directed Antibodies. To determine their localization within
the primary structure, we probed these tryptic fragments with
several sequence-directed antibodies recognizing distinct
proposed extraceliular portions of the al subunit {15). The
photolabeled al subunits were subjected to immunoprecip-
itation by incubation with the sequence-directed antibodies
anti-CP-{946-976C), anti-CP-(1011-1026C), anti-CP-(1219-
1232), anti-CP-(1338-1351), and anti-CP-(1339-1354) bound
to protein A-Sepharose before and after tryptic digestion
(Fig. 2). All antibodics immunoprecipitated the intact pho-
tolabeled a1 subunit. The immunoprecipitation was specific
because it was not observed with preimmune sera or after
preincubation of the anti-peptide antibodies with excess
peptide. After digestion of labeled al with trypsin (100
pg/mi), only anti-CP(1011-1026C) (Fig. 2), anti-CP-(1338~
1351){Fig. 2}, and anti-CP-(1339~1354) (data not shown) were
stili able to bind radioactivity (40—45% and 30-40% of the
specifically bound radioactivity associated with al, respec-
tively). The results indicated that =~75% of specific PHIdi-
azipine labeling occurs in close proximity to the CP41011-
1026C) and CP-(1338-1351) sequences.

SDS/PAGE analysis of the immunoprecipitated photola-
beled peplides revealed the three major photolabeled frag-
ments of 7.4, 6.2, and 3.0 kDa (Fig. 34). Anti-CP-(1011-
1026C) recognized only the 3.0-kDa fragment (Fig. 34, lane
2), whereas anti-CP-(1338-1351) and anti-CP-(1339-1354)
{data not shown) bound only the labeled 6.2-kDa and 7.4-kDa
fragments (Fig. 3A, lane 3). Thus, the 3.0-kDa and 6.2/7.4-
kDa fragments represent distinet sites of photolabeling in
domain JII and domain IV, respectively.

Locatization of the Site of Photolabeling in Domain I,
Inspection of the potential tryptic cleavage sites within =3.0
kDa of the CP-(1011-1026C) sequence revealed that two
tryptic fragments of ~3 kDa can potentially be immunopre-
cipitated by this antibody (Fig. 38). These fragments would
result from cleavage at Arg-988 (N terminus) and Arg-1022 (C
terminus; calculated molecular mass, 4.1 kDa), or Arg-1022
(N terminus) and Arg-1038 (C terminus: calculated molecular
mass, 1.7 kDa), respectively. These two fragments contain 12
or 4 amino acid residues of peptide CP-(1011-1026C), respec-
tively. To determine which of these two peptides can be
bound by anti-CP-(1011-1026C), immunoprecipitation of a
tryptic (100 xg/ml) a1 digest was carried out in the absence

100

anr

8O

% Immunoprecipitated

B846-876C 1011-1026C127190-1232 1338-1351 PRE
Antibody

Fra.2. Immunoprecipitation of [*Hldiazipine-labeled a1 subunit
by various sequence.directed antibodies before and after trypsin
digestion. Purifi¢d photolabeled o} subunit (5000 dpm; bold-hatched
bars and light-hatched bars) and its digests with trypsin (300 ug/ml;
s0lid bars and open bars) were immunoprecipitated with antisera (200
1) directed against the peptides indicated, Radicactivity bound to
the protein A-Sepharose-adsorbed antibody was determined directly
by scintillation counting. Sers preincubated with the corresponding
peptides (lightly hatched bars and open bars) at 10 4M and preim-
mune serum (Prd) were measured as control. Data are given as mean
* SDforn > 2,
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FiG. 3.  Analysis of immunoprecipitated Jabeled tryptic al frag-
ments. (A) Purified photolabeled &l subunit (3 % 10° dpm) was
digested with trypsin {100 ug/mb) for 6 h at 37°C. A sample was
analyzed directly by SDS/PAGE in gel system 3 and fluorography
{lane 1). One-third of the digested sample was immunoprecipitated
with protein A-Sepharosc-bound entibodies anti-CP-{1011-1026C)
(lane 2) and anti-CP-(1338-1351) (lane 3) and analyzed by SDS/
PAGE in gel system 3. A fluorogram of the dried gel is shown, (B)
Primary structure of al near the CP-(1011-1026), CP-(1338-1351),
CP-(1339-1354), and CP-(1382-1400) sequences. Boxed sequences
correspond to the proposed transmembrane segments IIS6 and
Iv¥Ss,

and presence of either CP-(1011-1022) or CP-(1023-1026C),
the two purified tryptic fragments of CP-(1811-1026C). As
shown in Fig. 4, only CP-(1011-1022), but not CP-(1023-
1026C), was able to compete with anti-CP-(1011-1026C)
binding to the ~3-kDa fragment. We therefore conclude that
40--50% of [*H]djazipine photolabeling must occur between
residues Arg-988 and Ala-1023 of the al subunit in the loop
between transmembrane segments S5 and $6 of domain III.

