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A mi abuelo Felipe, 

te acabas de ir y aún me cuesta hacerme a la 

idea… Porque un abuelo es esa maravillosa 

mezcla de amor, risas, e historias infinitas. 

 

A mis padres, 

por ayudarme y apoyarme siempre, os costase 

lo que os costase. Gracias por ser como sois 

y haber conseguido que llegue a dónde estoy. 
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porque cada tarde que he pasado delante del 

portátil has estado tumbada, pacientemente, a 
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“Every adventure requires a first step” 

Cheshire Cat 

Alice in Wonderland – Lewis Carroll 

 

 

 

“Toda aventura require de un primer paso” 

El Gato de Chesire 
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Antes de meterme en faena con el tema de los agradecimientos, quiero aprovechar para 

saludarte querido lector, y hacerte una advertencia, padezco un raro trastorno conocido 

como incontinencia verbal, es decir, me dejas una página en blanco y tiempo para 

escribir y te redacto la versión 2.0 del Quijote. Si a pesar de esto has decidido seguir 

leyendo mis agradecimientos, entonces ponte cómodo querido lector, que esto va para 

largo (han sido muchas vivencias en estos años y debo agradecer muchas cosas a 

muchas personas), y ten a mano un pañuelo, porque sí, estoy sentimental y es posible 

que en algunos puntos esto adquiera un matiz lacrimógeno. 

Quiero empezar por presentarme (por si acaso no me conoces personalmente) para que 

así puedas ver y apreciar este trabajo desde otro punto de vista, más allá del meramente 

académico. Como ya habrás visto en la portada me llamo Sonia, soy hija única pero 

tengo una familia muy grande. Podría decirse que soy un tanto… “peculiar” a muchos 

niveles, pero la vida es más bonita cuando aprendes a vivirla a tu manera. Me encanta 

leer, el baloncesto, soy muy espontánea (rallando en lo que mi familia denominamos el 

“bocachanclismo”), detesto el color rosa, y siento un profundo amor por los animales (al 

menos por aquellos cuyo número de extremidades está comprendido entre una y 

cuatro), incluso a veces prefiero la compañía animal a la de ciertas personas (ya te lo 

había avisado querido lector, yo y mis peculiaridades)… No me importa si los animales 

son capaces de razonar o no, solo sé que son capaces de sentir y de querer igual o más 

que nosotros, y por eso los adoro. Por eso, desde que estaba en el jardín de infancia, 

mientras que los otros niños decían que de mayores querían ser princesas o 

superhéroes, yo lo tenía claro clarinete, yo quería ser veterinaria y ayudar a todos los 

animalitos adorables del mundo.  

Como ya habrás imaginado… No llegué a cumplir ese sueño. Aunque me quedé en un 

área cercana, estudié Biología y me esforcé hasta llegar a donde estoy ahora, la 

investigación biomédica. ¿Por qué ese cambio? ¿En qué momento pasé de querer 

ayudar a los animalitos a querer ayudar a las personas? Pues porque siendo yo aún 

pequeña (como éramos pequeños antes, cuando con 10 años aún jugabas con Barbies 

y creías en los Reyes Magos), a mi abuela Carmen le diagnosticarion Parkinson. 

Recuerdo a mi madre, conteniendo la emoción, explicándome que mi Lala estaba 

enferma, que en ese momento no había cura, pero que no debíamos perder la 

esperanza porque a lo mejor en unos años alguien descubría algún tratamiento… En 

ese momento había muchas cosas que no entendía, primero por qué a la persona más 

dulce y bondadosa que yo conocía, que era mi abuela, le estaba pasando algo tan malo. 

La segunda es que no hubiese cura, en mi mente de niña recuerdo haberme preguntado 

cómo era aquello posible, ¿de verdad no había nada? ¿Unas pastillas, un jarabe o 

incluso (y aquello para mí eran palabras mayores) una inyección? ¿Nada?… Y lo tercero 

que no entendía es quién era ese “alguien” que podía encontrar una solución y en qué 

cosas tan “importantes” estaba perdiendo el tiempo ese señor para que no hubiese 

encontrado ya una cura a un problema tan serio (sí, ya era de armas tomar por aquella 

época). Ahí se sembró la semilla que acabaría conmigo aquí sentada, escribiendo los 

agradecimientos de esta Tesis.  

Después de unos años llegó el detonante definitivo que hizo germinar la semilla plantada 

años atrás. Al hermano pequeño de mi madre le diagnosticaron un tumor cerebral… Y 

ahí estábamos de nuevo… El coco por excelencia de las enfermedades, de nuevo sin 

cura, de nuevo el dolor de saber lo que va a tener que pasar alguien a quien quieres con 



 

 

todo tu corazón, los nervios, la incertidumbre… En ese momento, con casi 15 años tomé 

mi decisión, iba a estudiar muy duro, me iba a esforzar mucho e iba a llegar a formar 

parte del mundo de la investigación, iba a intentar ayudar a todas esas personas y 

familias que estaban en situaciones como la nuestra. Y eso he tratado de lograr desde 

entonces. Por el camino hemos tenido que enfrentarnos a nuevos diagnósticos un tanto 

escabrosos (una polineuritis inflamatoria desmielinizante crónica, dos enfermedades 

inflamatorias intestinales –aquí estoy yo incluida -)… y sé que ahora mismo querido 

lector estarás pensando que vaya genes prodigiosos que nos han tocado en mi familia… 

Yo misma lo pienso a menudo. Pero a pesar de que estemos para el desguace, me 

siento muy orgullosa de ellos, del ejemplo de superación que son para mí y de las 

fuerzas que me dan para seguir adelante en cada paso de mis investigaciones a pesar 

de los problemas que puedan ir surgiendo.  

Espero que ahora entiendas que en este trabajo no hay solo un mero aspecto 

académico o profesional, espero que entiendas amigo lector el valor que mi trabajo tiene 

para mí, y que cada día de estos últimos años he intentado poner mis esfuerzos y mi 

corazón en todo lo que he hecho. 

Y después de esta “no tan breve como esperaba” introducción, quiero darles las gracias 

en primer lugar a todas las personas de mi ámbito académico y laboral que han hecho 

posible que yo llegue a donde estoy, todas las personas que han confiado en mí y me 

han permitido estar un paso más cerca de mis sueños.  

Muchas gracias a la Junta Provincial de La Rioja de la Asociación Española Contra el 

Cáncer por creer en mi proyecto y darme la oportunidad hace 3 años de realizar esta 

Tesis. Sin su apoyo económico este trabajo no habría sido posible. Pero sobre todo, 

gracias por la labor que realizáis día tras día con pacientes y familiares, gracias por el 

entusiasmo y el cariño que ponéis en todo lo que hacéis, y por arrojar un poco de luz a 

una enfermedad tan oscura. 

Gracias al Dr. Alfredo Martínez, por creer en mí hace ya siete años, cuando acababa de 

licenciarme y estaba más verde que la clorofila, y darme la oportunidad de incorporarme 

a su grupo de trabajo. Gracias por toda tu ayuda, tu orientación, tus consejos y tus 

enseñanzas durante todo este tiempo. Por comparitr con nosotros todo lo aprendido 

durante el largo camino que llevas recorrido en este mundo. 

Y gracias al Dr. Ignacio Encío, por su apoyo y dedicación como tutor. Por responder 

siempre a mis dudas con la mayor brevedad posible, por guiarme en todo el rocoso tema 

de las normativas académicas, papeles a rellenar, actividades formativas que cumplir… 

Sin toda su ayuda y ánimos, este trabajo no estaría ahora en tus manos (o en tu pantalla) 

querido lector. 

Merci à toute l'équipe du Dr L'Houcine Ouafik de m'avoir si bien accueilli à Marseille. 

Merci à Caroline, Nadège, Mylène, Christine, Philippe et Véronique de m'avoir ouvert les 

portes de votre laboratoire, pour avoir la patience de m'enseigner de nouvelles 

techniques malgré les limites linguistiques, et de partager des moments comme le fête 

de crêpe avec moi. C'était une expérience incroyable. 

Gracias a todos mis compañeros del CIBIR, por acogerme tan bien y ser un ejemplo de 

trabajo. En especial, gracias a todo mi grupo por aguantar pacientemente mis miles de 

dudas y preguntas, por brindarme siempre vuestra ayuda y apoyo, y servirme de guía 

en este mundo de la investigación científica. A los chicos del animalario, Héctor, Raluca 

y Sergio, por hacer vuestro trabajo a la perfección y aseguraros de que los ratoncitos 

están perfectamente cuidados y atendidos. Gracias también por amenizar los almuerzos 



y los laaaargos ratos que paso por abajo con vosotros. Os debo mucho a todos, pero 

como sucede siempre… hay personas con las que acabas compartiendo algo especial, 

y a las que quiero (y necesito) hacer una mención a parte y así, también, dar paso al 

segundo bloque de agradecimientos, los personales, porque a vosotras, mis Puris, os 

considero más que compañeras de trabajo, sois mi amigas. 

Bego, Judit… GRACIAS. Gracias por estar siempre ahí, porque cuando tengo un día 

horrible en el laboratorio siempre puedo contar con vosotras para animarme, para 

conseguir que me ría y para que todo sea más llevadero. Gracias por las bromas 

absurdas, los gorros de Halloween y Navidad, las máscaras de gato, los gorros de 

princesa o de Merlín (sigo sin tenerlo claro jajajaja), los Paqui-moments, por soportar 

con paciencia mis idas de olla (las mías y las de mis voces internas), los sugus (aunque 

sean los de imitación…. ¡Viva Fara! Jajaja), por las veces que me dejáis de pasta de 

boniato con vuestras ocurrencias, por el síndrome de Touré encubierto que deja a todo 

el mundo ojiplático cuando no acabamos las frases como ellos ¡girafantes! jajajaja, la 

carta de Howgarts que nunca ha llegado, el síndrome de Diógenes con los bolis, por el 

babermonguer… Gracias por todos eso momentos de locura absurda tan necesarios.  

Y Judit... A ti también tengo que agradecerte tu ayuda en temas de trabajo (porque sí, 

aunque no lo parezca después del párrafo anterior, también trabajamos, aunque lo 

hagamos con alegría). Gracias por los genotipados, por ayudarme los días de 

necropsias, gracias por los miles de trillones de bloques que te ha tocado hacer, cortar, 

teñir… Por asegurarte de que todo esté siempre en orden, en su sitio, y disponible, para 

mí y para todo el grupo, aunque a veces para ello tengas que desdoblarte o convertirte 

en Flash. Lo que haces no tiene precio, y solo cuando no estás y el laboratorio se 

convierte en el epicentro de un agujero negro donde todo es ¡caos, caos, caos!… nos 

damos realmente cuenta de lo importante que es todo lo que haces. Y de nuevo, gracias 

por ser mi mayor apoyo en el laboratorio, porque da igual lo (iba a decir una barbaridad) 

echas polvo que estemos, siempre encontramos la forma de convertir todo eso en algo 

de lo que reírnos, que nos ayude a coger aire y seguir adelante… Porque sí, a veces 

pasa. Gracias por ser la Pili de mi Mili, por ser el Pin de mi Pon, por ser la Puri de mi 

Paqui… Eres una persona increíble y estoy súper agradecida de haberte conocido. Y 

es todo lo que tengo que decir sobre este tema. 

Gracias a mi sureña favorita, mi Sara. Darling… no sé cómo me has agunatado desde 

los 13 años con paciencia estoica. Nos conocimos por esas maravillosas casualidades 

del destino, y casi 20 años más tarde (¡por Dios qué viejas estamos!) aquí seguimos, 

compartiendo risas, frikadas, problemas, confidencias… Hemos pasado por muchas 

cosas, algún que otro altibajo, pero siempre contando la una con la otra. Sé que siempre 

voy a estar ahí para ti, y tú para mí, y cuando admitas que en Winterfell se vive mejor y 

te mudes aquí conmigo (:-p) aún podremos compartir muchas más cosas. De nuevo 

gracias por todos los años que hemos vivido, pero sobretodo, gracias por todos los que 

sé que van a venir en el futuro. 

Mariano… Más que un agradecimiento debería levantar en tu honor una estatua en la 

que pusiese “Por haber demostrado más paciencia que ningún otro ser humano 

conocido”. Sí, gracias por tu paciencia infinita, por tu humor tan peculiar, y por tratarme 

siempre como si fuese parte de tu familia. Probablemente sin ti no habría sobrevivo a 

quinto de carrera, cuando desarrollé una hipocondría máxima por culpa de las 

asignaturas de virología, bacteriología y parasitología… Creo que ese año todos los 

alumnos creimos sufrir desde resfirados comunes, pasando por huevos de araña en el 

oído, hasta infecciones por el virus del mosaico del tomate. Pero agunataste 

estoicamente mi bombardeo constante de preguntas… Ese año y todos los posteriores. 



 

 

Lo dicho, para agradecerte todo eso tengo que tallar una estatua tuya en piedra maciza 

usando una cucharilla de café. ¡Ah sí, y gracias porque sin ti ahora mismo no tendría 

amígdalas! Y por favor, no te jubiles nunca, no sé que haré sin ti (seguramente me 

inviten a quedarme permanentemente en algún sitio con paredes mulliditas). 

Javi… qué puedo decirte que no te haya dicho ya… seguramente nada, pero este es el 

apartado de agradecimientos, así que te diré muchísimas gracias. Hay gente que desde 

el minuto cero marcan una diferencia en tu vida. Tú lo has hecho en la mía. No me quiero 

poner más ñoña de lo estrictamente necesario… Pero sí debo darte las gracias porque 

antes de conocerte había pasado por uno de los momentos más oscuros y tú arrojaste 

luz de nuevo sobre muchas cosas. Siempre me escuchas, me das ánimos, te has 

sacrificado para darme el tiempo que necesitaba para escribir esta Tesis, me cuidas, 

aguantas estoicamente y con humor mis momentos Dracarys, no hay un solo día que 

no consigas hacerme reír a carcajada limpia y me haces sentir única. Me encanta cada 

minuto que paso contigo, porque compartimos aficiones, porque siempre nos estamos 

riendo de todo, por todos los acentos raros, porque siempre estamos planeando cosas 

(aunque algunas sean una locura absoluta), y luego hacemos esos planes realidad, 

porque cada día a tu lado es una aventura... Te lo digo siempre, tienes unos valores y 

una forma de ser especiales y únicos, así que además de darte las gracias, te pediré 

que no cambies nunca y sobretodo que te sientas muy orgulloso de ti mismo. Y con toda 

esta declaración solo puedo decirte ya una cosa… ¡Hala! ¡A casita! Jejejeje. Es broma. 

Solo te diré que te esparadramo. Y que este año el anillo será para los Cavs :-P 

Gracias a mis padres, por estar siempre ahí, por dejar que me tropiece y esperar 

pacientemente a que me levante sola, por esforzaros tanto para darme lo mejor, por 

ayudarme y apoyarme en cada paso del camino… Gracias por las patoaventuras, por 

los viajes, los juegos, por dedicarme siempre tanto tiempo, por ponerme Bom Bom Chip 

en el coche hasta que os sangraban los oídos para que no me marease, por dejarme 

pedir sopa para comer aunque hiciese 40 grados en agosto, por dejarme elegir mi ropa 

y no vestirme de rosa (auqnue eso implicase que fuese vestida como Punky Brewster), 

por nuestra tradición de reyes, por explicarme pacientemente todos los problemas de 

matemáticas hasta que los entendía de verdad, por llevarme y traerme de todos los 

sitios, incluso de Marsella con el coche cargado que parecíamos feriantes, por hacerme 

reír y por desesperarme a veces… Gracias por ser cómo sois, por ser un ejemplo para 

mí, por inculcarme valores y ser coherente con ellos, por enseñarme a luchar por lo que 

quiero, a no rendirme nunca, a soñar alto, a no tener miedo, a disfrutar y valorar las 

cosas buenas que suceden… Soy una mezcla de los dos, he heredado de vosotros 

cosas buenas y también alguna no tan buena (soy testaruda a más no poder como tú, 

papá, y un despiste con patas como tú, mamá). Sé que os habéis esforzado por hacer 

de mí una buena persona, y también sé que a pesar de eso a veces me equivoco en 

mis decisiones o no hago las cosas bien del todo, aún me queda mucho por aprender 

de la vida. Pero solo espero que a pesar de eso sintáis el mismo orgullo al verme que 

siento yo al pensar que sois mis padres. Os quiero.  

A mis abuelos, Carmen, Felipe, Petra y Casimiro; que ya no están conmigo pero que 

tengo la certeza de que me acompañan en cada paso que doy. La relación de un niño 

con sus abuelos es especial, diferente, y yo tuve la suerte de teneros a vosotros y de 

disfrutaros durante muchos años. Porque los abuelos tienen el tiempo del que 

carecieron cuando fueron padres, tiempo para contar cuentos, tiempo para preparar 

meriendas, tiempo para llevarnos al parque, tiempo para escuchar secretos, tiempo para 

los mimos. En los hogares que creasteis y en las familias que construisteis encuentro el 

comienzo del amor que he heredado. Os quiero a todos, os llevaré siempre conmigo en 



 

 
 

mi corazón y os recordaré a través de mis acciones, pero me permitiréis unas palabras 

especiales para mi Lala Carmen, porque después de mis padres, es la persona con la 

que más tiempo he pasado en toda mi infancia y adolescencia. Lala, nosotras teníamos 

una relación especial, recuerdo cada desayuno de croissants y zumo, cada guiso 

preparado con amor, cada tarde en el parque dando de comer a las palomas, si cierro 

los ojos recuerdo tu risa como si te tuviese delante… Tú me hacías sentir que era única. 

Cuando llegaba a tu casa y me decías “mi pichurrina”, podía ver cómo se iluminaba tu 

cara y en ese momento me sentía la personita más importante del mundo entero. Me 

diste el amor, la confianza y la fe ciega necesarios para convencerme de que yo era 

realmente capaz de hacer algo importante con mi vida y mi tiempo, la fuerza de tu fe me 

hizo cómo soy. 