Localization of the Site of Photolabeling in Domain IV.
Inspection of the potential tryptic cleavage sites near the
CP-(1338-1351) and CP-(1339-1354) sequences revealed that
labeled tryplic fragments with the experimentally observed
molecular masses (6.2 and 7.4 kDa) must be derived from
cleavage at Lys-1336 (N terminus) and Arg-1388 (C terminus:
calculated molecular mass, 6.3 kDa) or Lys-1403 (C-
terminus; calculated molecular mass, 7.9 kDa}, respectively.

100
g}
60 |

40

% Immunoprecipitated

20

NOME  1011-1026C 10141022 102310260

Feptide

Fig. 4. Anti-CP-(1011-1026C) immunoprecipitation of [PH]diaz-
ipine-Jabeled ol fragments in the presence of CP-(]OII—IDZ&C). and
it tryptic fragments, A tryptic (100 pug/m)) digest of the punﬁs:d
photolabeled al subunit (5000 dpm) was immunoprecipitated with
protein A-Sepharose-bound antibody anti-CP-{1011-1026C) preincu-
bated with or without 10 pM CP-(1011~1026C), 10 uM CP-(1011~
1022, or 10 uM CP-(1023-1026C). Immunoprecipilated radioactivity
was determined as in Fig. 2,
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F1c. 5. Immurioprecipitation of [*H)diazipine-labeled ol fragments with various scquence-dirccted antibodies after digestion with V8
protease. (4) Purified [*Hldiazipine-fabeled «1 (4000 cpm) was digested with V8 protease (1 mg/mi} for 0.5 h (fanes 1-3) or 2 h (lanes 4-6). Half
of the-digested sample was immunoprecipitated with protein A-Sepharose-bound antibodies anti-CP-{1382-1400) (50 ul of serum, lanes 2 and
5) or anti-CP-(743~759) (50 ul of serum, lanes 3 and 6). These sampies and unprecipitated controls (Janes 1 and 4) were analyzed by SDS/PAGE

and fluorography. (B) Purified ["H)diazipine-iabeled o] was digested with
SDS for 24 h at 37°C. The digested sample was immunoprecipitated wi

V8 protease (0.2 mg/ml) in 40 mM sodium phosphate, pH 7.8/0.1%

th protein A-Sepharose-bound antibodies (50-75 el of serum). Afler

incubation, the protein A-Sepharose was collected by centrifugation, and the antibody-bound radioactivity was calculated from the decrease

in unbound radioactivity recovered in the supematant. immunoprecipitated radioactivity was normalized with respect to the total [*H)diazipine. .
labeled ol added. (C) Reductively carboxyamidomethylated [N-methyl-*H]LU49888-labeled ol was digested with (0.5 mg/ml) or without

(control) V8 protease followed by immunoprecipitation as in B, Antibody

-bound radicactivity was determined by liquid scintitlation counting

of a sample of the washed protein A-Sepharose pellet and by SDS/PAGE., Data obtained with the digested sample were normalized with respect
to the control samples, SDS/PAGE revealed the presence of a single 6.2-%Da labeled fragment (data not shown). '

These fragments make up the transmembrane segment S6 of
domain IV and some residues on its proposed extracellular
and intracellular sides. To further restrict the site of labeling,
we used V8 proteasc to generate smaller proteolytic frag-
ments in this region. After 120 min of digestion with V8
protease (1.0 mg/mi), three labeled peptides were generated
with apparent molecular masses of 6.1, 5.0, and 3.8 kDa, as
iltustrated for twd experiments in Fig, 54 (lanes 1 and 4). The
6.1- and 5.0-kDa peptides were immunoprecipitated by anti-
CP-(1382-1400), an antibody against the intracellular side of
segment IVS6 (Fig. 5A, lanes 2 and 5), but not by a control
antibody directed against a remote region of the calcium
channel (Fig. 54, lanes 3 and 6), Quantitation of the immu-
noprecipitated radicactivity in a similar experiment with
anti-CP-{1339-13354) (Fig. 58) shows that 23% of the total ol
labeling is recognized by anti-CP-(1382-1400), whereas none
is recognized by anti-CP-(1339-1354) or by the control anti-
body. These results indicate that treatment with V8 protease
removes the CP-(1339-1354) peptide from the photolabeled
fragment and place its N-terminal end toward the C-terminal
end of CP-(1339-1354), :

Previous results (11) showed that [N-methyl-"H]LU49888,
a photoreactive derivative of the phenylalkylamine vera-
pamil, labels V8 fragments of almost identical size that are
recognized by anti-CP-(1382-1400). As shown in Fig. 5C,
anti-CP-(1382-1400), but not anti-CP-(1339-1354} or the con-
tro] antibody against a remote region of o1, also immuno-
precipitated most of the [N-methyl-H]LU49888 in the pho-
tolabeled V8 fragments.,

Thus we propose the following localization of the [PH]di-
azipine-labeled V8 fragments. The 3.8-kDa fragment is not
recognized by anti-CP-(1339--1354) or anti-CP-(1382-1400)
and, therefore, must represent a proteolytic fragment of the
labeled region in domain II1. The 5.0-kDa fragment must have
been generated by cleavage at Giu-1349 (N terminus) and
Asp-1390 (C terminus; caleulated molecular mass, 4.9 kDa)
as shown previously for the smallest [N-methyl-‘H]LU49888-
labeled fragment (11}, The 6.1-kDa fragment must contain the
5.0-kDa fragment plus additional sequences at its N and/or C
termini. We therefore conclude that 25%-30% of specific
[*Hdiazipine photolabeling occurs between Glu-1349 and
Trp-1391 in domain IV of the al subunit.

The Dihydropyridine Receptor Site of L-Type Ca®* Chan.
nels. Our results lead directly to the conclusion that diazipinc
is covalently attached to the caleium channel «l subunit at

sites in domain III between residucs 988 and 1023 and in
domain IV between residues 1349 and 1391, These regions
are located in the loop connecting transmembrane segments
IT155 and I1IS6 and in transmembrane segment IVS6 and the
adjacent severa) intracellular and extracelivlar residues. As
only a single high-affinity binding site for DHPs is associated
with purified or partially purified skeletal muscle Ca?*-
channc] preparations, it is very likely that these two specif-
ically photolabeled regions are in close proximity to the
high-affinity DHP receptor site in the folded structure of the
al subunit, as predicted by current folding models (22~24).

Because both of the specifically photolabeled regions con-
tain transmembrane or probable membrane-associated seg-
ments, our results do not provide conclusive evidence on
whether the DHP receptor site is located within the mem-
brane or on its extracellular or intracellular surfaces. Previ-
ous studies with charged DHPs indicated that the DHP
binding domain of L-type Ca2* channeis is accessible from
the outer surface of the calcium channel to both DHPs and
protons (9, 10}. DHPs are lipophilic molecutes with high
membrane partition coefficients and are believed to reach
their receptor site on the al subunit after partition into the
lipid bilayer (8}, We suggest a model (Fig. 6) for formation of
the DHP receptor site that is supported by our present results

\

!

\Qﬁ.

COy

Fic. 6. Tentative model for DHP and verapamil receplor sites. A
model of ealcium channel structure, adapted from ref. 23, illustrates
domains ITI and IV and the proposed folding of the segment between
transmembrane helices S5 and 56 back into the membrane to form
the lining of the transmembrane pore. Proposed regions of DHP and
verapamil (VER) binding are indicated.
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and agrees with these previous studies indicating DHP bind-
ing and action at a site accessible from the extracellular
surface of the lipid bilayer. '

The photolabeled region corresponding to residues 988—
1023 in the long connecting loop between the proposed
transmembrane segments S5 and S5 of domain I has been
proposed to fold back into the membrane in a nonhelical
conformation to form two short segments, SS1 and 5§82, that
may line the transmembrane pores of sodium and potassiugm
channels (22, 24). By analogy with these studies, it is likely
thal residues 1001-1018 of the calcium channe! al subunit
fold into the membrane and contribute to formation of the
transmembrane pore (23). Because DHPs can reach their
receptor sites from the extraceilular side of the channel and
can activate and inhibit channel activity, it seems most likely
that their receptor site is formed ir a position that is acces-
sible from the extracellutar surface of the al subunit and does
not impede jon access to the transmembrane pore, We
suggest that residues in domain I on either side of those that
are proposed to form the transmembrane pore (e.g., approx-
imately residues 988-1001 and residues 1018 through the
extracellular end of transmembrane segment IIIS6) contrib-
ute to formation of the receptor site for DHPs and are
photoaffinity labeled in our studies. The amino acid residues
in transmembrane scgment 1VS6 may also contribute to
formation of the DHP site since they are thought to be located
nearby in the folded structure of the a1 subunit (Fig. 6).

The peptide fragments we have characterized account for
the majority of the [*H)diazipine specifically incorporated
into the al subunit (65-85%). It is possible that additional
minor sites are also photolabeled and contribute to the
15-35% not characterized in this work. For example, hydro-
philic intracellular segments in the N- and C-terminal do-
mains of the al subunit are also photolabeled by DHPs as
determined by amino. acid sequencing methods (25). The
evidence that the DHP receptor site is located within the lipid
bilayer accessible from the extracellular surface sirggests that
these sequences may not contribute directly to the physio-
logically active DHP receptor site.

Previous work (11) and the results of Fig. 5 show that the
peptide containing residues 1349-1391 is also photolabeled
by a verapamil derivative and, therefore, likely contributes to
formation of the intracellular receptor site for phenylalkyi-
amines. There are strong allosteric interactions between the
binding of DHPs and phenylalkylamines (4). Since the re-
ceptor sites for these two classes of drugs may be formed in
part by peptide segments at opposite ends of transmembrane
segment 1VS6, their allosteric interaction may involve con-
formationai changes that are transmitted through the mem-
brane by movements of segment IVS6. Further studies of the
molecular properties of these receptor sites may reveal
information concerning the conformational changes that are

Proc. Natl. Acad, Sci. USA 88 {1991) 9207

involved in calcium channel gating and its modulation by
DHPs and other calcium channe! moduiators.
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Effect of combination of calcium antagonist, azelnidipine,
and AT, receptor blocker, olmesartan, on atherosclerosis in

- apolipoprotein E-deficient mice

Jun Suzuki, Masaru lwai, Zhen Li, Jian-Mei Li, Li-Juan Min, Ayumi Ide, Toyofumi
Yoshii, Akira Oshita, Masaki Mogi and Masatsugu Horiuchi

Objective Angictensin il type 1 receptor blockers (ARB}
are widely recognized to have a vasculoprotective effect.
Accumulating data have revealed that calcium antagonists
also retard atherosclerosis. We examined the possibility
that combination therapy of ARB and calcium anhtagonists
could more effectively prevent atherosclerosis than
manotherapy.