Gracias a mi gran gran familia: mis tíos Sixto, Matilde, Santi, Chus, Víctor, Bea, Carlos, 

Elisabeth, Óscar y Mari; mis primos Juan, Alberto, Ander y Elisabeth; y a los peques de 

la casa Alba, Imanol, Kamila y Amaya. Sois los mejores, cada uno a vuestra manera, 

todos únicos e irrepetibles. Gracias por todas las reuniones familiares, no solo en fechas 

señaladas, por el amigo invisible lamentable que hacemos en Nochevieja, por las risas, 

los disparates, el bocachanclismo, el cariño y lo muchos que nos cuidamos los unos a 

los otros. Puede que tengamos unos genes algo pochos, pero aun así somos 

estupendásticos y genialosos. Siempre me habéis cuidado, me habéis apoyado, me 

habéis ayudado con todo lo que habéis podido, después de cada caída tenía también 

vuestras manos para levantarme… Sois un ejemplo de vida y sé que llevo un poquito 

de cada uno dentro de mí, como un mosaico. Os quiero tanto a todos que no podría 

terminar de expresarlo con palabras, y me encantaría poder escribiros un párrafo entero 

a cada uno, pero me voy a centrar en unos poquitos de vosotros (los demás no me lo 

tengáis en cuenta porfi, sabéis que igualmente os quiero mucho). Gracias a mi tío Sixto, 

porque durante años has sido el médico extra oficial de esta familia y nos has cuidado 

a todos, por ser el cabeza de familia y tratar de mantener el orden en esta jaula de grillos, 

porque por muy dura que sean las circunstancias siempre las afrontas con ese humor 

tan tuyo y nos haces reír a todos, porque has convertido lo imposible en posible y en 

estos últimos años me has enseñado que si te esfuerzas, te esfuerzas de verdad, hasta 

la situación más difícil se puede superar. Te quiero mucho tío y ahora ya no tienes 

excusa para no celebrar el día de la Seta en Villoslada ;-D. Gracias a mi tía Chus, por 

quererme como solo una madre quiere a una hija, dándolo todo por ella sin pedir nada 

a cambio, sufriendo en silencio con las cosas malas que le pasan, diciendo hasta las 

verdades que duelen y dando consejos, sin imponer, siempre desde el amor más 

profundo. Gracias por cuidarme, por quererme así como soy, rara, por preparar esas 

comidas tan maravillosas, porque ahora tú eres las que nos cuidas a todos como hacía 

la Lala. Te quiero mucho mucho mucho. Gracias a mi tío Óscar, por todo lo que hemos 

compartido, porque más que un tío has sido un amigo y un confidente, porque eres la 

persona más generosa que he conocido nunca, por ser un ejemplo de lucha y 

superación constante, por demostrar que la sonrisa no debe perderse nunca, por tus 

Oscaradas, por todas las veces que me has hecho reír, por las tardes de cine fórum 

(aunque cada vez elijamos peor las películas), por tu entusiasmo contagioso y tu dulzura 

innata. Eres el mejor tío del mundo entero y sabes que para cualquier plan disparatado 

que se te ocurra, ¡puedes contar conmigo! Y ya sabes también que te quiero muchísimo 

aunque me hagas bullying jugando al Chinchón :-P 

Gracias también a todas mis mascotas: Kazán (mi pastor alemán), Miski (mi hámster 

ruso), Meeko (mi chinchilla), Dobby (mi perro raza… ¿Gollum?) y Maddie (mi perra de 

raza alfombra/aspirador). Solo Maddie sigue conmigo, pero a todos os debo mucho, no 

solo me habéis acompañado a lo largo de mi vida, me habéis dejado valiosas 



 

 

enseñanzas y me habéis hecho mejor persona. Y sé que aunque ya no os tengo a mi 

lado, seguís cuidado de mí, sois mis ángeles de la guarda. Y también sé que algún día 

nos volveremos a encontrar todos y ya nada ni nadie nos separará (más me vale 

conseguir una casa grande con jardín en el más allá porque sino no sé como vamos a 

caber todos). Gracias Kazán, porque fuiste mi más fiel compañero durante toda mi 

infancia y adolescencia, siempre estábamos juntos, siempre cuidaste de mí, me 

ensañeste lo que era de verdad cuidar a un animal y el amor sincero de una mascota. 

Eras el perro más bonachón del mundo, y fue un honor crecer juntos. Miski, tú me 

enseñaste que hasta el animal más pequeño puede tener el corazón más grande. Eras 

dulce, cariñoso y un tragón. Cuando pienso en ti, te recuerdo con los abazones llenos 

de pipas, durmiendo la siesta hecho una bolita en mi mano. Espero que tú sintieses de 

mí el mismo cariño que tú me transmitiste. Meeko… Mi pequeña bola de algodón… No 

tengo palabras para describir lo mucho que te quise, y lo que me dolió perderte. Durante 

casi 6 años fuiste mi mayor compañía en casa, daba igual lo malo que hubiese sido el 

día, porque al volver, tú me esperabas y siempre me hacías reír con tus tonterías. Eras 

un locuelo, pero un locuelo adorable y dulce. Dobby, cuando te adopté no eras más que 

una maraca de pellejo y huesos… Siempre tan asustado… Tú me enseñaste a ser 

paciente, a transmitir calma, a ser aún más dulce. Y la recompensa fue verte convertido 

en un perro nuevo, alegre, cariñoso (rallando en lo pegajoso), que atraís todas las 

atenciones y los mimos… Solo me pesa que tu tiempo conmigo fuese tan breve, dos 

años me supieron a poco. Ojalá hubieses podido quedarte más con Maddie y conmigo, 

que hubieses podido disfrutar más aún de tu re-descubierta felicidad (y de la cama, y 

del sofá…). Y finalmente, gracias a mi gordita, Maddie, porque cada tarde que he 

pasado delante del portátil escribiendo esta Tesis has estado tumbada, pacientemente, 

a mi lado. Y cada vez que me desesperaba y creía que iba a tirar el ordenador por la 

ventana, apoyabas tu cabeza en mi rodilla y me mirabas como diciendo “no desesperes, 

tú puedes… ¡y sácame ya de paseo que me aburro!”. Eres la perra más expresiva que 

he visto nunca (la cara de desprecio te sale genial jajajaja), estás un poco mal de la 

cabeza, pero aun así eres tierna, dulce, cariñosa… Toda una madraza. Antes las dos 

cuidábamos de Dobby, ahora nos cuidamos la una a la otra, y cada día doy gracias por 

haberte visto en aquella protectora y haberme fijado en el amor de tus ojos. 

Y por último, es imposible que me olvide de las grandes estrellas de este trabajo. Gracias 

a título póstumo a todos mis ratones, sin vosotros este trabajo sí que habría sido 

imposible. Casi nadie os reconoce el mérito, pero la ciencia y la investigación científica 

no serían lo que son sin vosotros. Os debemos mucho. Solo espero de corazón, a pesar 

todo, haberos cuidado y tratado con el respecto que os merecíais. ¡Ah!, y gracias por no 

morderme ni una sola vez.  

Siento si me olvido de alguien, ya estoy mayor (¡30 añazos!) y mi memoria no es la que 

era. Quiero concluir este apartado dando gracias de nuevo y de todo corazón a todos 

los que cada día me dedicáis una sonrisa, una palabra amable o de ánimo, un abrazo, 

un beso, un lametazo… Creo que realmente no sois conscientes de lo importantes que 

sois para mí, de la fuerza que me dais para seguir avanzando cada día a pesar de los 

problemas. Sois mis pequeñas baterías de energía. ¡GRACIAS!  
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1. LIST OF ABBREVIATIONS 

-AOM:  Azoxymethane 

-AM: Adrenomedullin 

-AMBP-1: Adrenomedullin binding protein-1 

-AMR: Adrenomedullin receptor 

-AP-2: Activator protein-2 

-BV: Bone volume  

-cAMP: Cyclic adenosine monophosphate 

-CD: Crohn disease  

-cGMP: Cyclic guanosine monophosphate 

-CGRP: Calcitonin gene-related peptide 

-CLR: Calcitonin receptor-like receptor 
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-dNTPs: deoxynucleotide triphosphate 
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-ERK: Extracellular signal regulated-protein kinase 
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-HIF-1: Hypoxia inducible factor 1 
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-HUVEC: Human umbilical vein endothelial cell 
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-MAPK: Mitogen activated protein kinase 

-NO: Nitric oxide 
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-PBS: Phosphate buffer solution 
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-PI3K: Phosphoinositide 3-kinase 

-PKA: Protein kinase A 

-PKB: Protein kinase B 

-RAMP: Receptor activity modifying proteins 
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-SM: Small molecules 

-SNP: Single nucleotide polymorphisms 

-TLRs: Toll-like receptors 

-TNBS: 2,4,6-trinitrobenzene sulphonic acid 

-TNF-α: Tumor necrosis factor-α 

-TV: Total volume 

-UC: Ulcerative colitis 

-VSMC: Vascular smooth muscle cells 
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2. SUMMARY 
Adrenomedullin (AM) and proadrenomedullin N-terminal 20 peptide (PAMP) are two 

biologically active peptides synthesized by the same gene, adm. Human AM consists of 

52 amino acids, has an internal ring of 6 amino acids and a disulfide bond. Because of 

these two characteristics, this hormone shares some structural homology with calcitonin 

gene-related peptide (CGRP), as well as with amylin, so it was englobed within the 

CGRP superfamily. Using different immunoreactivity and in situ hybridization techniques, 

AM has been found to be synthesized in adult organisms in numerous tissues and cell 

types including adrenal medulla and cortex, kidney, lung, heart, pituitary, hypothalamus, 

skeletal muscle, the entire digestive system, and bone, among others. The presence of 

AM and PAMP has also been detected in almost all body secretions and fluids such as 

saliva, sweat, urine, breast milk, etc. In addition, AM has also been localized in fetal 

tissues and in the placenta. The wide tissue distribution and gene expression of this 

peptide is a reflection of the great variety of physiological functions that it is able to carry 

out. Under physiological conditions AM is a potent vasodilator and bronchodilator 

peptide, acts as an endogenous antimicrobial agent, regulates electrolyte balance, has 

diuretic and natriuretic effects, regulates the secretion of other hormones such as insulin, 

progesterone, or angiotensin II, modulates the inflammatory response, is a potent 

angiogenic agent, promotes tissue regeneration after damage, acts through its receptors 

in the central nervous system to regulate nociceptive and stress responses, through 

distinct cellular signaling pathways it controls the organization of the cytoskeleton, 

regulates mitosis and promotes or inhibits apoptosis depending on the cell type. And 

these are just a few examples of what AM is able to do under normal conditions. 

Related with its implication in many physiological functions, AM is also directly involved 

in many pathological processes, some of them with a high social and economic impact 

for health systems. Among the diseases in which this hormone has a main role are 

cardiovascular diseases (myocardial infarction, heart failure or hypertension), 

cerebrovascular diseases, diabetes mellitus, Alzheimer's disease, chronic renal failure, 

glomerulonephritis, septic shock, cancer, and many others. The modulation of AM levels 

has a therapeutic value in all these pathologies and new therapies using this hormone 

or based on it are already being tested in different hospitals around the world. Apart from 

the diseases mentioned above, there are other pathologies in which AM is not directly 

related to the etiology of the process, but its exogenous administration or its blockade 

(depending on the case) has demonstrated to have therapeutic effects. These include 

diseases with an immune component such as inflammatory bowel disease (IBD) or 
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arthritis, hyperalgesia, resistance to analgesics, retinopathy, gastric ulcer, asthma, or 

atherosclerosis, among others. 

The value that this hormone has in biomedicine is evident and thus, having an adequate 

knowledge about its functions and the effects of increasing or decreasing its circulating 

levels in the body is becoming very relevant. Since this hormone is of vital importance 

during embryonic development, and the early abrogation of the adm gene causes the 

death of the embryos in the maternal uterus, until now it has only been possible to study 

the role of AM and / or PAMP using conditional knock-out (KO) animal models for specific 

tissues or cell types. 

Although these genetic models have allowed to obtain a broad knowledge of these two 

peptides, they do not seem to be entirely adequate. The major problem with these 

models is that AM is a ubiquitous and circulating hormone, which travels through the 

blood bound to complement factor H, therefore, although we can completely delete it 

from a certain organ, some amounts of AM produced in other parts of the body will reach 

the organ of study through the bloodstream. If we take into account the contradictory 

results that exist on the role of AM in several physiological processes, it seems evident 

that something is wrong with the models that currently exist to study this hormone. 

The main objective of this Thesis has been to generate the first KO model for the adm 

gene in which it is deleted from the whole organism. And then, use that model to contrast 

the knowledge accumulated so far on the main physiological and pathological processes 

in which AM is involved. The second aim of this study was to evaluate the efficacy of 

new therapies based on the modulation of AM levels using synthetic small molecules, 

taking as reference the results obtained from the characterization of the KO model for 

the adm gene. 

It is possible to generate complete adm KO mice using the Cre/loxP technology 

associated with a tet-On temporary recombination system, where expression of the Cre 

recombinase is induced after administration of doxycycline, a tetracycline-like antibiotic. 

After a pilot study, it was found that it is necessary to administer a dose of 2 mg/mL 

doxycycline in drinking water, supplemented with 5% sucrose, for at least 14 days to 

achieve the complete deletion of the gene in all organs, including those with blood-

barriers such as the brain or testicles. 

Induction of deletion in adult mice results in KO animals for AM that are viable, do not 

exhibit any major abnormality, and do not show significant phenotypic differences when 

compared with their wild-type (WT) littermates; with the exception of a significant weight 

gain in males, and occasional episodes of rapid weight gain and loss (usually more than 
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10 grams in two days). The analysis of the animals at the time they reach the maximum 

weight peak confirmed that these episodes correspond to a generalized edema, a 

process known as anasarca. On the other hand, the constant weight gain experienced 

by AM deficient mice is partly due to an increase in bone density. According to the results 

obtained, this increase in bone mass seems to be explained by an indirect mechanism 

that implies the regulation of glycemia, ghrelin, and CGRP secretion. 

Following on these results, the efficacy of a small molecule that negatively modulates 

AM, 16311, was tested to treat osteoporosis. It was confirmed that the 16311 molecule 

is able to prevent bone loss in a mouse model of osteoporosis without causing any 

measurable toxicity, making this molecule a good candidate for a first-in-class 

osteoporosis preventing drug. 

On the other hand, the lack of AM leads to changes in the composition of intestinal 

microbiota. The absence of AM is associated with a decrease in the abundance of two 

beneficial bacteria such as Lactobacillus gasseri and Bifidobacterium choerinum. In 

contrast, there was a significant increase in the abundance of two bacteria belonging to 

the Firmicutes filum (Clostridium scindens and Christensenella minuta) as well as the 

levels of B. vulgatus, all of them are known inductors of intestinal inflammation. In 

addition, in KO mice there is an alteration in the normal communication between the 

colonic mucosa and the intestinal bacteria, due to a greater expression of Toll-like 

Receptor 4 (TLR4), the main bacterial receptor of the colon. 

This dysbiosis could explain that KO mice are extremely sensitive to the process of colitis 

caused by both the administration of 2.5% sodium dextran sulfate (DSS) in drinking water 

and by the rectal instillation of 3 mg of 2,4,6- trinitrobenzenesulphate (TNBS). The lack 

of endogenous AM correlates with an exacerbation of colitis symptoms at all levels, 

suggesting that endogenous AM is able to delay the development of IBD and prevent 

the onset of serious clinical signs such as anorexia, severe diarrhea, dehydration, and 

rectal bleeding. In addition, AM collaborates to maintain basal levels of inflammatory 

cytokines and slightly modulates the levels of some adhesion molecules such as e-

cadherin. AM also promotes the expression of certain molecules directly related to the 

regeneration of colonic epithelium after damage. Surprisingly, the total lack of AM seems 

to cause different effects in males and in females. In the case of acute colitis, the absence 

of AM causes more severe clinical signs and greater microscopic damage in females, 

suggesting a more important protective role of this hormone in this sex. 

According with its important protective action in the colon and the conflicting results 

published on the subject, we decided to study the involvement of AM and PAMP in the 
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development and progression of colitis- associated colorectal cancer by testing four 

small molecules to find out if they could be considered as an alternative treatment in this 

pathology. Modulators of PAMP had no effect on the development of colitis and cancer, 

indicating that this peptide either has no major role in colon cancer, or that the treatment 

based on the modulators of PAMP is not very effective. However, AM inhibitors worsened 

the phenotype whereas AM positive modulators reduced tumor burden, suggesting that 

AM may play a protective role during the progression phase of colon cancer, and that 

AM modulator therapy may represent a new treatment for colitis-associated colon 

cancer. 

In conclusion, our inducible KO for the adm gene constitutes a new model, more 

adequate and reliable than the previous genetic models, to study the functions of this 

hormone in different physiological and pathological processes. The information acquired 

with this genetic model may imply a new advance in the understanding of certain 

diseases in which AM is directly involved. Furthermore, if we consider that there is a 

mutation whose carriers have significantly lower AM levels than the normal population, 

converting them into a natural AM “knock-down”, our KO model could shed light into the 

etiology of some important diseases, such as IBD, which still remains obscure. In 

addition, new therapies based on the modulation of AM levels through small molecules 

should be considered for the treatment of those pathologies in which this hormone is 

involved in some way, since according to our results they have demonstrated its efficacy 

in the treatment of osteoporosis and colitis-associated colorectal cancer. 
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3. RESUMEN 

La adrenomedulina (AM) y el péptido N-terminal de 20 aminoácidos de la 

proadrenomedulina (PAMP) son dos moléculas biológicamente activas sintetizadas por 

el mismo gen, adm. La AM humana está formada por 52 aminoácidos, tiene un anillo 

interno de 6 aminoácidos y un puente disulfuro. Ambas características hacen que esta 

hormona comparta cierta homología estructural y funcional con el péptido relacionado 

con el gen de la calcitonina (CGRP), así como con la amilina, por lo que quedó 

englobada dentro de la superfamilia del CGRP. Mediante distintas técnicas de 

immunoreactividad e hibridación in situ se ha descubierto que la AM se sintetiza en 

numerosos tejidos y tipos celulares del organismo adulto,  incluyendo la médula y cortex 

suprarrenal, riñón, pulmón, corazón, hipófisis, hipotálamo, músculo esquelético, todo el 

sistema disgetivo, hueso, etc. También se ha detectado la presencia de la AM y del 

PAMP en prácticamente todas las secreciones y fluidos corporales como la saliva, el 

sudor, la orina, la leche materna, entre otros. Además, la AM también se ha localizado 

en tejidos fetales y en la placenta. La amplia distribución tisular y expersión génica de 

este péptido es un reflejo de la gran variedad de funciones fisiológicas que es capaz de 

llevar a cabo. En condiciones fisiológicas la AM es un péptido vasodilatador y 

broncodilatador, actúa como un antimicrobiano endógeno, regula el balance 

hidroelectrolítico, posee efectos diuréticos y natriuréticos, regula la secreción de otras 

hormonas como la insulina, la progesterona, o la angiotensina II, modula la respuesta 

inflamatoria, es un potente agente angiogénico, promueve la regeneración tisular tras 

un daño, actúa a través de sus receptores en el sistema nervioso central para regular 

las respuestas de nocicepción y estrés, a través de distintas vías de señalización celular 

controla la organización del citoesqueleto, regula la mitosis y promueve o inhibe la 

apoptosis dependiendo del tipo celular. Y estos son solo algunos ejemplos de lo que la 

AM lleva a cabo en condiciones normales. 