Methods and results We observed a marked increase

In the atherosclerotic area, associated with the exaggerated
expression of nicotihamide adenine dinucleotide
(phosphate), reduced form [NAD(P)H] oxidase

subunits (p322°7°% and p47°"°") and supetoxide anion
production, in the aorta of apolipoprotein E-deficient
mice maintained on a 1.25% high-cholesterol diet for

10 weeks. A calcium antagonist, azelnidipine, at a dose

of 1 mg/kg a day or an ARB, olmesartan, at a dose

of 3 mg/kg a day, significantly inhibited these parameters,
with no change In systollc blood pressure and the

blood cholesterol level. Moreover, the co-administration
of lower doges of azelnidipine (0.1 mg/kg a day) and
olmesartan (1 mg/kg a day) significantly inhibited the
atherosclerotic area and oxidative stress, whereas
azelnidipine or olmesartan alone at these doses did

not affect these parameters. Furthermore, we observed
similar Inhil:iitory effects of azelnidiplne or olmesartan

on angiotensin li-induced NADPH oxidase activity

Introduction

Increased production of reactive oxygen species (ROS) in
the atherosclerotic lesion has been documented in both
animal [1} and human {2} studies. Oxidative stress, an
excessive production of ROS, plays a cencral role in the
development and progression of atherosclerosis, because
it mediures a wicle range of pathological processes such as
lipid peroxidation [3) and the reduction of nicric oxide
biouctivity {4). Angiotensin 11 is a principal vasouctive
substance of the renin-angiotensin system, which has a
variety of physiological actions including vasoconstric-
tion, aldosterone relcase, and cell growth. Angiorensin 11
is a potent mediator of oxidative stress through activating
nicotinamide adenine dinucleotide (phosphate), reduced
form [NAD(P)H] oxidase [5], which contributes to
the development of atherosclerosis, Most of the known
cardiovascular actions of angiotensin II have been

02634352 € 2005 Lippincet Williames & Wilkins

and Akt activity in cultured vascutar smooth muscle
cells, ’

Conclusion These results suggest that the
co-administration of calcium antagonists and ARB
synergistically blunts oxidative stress at least partly through
the inhibition of Akt activity and enhances the beneficial
effects of these drugs on atherosclerosis compared with
monotherapy. J Hypertens 23:1383~ 1389 ® 2005 Lippincott
Williams & Wilkins.
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reposted to be mediated by the angiatensin 11 rype |
{AT,) recepror, and AT recepror blockers (ARB) have
been widely used as antihypertensive drugs with the
expectation of vasculur proteetive effects [6].

As a2 number of molecular and cellular changes in athero-
genesis are mediated by the disruption of calcium
homeostasis. it has been proposed that calcium antagon-
ists may exert anti-atherosclerotic effeces. Calcium
anragonists have been shown to limit the development
of atherosclernsis [7,8), Accumulating evidence has
suggested that the intracellular signating mechanisms.,
by which the AT receptor exens hypertrophic or pro-
liferative effects on their targets such as vascular smooth
muscle cells (VSMC), are closcly associated wich recepror
and non-receptor tyrosine kinases, and that some ‘AT
receptor-mediated signaling requires calcium ion-sensitive
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tyrosine kinuses [9]. These results suggest the possibilicy
that un ARB and calcium antagonist combination therapy
could more effectively prevent the development of
atherosclerosis than monotherapy. We have recently
demonsirated that a caleium antugonist, azelnidipine,
enhances the vascular protective effects of an ARB,
olmesartan, on an injured artery, with the atrenvation
of VSMC proliferation, inflammation. and oxidative
stress | 1)), However, the effeces of calcium ANtagonises
combined with ARB on the spontuncous development of
atherosclerotic lesions have not heen fully elueidared.

in the present study, we examined the possibility thar a
combination of axelnidipine and olmesaran could he
more effective in the treacment of acherosclerosis than
monotherapy, using a mouse atherosclerosis model,
apolipoprotein E-deficient mice, which exhibit athero-
sclerotic lesion formation similar to thar observed in
humans,

Methods

This study was performed in accordance with the
Nutional Insticutes of Health puidelines for the use of
experimental animals. All animal studies were reviewed
and approved by the Animal Studies Committee of
Ehime University. -

Animals and treatment

Adult male apolipoprotein  E-deficient mice (The
Jacksen Laboratory, Bar Harbor, Maine, USA) aged 6
weeks with a body weight ranging fram 25 10 30 E were
used in this study. The animals were housed in a room
where lighting was controlied (12 h on, 12 h offy and the
temperature was kept at 25°C. They were given a
standard diet (mouse food, Oriental Yeast) or a high-
cholesierol dier (1.25% cholesternl, 10% cocanur oil in
mouse food) for 10 weeks from 6 wecks of age and warer
was freely available. Azelnidipine (CS-905: donated by
Sankyo Pharmacentical Co., Tokyo, Japan; 0.1 and | mgf
kg a day) was administered oral ly from 6 weeks of age.
Olmesarcan (RNH-6270: donated by Sankyn Pharmaceu-
tical Co 1 and 3 mg/ky a dav) was administered using
“an osmotic minipump (Alzer model 1002; DURECT
-Corporation.  Cupertino, California, USA) implanted
intraperitoneally from 6 weeks of age. Systolic blood
pressure was measured by 2 non-invasive cail cuff
system in conscious mice. The plasma cholesterol level
was measured by the cholesterol oxidase method
{Cholesterol E-tes; WAKO Chemical Industries, Lrd.,
Tokyo, Japan).

Atherosclerotic lesion area

The mice were killed at che age of (6 weeks, and
the atheroscleratic lesions were analysed as described
previously {11). Analysis of the lesion area was performed
either within the aortic arch or throughout the aorea, The
lesion area of the proximal portion of the thoracic sorta

up to the aortic origin (zortic arch) was determined by
meuns of serial cross-sections, followed bv ol red O
stining and counterstaining wicth haematoxvlin, A quin-
titative analysis was performed using Densitograph
Imaging Software (ATTO Corporation. Tokvo, Japan).
The mean value of five sections was taken as the value {or
each animal. The lesion area in the whale aorta was also
anatysed. The excised anrca (from aortic arch to 1liac
bifurcation) was npened longitudinally. Colour images
were taken with a digital camera (Nikon, PIN4500)
connected to a computer. The athernselerotic lesion ares
was quantified by analysing the open luminal surface of
oil red O-stained aorta with Densitograph Emaging Sofi-
ware. The amount of lesion formution in the encire 40T
in each animal was measured as the percentage of fesion
area per toral area of the aormic endachelial surface,

Western blot

Total proteins were prepared from pooled arteries (six to
eight arteries for each group) or culwred VSMC, and
Western blor was performed as previously described [12].
Anti-p22™% angi-pd 7P and anti-Akrl antibodics were
purchased from Sants Cruz Biotechnology Ine. (Sanra
Crur, California, USA) Anti-a-smoath muscle acrin anti-
body (clone 1A4) was purchused from Stgma Chemical
Co. (5t Louis, Missouri, USA). Antiphosphorylated Akt
(Ser 473) was purchased from Cell Signaling Technology,
Inc. (Beverly, Massachusecs, USA),

Superoxide production

Superoxide production was quantitatively measured
using a cytochrome ¢ reducrion assay as previously
described [13,14]. The aorias were rapidly removed
and placed into chilled Krebs/HEPES buffer, und
excessive adventitial tissue was cleaned without injuring
the endothelium. Three anric ring sections (2 mm) were

- placed in buffer containing 145 mmolfl sedium chloride,

4.86 mmol/l potassium chloride, 5.7 mmol/l sedium
phosphate, 0.54 mmal/l calcium chlornide, 1.22 mmol/l
magnesium sulphate, 3.5 mmol/l glucose, 0.1 mmol/l
deferoxamine mesviare. and 1 U/pd catalase. Cytochrome
« (30 wM; Sigma-Aldrich, St Louis, Missouri, USA) wus
then added, and the sumples were incubated at 37°C for
60 min  with and’ without superoxide dismucase
(50D 125 U/ml). Cytochrome rreduction was caleulated
using absorbance ar 550 nm. Superoxide producrion
was quantified in picomoles per milligram of aorta from
the difference between absorbance with and wichoue

50D,

Cell cuiture and freatment

Adult rat aortic VSMGC were prepared and cultured as
deseribed previously [12]. Subconfluent VSMGC from
passages 5-7 were used in the following experiments.
Before the experiments, VSMC were kept for 241 in
quicscent medivm without serum. The cells were then
ticated with Dulbecens modified essential medium
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conwining angiotensin T (Sigma) {1077 moWl) wich or
without azelnidipine (($-905: donated by Sunkve
Pharmacewtical Co: 0.5 % 107 and 5 % 107" mol/l} oc
olmesartan (RNH-6270; donated bv Sankyo Pharmaceu-
tcal Co.: 107'% and 107° mol/l} us indicated in each
experimental  condition. As an antioxidant. tempaol
(10 mmot/M), 2 8OD mimedie, was purchased from Wako
Pure Chemical Industries (Osaka, Jupuan),

Nicotinramide adenine dinucleotide phosphate, reduced
farm, axidase activity

NADPH oxidase activity was meusured as previously
described. with slight modifications using 3 pmolfl
lucigenin [15). Chemituminescence was monitored by
# luminometer (AB-2200: ATTO Corporation) for § min
after the sdditinon of cell extruct,

Statistical analysis

Values uare expressed as meun £ 8E in the texc and

figures. The daca were analysed by two-way anzlysis of
. varanee. If a satistically significant effect was found,

post-hoc analvsis was performed o detect the difference

between the groups. A value of P < 0.05 was considered

to be statistically significant.