Su implicación en tantos procesos fisiológicos hace que la AM también esté 

directamente relacionada con numerosas patologías, algunas de ellas con un alto 

impacto social y económico para los sistemas de salud. Entre las principales 

enfermedades en las que esta hormona tiene algún papel se encuentran las 

enfermedades cardiovasculares (infarto de miocardio, insuficiencia cardíaca o 

hipertensión arterial), enfermedades cerebrovasculares, diabetes mellitus, enfermedad 

de Alzheimer, insuficiencia renal crónica, glomerulonefritis, shock séptico y cáncer, entre 

otras. La modulación de los niveles de AM tiene un valor terapéutico en todas estas 

patologías y nuevas terapias usando esta hormona o basadas en ella ya están 

comenzando a testarse en distintos hospitales del mundo. A parte de las anteriormente 
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citadas, existen otro tipo de patologías en las que la AM no está directamente 

relacionada con la etiología del proceso, pero su administración exógena o su bloqueo 

(dependiendo del caso) han demostrado tener efectos terapeúticos. Entre ellas cabe 

destacar las enfermedades con un componente inmunológico como las enfermedades 

inflamatorias intestinales o la artritis, la hiperalgesia, retinopatía, úlcera gástrica, el 

asma, o la aterosclerosis, entre otras.  

Queda en evidencia el valor que esta hormona tiene en biomedicina y la importancia de 

tener un conocimiento adecuado sobre sus funciones y los efectos de aumentar o 

disminuir sus niveles circulantes en el organismo. Puesto que esta hormona es de vital 

importancia durante el desarrollo embrionario, y la deleción temprana del gen adm 

supone la muerte de los embriones en el útero materno, hasta ahora solo se ha podido 

estudiar el papel de la AM y/o del PAMP a través de modelos de animales knock-out 

(KO) condicionales para tejidos o tipos celulares concretos. Aunque estos modelos 

genéticos han permitido obtener un amplio conocimiento sobre estos dos péptidos, no 

parecen ser del todo adecuados. El mayor problema de estos modelos es que la AM es 

una hormona ubicua y circulante, que viaja por la sangre unida al factor H del 

complemento, por lo tanto, aunque consigamos delecionarla por completo de un 

determinado órgano, es probable que ciertas cantidades de AM producidas en otras 

partes del cuerpo lleguen al órgano de estudio a través de la circulación sanguínea. Si 

tenemos en cuenta los resultados contradictorios que existen sobre el papel de la AM 

en varios procesos fisiológicos, parece evidente que algo falla con los modelos que 

existen actualmente para estudiar esta hormona.  

El objetivo principal de esta tesis ha sido generar el primero modelo KO para el gen adm 

en el que se delecione dicho gen de todo el organismo. Y después, usar ese modelo 

para contrastar el conocimiento acumulado hasta ahora en los principales procesos 

fiosológicos y patológicos en los que la AM está implicada. Así mismo, se pretende 

evaluar la eficacia de nuevas terapias basadas en la modulación de los niveles de AM 

usando pequeñas moléculas sintéticas, tomando como referencia los resultados 

obtenidos de la caracterización del modelo KO para el gen adm.  

Es posible generar ratones KO para el gen adm usando la tecnología Cre/loxP asociada 

a un sistema de recombinación temporal tet-On, donde la expresión de la recombinasa 

Cre se induce tras administrar un antibiótico análogo a la tetraciclina, la doxiciclina. Tras 

un estudio piloto, se comprobó que es necesario administrar una dosis de 2 mg/mL de 

doxicilicna en el agua de bebida, suplementada con sacarosa al 5%, durante al menos 
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14 días para lograr la deleción completa del gen en todos los órganos, incluidos aquellos 

con barreras hemáticas como el cerebro o los testículos.  

La inducción de la deleción en ratones adultos origina animales KO para la AM que son 

viables, no presentan ningún tipo de anomalía, ni muestran diferencias fenotípicas 

importantes respecto a sus controles wild-type (WT); a excepción de un aumento de 

peso significativo en el caso de los machos, y de algunos episodios puntuales de 

ganancias y pérdidas rápidas de peso (habitualmente más de 10 gramos en dos días). 

El análisis de los animales en el momento que alcanzan el pico máximo de peso 

confirmó que estos episodios se corresponden con un edema generalizado, un proceso 

conocido como anasarca. Por otro lado, el aumento de peso constante que 

experimentan los ratones deficientes para AM es en parte debido a un aumento de la 

densidad ósea. De acuerdo a los resultados obtenidos, este aumento de la masa ósea 

parece explicarse mediante un mecanismo indirecto que implica la regulación de la 

glicemia, la grelina y la secreción de CGRP. Basados en estos resultados se testó la 

eficacia de una pequeña molécula que modula negativamente la AM, 16311, para tratar 

la osteoporosis. Se confirmó que la molécula 16311 es capaz de prevenir la pérdida 

ósea en un modelo de ratón de osteoporosis sin provocar ninguna toxicidad medible, 

haciendo de esta molécula un buen candidato para un fármaco pionero contra la 

osteoporosis. 

Por otro lado, la falta de AM conduce a cambios en la población de la microbiota 

intestinal. Se observó que la ausencia de AM se asocia con una disminución de la 

abundancia de dos bacterias beneficiosas como Lactobacillus gasseri y Bifidobacterium 

choerinum. En contraste, se observó un aumento significativo en la abundancia de dos 

bacterias pertenecientes al filum Firmicutes (Clostridium scindens y Christensenella 

minuta) así como en los niveles de B. vulgatus, todos ellos inductores de inflamación 

intestinal. Además, en los ratones KO existe una alteración en la comunicación entre la 

mucosa colónica y las bacterias intestinales, debido a una mayor expresión del Toll-like 

Receptor 4 (TLR4), el principal receptor bacteriano del colon. 

Esta disbiosis podría explicar que los ratones KO sean extremadamente sensibles al 

proceso de colitis causado tanto por la administración oral de dextrano sulfato sódico 

(DSS) al 2.5% como por la instilación rectal de 3 mg de 2,4,6-trinitrobenzensulfato sódico 

(TNBS). La falta de AM endógena se correlaciona con una exacerbación de los síntomas 

de colitis a todos los niveles, lo que sugiere que la AM endógena es capaz de retrasar 

el desarrollo de la patología inflamatoria intestinal y prevenir el inicio de signos clínicos 

graves como anorexia, diarrea severa, deshidratación y sangrado rectal. Además, la AM 
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colabora para mantener los niveles basales de citoquinas inflamatorias y modula 

ligeramente los niveles de algunas moléculas de adhesión como la e-cadherina. Además 

parece que la AM promueve la expresión de ciertas moléculas directamente 

relacionadas con la regeneración del epitelio colónico tras el daño producido. Por otro 

lado, la falta total de AM parece causar diferentes efectos entre machos y hembras. En 

el caso de la colitis aguda, la ausencia de AM causa signos clínicos más severos y un 

mayor daño microscópico en las hembras, lo que sugiere un papel protector más 

importante de esta hormona en este sexo. 

De acuerdo con su importante acción protectora en el colon, y por los resultados 

contradictorios publicados sobre el tema, decidimos estudiar la implicación de la AM y 

el PAMP en el desarrollo y progresión del cáncer colorrectal asociado a colitis, testando 

cuatro moléculas pequeñas para saber si podrían considerarse en un futuro como una 

alternativa de tratamiento para esta patología. Los moduladores de PAMP no tuvieron 

ningún efecto en el desarrollo de la colitis y el cáncer, lo que indica que este péptido o 

bien no tiene un papel principal en el cáncer de colon, o que el tratamiento basado en 

las moléculas moduladoras de PAMP no es muy eficaz. Sin embargo, el modulador 

negativo de la AM agravó los síntomas mientras que el modulador positivo redujo el 

número de tumores, sugiriendo que la AM sí puede tener un papel protector durante la 

fase de progresión del cáncer de colon, y que el tratamiento con el modulador positivo 

de la AM podría representar un nuevo tratamiento para esta patología. 

En conclusión, nuestro ratón KO inducible para el gen de la adm supone un nuevo 

modelo de estudio mucho más adecuado y fiable que los modelos previos para estudiar 

las funciones de esta hormona en los distintos procesos fisiológicos y patológicos. La 

información adquirida con este modelo genético puede suponer un nuevo avance en la 

comprensión de ciertas enfermedades en las que la AM está directamente implicada, 

así como arrojar luz sobre la posible etiología de alguna de ellas. Existe una mutación 

que hace que los individuos portadores tengan unos niveles de AM significativamente 

inferiores a los de la población normal, convirtiéndolos en una espercie de “knock-down” 

humano natural. Los estudios de nuestro KO en ratones tendría aplicaciones directas 

en estos individuos. Además, las nuevas terapias basadas en la modulación de los 

niveles plasmáticos de la AM a través de moléculas pequeñas deben ser consideradas 

para el tratamiento de aquellas patologías en las que esta hormona está involucrada de 

alguna manera, puesto que ya de acuerdo a nuestros resultados han demostrado su 

eficacia en el tratamiento de la osteoporosis y el cáncer colorrectal asociado a la colitis. 
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4. LIST OF MAIN PUBLICATIONS, IN PRESS 

PUBLICATIONS, ADDITIONAL PUBLICATIONS, 

CONFERENCE PAPERS AND PATENTS 
 

4.1. LIST OF PUBLICATIONS 

I, Sonia Martínez Herrero, do hereby declare that the research presented in this 

dissertation is based on 4 articles (studies 1 to 4) that have been published or are 

being evaluated for their publication in international peer-reviewed journals. To meet 

the stylistic requirements of a Thesis, the formats of the papers have been adjusted 

accordingly throughout. These edits did not substantially change the content of the 

published articles. 

 Study 1 

Martinez-Herrero S, Larrayoz IM, Ochoa-Callejero L, Fernandez LJ, Allueva A, Ochoa 

I, et al. Prevention of Bone Loss in a Model of Postmenopausal Osteoporosis through 

Adrenomedullin Inhibition. Frontiers in Physiology. 2016 Jun 30;7. PubMed PMID: 

WOS:000378948900001. 

 

 Study 2 

Martinez-Herrero S, Larrayoz IM, Narro-Iniguez J, Villanueva-Millan MJ, Recio-

Fernandez E, Perez-Matute P, et al. Lack of Adrenomedullin Results in Microbiota 

Changes and Aggravates Azoxymethane and Dextran Sulfate Sodium-Induced Colitis 

in Mice. Frontiers in Physiology. 2016 Nov 30;7. PubMed PMID: 

WOS:000388909300001. 

 

4.2. LIST OF PUBLICATIONS UNDERGOING PEER REVIEWING 

PROCESS 

The articles listed below constitute a fundamental part of this Thesis. It has been 

impossible to publish them before the thesis deposit deadline, but both of them have 

been submitted to international peer reviewed journals, and they are being evaluated for 

their publication. To meet the stylistic requirements of a Thesis, the formats of the papers 

have been adjusted accordingly throughout. These edits did not substantially change the 

content of the articles. 
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 Study 3 

Martinez-Herrero S, Larrayoz IM, Narro-Iniguez J, Rubio-Mediavilla S, Martínez A. 

Lack of Adrenomedullin Aggravates Acute TNBS-Induced Colitis Symptoms in Mice, 

Especially in Females. Frontiers in Physiology. 2017 

 Study 4 

Ochoa-Callejero L, García-Sanmartín J, Martínez-Herrero S, Rubio-Mediavilla S, 

Narro-Íñiguez J, Martínez A. Small molecules related to adrenomedullin reduce tumor 

burden in a mouse model of colitis-associated colon cancer. Scientific Reports. 2017. 

 

4.3. LIST OF ADDITIONAL PUBLICATIONS 

This Thesis work is directly related to three other scientific publications (studies 5 to 7) 

that complete its thematic unit, but for reasons of the current normative, do not meet the 

requirements to be part of the main body of the Thesis. In spite of this, we considered it 

appropriate to include them as additional material, because without them, the Thesis 

would not be complete. 

 Study 5 

Martínez-Herrero S, Martínez A. Cancer protection elicited by a single nucleotide 

polymorphism close to the adrenomedullin gene. J Clin Endocrinol Metab. 2013 

Apr;98(4):E807-10. PubMed PMID: 23450059. eng. 

 

 Study 6 

Larrayoz IM, Martinez-Herrero S, Garcia-Sanmartin J, Ochoa-Callejero L, Martinez A. 

Adrenomedullin and tumor microenvironment. Journal of Translational Medicine. 2014 

DEC 5 2014;12. PubMed PMID: WOS:000348389100001. 

 

 Study 7 

Martinez-Herrero S, Martinez A. Adrenomedullin regulates intestinal physiology and 

pathophysiology. Domestic Animal Endocrinology. 2016 2016-Jul;56 Suppl:S66-83. 

PubMed PMID: MEDLINE:27345325. 
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4.4. LIST OF CONFERENCE PAPERS 

Simultaneously, the following international meeting presentations were performed for 

preliminary data presentation: 

 Pathological findings in normal untreated older mice. Narro-Iñiguez J; Martínez-

Herrero S; Rubio-Mediavilla S; Martínez A. Poster presentation. XVII Congreso de 

la Sociedad Española de Histología e Ingeniería Tisular. 2013. Logroño (Spain). 

 

 Cancer protection elicited by a single nucleotide polymorphism close to the 

adrenomedullin gene. Martínez-Herrero S; Martínez A. Oral communication. XVII 

Congreso de la Sociedad Española de Histología e Ingeniería Tisular. 2013. Logroño 

(Spain). 

 

 Changes in Gut Microbiota Induced by Lack of Adrenomedullin. Martínez-Herrero 

S; Pérez-Matute P; Villanueva-Millán MJ; Oteo JA; Martínez A. 54th Interscience 

Conference on Antimicrobial Agents and Chemotherapy. 2014. Poster presentation. 

Washington D.C. (United States of America). 

 

 Adrenomedullin regulates microbiota and intestinal pathophysiology. Martínez-

Herrero S; Martínez A. Oral communication. 8th International Congress on Farm 

Animal Endocrinology. 2015. Billund (Denmark). 

 

 The influence of adrenomedullin on colitis studied with an inducible gene knockout 

model. Martínez-Herrero S; Narro-Iñiguez J; Larrayoz IM; Martínez A. Poster 

presentation. XVII Congreso de la Sociedad Española de Histología e Ingeniería 

Tisular. 2015. Bilbao (Spain). 

 

 Small molecules related to adrenomedullin reduce tumor burden in a mouse model 

of colitis-associated colon cancer. Ochoa-Callejero, L; García-Sanmartín, J; 

Martínez-Herrero, S; Rubio-Mediavilla, S; Martínez, A. AACR Annual Meeting 2017. 

2017. Poster presentation. Washington D.C. (United States of America). 
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 Lack of Adrenomedullin aggravates colitis symptoms in mice maybe as a result of 

microbiota changes and altered expression of Toll-like receptor 4. Martínez-Herrero, 

S; Larrayoz IM; Narro-Iñiguez J; Villanueva-Millan MJ, Recio-Fernandez E, Perez-

Matute P; Rubio-Mediavilla, S; Oteo JA; Martínez, A. XVII Congreso de la Sociedad 

Española de Histología e Ingeniería Tisular. 2017. Poster presentation. Santiago de 

Compostela (Spain). 

 

4.5. LIST OF PATENTS 

 Use of an inhibitor of adrenomedullin for the manufacture of a drug useful in the 

prevention and treatment of diseases that reduce bone density. Reference number: 

EP3067093 A1. 2015. Alfredo Martínez Ramírez Alfredo, Sonia Martínez Herrero, 

Ignacio Larráyoz Roldán, Laura Ochoa Callejero, Luis José Fernández Ledesma, 

Ignacio Ochoa Garrido, Josune García Sanmartín. Fundacion Rioja Salud, 

Universidad De Zaragoza, Centro de Investigación Biomédica en Red. 
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5. INTRODUCTION 

5.1. ADRENOMEDULLIN: A GENERAL OVERVIEW 

Adrenomedullin (AM) is a ubiquitous peptide hormone that was originally isolated from a 

pheochromocytoma of the human adrenal gland in 1993 (1). The authors of that paper 

found that AM was able to stimulate cyclic adenosine monophosphate (cAMP) 

production in human platelets and exerted a potent and long-lasting hypotensive activity 

in rats (1). AM is synthesized both by tumor cells and by normal adrenal medulla cells, 

as well as by many other tissues (2). It is a circulating hormone, although it functions 

also as a local autocrine and paracrine mediator (3). Many studies have revealed a wide 

range of biological actions for AM on central nervous system, cardiovascular, renal, 

digestive, and endocrine systems; such as vasodilatation, cell growth, regulation of 

hormone secretion, natriuresis, and antimicrobial effects, among others (2-10).  

5.1.1. Structure of adrenomedullin 

Human AM is composed of 52 amino acids acids (only 50 in mice and rats), has an 

internal molecular ring containing 6 amino acids and a disulfide bond formed between 

cysteine residues 16 and 22, and shares structural similarities with calcitonin gene-

related peptide (CGRP), amylin, and intermedin (also known as AM-2) (11-13). The C-

terminal tyrosine residue is amidated (-CONH2) (3). Both structural features, the ring and 

the terminal amide, are essential for its biological activity (Figure 7). 
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Figure 1. Structure of the human AM molecule. 

 

Another common structural characteristic to the members of the CGRP family is the 

presence of a central alpha helix. In the case of AM, approximately one third of its total 

length is occupied by this central helical region, which seems to be required for binding 

to specific receptors and thus for exerting physiological functions (14). 

5.1.2. Adrenomedullin gene expression and release 

AM is coded by the adm gene, which has been identified in several mammalian and other 

vertebrate species and is located in mouse chromosome 7 (2) and in human 

chromosome 11p15.4. It consists of four exons and three introns, with TATA, CAAT and 

GC boxes in 5’-flanking region (3). The adm gene has been found to be expressed in 

mice in numerous tissues and organs, including adrenal gland, lung, heart, digestive 

system, urogenital system, central nervous system, muscle, bones, hypophysis, or the 

integument. (Figure 2) 
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Figure 2. Immunohistological detection using specific antibodies for AM (detected in brown color) in an E16 

mouse embryo. Reproduced from reference (15). 

 

Several mutations in the proximity of the adm gene have been discovered in the last few 

years (Figure 3), including a microsatellite polymorphism (16), and several single 

nucleotide polymorphisms (SNPs) (17-19), and at least one of them modifies circulating 

AM levels in carrier individuals. Furthermore, plasmatic AM levels can be altered by 

mutations in other genes; for example a exonic insertion/deletion polymorphism in the 

intermedin gene (20), a SNP in interleukin-6 (IL-6) gene (21), or a SNP in adiponectin 

gene (22). An interesting issue about these mutations is the fact that homocygote carriers 

for the minor allele seemed to have a higher genetic predisposition to develop some 

pathologies related to AM like hypertension, renal dysfunction, dysglycemia, or even 

stroke. The carriers of the minor allele of the rs4910118 SNP, who present significantly 
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lower AM levels than non-carriers (19), have a 4.6-fold lower risk of developing cancer 

during their lifespan than non-carriers (23), as we demonstrated in Study 5, included in 

the list of additional publications of this Thesis. 