Results

Systolic blood pressure and plasma cholesterol level
We first examined the effects of 2 high-cholesterol diee,
azelnidipine or olmesaran treacment on systolie bleod
pressure and the plasma cholesteral level. As shown in
Table t, the plasma cholesterol level was significantly
elevated in apolipoprotein E-deficient mice after 10
weeks' feeding of a high-cholesterol diet compared with
a normal diet. Azelnidipine (0.1 and 1 mg/kg a day} or
olmesartan (1 and 3 mg/kg a day) did not influence either
svstolic blood pressure or the plasma cholesterol level
(Table 1),

Effect of azelnidipine and olmesartan on atherosclerotic
lesion area

We next assessed the atherosclerotic lesion area in the
proximal and whole aorta. After 10 weeks of hgh-
cholesterol dies feeding, apolipoprotein E-deficient mice

Table 1 Systolic blood pressure and plasma cholasterol level in
epolipoprotein E-deficient mice

SBP (mmHg) Cholesteral (mg/dl

Narmal dier 656 1.0 413.0 £ 46.0
High-chalesterel diat 985 + 0.8 2138.0 & 254.0*
Azalnigipine {0.1) o880+ 1.8 2036.0 £ 121.3*
Azelnidipine {1} 88.8 = 1.2 1968.5 £ 136.0"
" Olmessrtan (1), BE.7 % 1.2 1959.3 & 120,74
Olmesarten {3) 96.8 + 0.9 2270.8 £ 168.1+
Azelnidipine (9.1) + almesartan (F) 483+ 1.7 1961.5 & 223.2"

Valuas are moan & SE; n=11~12 for each groun. Values of azelnidipine and
almesartan are given as mg/kg per dzy. *Significant difference (P < 0.05) com-
pared with nomal diat.

displayed marked atherosclerotic tesion formarion in the
proximal anrta (Fig. 1). The lesion arca was sienificantly
reduced by rreatment with uzelnidipine ac | me/ke a duv
(24% of high-cholesteral diet only) or olmesartan ac 3
mgfkg o day (41% of high-cholesterol diet only; Fig, 1.
To examine whether azelnidiping and olmesarean could
synergistically inhibit acheroscleratic lesion formation,
apolipoprotein E-deficient mice were treated with a
lower dose of azelnidipine, olmesartan, or their combi-
nation. Azelnidipine or elmesartan at lower doscs {01 or

Flg. 1
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Effects of azelnidipine or oimesartan on atherasderatic lesion

area m prosimal aorta. (a) Representative cross-seclions of proximal
acrta with oil red O staining in apolipoprotein E-deficient mice treated
with (i} normal diet (MD), {ii) high-chalosterol diet {HCDY, {iii) high-
cholesterol diet with t mg/kg a day azelnidipine, {iv) high-cholesteral
diet with 3 mg/kg a day olmesartan (O¥m), {¥) high-cholestera! diet with
0.1 mg/kg a day Aze, (vi) high-cholesterol diet with 1 mg/kg a day Olm,
and (vii) high-chalesterol diet with 0.1 mg/kg a day Aze and 1 mg/kg a
day Ofm. (b) Atherosclerotic lesien area in cross-sections of proximal
aorta. The mean value of five sections was taken as the value dor
each animal. Each bar ropresents mean + SE (7 = 8-10 per group).
*8ignificant dilference (P < 0.05) compared with high-chalesteral

diet only.
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(% of total area)

Atherosclerotic lesion area

0=
Aze {mglkg/day) — - 0.1 1.0 - - 0.1
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ND HCD

Effects of azetnidipine or olmesartan on atheroscleratic tesion area in
the enire aorta, The amount of athereselerctic lesian formation in the
entire aoria was measured as the percentage of the lesion area per tote)
area of the aortic endothefial surface, Each bar represents mean = SE
{n = 8-10 per group). Aze, azelnidipine; HCD, high-cholestarol diet;
ND, normal diet; Olm, elmesartan. *Significant dilference (P < 0.05)
compared with high-cholesteral diet andy.

I mgfkg a day, respectively) did not affect the lesion
arca, whereas a combination of both azelnidipine and
olmesartan at these doses significantly reduced the lesion
arca (37% of high-cholesterol diet only; Fig, 1). Similar
sffects of azelnidipine or olmesarcan on the tesion area
were also observed in the whole aorm (Fig. 2). '

Effect of azelnidipine and clmesartan on vascular
oxidative stress ‘

Oxidative stréss is thought to play a critical role in the
pracess of atheroscleratic lesion formation. Therefore, we
exumined superoxide production and the expression of
the NAIXP)H oxidase subunits in the aore. After 10

Fig. 3

2600

g

1500+

g

(pmol{mg)

500+

Superoxide production

0-L1-
Aze (mpkalday) — - 0.1 1.0 - = 0.1
- Olm {mg/kpiday) — - = - 1.0 3.0 1.0

—_—

ND HCD

Effects of azetnidipine ar elmesarian on superoxide produttion in the
aorta. The superoxide content was measured by the cytochrome ¢
reduction assay as described in the Methads section. Each bar
represente mean & SE (n = 6-8 per group). Aze, azelnidipine; HCD,
high-cholesterol diet; ND, normal diet; Olm, olmesartan. *Significant
differenca (P < 0.05) compared with high-cheiesteral diet only.

weeks' high-cholesterol dier feeding, superoxide pro-
duction in the aorta was significantly enhanced comparced
with normal diet (1970 £ 151 versus 801 = 83 pmol/mg;
Fig. 3). Azclnidipine ar | mptkg a dav or olmessran
at 3mpfkg o day awenuated superoxide production
{1321 £ 118 and Y47 £ 146 pmal/mpg, respectively: Fig,
3). Azelnidipine or ofmesartan at lower doses (0.1 and
I mg/lg a dav, respectivelyd did not affect superoxide
production {1942 + 6% and 1954 & 163 pmal/mg, respect-
ively), whereas a combination of both azelmidipine and
olmesartan ar these doses significantly artenuated super-
oxide production (873 + 112 pmal/mg; Fig. 3). Western
blot using pocled aortic samples reveated simiiar inhibi-
tory effects of azelnidipine or olmesartan on expression of
the NAD(P)H oxidase subunits. p22™% and p47m™o*_in
the acria (Fig. 4),

Fig. 4
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Eflects of azelnidipine or olmesarian on expression of nicolinamide
adarine dinucleokde {phosphate), reduced form [NAD{P)H| axidase
subunits in the aora. {a) One reoresentative result of Westarn blats of
p22r" and p47P"™ uging threc different pooled samples is shown, (b)
Densitometric measurements of p22P™" and p47™"* from Western
blots. Valuas are mean + SE {n = 3, -SM actin, o-smooth muscle
actin; Aze, azelnidipine; HCD, high-chalesteral diet; ND, normal diet;
Olm, clmesartan; p22°™ and p4 77", NADH/NADPH oxidage subuni,
*Significant difference (P < 0,05} comparad with high-cholesteral digt
only.
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oxidase activity in VSMC, Azelnidipine ac 5 wmol/l or
olmesartan ac 16 wmolf] significantly ateenuated angio-
tensin H-induced NADPH oxidase activarion (Fig. 5).
Azelnidipine or olmesartan ac lower doses (0.5 pmol/l or
0.1 nmal/l, respectively) did not affece NADPH oxidase
activiry, whereas a combination of both azelnidipine and
olmesartan at these doses significantly actenuated angio-
tensin Il-induced NADPH oxidase activation (Fig. 5).
Moreover, the combination of lower doses of azelnidipine
and olmesartan (0.5 wmol/l or 0.1 nmol/l, respectively)
also inhibited the expression of p22""** and p47Phox iq
cultured VSMCE, whereas each drug alone did not affect
these expressions at these doses (Fig. 6),

Effect of azelnidlpine and olmesartan on angiotensin H-
induced Akt activation in cultured vascular smooth
muscle celis

To assess the signuling pathway involved in che effects of
azelnidipine and olmesartan, we measured Ake acavicy
induced by angiotensin ITin cultured VSMC, As shown |n
Figure 7a, the activation of Akt was decermined as its
phosphorylation. The combination of lower doses of
azelnidipine zmclI olmesartan significantly attenuated
Ake phospherylation induced by angiotensin 11, whereas
cach drug did not affect Akt phosphorylation ar these
doses. Moreover, tempal {10 mmol/l), an antioxidan,
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Effects of azelnidipine or olmesartan on the expreseion of nicolinamide
adenine dinucleotide (phosphate), reduced form [NADIPIH] exidase
subunits in adult rat vascular smooth muscle cells (VSMC). (a) Cne
representative resuft of Weslern blots of p22°"™ and p47°"" ig ghown.
{b) Densitomeiric measurementa of n22°™" and pd7#'" [yam Western
blots. Values are mean = SE (n = 3), -SM actin, a-smoath muscle
actin; Aze, azelnidipine; Ofm, clmesartan: PRI and p47°™™ NADH/
NADPH oxidase subunit. *Significant diffarence (P < 0.05) compared
with cantrol.

remarkably inhibited Akt phosphorylation induced by
angiotensin 1T (Fig, 7b).

Discussion

The tack of apolipoprotcin E causes a marked increase
in plasma cholesteral-rich remnants and subsequent
atherosclerotic lesion formation [16). Apolipnprotein
E-deficient mice, therefore, provide a unique model to
analyse the pathogenesis of spontancous atherosclerosis.
Consistent with previous abservations, we demonserated
in the present study that che atheroselerotic lesion area in
this mondel was significantly reduced by treatment with
azelnidipine at 1 mgfkg a day or olmesartan at 3 mg/kg a2
day [10]. In contrast, Candido «2 &/, [17} showed that an
ARDB, irbesartan, bur not a calcium antagonist, amlodi-
pine. reduced plaque size in diaberic 2polipoprotein
E-deficient mice. Moreover, the authors showed that
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(a] Eftects of azelnidipine or o'mesartan on angiotensin Il {Ang II)-
induced Akl activation in adufi rat vascular smooth muscle cells
{(VSMC). Adult rat VSMC were prepared, cultured and treated with Ang
1{10™7 moll) with or withaut azelnidipine or oimesartan as described in
the Methods section. (b) Effects of tempo! {10 mmol/l} on Ang Il
induced Akt activation in adult rat VSMC. Tempol (10 mmalf} was
added simultaneously with Ang II. Each bar represents mean * SE of
three independent experiments. Aze, Azelnidipine; Olm, olmesartan:
p-Akt, phasphorylated Akt. *Significani difference (P < 0.05) compared
with contro

irbesartan bur not amlodipine ereatment actenuated the
callagen content, cellular proliferation, and macrophage
infiluation as well as platelet-derived growth factor B,

monncyte chemaoattraceant prarein 1 and vascular ceflular

adhesion molecule 1 overexpression in the aorty [17].
However, we have reported that wzeinidipine was able ta
reduce neointimal formation in a cuff-induced vascular
injury madel, associated with the attenuation of TNF-q,
manocyte chemnateractant protein 1 exptession and
VSMC protiferation [10]. These apparently conflicting

resutts conld be party caused by the model (disberic of
non-diabetic apolipoprotcin E-deficient mice) or the d rug
(amiodipine or azclnidipine).