 

 

Figure 3. Mutations in the adm gene that may influence AM levels. Modified from reference (24) 

 

Synthesis of AM starts with the formation of the large precursor molecule termed 

preproadrenomedulin, formed by 185 amino acids in humans, which generates 

proadrenomedullin after cleaving the 21-residue N-terminal signaling peptide.. 

Proadrenomedullin is a precursor for two biologically active peptides, proadrenomedullin 

N-terminal 20-peptide or PAMP (amino acids 22-41 of preproadrenomedullin) and 

mature AM (amino acids 95-146 of preproadrenomedullin). Both peptides need to be 

amidated at their carboxy terminus by the activity of the peptidylglycine alpha-amidating 

monooxygenase (PAM) enzymes to acquire biological activity (11) (Figure 4). 
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Figure 4. Schematic representation of AM and PAMP biosynthesis process. Modified from reference (25) 

 

AM production is mostly regulated by oxidative stress and inflammation-related 

substances such as lipopolisaccharide and pro-inflammatory cytokines (tumor necrosis 

factor-α -TNF-α- and IL-1, among others), which increase AM secretion rate. Several 

binding sites for activator protein-2 (AP-2) and c-AMP-regulated enhancer element can 

be found in the adm gene promoter. It has also been discovered that there are nuclear 

factor-Kβ (NF-Kβ) sites on the promoter of the adm gene (2). Another potent inducer of 

AM expression is hypoxia. This overexpression is mediated by transactivation of the AM 

promoter by hypoxia inducible factor 1 (HIF-1) transcription factor, as well as by 

posttranscriptional mRNA stabilization. Hypoxia response elements (HREs) have been 

found in the promoter of the human and mouse adm genes (26). 

5.1.3. Metabolism of adrenomedullin  

AM is a circulating peptide and it can be found in plasma at a concentration of 2-10 pM 

in humans. AM is also present in other biological fluids such as urine, saliva, sweat, milk, 

amniotic fluid, and cerebrospinal liquid (3). 

 In plasma, circulating AM is specifically bound to adrenomedullin binding protein-1 

(AMBP-1), which was later identified as complement factor H (27). AM bound to 

complement factor H cannot be properly detected in plasma, so it is thought that total 

plasma AM could be higher than reported in most studies. 
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Circulating AM is rapidly degraded with a half-life of 16-20 minutes. Matrix 

metalloproteinase 2 seems to be responsible for the initial degradation of AM, which is 

followed by an aminopeptidase (28). 

5.1.4. Adrenomedullin receptors and binding sites 

Specific binding sites for AM have been found in many cell types and tissues such as 

the heart, lungs, spleen, liver, vas deferens, kidney glomerulus, skeletal muscle, 

hypothalamus, and spinal cord, among others (3). The wide distribution of binding sites 

for AM is related with its great variety of biological functions. In addition, AM is able to 

bind to many areas of the brain, providing the anatomical basis for the involvement of 

AM in the physiology of the central nervous system (29). The AM receptor contains a 

member of the 7-transmembrane domain G-protein-coupled receptor superfamily which 

is named calcitonin receptor-like receptor (CLR). However, CLR needs the presence of 

modulating proteins. One of them is an intracellular peripheral membrane protein named 

CGRP-receptor component protein (RCP) for signaling (30). Data support an essential 

role for RCP in CGRP and AM receptor function, in which RCP expression enhances 

signaling of the CGRP or AM receptor, and therefore increases the efficacy of CGRP 

and AM in vivo (30). The others are proteins with a single transmembrane domain known 

as receptor activity modifying proteins (RAMP). Three RAMPs have been identified in 

the human genome: RAMP1, RAMP2, and RAMP3. RAMPs bind to the CLR in the 

endoplasmic reticulum promoting transport to the plasma membrane (31). 

RAMP1 transports CLR to the membrane surface as a mature glycoprotein, and this 

heterodimer functions as a CGRP receptor (31). The CLR molecules transported by 

RAMP2 and RAMP3 are core-glycosilated and function as AM receptors (AMR); 

CLR/RAMP2 is known as AMR1, whereas CLR/RAMP3 is dubbed AMR2 (11, 32) (Figure 

5). Qui et al. (33) studied the differences between the sequences of RAMP1, RAMP2, 

and RAMP3 to identify unique residues of each isoform that could alter their 

pharmacology and account for the unique properties of each heterodimer. They 

described that residue 74 in RAMP2 and 3 is critical to establish their affinity for AM; 

while residue Phe93 in RAMP1 seems to be very important for its affinity with CGRP 

(33). 
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Figure 5. Schematic representation of the CGRP and AM receptors. Modified from reference (34) 

 

The expression of RAMP isoforms in a particular cell may change under pathological 

conditions, thus changing the degree of response to AM and CGRP (35). In physiological 

conditions the more abundant isoform is RAMP2, suggesting that the majority of CLR 

molecules would bind to it to form functional receptors for AM. However, dynamic 

changes in the expression pattern of the RAMP genes take place when a disease occurs, 

or there are certain physiological situations such as pregnancy. As reported by Gibbons 

et al.(35), the most robust changes in RAMP expression levels coincide with those 

situations in which plasma AM level is most elevated, as it occurs in pregnancy, sepsis, 

or heart failure. In those situations, there is an elevation in RAMP3 expression, 

apparently in order to decrease AM responsiveness as a compensatory mechanism (35). 

5.1.5. Signal transduction pathways activated by adrenomedullin 

There is a large number of signal transduction pathways activated by AM, and they can 

vary among species, organs, tissues, and even, cell types. However, in this Thesis work 

we are going to focus only in the three main signaling pathways whereby AM exerts its 

actions: cAMP, phosphoinositide 3-kinase (PI3K)/Akt (also known as Protein Kinase B – 

PKB -), and mitogen activated protein kinase (MAPK)-extracellular signal regulated-

protein kinase (ERK) (Figure 6). 
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Figure 6. Schematic representation of the three main cellular pathways activated by adrenomedullin. 

Modified from (36). 

5.1.5.1. Adenylyl cyclase/cAMP pathway 

The first described signal transduction pathway activated by AM, which is also the most 

studied, and probably the most common, is the adenylyl cyclase/cAMP system (1). In 

many cell types, AM and CGRP receptors are coupled to Gs proteins that activate 

adenylate cyclase and increase intracellular levels of cAMP (11). In bovine aortic 

endothelial cells and vascular smooth muscle cells (VSMC) the accumulation of cAMP 

causes the activation of protein kinase A (PKA) which, in turn, increases calcium efflux 

leading to relaxation of the vascular cells (37). Moreover, it was confirmed that AM can 

induce calcium mobilization independently of cAMP levels. This fact suggests that there 

is another mechanism involved in the positive ionotropic action of AM. This theory was 

confirmed by Szokodi et al. (38). AM activated phospholipase C through its specific 

receptor and accelerated inositol-1,4,5-P3 formation to stimulate calcium release from 

the endoplasmic reticulum intracellular store. In addition, the activation of phospholipase 

C is also involved in ion channel opening (37, 38). 

However, these results should be considered with caution because this phenomenon 

seems to depend on the particular cell type and physiological context. AM administration 

does not have any effects in intracellular calcium concentration and even decreases 

calcium content in cultured human umbilical vein endothelial cells (HUVECs) (39) or in 

porcine coronary arteries (40). 
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It has also been described that in cardiac myocytes intracellular calcium increases, in 

response to AM, causes activation of nitric oxide (NO) synthase and NO release leading 

to cellular relaxation (41). Activation of the NO pathway by AM has a main role in the 

regulation of the cardiovascular system by regulating blood-flow (42). NO pathway and 

its reactive oxygen species restore blood flow and tissue oxygenation in ischemic 

tissues, having a cytoprotective action against ischemia/reperfusion injury and against 

myocardial ischemia-induced arrhythmias in rats (43). Furthermore, Sata et al. (44) 

demonstrated that AM inhibited endothelial cell apoptosis through a NO-dependent 

pathway. Their results suggest that the anti-apoptotic effect achieved by AM-activated 

NO pathway is independent of cyclic guanosine monophosphate (cGMP), although most 

NO-mediated vasodilation functions take place through the pathway of cGMP/cGMP-

dependent protein kinases (44). Some authors postulate that NO prevents apoptosis 

through S-nitrosylating caspases (45-47). 

5.1.5.2. Phosphoinositide 3-kinase (PI3K)/Akt pathway 

The second main signal transduction pathway activated by AM is the PI3K/Akt pathway 

in vascular endothelial cells where it regulates several biological processes such as 

vasodilatation, cell survival, proliferation, migration, and vascular cord-like structure 

formation (48). Specific AM-mediated angiogenesis is regulated by a mechanism that 

involves both AMR1 and AMR2 (49). 

Other studies suggest that AM also acts directly on the myocardium by the presence of 

CLR in myocytes, where it enhances neovascularization and re-oxygenation, induces 

cardioprotective effects and exerts antiapoptotic effects through the PI3K/Akt-dependent 

pathway after ischemia/reperfusion injury (50). 

5.1.5.3. Mitogen activated protein kinase (MAPK)-extracellular signal regulated-

protein kinase (ERK) pathway 

The role of AM in growth and mitogenesis has led to investigate the apparent regulation 

of the MAPK pathway by this peptide. AM signaling directly promotes endothelial cell 

growth and survival through activation of MAPK/ERK downstream signaling pathways 

(51). Surprisingly, AM is able to enhance the opposite effect by increasing apoptosis in 

glomerular mesangial cells under serum deprivation (52). The proapoptotic effect of AM 

in mesangial cells seems to be mediated by activation of MAPK, cAMP-PKA, JNK and 

protein phosphatase 2A (53). Furthermore, AM  protects malignant cells from hypoxia-

induced cell death by up-regulation of Bcl-2 in an autocrine/paracrine manner (53). 

These results suggest that AM appears to either stimulate or inhibit cell apoptosis 

depending on the particular cell type (2).  
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Likewise, it appears that AM stimulates or inhibits cell proliferation depending on the 

particular cell type. AM-mediated proliferative responses would be a consequence of the 

activation of the tyrosine kinase-MAPK pathway. Whereas in cells whose MAPK pathway 

is depleted, the increase in cAMP levels caused by AM would lead to inhibition of cellular 

growth (54). 

There are conflicting results in studies involving vascular smooth muscle cells (VSMC).  

Initially it was suggested that AM had anti-proliferative effects (55). But subsequent 

studies postulate that AM exerts a strong mitogenic action on this cell type when the 

serum is removed from the culture medium (56, 57). Under serum deprivation conditions, 

AM promotes DNA synthesis and proliferation of VSMCs. These responses would be 

mediated through the activation of the p42 / p44 system by MAPK. AM stimulates the 

synthesis of proline-rich tyrosine kinase 2, which in turn activates the c-Src promoter and 

induces the recruitment of mediator proteins (Shc / Grb2), leading to an activation of the 

Ras- MAPK (56). 

5.2. ADRENOMEDULLIN IN BIOMEDICAL RESEARCH 

5.2.1. Previous knockout models for adrenomedullin 

The idea that AM may be intimately related to embryonic development and pregnancy 

has become apparent following the generation of different knockout (KO) models. In adm 

KO mice, in which the expression of AM and PAMP are suppressed, the null phenotype 

is embryonically lethal due to the scarcity of placental vascularization, malformation of 

the basement membrane in the aorta and cervical arteries, detachment of the endothelial 

cells from the basement structure, and the presence of edema (58). Other groups have 

generated KO mice in which only the expression of AM, but not PAMP, is affected (59). 

AM-/- is also lethal at embryonic stage; and both null genotypes AM/PAMP-/- and AM-/- 

caused the death of the embryos at the same moment, between day 14th and 15th of 

embryonic development.  

Same results are obtained when AM receptors are suppressed. To demonstrate the in 

vivo importance of CLR, a special gene-targeted KO model of the CLR gene, Calcrl was 

created. Heterozygous mice for the target allele appeared normal, survived into 

adulthood and were fertile. However, Calcrl-/- embryos were not viable. Mouse embryos 

died between day 13th and 14th of gestation and after their extraction, they were shown 

to exhibit a very similar phenotype to that of the AM-/- and AM/PAMP-/- animals (60) 

(Figure 7). These results demonstrate that both genes, the gene of the peptide and the 

one of its receptor, are essential for embryo survival. 
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Figure76. Hydrocephalia and severe edema observed in Calcrl-/- fetuses compared to their normal  (WT) 

counterparts. Reproduced from reference (60). 

 

In models of mice lacking RAMP2 the results are similar to the ones shown above. 

RAMP2-/- embryos died in utero at midgestation due to severe deformation, vascular 

fragility, severe edema, and hemorrhage (61). In contrast, RAMP2+/- embryos were born, 

reached adulthood, but they exhibited a great variety of phenotypes associated to 

vascular hyper-permeability and deficits in the angiogenesis process (61). These data 

demonstrate that RAMP2 is a key factor in physiological actions exerted by AM in blood 

vessels, and it is essential for vascular integrity and the neo-vascularization process. 

More recent studies with conditional endothelial cell-specific RAMP2 knockouts (E-

RAMP2-/-) have confirmed that the AM-RAMP2 system is vital and determinant for 

vascular integrity and systemic homeostasis, from embryonic stages to adulthood (62). 

Most E-RAMP2-/- mice die in the perinatal period, and the few survivors present 

spontaneous vascular abnormalities as they grow. In addition, as they age, these 

modified mice develop severe fibrosis in liver, heart, and kidney; as well as an important 

and accelerated vascular senescence associated to a high oxidative stress (62). 

Subsequent in vitro studies revealed that vascular fragility is a consequence of 

disorganization of actin fibers leading to a separation of endothelial cells. Koyama et al. 

(62) have demonstrated that the AM-RAMP2 system regulates the ratio of Rac1-GTP / 

RhoA-GTP, as well as actin formation. So, alterations in this system lead to disruption of 

actin formation which eventually causes vascular and organic chronic damage. 

Surprisingly, a complete absence of RAMP3 has no effect on survival. RAMP3-null mice 

appear normal until old age (9-10 months), at which point they have lower weight than 
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their WT littermates (63). These results suggest a different physiological role for RAMP2 

and RAMP3 during embryogenesis and adulthood.  

To circumvent the problem of embryo lethality and continue studying the role of AM in 

adult tissues and organisms, tissue-specific conditional KO models have been generated 

using Cre/loxP technology (64). Cre protein, of viral origin, recognizes the loxP DNA 

sequences so that when it finds two of them in tandem it cleaves the entire intermediate 

sequence leaving a single loxP sequence (Figure 8). Thus, in these models, the adm 

gene would be flanked by the loxP sequences and Cre expression would be directed by 

a specific promoter of different organs or tissues, such as the cadherin 5 promoter for 

Cre expression in endothelial cells (65), the α1 tubulin promoter to achieve Cre 

expression in central nervous system neurons (66), or the CCSP promoter  for the 

expression of Cre in pulmonary club cells (67). 

 

Figure 8. Schematic representation of the operation of the Cre/loxP system. When two loxP regions are 

found in in tandem on the same DNA strand, the Cre protein removes the DNA region between the two 

sequences, leaving behind a single LoxP sequence. 

 

5.2.2. Physiological activities of adrenomedullin 

The main role played by AM in physiology has become apparent following the generation 

of different KO models, as explained in the previous section. 

AM plays a leading role during mammalian development. Recent studies have 

demonstrated that locally produced AM in the trophoblast binucleate cells of the bovine 

placenta may play a crucial role in regulating placental vascular and cellular functions 

during pregnancy, especially during the transition from mid to late gestation period (68). 
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The idea that AM may be intimately related to embryonic development and pregnancy 

became also apparent following the generation of different KO models for AM and its 

receptor-related genes, as previously exposed. The abrogation of AM, AM and PAMP, 

CLR or RAMP2 caused embryo lethality due to severe vascular abnormalities.  

In the adult organism, AM has been localized in many cell types and in most body tissues 

(69). This wide distribution suggests that AM exerts many physiological functions and 

needs a finely tuned regulation system. The adm gene is expressed in the nervous 

system and its related structures, in the cardiovascular system, in endocrine organs, in 

the digestive, respiratory and genitourinary tract, in skeletal and muscular structures, 

among others (11). 

AM plays a key role in maintenance of cardiovascular homeostasis, growth and 

development of cardiovascular tissues, and regulation of body fluids (69). Systemic 

administration of AM reduces arterial pressure, decreases peripheral vascular 

resistance, and increases heart rate and cardiac output (5). In vitro, this peptide 

promotes endothelium-dependent vasorelaxation of different vascular beds belonging to 

different animal species. Regarding the mechanism of the vasodilatory effect of AM, most 

of the data indicate that it may induce vascular relaxation independently by acting on 

CGRP1 receptors and raising the level of cAMP in the VSMCs (2). In addition, AM binds 

specifically to receptors present in endothelial cells and exerts vasodilator actions 

mediated by the NO system (70), by hyperpolarization factor derived from endothelium 

(71), and / or by vasodilator prostanoids (72). Although AM is a vasodilator when injected 

peripherally, it acts as a vasoconstrictor when it is injected into the brain, through 

stimulation of the sympathetic nervous system (73). Moreover, AM and PAMP are well 

known for being potent angiogenic agents (74), they are necessary to maintain the 

integrity of the microvasculature (60), and promote a faster healing of epithelial wounds 

(75). 

On the other hand, there are accumulated evidences that support a compensatory role 

of AM in heart failure (76). It has been established that plasma AM levels are significantly 

higher in patients with heart failure compared to the general population; furthermore, this 

increase is proportional to the severity of the disease: the higher the AM levels, the worse 

the patient's clinical status (36). Several studies even suggest that plasma AM levels are 

an independent prognostic factor of heart failure (77). This peptide would be able to 

regulate myocardial hypertrophy and its remodeling in hypertension in an autocrine and 

paracrine manner (36).  
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Acting directly in the kidneys and through the hypothalamic-pituitary-adrenal axis, AM 

controls renal function and body fluid volume (78). First, it exerts a direct control on the 

kidneys, affecting diuresis and natriuresis. In addition, it regulates the hypothalamic-

pituitary-adrenal axis at all levels (79). In animal studies, intracerebral AM infusions have 

been shown to inhibit thirst and salt ingestion (6). In the pituitary, AM is able to inhibit the 

secretion of vasopressin and ACTH; while in the adrenal gland it controls the secretion 

of aldosterone (79). 

On the other hand, AM regulates the secretion of several hormones in different tissues 

and organs. Circulating levels of this peptide have effects on the hypothalamic-pituitary-

adrenal axis, as mentioned above (79). In addition, AM is synthesized by the pancreatic 

polypeptide-secreting F cells of the pancreatic islets; and it has been described that 

insulin producing β cells express AM-specific receptors (80). Incubation of cultured islets 

with a monoclonal antibody against AM causes a fivefold increase of the basal insulin 

secretion rate (80). This indicates that endogenous AM is able to tonically inhibit insulin 

secretion. 

In the female reproductive tract, AM is synthesized by the granulosa cells in the ovarian 

follicles. Plasma AM levels increase during the follicular phase and fall during the luteal 

phase of the menstrual cycle (81). Both, AM and its receptors, are expressed in the 

uterus, and this expression increases naturally during pregnancy (82). It has been 

recently described that AM would play a main role regulating the speed of the oviductal 

flow in cattle, which is a key process to achieve successful pregnancy (83). AM may also 

regulate the unidirectional flow of oviductal fluid from the ovarian to the uterine side of 

the ampulla produced by ciliary beating, probably through its capacity to regulate 

cytoskeleton remodeling (84). This hormone can also be detected in the placenta and in 

numerous fetal tissues (as seen in Figure 2), suggesting that it may be intimately related 

to embryogenesis and the normal development of gestation (68, 85). Furthermore, very 

recent studies from Kadmiel et al. (86) found that RAMP2 is also robustly expressed in 

the fetal labyrinth layer, and its expression its necessary for the correct formation of the 

placenta and parathyroid hormone 1 receptor expression in pregnant female mice. 

In the digestive system the immunoreactivity of AM is found in the mucosa and glandular 

epithelium of the stomach, esophagus, intestine, gallbladder, bile ducts, and in the acini 

of the salivary glands and pancreas (87), being especially abundant in the 

neuroendocrine cells of the gastrointestinal mucosa, suggesting that AM and PAMP may 

act as gut hormones regulating many physiological and pathological conditions (See 

Study 7) (9). To date, it has been proven that AM and PAMP are potent inhibitors of 
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gastric acid secretion and gastric emptying, they regulate the active transport of sugars 

in the intestine, regulate water and ion transport in the colon, and modulate colonic bowel 

movements and small-intestine motility, as explained in the third paper of this Thesis (9). 

Furthermore, AM and PAMP are found in mostly all epithelial surfaces and body 

secretions (10) showing antimicrobial activity against Gram-positive and Gram-negative 

bacteria isolated from the skin, oral cavity, and respiratory and gastrointestinal tract (88). 

Recent discoveries from our laboratory have confirmed these previous works showing 

that lack of AM/PAMP leads to important changes in gut microbiota population under 

physiological conditions (89) and changes in the pattern of expression of toll-like receptor 

4, which is the main receptor of gut microbiota in the colon, as it is demonstrated in Study 

2 of this Thesis (89). 

Both AM and its receptors are widely distributed throughout the central nervous system 

(90). It regulates some of the properties of the blood-brain barrier (91), increases the rate 

of preganglionic sympathetic discharges (92), exerts several neuroprotective actions 

against damage from cerebral infarction (93), and regulates electrolyte and body fluid 

balance (78). In addition, there are studies suggesting that AM may be involved in the 

neuroendocrine response to stress and in nociception (8, 66). Recent evidence confirms 

this hypothesis since the AM system seems to be involved in morphine tolerance and 

hyperalgesia (94), and AMR blockade reversed this condition. 

Finally, as briefly mentioned before, AM and PAMP have been detected in mostly all 

epithelial barriers that establish the main defense against the outside environment and 

its microorganisms (95), as well as in all body fluids (saliva, sweat, milk, and urine, 

among others) (10). All of these data suggested that these peptides could have a function 

related to immunity. Walsh et al.(96) demonstrated that AM and PAMP have antimicrobial 

activity in both a concentration- and time-dependent manner, capable of significantly 

suppressing the growth of bacteria. Subsequent works confirmed these data and 

provided evidence that Gram-positive and Gram-negative bacteria isolated from the skin, 

oral cavity, and respiratory and gastrointestinal tract are sensitive to AM (97) and that 

PAMP has stronger antimicrobial activity against Escherichia coli than AM or other 

known antimicrobial peptides such as neutrophilic peptide-1 (98). The mechanism of 

action of these peptides remained obscure for many years. AM has many properties in 

common with other cationic antimicrobial peptides, including human β-defensin-2, and 

has 30% homology at the genetic level to the cecropin group, thus AM chemically 

resembles other antimicrobial peptides (97) and may therefore share a similar 

mechanism of action, i.e., pore formation (99). Ultrastructural analyses have shown that 

treatment with AM causes a cell-wall disruption in Escherichia coli after thirty minutes. 
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Alternatively, abnormal septum formation with no apparent cell-wall disruption is 

observed in Staphylococcus aureus in 2 hours (100). It is interesting that carboxy 

terminal fragments of AM seem to be significantly more active than the whole molecule, 

suggesting that this region is necessary for optimal antimicrobial activity (100). 

Regarding PAMP, antimicrobial analysis using two different approaches (radial diffusion 

antimicrobial assay and outer membrane permeability) revealed that only primate PAMP 

is able to prevent bacterial growth (101), indicating that this activity may have appeared 

late during evolution. Of the three human forms, the free-acid form is more efficient than 

the mature peptide at equimolar concentrations and is able to kill Escherichia coli at lower 

concentrations, whereas the Gly-extended immature form is not active at all (101). In 

agreement with the radial diffusion assay, the free-acid form and the mature peptide are 

very efficient in increasing outer membrane permeability, in a similar way to polymyxin B 

(101); thus confirming the hypothesis that the antimicrobial mechanism of action for 

PAMP implies punching holes in the bacterial outer membrane. 

5.2.3. Main pathologies in which adrenomedullin is involved 

Elevation of plasmatic AM levels has been described for a variety of pathological 

disorders. It has been established that AM levels in plasma increase in patients with 

heart failure in a way that is proportional to the severity of the disease (36). Accumulating 

evidence supports a compensatory role for AM in heart failure (76). Furthermore, recent 

studies described plasma AM as an independent prognostic indicator of heart failure 

(102). The same can be observed in myocardial infarction (103). In addition, AM exerts 

a protective action against ischemia-reperfusion injury after heart stroke (43), and it also 

protects other organs from this kind of injury, such as the kidney (104), or the brain (105). 

As it happens with heart failure, circulating AM levels increase in ischemic stroke and 

plasma AM concentration is associated with long-term outcomes of acute ischemic 

stroke (106). Thus, AM may aid to predict long-term clinical outcomes of patients with 

ischemic stroke and there is emerging interest in its use as a next generation biomarker 

for brain injury (107). 

Elevation of plasma AM concentration is also observed in patients with artery 

atherosclerosis (108), primary arterial hypertension (109), glomerulonephritis (110), 

chronic renal failure (111), or septic shock (112). AM also plays a role in primary and 

secondary pulmonary hypertension Very recent studies in rats also suggest a protective 

action of AM in this pathology, by inhibiting pulmonary procollagen synthesis and 

alleviating pulmonary artery collagen accumulation (113). 
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Interestingly, elevated AM levels occur in the brain of Alzheimer´s disease  patients (114) 

and plasma levels of mid-regional proadrenomedullin (the peptide fragment located 

between PAMP and AM, with no biological function but used as an AM expression 

surrogate) could have predictive value in the progression from predementia to clinical 

Alzheimer´s disease (115). 

The inhibitory effect of AM on insulin release suggests that this peptide may be 

associated with diabetes mellitus. Increase of plasma AM in type 1 diabetes seems to 

be a consequence of the disease because it is increased only in patients with 

microangiopathy and with diabetic nephropathy (116). In type 2 diabetes it is not clear 

whether AM elevation is a consequence or a causal agent of the disease, but it is 

undeniable that the levels of circulating AM are elevated in these patients (117). In 

addition, AM has emerged as a possible biomarker for early diagnosis of pancreatic 

cancer-induced diabetes (118). 

Furthermore, AM has emerged as a novel and promising therapy for immunological 

disorders (119, 120). This is closely related to the local and systemic anti-inflammatory 

actions that AM is able to exert (121). Within the main theme of this Thesis, we should 

consider with special attention the emerging role of AM in inflammatory bowel diseases 

(IBD) (Study 3). 

The term IBD includes Crohn disease (CD) and ulcerative colitis (UC), both of which are 

chronic pathologies characterized by a non-specific inflammation of the gastrointestinal 

tract (122). The pathophysiology of IBD is unknown, but is believed to be impacted by 

genetic and environmental factors, when coupled to alterations in gut microbiota, lead to 

a deregulation of the immune response (123). Their exact etiologies remain unknown 

but clinical studies suggest that interplay between genetic factors and enteric bacteria 

are crucial for disease development, owing to abnormal host responses directed against 

the commensal microbiota (124). In normal gut, intestinal epithelial cells maintain a 

beneficial link with the microorganisms in the intestinal flora through toll-like receptors 

(TLRs), which mediate signaling to maintain epithelial cell integrity and tight junctions 

(125). Stimulation from commensal bacteria is finite and should not trigger an excessive 

inflammatory response. However, any alteration in the population of luminal bacteria may 

influence TLR signaling, paving the way to a dysregulated inflammatory response, thus 

being a common denominator of IBD and colorectal cancer (CRC) (126). It is well 

established that altered expression patterns of TLRs lead to tumor development, and in 

this context the contribution of TLR4 is considerably higher than those of other TLRs 

(125). 
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AM is emerging as a novel and promising therapy for digestive pathologies related to 

inflammation such as IBD due to the local and systemic anti-inflammatory actions that 

AM is able to exert. For example, it has been demonstrated that AM inhibits the secretion 

of pro-inflammatory cytokines when it is released to the medium by peripheral blood 

monocytes when transforming into macrophages (11). In addition to the regulatory role 

on immune cells, AM also decreases endothelial permeability, thus reducing the 

formation of inflammatory exudates (11). Furthermore, as a potent angiogenic factor 

(74), AM is necessary for maintaining microvasculature integrity in the mucosa (62), and 

as seen above, it promotes a faster healing and restitution of epithelial lesions (75, 127). 

And finally, thanks to its antimicrobial effect, AM could help combat the overgrowth of 

bacteria of the microbiota that occurs in IBD patients (10). 

The advantages of a therapeutic use of AM are twofold. First, it is a hormone naturally 

produced by the body, and, second, exogenous administration of AM has already been 

tested in previous clinical trials and pilot studies with little to no side effects (4, 128-130). 

Several studies, performed by independent groups, have demonstrated that AM 

ameliorates colitis pathology in different experimental models (131-141). Furthermore, 

very recent studies performed by Nagata et al. (142) have validated the use of a 

polyethylene glycol conjugated form of human AM as a possible therapeutic agent for 

the treatment of IBD. The aim of chemically modified human AM is to circumvent the 

problem of the quite short half-life of native AM in blood. 

Treatment with AM in animal models of induced colitis ameliorates the severity of the 

clinical symptoms, reduces the histological damage in the colon, and attenuates the 

inflammatory response, acting through the following mechanisms: 

i) AM acts as a potent anti-inflammatory factor, both at the local and systemic level, 

playing a role in the evolution of Th1/Th2 cytokines balance, preventing neutrophil 

infiltration to the affected area, and decreasing pro-inflammatory cytokine levels (IL-6, 

IL-10, TNF-α, and IFN-γ mainly) (131, 132, 134). These actions could be mediated by 

the regulation of HIF activity exerted by AM: high levels of AM promote the synthesis of 

HIF-1α, an endogenous protective factor against inflammation in the mucosa (137). 

ii) Furthermore, AM is essential in the maintenance of intestinal epithelial barrier function, 

preventing the hyperactivation and hyperpermeability of the intestinal epithelium, both of 

them hallmarks of IBD (132). Recent studies suggest that the protective effect of AM on 

intestinal epithelial barrier dysfunction is mediated via suppression of inflammatory 

cytokines and downregulation of myosin light chain phosphorylation, which is a key 

regulator of intestinal barrier function (143). 
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iii) AM administration could also ameliorate DSS-induced experimental colitis through 

acceleration of ulcer reepithelialization and colon tissue regeneration (138). 

iv) And finally, AM protects and restores mesenteric vascular function in the colon 

decreasing cyclooxygenase-2 expression (enzyme which mediates inflammatory 

processes) in microvessels of rats with colitis and NO expression in colonic tissue, but 

not at the systemic level (135). 

By significantly reducing the severity of inflammation and other histological damage, 

treatment with AM helps to ameliorate the overall rate of disease severity, to control 

weight loss, diarrhea, intestinal bleeding, and to increase survival rate of treated animals. 

In view of the successes achieved in animal models, some scientific groups have already 

performed the first pilot studies in patients with refractory UC (144, 145). The results 

strongly suggest that AM has potential as a new therapeutic agent for the treatment of 

UC, thus intravenously administered AM reduces in all cases the disease severity index 

between five to twelve points, on a twelve point scale, and accelerates healing (Figures 

9 and 10). In several patients, it maintained clinical remission for over one year, with no 

observed secondary effects beyond a slight decrease in blood pressure. 

 

Figure 9. Endoscopic findings. Deep and extensive ulcers are seen in the transverse (a) and sigmoid (b) 

colon at day 0 of the treatment. Two weeks after treatment with AM (c, d), significant neovascularization and 

mucosal regeneration are seen at the margins and base of ulcers in the transverse colon (c). In the sigmoid 

colon, fibrosis (scarring) and vasodilation are seen in the most superficial ulcers. The fibrotic zones show a 

cross-linked appearance, such as a spider web (d). Reproduced from reference (145). 
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Figure 10. Endoscopic findings. Three months after treatment with AM, the ulcers have disappeared 

completely and some scars are seen in the transverse (a) and sigmoid (b) colon. One year after AM 

treatment, the mucosa of the transverse colon (c) and sigmoid colon (d) remains in remission, with a fully 

recovered vascularization. Reproduced from reference (145). 

 

But perhaps the disease that is more clearly influenced by AM expression is cancer (See 

Study 6 included in the list of additional publications). The involvement of AM in tumor 

progression is becoming more evident every day. Most studies support the idea of AM 

as a survival factor for tumor cells; a factor that can be produced either by the tumor itself 

(146, 147) or by the stromal cells surrounding the tumor (148). This peptide is a good 

investment for the tumor cell, because it is involved in tumor initiation and progression, 

by promoting cell proliferation, angiogenesis, change of phenotype, inhibition of 

apoptosis, and escape from immune surveillance (149). 

There are now many studies that show an association between AM expression and 

cancer. Initially, these were predominantly studies where plasma AM concentrations 

were measured in patients suffering from different tumor types and compared with 

healthy patients. These tumors included bronchial neuroendocrine tumor, clear cell renal 

cell carcinoma, midgut tumor, osteosarcoma, pancreatic adenocarcinoma, pancreatic 

insulinoma, aldosterone-producing adenoma, pheochromocytoma, pituitary adenoma, 

and plexiform neurofibroma (150-160) and there were significant increases of AM levels 

in all cancer patients. Interestingly, in patients with osteosarcoma, insulinoma, 

pheochromocytoma, and primary aldosteronism due to adenoma, elevated blood AM 
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levels decreased following surgery and returned to normal (151, 153, 155, 156), 

indicating that the tumor was the main source of these excessive AM levels. However, 

plasma AM levels of patients after 4–5 weeks of surgery of clear cell renal cell carcinoma 

and of other kidney tumors were similar to pre-surgery levels. AM concentration may not 

be suited as a biomarker for these diseases (160), the opposite of what has been 

previously explained with other pathologies. 

There is significant evidence for the association of the expression of AM and its receptors 

with cancer. AM and CLR mRNA levels were higher in pancreatic adenocarcinoma 

tissues compared to normal pancreatic tissues (158). The expression levels of AM, CLR, 

RAMP2 and RAMP3 in human melanoma were higher than in control tissues (161); and 

tissue microarray analysis of human colorectal tumors revealed the same results in 

lymph nodes and distant metastasis when compared with primary tumors (162). 

Furthermore, the expression levels of AM and its receptors are inordinately elevated in 

gastric cancer as compared to the adjacent non-tumor gastric tissues (163), and 

increased AM expression results in the proliferation of tumor cells, tumor invasion, and 

metastasis. Although the expression of AM, CLR, RAMP1, and RAMP2 mRNA has been 

reported in several pancreatic cancer cells, RAMP3 mRNA expression could only be 

found in 1 of 5 cell lines studied (158). These observations indicate that RAMP1/2 but 

not RAMP3 are the main coreceptors for CLR in pancreatic adenocarcinoma (158). 

If we focus on colorectal cancer, being one of the main themes of this Thesis, we find 

out that human colon carcinoma cells (HT-29, HCT116, DLD1, and SW480) express AM, 

CLR, RAMP2, and RAMP3, and the expression of AM is increased under hypoxic 

conditions (162, 164, 165). Addition of synthetic AM to tumor cells in culture stimulated 

cell proliferation and invasion which could be reversed by co-incubation with an AM 

antibody or an AM antagonist (162, 165). Furthermore, AM antibody treatment 

significantly reduced the growth of HT-29 tumor xenografts in mice (162). These data 

seem to correlate well with clinical data where AM has been described as an independent 

prognostic factor for colorectal cancer (164). 

5.3. A TOTAL KNOCKOUT FOR ADRENOMEDULLIN: WHY?  

5.3.1. The need for a new animal model to study adrenomedullin 

To get a formal demonstration of the effects that a particular protein has, a genetic 

approach is needed where the gene of the protein or its receptors should be deleted. AM 

and PAMP are not exceptions, but as discussed previously, due to the intimate 

relationship of AM with placental and mammalian embryonic development during 

pregnancy (68, 86), it has not been possible to date to achieve an adult mouse model 



Introduction 

 

46 
 

with the adm gene deleted throughout the organism, since the total absence of these 

peptides (AM and/or PAMP) or its receptors results in 100% embryo lethality due to 

serious vascular abnormalities (58). In all the articles published so far, to circumvent this 

problem and be able to study the role of AM in different physiological functions and in 

pathological situations, the conditional-spatial deletion of the gene in different organs 

and tissues has been needed, directing the expression of Cre recombinase with 

promoters specific to those areas. It has been demonstrated that it works well when 

targeting specific cell types such as neurons (66) or endothelial cells (62). 

However, these models had certain shortcomings. AM is expressed in many organs and 

tissues, and it is a circulating peptide that is transported in the blood attached to 

complement factor H (27). So, even though the expression of AM may have been 

completely suppressed in a particular organ, certain levels of this hormone produced in 

other parts of the organism would reach that organ through circulation. 

In fact, there are several contradictory results about the action of AM in several 

physiological and pathological processes. For example, as previously mentioned, in 

many cell types, such as bovine aortic endothelial cells and VSMCs, AM increases 

intracellular levels of cAMP (11), which in turn increases calcium efflux leading to 

relaxation of the vascular cells (37). It has also been described that in cardiac myocytes 

intracellular calcium increases, in response to AM, leading to cellular relaxation (41). 