We examined the possibiliry that cafeium antagonists and
ARB may synergistically suppress atherosclerotic lesion
formation, and demonserared that @ combination of hoch
azelnidipine and olmesartan at low doses. which did not
affect blood pressure and che plasma cholesterol level,
effecrively reduced atherasclerotic lesion farmarcion in
apolipoprotein  E-deficient mice placed on a high-
cholesterol diet for 10 weeks, whereas chis inhibitary
effect was not observed with these doses of azclmdipine
and olmesarcan sione. These resules suggest that a
combination of azelnidipine and olmesartan could be
mare effective in the weatment of atherosclerosis than
manotherapy.

An evaluation of oxidative stress in this model LY
provide a further understanding of the inhibitory effect
of calcium anwgonists and ARB on achernsclerosis. We
observed that superoxide production in the sorta was
significantly enhanced in apolipoprowein  E-deficient
mice placed on a high-cholesterol dier for 10 weeks,
The mechanism by which oxidative stress is increased
by hyperlipidemia could involve the exacerbation of
the effects of angiotensin 11, because LIDL has been
shown to upregulate AT, recepror expressiaon [18]. Te has
been reported char p22™™ 3 membrane component of
NAD(PIH oxidase, is a critical component of angiatensin
I)-induced NAIXMH oxidase sctivation and vascular
hypertrophy [19]. 1t has also been reported that pad7eex
a cytoplasmic component of NAD(PSH oxidase, is
required for atherosclerotic lesion progression in apali-
popratein E-deficient mice (28], These resules Sugpest
that ROS production through NATYPYH oxidase acti-
vation plays an important role in the development and
progression of atherosclerosis. We, therefore. examined
the expression of p227"* and p47"™™™* in the aorta. Con-
sistent with the results of the lesion area. a combinacion of
both azelnidipine and olmesarean synetgistically atrenu-
ated the expression of p2ZP"®* and p47"M* Gueh an
inhibitory effect of the combination on p22°" gand
pa7™ was also observed in VSMC {(Fig. ). Taken
together our observatons indicate thar a combinarian
of azelnidipine and olmesartan could mare cffectively
reduce the acherosclerosis lesion area associnred wich che

- attenuation of oxidative stress than monotheripy.

Akt regulates cell growth and apolipoprotein prosis in
various cell types [21). It has abso been repored that Ake
isinvolved in atherosclerotic lesion formation through che
control of VSMC [22]. In our study, the cambination of
lower doses of azelnidipine and slmesartan atrenuated
Akt acrivation induced by angiotensin 11 in culrured
VEMC (Fig. 7a). Moreaver, Akt activation was also
inhibited by an antoxidant, empel (Fig. 7b). These
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results suggest thac che inhibitory action of axelnidipine
and olmesartan is mediated by the regulation of Akt acti-
vity chrough the inhibidon of oxidative stress. The
activarion of mirogen-activated protein (MAP) kipuse
appears to be a major step in the growch signal transduc-
ton of several growth-promoting factors. Ic has been
reported that an increase in intracellular free caleium
concentration is an importanc process for angintensin
I-incluced activation of MAP kinase {23]. Moreover, a
calcium antagonist. nifedipine. hus been shown to inhibit
intimal chickening by attennating incmal VSMC pro-
liferation via a MAP kinuse pathway |24), suggesting that
intraceflular calcium kinetics play & critical role in the
pathogenesis of utherosclerosis. We demonstruted thar
NADPYH oxidase, a major source of ROS production in
the vessel wall. is activared in cultured VSMC in response
to angiotensin [1. and thar the combination of both
azelnidipine and olmesarcan synergistically attenuates
angiotensin H-induced NAIDPYH oxidase uctivation.
The detailed mechanism of the azelnidipine-mediared
ateenuation of oxidative stress remuins to be furcher
investigated. However. the blood pressure and choles-
terol-independent atrenuation of oxidative scress by azel-
nidipine, at least pardy caused by the inhibition of AT,
receptor-mediated effects, demanstrates a novel anti-
atherosclerotic mechanism chae may contribute to the
beneficial effects of these agenes bevond the lowering of
blood pressure and the plasma cholesterol level, especi-
ally together with an ARB. The combination of lower
doses of two drugs is expected o reduce the side-effecty
and expand the beneficial effects by interaction between
both drugs. Our Aindings provide further insights into the
pathogenesis of hypertension and atherosclerosis and
mav initiace rational and new therapeutic concepts.,
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