However, AM administration does not have any effects in intracellular calcium 

concentration and even decreases calcium content in cultured HUVECs (39) or in 

porcine coronary arteries (40). 

On the other hand, there is a generalized conviction which identifies AM as a vasodilator 

(3). Nevertheless this issue is more complex than initially perceived. Although AM is a 

vasodilator when injected peripherally, reducing arterial pressure, decreasing peripheral 

vascular resistance, and increasing heart rate and cardiac output (5); it acts as a 

vasoconstrictor when injected into the brain, probably acting through vascular nerve 

terminals (73). 

As it is shown in Study 1, the influence of AM in bone biology, has been also 

controversial. Previous publications had centered their efforts on the effects of AM on 

specific cell types in vitro (166-168) or in ex vivo organ cultures (167, 169), thus looking 

at the local influences of AM. Until now, the accepted position in the field, based mainly 

on publications by the group of Cornish et al. (166, 170, 171), was that AM induced bone 

formation. However, other publications, when thoroughly interpreted, support the 

opposite theory. For instance a study where authors used the peptide fragment AM22-52, 
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which is an AM inhibitor, found that it prevented bone loss in a model of collagen-induced 

arthritis (172). Another recent publication was looking at the effects of AM and its 

inhibitors on the growth of bone affecting tumors. The authors found that the inhibitory 

small molecule 16311, the same we use in Study 1, reduced tumor induced osteolysis in 

their model (169). 

As explained in Study 7, AM seems to be able to influence gut motility when injected into 

the brain, through modulation of autonomic nervous system activity, since intracisternal 

injection of AM in conscious rats induces a dose-dependent inhibition of gastric emptying 

(173). Surprisingly, to achieve a maximal 50% inhibition of gastric emptying when AM is 

injected intravenously, a ten-fold higher dose is needed than when used for intracisternal 

injection (174). These data indicate that the central or the peripheral action of AM to 

inhibit gastric emptying may be mediated by different mechanisms. Furthermore, the 

central effect of AM is blocked by propranolol, suggesting an action mediated by 

adrenergic β-receptors of the autonomic nervous system (173). This contrasts with the 

inhibitory effect of intravenous AM which is not affected by propranolol administration, 

but it is totally prevented by indomethacin, a non-steroidal anti-inflammatory drug, 

suggesting a prostaglandin-dependent mechanism of action for peripherally 

administered AM (174).  

Another example of different results obtained when AM is injected in the central nervous 

system or administered intravenously is the gastroprotective action of this peptide. AM 

injected into the cisterna magna or in the cerebral ventricles showed significant 

gastroprotective activity (175). However, AM injected intravenously seems to have no 

effect, suggesting that the protective role of AM should involve sympathetic nerve activity 

(176). Trying to explain the conflicting results reported about the effect of peripheral or 

central administration of AM in gastric emptying and protection, Clementi et al. (177) tried 

to verify the activity of AM administered subcutaneously in a single dose on gastric 

ulceration induced by three different methods. They found out that subcutaneous 

injections of AM prevent reserpine-induced gastric mucosal damage in a dose-

dependent manner and reduce ulcer formation in pylorus-ligated rats, but do not interfere 

with the lesions produced by ethanol administration. 

There are also contradictory results in the role of AM in the main disease in which this 

hormone is involved: cancer. As it is described in Study 6, AM is over-expressed in 

numerous tumors including colorectal cancer, bladder urothelial cell carcinoma, 

chromophobe renal carcinoma, clear-cell renal carcinoma, osteosarcoma, pancreatic 

adenocarcinoma, insulinoma, ovarian carcinoma, endometrial cancer, leiomyoma, 
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glioma, glioblastoma, neuroblastoma, ganglioneuroblastoma, pituitary adenoma (ACTH-

secreting), somatotropinoma, astrocytoma, hepatocellular carcinoma, non-small cell 

lung carcinoma, squamous cell carcinoma, adenocarcinoma of the lung, bronchial 

neuroendocrine carcinoma, midgut neuroendocrine carcinoma, pheochromocytoma, 

aldosterone-producing adenoma, breast cancer, intraocular or orbital tumors, and 

melanoma (148). However, in prostate, no difference on the expression of AM was 

detected between benign epithelial cells adjacent to prostate adenocarcinoma lesions 

and tumor (178); and there are some reports of decreased expression of AM in human 

pituitary adenomas in comparison with nontumoral adenohypophyses (179). 

Furthermore, the specific role of AM in prostate cancer cell pathophysiology seems to be 

controversial. Depending on the cell line used (PC-3, DU145, or LNCap) and the insult 

(etoposide or serum deprivation) the effect of AM on proliferation/apoptosis differs (180, 

181). After serum deprivation, AM prevented apoptosis in DU145 and PC-3 cells, but not 

in LNCaP cells (180, 181). However, after treatment with etoposide, AM prevented 

apoptosis in PC-3 and LNCaP cells, but not in DU145 cells (180, 181). Surprisingly, 

although PC-3 prostate cancer cells over-expressing AM generated smaller tumors in 

vivo when injected in nude mice (180, 181), blockade of AM by a specific antibody in 

DU145 prostate cancer cells induced a clear regression of tumor growth and metastasis 

in a xenograft mouse model (182). 

In recent years numerous xenografted tumor models have been used to provide new 

insights in the understanding of AM’s role in tumor growth in vivo. Interestingly, vascular 

density or directed growth of blood vessels measured in these xenograft models 

correlates well with AM expression. Thus, human endometrial, breast, lung or pancreatic 

tumor cell lines overexpressing AM show an increase in blood vessel density (53, 183-

186), while colorectal, prostate, and renal carcinoma cells with decreased AM availability 

resulted in blood vessel density reduction (162, 165, 182, 187). Similar results were 

obtained when xenografting human glioblastoma cells, who express high basal levels of 

AM. Both density of blood vessels and cell growth were decreased when an antibody 

against AM was administered intratumorally (188). 

All these data taken together suggest that there are many issues about AM that remain 

unclear, and this fact supports the idea that a new model consisting in a total KO where 

de adm gene is deleted in the whole organism is needed.  
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5.3.2. The rs4910118 polymorphism: the “human knock-down” for 

adrenomedullin 

As previously mentioned, a particular SNP close to the adm gene, rs4910118, was 

responsible for a significant reduction in the circulating levels of AM in carriers of the 

minor allele when compared with homozygous individuals for the normal major allele 

(19). This is especially interesting, since carriers of the minor allele could be considered 

a kind of natural "knock-down model" for AM in humans. 

Previous studies published by our group (see Study 5) (23) showed that individuals 

carrying the minor allele, and having significantly lower endogenous AM levels, are 4.6 

times less likely to develop a tumor over their lifetime than people with normal AM 

circulating levels. These results are consistent with those observed in studies of 

tumorigenicity with animal models in which AM is blocked at the systemic level by the 

use of monoclonal antibodies, similar to what would occur in a KO model for AM. In all 

of these studies, animals with blocked AM develop smaller tumors than their respective 

controls with normal AM levels (162, 186, 189). 

Considering all these data, it is almost inevitable to wonder whether there is a correlation 

between being a carrier of the minor allele of the SNP rs4910118, and therefore having 

significantly lower AM levels than those of the general population, and suffering from any 

other of the main pathologies in which AM seems to play a key role, such as diabetes, 

cardiovascular disorders, Alzheimer, or immunological diseases.  

But the interest in this SNP is not only restricted to pathological conditions, it would be 

important to understand how having lower plasmatic AM levels could affect normal 

physiology. In this scenario, the current conditional-spatial KO models do not adequately 

represent what could happen to the individuals carrying the minor allele of the SNP, 

because they only have the adm gene abrogated in one particular tissue or cell type. By 

contrast, the total KO for AM and PAMP would be a suitable model to study the effects 

of the lack of AM and PAMP throughout the body, both in physiological conditions and 

in disease. 

5.3.3. New possible pharmacological treatments based on the 

adrenomedullin system 

The beneficial role of AM in many pathological disorders has been previously described 

and analyzed in this Thesis. In experimental studies with rat ischemia/reperfusion 

models, AM administration reduces infarct size, inhibits myocyte apoptosis, and 

suppresses the production of oxygen-free radicals (190). Furthermore, the first clinical 
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pilot study of intravenous AM administration in patients with acute myocardial infarction 

demonstrates that intravenous administration of AM can be adjunctive to percutaneous 

coronary intervention improving health condition of patients which received both 

treatments instead of only surgery (130). Related to vascular disorders, it has been 

proved that peripheral administration of human AM and its binding protein attenuates 

stroke-induced apoptosis and brain injury in rats, so it can be developed as a novel 

therapeutic agent for patients with ischemic stroke (105). In addition, AM administration 

is being tested as a novel treatment for many diseases in which a tight control of the 

immune response and a decrease of the inflammatory response are needed, such as 

diabetic macular edema (191), IBD (192), pulmonary ischemia/reperfusion injury (193), 

pulmonary fibrosis (194), arthritis (172), renal ischemia (195), atherosclerosis (196), or 

sepsis-induced organ injury (197). 

AM could be administered directly (145) or conjugated with polyethylene glycol (198). 

But even though AM appears to be a promising therapeutic tool for human diseases, it 

should not be forgotten that this peptide exerts an infinity of physiological actions. Studies 

of colitis with murine models have already demonstrated that long-term AM therapy may 

cause undesirable side effects (134) such as hypotension, increased heart rate or renin 

secretion. And in patients, intravenous injection of AM also decreases systemic arterial 

pressure, although this side effect seems to be mild and temporary (144). Polyethylene 

glycol-conjugated AM showed less acute hypotensive action in comparison with native 

AM peptide in vivo, but it also stimulated cAMP production (198). An alternative to 

exogenous administration of recombinant AM could be to increase the activity of AM 

which is naturally present in the organism. In previous studies of our group we were able 

to identify several small molecules (SM) capable of increasing or decreasing the 

physiological effect of AM (199). The main advantage of using small modulating 

molecules is that their production is cheaper and easier than obtaining recombinant 

hormones. Assuming that their therapeutic effects could be similar to those obtained with 

intravenous AM treatment, the choice of their use as drug candidates would be prefered. 

Although AM has many beneficial effects in several human pathologies, there are other 

diseases in which this hormone has a role in the development of the disease or the 

worsening of symptoms, such as cancer (148), hyperalgesia (94), or primary 

osteoporosis (200). In these cases it would be desirable to be able to reduce or block its 

action to improve the health status of patients. Several pharmacological interventions 

have been described to reduce the physiological activity of AM. These include a 

monoclonal antibody (7), polyclonal antibodies against either the peptide (188, 201) or 

the receptors (189), the peptide fragment AM22-52 (185) and small interfering RNAs (202). 
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In addition, as explained before, several SMs have been identified which can decrease 

AM functions (199, 203). 

However, we must consider that any of these interventions reduce AM activity at the 

systemic level, not just in a specific tissue or organ. To know the possible effects, both 

beneficial and undesirable, that the suppression or blockade of AM may have throughout 

the body a genetic model in which this hormone has been removed from the whole 

organism is required. We, therefore, come upon another example of the conditional-

spatial KOs that existed previously are not enough to answer these questions. A total 

KO model for the adm gene is necessary to approach these new horizons of knowledge 

about AM and PAMP. 
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OBJECTIVES 

To carry out formal studies on the impact that lower or nonexistence AM or PAMP 

circulating levels would have in the whole organism, both in physiological and 

pathological conditions, a KO model for either AM or its receptors is needed. Previous 

results have shown that early abrogation of the gene coding for AM, PAMP or some of 

its receptor components results in 100% embryo lethality due to serious vascular 

abnormalities (58). To circumvent this problem, the main objectives of this Thesis have 

been to achieve the methodology to generate an inducible KO model in which the adm 

gene can be eliminated in adult mice throughout the organism. And once achieved, to 

characterize this new model both physiologically and in different pathologies to be able 

to get a more real knowledge of the functions of AM and PAMP, as well as to better 

understand what could happen using therapies that block this hormone at a systemic 

level. In addition, to translate this knowledge to humans, we also studied the health-

related repercussions that individuals with the minor allele of the mutation rs4910118 

have to face during their lifespan. 

It is important to understand that this model is completely new, never before adult 

animals lacking the adm gene have been obtained. During the course of this Thesis we 

have found phenotypic changes not described so far, or even results that contradicted 

what had been published by previous studies, such as the role of AM in bone metabolism. 

Therefore, although we maintained the two main objectives set at the beginning of this 

work, the specific objectives evolved as required by the results, adding new experiments 

to the original ones. 

The general objectives have been substantiated through the following specific 

objectives: 

 To carry out a physiological characterization of KO animals for AM, since mice like 

these have never been obtained before and no data are available on their phenotype. 

The physiological characterization included: blood pressure measurements, survival 

tests, and stress responses.  

 To perform a metabolic characterization of KO animals for AM in order to find out the 

reason for their rapid growth and their significantly elevated weight at different ages 

when compared with their WT littermates. 

 To investigate the potential therapeutic benefit of SMs inhibiting the action of AM in 

osteoporosis. 
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 To study the modulating role of AM on the intestinal microbiota under physiological 

conditions. 

 To elucidate the biological processes which are involved in the greater damage 

suffered by KO animals during the colitis process. 

 To study the implication of adm gene products in the initiation and development of 

CRC using inducible KO mice and orthotopic models of colorectal cancer in these 

animals. 

 To investigate the potential therapeutic benefit of the application of SMs related to 

adm gene products in animal models of CRC. 
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6. MATHERIALS AND METHODS 

6.1. ANIMAL EXPERIMENTS 

All procedures involving animals were carried out in accordance with the European 

Communities Council Directive (2010/63/UE) and Spanish legislation (RD53/2013) on 

animal experiments and with approval from the ethical committee on animal welfare of 

our institution (Órgano Encargado del Bienestar Animal del Centro de Investigación 

Biomédica de La Rioja, OEBA-CIBIR). 

6.2. GENERATION OF INDUCIBLE KNOCKOUT MICE 

To circumvent the problem of embryo lethality, we decide to use a genetic model where 

deletion of adm gene is induced in adult mice. For this, the Cre / loxP (64) technology 

has been used: mice that contain the adm gene flanked by the loxP sequences (known 

as "floxed" mice) had previously been generated in our laboratory (66). These animals 

were crossed with transgenic mice expressing Cre recombinase under the control of a 

tetracycline-responsive promoter element (tetO) (Strain Number 6234, The Jackson 

Laboratory, Bar Arbor, ME) and with mutant mice having widespread expression of an 

optimized form of reverse tetracycline-controlled transactivator (rtTAM2) protein (Strain 

Number 6965, The Jackson Laboratory). All 3 strains had been previously backcrossed 

to a C57BL/6 genetic background for several generations. In this tri-transgenic mice Cre 

expression is induced by tetracycline or its analogue, doxycycline (Dox) (Figure 11). 
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Figure 11. Generation of the inducible transgenic mice for the adm gene using the Cre / LoxP technology 

and the tetracycline response promoters and inducers. 

 

Thus, when tetO-Cre mice are crossed with Rosa26-rtTAM2 mice, expression of Cre 

protein and mediated recombination in the offspring mice can be regulated by the 

administration of Dox. This induction system is known as tet-On system (Figure 12) 

(204). By being able to regulate the moment of expression of Cre, we can control the 

moment in which the adm gene is deleted. 
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Figure 12. Schematic representation of the operation of the tet-On system. The tetracycline-activated 

reverse transactivator (rtTA-M2) produces a protein that binds specifically to the tetracycline response 

promoter element (tetO). In the absence of Dox, the repressor protein is active and blocks the expression of 

the tetO promoter and the Cre gene which is immediately thereafter. However, in the presence of Dox, it 

binds to the repressor and inactive it, allowing the expression of the tetO promoter and the gene responsible 

for the synthesis of the Cre recombinase protein (205). 

 

6.3. TRANSGENIC MOUSE GENOTYPING PROTOCOL 

6.3.1. Genomic DNA extraction 

Mouse genotyping was performed from the genomic DNA of tail biopsies collected before 

weaning the animals, in the third week of life. DNA extraction was carried out by the 

following protocol: 

Biopsies of the terminal part of the tail were collected in identified 1.5 mL vials. Each 

biopsy was digested by adding 500 μL of a lysis buffer (100 mM Tris-HCl pH 8.5, 5 mM 

EDTA, 2% SDS and 200 mM NaCl, all reagents from Sigma-Aldrich, Dorset, England) 

and 5 μl of proteinase K 10 mg/mL (Proteinase K, Invitrogen, Carlsbad, CA, USA). The 

overnight digestion reaction was incubated in a thermoblock at 55°C and with stirring, 

500 rpm (Mixing Block MB-102, BIOER, Hangzhou, China). The next day, the digestions 
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were centrifuged at full speed (16 100 x g, Centrifugue 5415R, Eppendorf, Hamburg, 

Germany) at 4°C for 60 minutes. The whole supernatant was transferred to a new vial, 

and the DNA was precipitated with 500 μL of isopropanol (Sigma Aldrich). The tube was 

stirred until the DNA ball appeared. After a 10 minute centrifugation at full speed, the 

supernatant was discarded and the precipitate was washed with 500 μL of 70% ethanol 

(Sigma Aldrich). This step was done twice. After the last centrifugation the supernatant 

was removed and the precipitate was allowed to air dry. Finally, this precipitate was 

resuspended in 200 μl ultrapure water (Mili-Q®, Millipore Corporation, Billerica, MA, 

USA), and stored at -20°C until use for PCR. 

6.3.2. Mouse genotyping by PCR 

Mouse genotype was determined by the polymerase chain reaction (PCR) technique 

with specific primers (Table 1) and the genomic DNA extracted according to the protocol 

explained above. 

The amplification reaction of the Gt (ROSA) 26Sortm1Sor allele, according to the 

protocol provided by The Jackson Laboratory (206), was performed with 1 μl of genomic 

DNA (50-200 ng) and three primers: a common primer for both genotypes, and a specific 

primer for the presence or absence of the transactivator. The sequences of the primers 

that were used in the reaction and the size of the amplicons generated are shown in 

Table 1. A typical reaction for the genotyping of the animals is done in a final volume of 

25 μl with 1 μl of genomic DNA from mouse, 2.5 μl of 10x magnesium reaction buffer 

(Biotools, Madrid, Spain), 0.5 μl of 10 mM deoxynucleotide triphosphate (dNTPs) 

(Biotools), 1 μl of the common sense primer, 1 μl of the mutant antisense primer and 1 

μl WT 10 μM antisense primer, 1 μl of the enzyme Taq polymerase (1 U/μl, Biotools) and 

17 μl ultrapure water (Millipore Corporation). 

For the genotyping of the tetO-Cre transgene a 625 bp fragment of the Cre gene (207) 

was amplified. As internal reaction control a 325 bp fragment of the IL-2 gene was 

amplified (Table 1). The reaction was run in a total volume of 25 μl with 1 μl mouse 

genomic DNA and the following components: 2.5 μl reaction buffer with 10 × magnesium 

(Biotools), 0.5 μl deoxynucleotide triphosphate (dNTPs) (Biotools) 10 MM, 1 μl of the 

sense Cre primer and 1 μl of the Cre-antisense primer, 0.5 μl of the IL-2 sense primer 

and 0.5 μl of the IL-2 antisense primer, all primers at a concentration of 10 ΜM, 1 μl of 

the enzyme Taq polymerase (1 U/μl, Biotools) and 17 μl of ultrapure water (Millipore 

Corporation). 

To detect the presence of the loxP sequences flanking the AM gene we used specific 

primers which sequence and the size of the generated amplicons are shown in Table 1. 
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The PCR was carried out in a final volume of 25 μl with 1 μl of mouse genomic DNA and 

the following components: 2.5 μl of 10x magnesium reaction buffer (Biotools), 0.5 μl of 

10 mM deoxynucleotide triphosphate (dNTPs) (Biotools), 1 μl of the sense AM primer 

floxed and 1 μl of the 10 μM AM antisense primer floxed, 1 μl of The enzyme Taq 

polymerase (1 U/μl, Biotools) and 18 μl of ultrapure water (Millipore Corporation). 

Primer Sequence 5’ – 3’ Expected amplicon size 

Gt(ROSA)26Sortm1Sor 

mutant antisense 
GCGAAGAGTTTGTCCTCAACC 

rtTA-M2+/+: 340 bp 

rtTA-M2+/-: 340 bp & 650 bp 

rtTA-M2-/-: 650 bp 

Gt(ROSA)26Sortm1Sor 

common sense 
AAAGTCGCTCTGAGTTGTTAT 

Gt(ROSA)26Sortm1Sor  

WT antisense 
GGAGCGGGAGAAATGGATATG 

Cre sense CGACCAAGTGACAGCAATGCTGTTTCA Cre +: 625 bp 

Cre -: no band Cre antisense CACCAGCTTGCATGATCTCCGGTATT 

IL-2 sense CTAGGCCACAGAATTGAAAGATCT 

Band 325 bp 

IL-2 antisense GTAGGTGGAAATTCTAGCATCATCC 

Floxed AM sense TGATTATCGCCTGTGGATGA 
AM flox/flox: ~ 650 bp 

AM flox/wt: ~ 650 bp & ~ 625 bp 

AM wt/wt: ~ 625 bp 

Floxed AM 

antisense 
GCCTTAGCTCAGGTCCAGTG 

Table 1. Sequences of primers used for the genotyping protocol. 

 

All amplification reactions were performed on GeneAmp® PCR System 9700 (Applied 

Biosystem, Foster City, CA) thermocyclers with the following temperature schedule: 

beginning with an initial step at 94 ° C to denature the DNA for 2 minutes, followed by 30 

cycles of amplification. Each of these cycles consists of three steps: a first step of 

denaturation at 94°C for 30 seconds, a second step of annealing at 60°C for 30 seconds 

and a final step of elongation at 72°C for 30 seconds. And the last step of the PCR is a 

final elongation at 72 ° C for 7 minutes. 

The amplified bands were separated by electrophoresis on 1.5% agarose gels (Biotools) 

in 1x TBE and Gel Red® dye (1: 10000, Biotium, Hayward, CA, USA). From the final 25 

μl PCR reaction in the gels were loaded 10 μl to which were added 2 μl of a 1.5% orange 
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G loading solution (Merck, Darmstadt, Germany) in a Ficoll solution (Ficoll ® Solution, 

Type 400, 20% water, Sigma Aldrich). Electrophoresis was resolved at 80 V between 35 

minutes or 1 hour, depending on the size of the fragments to be amplified. To estimate 

the size of the DNA fragments analyzed, a molecular weight marker (100 bp DNA 

Ladder, Invitrogen) was included in the gels. 

For all the experiments, the following 2 genotypes were selected: normal controls 

(homozygous for the adm wildtype allele, tetO-Cre, and rtTA) and KO animals 

(homozygous for the “floxed” adm allele, tetO-Cre, and rtTA). 

6.4. DELETION INDUCTION AND MOLECULAR VERIFICATION 

Male and female 9 week-old mice of both genotypes (control and “floxed” mice) were 

exposed to 2 mg/ml Dox (Sigma Aldrich) in the drinking water, supplemented with 5% 

sucrose, for 15 days, as previously described (204). After this period, mice were provided 

with regular water and allowed to rest for at least 4 weeks before performing any 

experiments. At this point, a group of animals were sacrificed and several organs 

collected and frozen in liquid nitrogen. DNA was extracted following the protocol 

previously explained (See section 7.3.1. Genomic DNA extraction) and subjected to PCR 

with primers located outside the loxP sequences (Table 2). PCR was performed in a final 

volume of 25 μl with 1 μl of mouse genomic DNA and the KAPA LongRange PCR Kit 

with dNTPs (KAPA Biosystems, Wilmington, MA, USA) allowing amplification of DNA 

fragments from big size. 

Primer Sequence  5’ – 3’ Expected amplicon size 

Deleted AM sense AAGGGAAGTCCTGCTCCAGT AM+/+: ~ 2500 bp 

AM+/-: ~ 600 & ~ 2500 bp 

AM-/-: ~ 600 bp 

Floxed AM 

antisense 
GCCTTAGCTCAGGTCCAGTG 

Table 2. Specific primers used to verify the deletion of the adm gene by PCR with genomic DNA obtained 

from tissue samples. 

 

All amplification reactions were performed with the following temperature program: 

starting with an initial step at 94°C for 2 minutes, followed by 35 cycles of amplification. 

Each of these cycles consists of three steps: a first step at 94°C for 15 seconds, a second 

step of annealing at 64°C for 15 seconds, and a final step of elongation at 72°C for 3 

minutes and medium. The last step of the PCR is a final elongation at 72°C for 7 minutes. 
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The amplified bands were separated by electrophoresis in 2% agarose gels with the 

same protocol explained above. 

6.5. BLOOD PRESSURE MEASUREMENTS 

Blood pressure was measured in conscious animals by the tail-cuff method (CODA, Kent 

Scientific, Torrington, CT) (Figure 13). Briefly, each animal was acclimated for at least 

10 practice sessions for a minimum of 15 minutes, then blood pressure parameters were 

recorded during 5 consecutive days. In each recording session, 1 set of 5 acclimation 

cycles followed by 3 sets of 10 acquisition cycles were performed, and the average of 

the last 20 successful recordings was used for calculating systolic and diastolic blood 

pressure, heart rate, tail blood flow, and tail blood volume. 

 

Figure 13. Photograph of CODA equipment for measuring blood pressure using a non-invasive tail-cuff 

system. Mice stay in acrylic holders and two cuffs (occlusion and volume pressure recording) are placed into 

their tails. 
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6.6. GLUCOSE TOLERANCE TEST 

Mice were fasted for 6 hours and blood samples were collected from the tail vein. 

Glucose levels were measured with a clinical monitor (Contour XT®, Bayer, Madrid, 

Spain) to establish a baseline glucose level (T0). They were then injected 

intraperitoneally with 2.0 g glucose/kg body weight (Sigma Aldrich). Blood samples were 

taken at 15, 30, 60, and 120 minutes after injection and glucose measured as before 

(Figure 14). 

 

Figure 14. Schematic representation of the Intraperitoneal Glucose Tolerance Test performed in mice of 

both genotypes. 

 

6.7. ELISA ANALYSIS FOR GRHELIN 

At the time of sacrifice, blood was collected from the heart and serum was prepared and 

frozen until further analysis. A commercially available ELISA kit for acetylated ghrelin 

(Millipore Corporation) was purchased and peptide levels were quantified following 

manufacturer´s instructions. 

6.8. BONE IMAGING AND HISTOLOGY 

Microtomography of the femurs was carried out in a blinded fashion to define the bone 

volume, as well as the bone density among the different groups. The image files 

(DICOM- Digital Imaging and Communication in Medicine) provided by the microCT were 

the main input for building the geometric model of the femurs. Images of the mouse legs 

were obtained by a rotational scanning of 360 degrees. A GE Healthcare eXplore locus 
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SP microCT was used, with an x-ray filter number 3, 75 kV voltage, and 90 mA power. 

The resolution of the equipment was 34 µm. 600 DICOM files were obtained for each 

sample (one image for each rotation of 1.06 degrees). The quality of the final model and 

its similarity with the original sample are directly related to the degree of resolution and 

the number of segmented images. The volume segmentation was made by sweeping all 

the scanned slides. Bone mass was expressed either as Hounsfield units or as the bone 

volume to total volume fraction (BV/TV) (208). After the images had been taken, bone 

samples were decalcified with Biodec R (Bio-Optica, Milano, Italy), dehydrated, and 

embedded in paraffin. All other tissues were paraffin-embedded without decalcification. 

Tissue sections (3-µm thick) were stained with Hematoxylin and Eosin (H&E) and 

Masson´s trichrome (Bio-Optica). 

6.9. OSTEOPOROSIS MOUSE MODEL 

Forty 8-week old female C57BL/6 mice (Charles River, Barcelona, Spain) were used for 

this experiment. Twenty of them were ovariectomized and the other 20 were sham 

operated. On each group, half of the mice (n=10) were injected 3 times a week with 

phosphate buffer solution (PBS) (Gibco®, Life Technologies, Carlsbad, CA, USA) as a 

vehicle, whereas the other 10 mice received 20 nmols/kg of small molecule 16311 

dissolved in PBS (Figure 15). After 5 weeks of treatment, mice were deeply 

anesthesized, blood was extracted from the heart to study toxicity markers, and the 

femurs were fixed in 10% buffered formalin. Bone density was analyzed by microCT as 

explained above. 

 

Figure 15. Schematic representation of the experimental protocol followed in the osteoporosis study.  
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6.10. FECES COLLECTION AND BACTERIAL DNA EXTRACTION 

Fresh fecal contents were collected from each animal and weighed. DNA was 

subsequently extracted from fecal microbiota using the DNeasy Blood & Tissue Kit 

(Qiagen, Hilden, Germany). DNA purity and concentration were determined by a 

Nanodrop spectrophotometer (ND-1000; Thermo Fisher Scientific, Waltham, MA, USA). 

6.11. BACTERIAL 16S rDNA PYROSEQUENCING AND SEQUENCE 

POST-PROCESSING 

Samples were amplified for the 16S rDNA hypervariable sequence V4 using previously 

described primers (515F-806R) (209) in a MiSeq Instrument (2x150 bp reads) (Illumina, 

INC, San Diego, CA, USA). Nucleotide filiations were assigned using the Ribosomal 

Database Project (RDP) (210). Two different taxonomic assignment approaches were 

used: BBH (Best Blast Hit: each read was assigned to the taxon corresponding to the 

Best Blast Hit over a threshold of similarity) and LCA (Lowest Common Ancestor: 

adopted by advanced tools of metagenomics analysis such as the last version of MEGAN 

(211)). The direct assignments (calculated as counting reads specifically assigned to a 

node, not including the reads assigned to the descendant nodes in the taxonomy tree) 

and the cumulative assignment frequencies (calculated by including the direct 

frequencies and also the frequencies of the descendant nodes) for each taxonomy node 

(with some read assigned) were analyzed. A β-diversity analysis was carried out in order 

to deeply analyze the distinctness among communities (212). The METAGENassist web 

server was used for comparative metagenomics (213). 

6.12. COLITIS-ASSOCIATED CANCER INDUCTION 

The protocol was performed as previously described (214) (Figure 16). Briefly, treated 

animals received a single intraperitoneal injection (10 mg/Kg) of the carcinogen 

azoxymethane (AOM) (Sigma-Aldrich). One week later, animals were given 2.5% DSS 

(Sigma-Aldrich) in the drinking water for 1 week followed by 2 weeks of tap water. The 

DSS treatment should be repeated for 2 additional cycles and tumorigenesis should be 

examined two weeks after the last cycle. Untreated control mice received a saline 

injection instead of AOM and drank tap water only. 
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Figure 16. Schematic representation of the protocol of colitis-associated CRC induction. 

 

6.13. COLITIS-ASSOCIATED CANCER INDUCTION AND 

TREATMENT WITH SMALL MOLECULES 

Colon tumors were induced as previously described in section 7.12 Colitis-Associated 

Cancer Induction. Four SMs were tested: 16311 (a negative modulator of AM), 145425 

(a negative modulator of AM), 87877 (a negative modulator of PAMP), and 106221 (a 

positive modulator of PAMP). For each SM, 4 experimental groups of male C57BL6 mice 

were used: i) Control group (injected with vehicle and drank regular water); ii) Control + 

SM (vehicle, regular water, and injected with the corresponding SM 3 times a week at a 

concentration of 20 nm/kg); Iii) Cancer group (injected with AOM and drank 2.5% DSS); 

and iv) Cancer + SM (treated with AOM, DSS, and the corresponding SM). At the end of 

the experimental procedures, the animals were sacrificed and the colon was extracted 

and analyzed. 

6.14. INDUCTION OF ACUTE COLITIS WITH TNBS 

The protocol was performed as previously described (140) with slight modifications 

according to González-Rey et al. (133). Briefly, mice were anesthetized with inhaled 

isoflurane (IsoFlo®, Esteve, Barcelona, Spain) following a 6-h fast. To induce colitis, 3 

mg TNBS (Sigma Aldrich) dissolved in 0.1 ml of 50% ethanol (Sigma Aldrich) were 

instilled into the colon 3 cm in males and 2.5 cm in females from the anus, using a 3.5 F 

polyurethane catheter, previously impregnated in Vaseline, connected to a 0.3cc syringe 

without a needle. Control mice received the same volume of saline (B. Braun 

VetCare,S.A., Barcelona, Spain) in 50% ethanol (Sigma Aldrich). Following the 

instillation, the animals were maintained in a head-down position for 1 min to prevent 

leakage of the intracolonic instillate. 

6.15. CLINICAL ASSESMENT OF COLITIS SYMPTOMS 

Mice were weighed and observed daily. Assessments of rectal bleeding, diarrhea, 

prolapse, inactivity, and percent weight loss relative to baseline were scored according 
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to the system described by Gommeaux et al. (215) and used as a surrogate measure of 

colitis severity. 

6.16. MOUSE SACRIFICE, MACROSCOPIC ANALYSIS OF THE 

COLON AND TISSUE HARVESTING 

All mice were sacrificed by an overdose of anesthesia (Xylagesic®, Laboratorios 

Calier,S.A., Barcelona, Spain + Imalgene®, Merial, Lyon, France). Entire colons were 

dissected, rinsed with ice-cold PBS to remove fecal residues, and the distal 5 cm were 

weighed. Photographs of colon samples were taken using an EOS 50D camera (Canon, 

Tokyo, Japan). Colon fragments were snap-frozen in liquid nitrogen and stored at -80ºC 

for further analysis. Central portions of colonic tissue were fixed in 10% buffered formalin, 

processed for paraffin embedding, and sections were stained with H&E. 

6.17. HISTOPATHOLOGICAL STUDIES OF THE COLON 

Three H&E-stained sections from each colon sample were used for histological 

evaluation of colonic damage. The slides were coded to prevent observer bias during 

evaluation. All sections were examined in an Eclipse 50i microscope (Nikon, Amsterdam, 

Netherlands). FIJI software was used for characterization of histopathological changes. 

The height of the mucosa and the submucosa were used as a surrogate measure of 

inflammation. In addition, a pathologist examined the slides blindly and tissues were 

scored using the histological colitis scoring method described by Hayashi et al. (138). 

This score test for three tissue characteristics; inflammation severity: grade 0 = none, 

grade 1 = mild, grade 2 = moderate, and grade 3 = severe; crypt damage: grade 0 = 

none, grade 1 = basal 1/3 damaged, grade 2 = basal 2/3 damaged, grade 3 = crypts lost 

and surface epithelium present, and grade 4 = crypts and epithelium lost; percent 

involvement: grade 0=0%, grade 1=1–25%, grade 2=26–50%, grade 3=51–75%, and 

grade 4=76–100%. The inflammation score is calculated as the sum of the inflammation 

severity multiplied by the percent involvement (maximum score 12) and the crypt 

damage multiplied by the percent involvement (maximum score 16). Total maximum 

score was 28. 

6.18. RNA ISOLATION AND QUANTITATIVE REAL-TIME PCR 

RNA isolation, cDNA synthesis, and qRT-PCR were performed as described (216). 

Briefly, total RNA was isolated from distal colon fragments using Qiagen RNAseasy Mini 

Kit with DNAse digestion step performed (Qiagen) according to manufacturer’s 

instructions. Total RNA (1µg) of each sample was reverse transcribed using the 

SuperScript® III Reverse Transcriptase Kit (Thermo-Fisher Scientific). The synthesized 

cDNA was amplified by qRT-PCR with a 7300 real-time PCR System (Applied 
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Biosystems). 18S was used for normalization and relative gene expression levels were 

quantified using RQ software (Applied Biosystems). Target genes and primers are 

described in Table 3. 

Gene Primer Sequence 5’ – 3’ 
Expected 

amplicon size 

18S 

Sense 

Antisense 

ATG CTC TTA GCT GAG TGT CCC G 

ATT CCT AGC TGC GGT ATC CAG G 

110 bp 

GAPDH 
Sense 

Antisense 

CAT GGC CTT CCG TGT TCC TA 

GCG GCA CGT CAG ATC CA 
55 bp 

TBP 
Sense 

Antisense 

ACC GTG AAT CTT GGC TGT AAA C 

GCA GCA AAT CGC TTG GGA TTA 
86 bp 

Eef2 
Sense 

Antisense 

TGT CAG TCA TCG CCC ATG TG 

CAT CCT TGC GAG TGT CAG TGA 
123 bp 

adm 
Sense 

Antisense 

ATT GAA CAG TCG GGC GAG TA 

CTT GGTCTT GGG TTC CTC TG 

130 bp 

TNF-α 
Sense 

Antisense 

GCA CCA CCA TCA AGG ACT CA 

TCG AGG CTC CAG TGA ATT CG 

51 bp 

IL-1β 
Sense 

Antisense 

ACA CTC CTT AGT CCT CGG CCA 

TGG TTT CTT GTG ACC CTG AGC 

51 bp 

IL-6 
Sense 

Antisense 

ATG GAT GCT ACC AAA CTG GAT 

TGA AGG ACT CTG GCT TTG TCT 

139 bp 

IL-10 

Sense 

Antisense 

AGG CGC TGT CAT CGA TTT CT 

CTC TTC ACC TGC TCC ACT GC 
62 bp 

IL-17 Sense 

Antisense 

TCC AGA AGG CCC TCA GAC TA 239 bp 
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AGC ATC TTC TCG ACC CTG AA 

IL-22 

Sense 

Antisense 

TGC GAT CTC TGA TGG CTG TC 

CCT CGG AAC AGT TTC TCC CC 
256 bp 

ZO-1 
Sense 

Antisense 

GGA GCA GGC TTT GGA GGA G 

TGG GAC AAA AGT CCG GGA AG 

163 bp 

Occludin 

Sense 

Antisense 

GTC CTC CTG GCT CAG TTG AA 

CGG ACA TGG CTG ATG TCA CT 
165 bp 

JAM-A 

Sense 

Antisense 

AAC CCA TGG CTG ATT CCC AG 

TAG AGG ACG ACT TGG GGA GG 
201 bp 

Β-Catenin 

Sense 

Antisense 

TGT CCT GTG AAG CCC GC 

GCT TTT CTG TCC GGC TCC AT 
225 bp 

e-Cadherin 

Sense 

Antisense 

GGA CAG CAA CAT CAG CGA AC 

GCT ACC ATC AAG AGC AGG CA 
190 bp 

Desmoglein-

2 Sense 

Antisense 

CCT CTT GCC ATT GAC CGA CT 

AAT GGC TGG GGT TCT GTG AG 
56 bp 

Connexin-26 

Sense 

Antisense 

GCT TAG TCG CTT AGT CGG CA 

CAC GGA GGC TTC TGG AGT TT 
120 bp 

Β-Actin 

Sense 

Antisense 

CCT AAG AGG AGG ATG GTC GC 

CTC AAC ACC TCA ACC CCC TC 
230 bp 

TLR4 
Sense ATG GCA TGG CTT ACA CCA CC 129 bp 
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Antisense GAG GCC AAT TTT GTC TCC ACA 

LGR5 

Sense 

Antisense 

CCT ACT CGA AGA CTT ACC CAG T 

GCA TTG GGG TGA ATG ATA GCA  
165 bp 

Wnt5a 

Sense 

Antisense 

CAA CTG GCA GGA CTT TCT CAA 

CAT CTC CGA TGC CGG AAC T  
121 bp 

Egfr 

Sense 

Antisense 

GCC ATC TGG GCC AAA GAT ACC 

GTC TTC GCA TGA ATA GGC CAA T  
101 bp 

ERBB2 

Sense 

Antisense 

GCT AGA GCG GCT TCT GAG AAA 

ACC ACA GGG TCT ACC ACT TCC 
111 bp 

Table 3. Primer sequences used for quantitative real time PCR measurements. The annealing temperature 

was 60ºC for all primers. 

 

6.19. STATISTICAL ANALYSES 

All data sets were analyzed for normalcy and homoscedasticity. Normal data were 

analyze by Unpaired Student´s t test or by 1-way ANOVA followed by Tukey’s Multiple 

Comparision Test. Data that did not follow a normal distribution were compared by 

Kruskal-Wallis test followed by Dunn´s Post-Hoc Test. Survival data at 100 weeks of age 

were displayed as Kaplan-Meier curves and analyzed with Log-rank Mantel-Cox 

statistics. All these studies were performed with GraphPad Prism version 5.02 

(GraphPad Software, Inc. La Jolla, CA, USA). Metagenomic results were analyzed by 

Wilcoxon test using SPSS version 17.0 (SPSS® Inc. Chicago, IL, USA). A p value < 0.05 

was considered statistically significant. 
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Abstract 

Despite recent advances in the understanding and treatment options for osteoporosis, 

this condition remains a serious public health issue. Adrenomedullin (AM) is a regulatory 

peptide with reported activity on bone remodeling. To better understand this relationship 

we built an inducible knockout for AM. An outstanding feature of knockout mice is their 

heavier weight due, in part, to the presence of denser bones. The femur of knockout 

animals was denser, had more trabeculae, and a thicker growth plate than wild type 

littermates. The endocrine influence of AM on bone seems to be elicited through an 

indirect mechanism involving, at least, the regulation of insulin, glucose, ghrelin, and 

calcitonin gene-related peptide (CGRP). To confirm the data we performed a 

pharmacological approach using the AM inhibitor 16311 in a mouse model of 

osteoporosis. Ovariectomized females showed significant bone mass loss, whereas 

ovariectomized females treated with 16311 had similar bone density to sham operated 

females. In conclusion, we propose the use of AM inhibitors for the treatment of 

osteoporosis and other conditions leading to the loss of bone mass. 

Keywords: adrenomedullin, inducible knockout, bone physiology, ovariectomized mice, 

osteoporosis, small molecule inhibitor. 
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Introduction 

Osteoporosis is a serious public health issue, especially taking into consideration the 

growing aging population in developed countries. Osteoporosis is characterized by a 

reduction in bones mineral density and a deterioration of bone microarchitecture, which 

results in a higher risk of bone fractures (NIH Consensus Development Panel on 

Osteoporosis Prevention, Diagnosis, and Therapy, 2001; Sambrook and Cooper, 2006). 

Osteoporosis is more frequent in women, especially after menopause. Estrogen 

deficiency increases bone resorption, leading to a net loss of bone mass by unbalanced 

bone deposition by osteoblasts and bone resorption by osteoclasts (Andreopoulou and 

Bockman, 2015). Nowadays, two major classes of treatments are applied to osteoporosis 

patients: (i) antiresorptive medications which prevent bone loss by blocking osteoclast 

formation, survival or activity, such as bisphosphonates, the RANKLneutralizing 

monoclonal antibody, denosumab, and cathepsin K inhibitors, such as odanacatib; and 

(ii) anabolic agents which stimulate osteoblasts, such as PTH1-34 (teriparatide), which 

is currently approved as a daily injection, and other analogs of PTH and PTHrP which 

are in development (Makras et al., 2015). In any case, osteoporosis patients could 

benefit from the generation of new drugs that exploit novel biological pathways, yet 

unexplored. Adrenomedullin (AM) is a 52 amino acid peptide with a ubiquitous 

distribution and many physiological functions (Lopez and Martinez, 2002), one of which 

is the regulation of insulin secretion (Martinez et al., 1996). AM is coded by the adm gene 

located in mouse chromosome 7. The AM receptor consists on a 7-transmembrane 

domain protein called calcitonin receptor-like receptor (CLR) in combination with a single 

transmembrane domain protein known as receptor activity modifying protein (RAMP) 

(McLatchie et al., 1998). Using immunohistochemical techniques, it has been shown that 

AM is expressed in the developing chick limb buds (Seghatoleslami et al., 2002) and in 

chondrocytes and osteoblasts in the bone’s growth plate (Montuenga et al., 1997), 

suggesting a potential role in bone development. It has also been shown that AM binds 

to osteoblasts (Naot et al., 2001), inducing the growth of both osteoblasts (Cornish et al., 

1997) and chondrocytes (Cornish et al., 2003) in vitro. In addition, AM reduces apoptotic 

cell death in serumstarved osteoblasts (Uzan et al., 2008). All these actions result in a 

net bone mass increase in ex vivo experiments (Cornish et al., 1997; Siclari et al., 2014). 

To carry out formal studies on the correlation between AM and bone development in 

vivo, a knockout model for either AM or its receptors is needed. Results from several 

groups have shown that early abrogation of the gene coding for AM or some of its 

receptor components results in 100% embryo lethality due to serious vascular 

abnormalities (Caron and Smithies, 2001; Shindo et al., 2001; Dackor et al., 2006). To 
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circumvent this problem, we developed a conditional knockout for AM using Cre/loxP 

technology and have shown that it works well when targeting specific cell types such as 

neurons (Fernandez et al., 2008), endothelial cells (Koyama et al., 2013), or club cells in 

the lung (Garcia-Sanmartin et al., 2016). Here we describe the methodology to generate 

an inducible model in which the AM gene can be eliminated in adult mice. These animals 

survive the abrogation of the gene and constitute a good model to study the physiological 

implications of AM, including its impact on bone biology. Several pharmacological 

interventions have been described to reduce the physiological activity of AM. These 

include a monoclonal antibody (Martinez et al., 1996), polyclonal antibodies against 

either the peptide (Martinez et al., 1995; Ouafik et al., 2002) or the receptors (Kaafarani 

et al., 2009), the peptide fragment AM22−52 (Ishikawa et al., 2003), and small interfering 

RNAs (Ramachandran et al., 2007). In addition, several small molecules have been 

identified which can either increase or decrease AM functions (Martinez et al., 2004a; 

Roldos et al., 2008). One of these, the inhibitory molecule 16311, has been used in this 

study to demonstrate pharmacologically the effects of AM inhibition in a mouse model of 

osteoporosis. 

Material and Methods 

Generation of Inducible Knockout Mice 

Mice where the adm gene was surrounded by loxP sequences (“floxed”) were generated 

in our lab and previously characterized (Fernandez et al., 2008). These animals were 

crossed with transgenic mice expressing Cre recombinase under the control of a 

tetracycline-responsive promoter element (tetO) (Strain Number 6234, The Jackson 

Laboratory, Bar Arbor, ME) and with mutant mice having widespread expression of an 

optimized form of reverse tetracycline-controlled transactivator (rtTA-M2) protein (Strain 

Number 6965, The Jackson Laboratory). All three strains had been previously 

backcrossed to a C57BL/6 genetic background for several generations. Triple transgenic 

animals are viable and lead a normal life. For experiments, the following two genotypes 

were selected: normal controls (homozygous for the adm wild type allele, tetO-Cre, and 

rtTA) and knockout animals (homozygous for the “floxed” adm allele, tetO-Cre, and rtTA). 

All procedures involving animals were carried out in accordance with the European 

Communities Council Directive (2010/63/UE) and Spanish legislation (RD53/2013) on 

animal experiments and with approval from the ethical committee on animal welfare of 

our institution (Órgano Encargado del Bienestar Animal del Centro de Investigación 

Biomédica de La Rioja, OEBA-CIBIR). Every week, animals were weighed and inspected 

to ensure a healthy status. Humane endpoints were defined (piloerection, lack of 
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movement, protective posture, and significant weight loss) and animals expressing those 

symptoms were euthanized. A symptom-free survival curve was built using those data. 

For euthanasia, animals were intraperitoneally injected with a lethal dose of anesthetic: 

300 mg/Kg ketamine (Imalgene, Merial Laboratorios, Barcelona, Spain) + 30 mg/Kg 

xylazine (Xilagesic, Proyma Ganadera, Ciudad Real, Spain). After organ collection, mice 

were decapitated to ensure death. 

Deletion Induction and Molecular Comprobation  

Male and female 9 week-old mice of both genotypes (control and “floxed” mice) were 

exposed to 2 mg/ml doxycycline in the drinking water, supplemented with 5% sucrose, 

for 15 days. After this period, mice were provided with regular water and allowed to rest 

for at least 4 weeks before performing any experiments. At this point, a group of animals 

(n= 5 per sex and genotype) were sacrificed and several organs collected and frozen in 

liquid nitrogen. DNA was extracted and subjected to PCR with primers located outside 

the loxP sequences: P1 (sense): AAGGGAAGTCCTGCTCCAGT, and P2 (antisense): 

GCCTTAGCTCAGGTCCAGTG. The expected amplicon size is 2500 bp for the wild type 

allele and 600 bp after the adm gene has been eliminated. 

RIA and ELISA Blood Protein Determination 

At the time of sacrifice, blood (n= 40) was collected from the heart and serum was 

prepared and frozen until further analysis. The concentrations of AM were determined 

using a commercially available RIA kit (Phoenix Pharmaceuticals, Inc., Karlsruhe, 

Germany). Samples (1 ml) were initially diluted in an equal volume of 0.1% alkali-treated 

casein in PBS, pH 7.4, and applied to pre-washed reverse-phase Sep-Pak C-18 

cartridges (Waters Corp., Milford, MA). The peptide fraction was eluted from the C18 

matrix with 3 ml 80% isopropanol containing 0.125N HCl and freeze-dried overnight, as 

described (Martinez et al., 1999). AM levels found in lyophilized extracts were then 

determined by RIA following manufacturer’s instructions. Commercially available ELISA 

kits for acetylated ghrelin (Millipore Corporation, St. Charles, MO) and CGRP (USCN 

Life Sciences, Beijing, China) were purchased and peptide levels were quantified 

following manufacturer’s instructions.  

RNA Isolation and Quantitative Real Time PCR (qRT-PCR) 

Tissues were homogenized with Trizol (Invitrogen, Madrid, Spain) and RNA was isolated 

with RNeasy Mini kit (Qiagen, Germantown, MD). Three micrograms of total RNA were 

treated with 0.5µl DNAseI (Invitrogen) and reverse-transcribed into first-strand cDNA 

using random primers and the SuperScript III kit (Invitrogen). Reverse transcriptase was 
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omitted in control reactions, where the absence of PCR-amplified DNA confirmed lack of 

contamination from genomic DNA. Resulting cDNA was mixed with SYBR Green PCR 

Master Mix (Invitrogen) for quantitative real time polymerase chain reaction (qRT-PCR) 

using 0.3µM forward and reverse oligonucleotide primers (AMf: ATT GAA CAG TCG 

GGC GAG TA; AMr: CTT GGT CTT GGG TTC CTC TG; GAPDHf: CAT GTT CCA GTA 

TGA CTC CAC TC; GAPDHr: GGC CTC ACC CCA TTT GAT GT). Quantitative 

measures were performed using a 7300 Real Time PCR System (Applied Biosystems, 

Carlsbad, CA). Cycling conditions were an initial denaturation at 95◦C for 10 min, 

followed by 40 cycles of 95◦C for 15 s and 60◦C for 1 min. At the end, a dissociation 

curve was implemented from 60 to 95◦C to validate amplicon specificity. Gene 

expression was calculated using absolute quantification by interpolation into a standard 

curve. All values were divided by the expression of the house keeping gene GAPDH. 

Blood Pressure Measurements 

Blood pressure was measured in conscious animals (n= 32) by the tail-cuff method 

(CODA, Kent Scientific, Torrington, CT). Briefly, each animal was acclimated for at least 

10 practice sessions for a minimum of 15 min, then blood pressure parameters were 

recorded during 5 consecutive days. In each recording session, 1 set of 5 acclimation 

cycles followed by 3 sets of 10 acquisition cycles were performed, and the average of 

the last 20 successful recordings was used for calculating systolic and diastolic blood 

pressure, heart rate, tail blood flow, and tail blood volume. 

Glucose Tolerance Tests 

Mice (n= 40) were fasted for 6 h and blood samples were collected from the tail vein. 

Glucose levels were measured with a clinical monitor (Contour XT, Bayer, Madrid, Spain) 

to establish a baseline glucose level (T0). They were then injected intraperitoneally with 

2.0 g glucose/kg body weight. Blood samples were taken at 15, 30, 60, and 120 min after 

injection and glucose measured as before. 

Bone Imaging, Histology, and Immunohistochemistry 

At the time of sacrifice (n= 40), several tissues including femur, pancreas, stomach, liver, 

and abdominal fat, were weighed and fixed in 10% buffered formalin. Microtomography 

of the femurs was carried out in a blinded fashion to define the bone volume, as well as 

the bone density among the different groups. The image files (DICOM- Digital Imaging 

and Communication in Medicine) provided by the microCT were the main input for 

building the geometric model of the femurs. Images of the mouse legs were obtained by 

a rotational scanning of 360◦ . A GE Healthcare eXplore locus SP microCT was used, 
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with an x-ray filter number 3, 75 kV voltage, and 90 mA power. The resolution of the 

equipment was 34µm. Six hundred DICOM files were obtained for each sample (one 

image for each rotation of 1.06◦ ). The quality of the final model and its similarity with the 

original sample are directly related to the degree of resolution and the number of 

segmented images. The volume segmentation was made by sweeping all the scanned 

slides. A phantom with known density was used to normalize values. Bone mass was 

expressed either as Hounsfield units or as the bone volume to total volume fraction 

(BV/TV) (Jeyabalan et al., 2013; Kang et al., 2014). After the images had been taken, 

bone samples were decalcified with Biodec R (Bio-Optica, Milano, Italy), dehydrated, 

and embedded in paraffin. All other tissues were paraffinembedded without 

decalcification. Tissue sections (3-µm thick) were stained with H&E and Masson’s 

trichrome. The proportion trabecular to laminar bone was calculated with image 

processing software (ImageJ) and growth plate thickness was measured in all 

specimens. In addition, fragments of duodenum from both genotypes were fixed in 10% 

buffered formalin, paraffin embedded, and sections were immunohistochemically stained 

for Lyve1. Internal peroxidase activity was blocked by incubation with H2O2 in methanol 

and antigen retrieval was accomplished in 10 mM sodium citrate, 0.5% Tween 20, pH 

6.0, for 20 min at 95◦C. Nonspecific binding was blocked with normal goat serum. A 

rabbit anti-Lyve1 antibody (Abcam, Cambridge, UK) was applied at a concentration 

1:1000 at 4◦C overnight. A biotinylated goat anti-rabbit immunoglobulin (1:200), the 

Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA), and diaminobenzydine 

(Sigma-Aldrich, Madrid, Spain) were used to detect the primary antibody. At the end, 

sections were lightly counterstained with hematoxylin. 

Osteoporosis Mouse Model 

Forty 8-week old female C57BL/6 mice (Charles River, Barcelona, Spain) were used for 

this experiment. Twenty of them were ovariectomized and the other 20 were sham 

operated. On each group, half of the mice (n= 10) were injected i.p. 3 times a week with 

PBS as a vehicle, whereas the other 10 mice received 20 nmols/kg of small molecule 

16311 dissolved in PBS. After 5 weeks of treatment, mice were deeply anesthesized, 

blood was extracted from the heart to study toxicity markers, and the femurs were fixed 

in 10% buffered formalin. Bone density was analyzed by micro-CT as above. Small 

molecule 16311 was custom made by Centro de Química Aplicada y Biotecnología 

(University of Alcalá, Madrid, Spain). Concentration and dosing regime was chosen 

based on previous studies with blood pressure regulation (Martinez et al., 2004a). 

Statistics 
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Symptom-free survival data at 100 weeks of age were displayed as Kaplan-Meier curves 

and analyzed with Log-rank Mantel-Cox statistics. Blood pressure parameters were 

analyzed by Student’s t-test after confirming data normalcy and homoscedasticity. 

Glucose tolerance tests, weight patterns, and osteoporosis treatments were studied with 

2-way ANOVA. Kruskal-Wallis followed by Dunn’s post-hoc test was used for all other 

data. All studies were performed with GraphPad Prism version 5.02. 

Results 

Characterization of the Inducible Knockout 

Mice with the proper genotype were obtained and subjected to doxycycline treatment for 

2 weeks. Confirmation of adm deletion was performed by PCR in numerous organs 

(brain, pituitary, lung, heart, liver, pancreas, small intestine, colon, gonads, kidney, 

skeletal muscle, and several others). In all the WT animals a band of around 2500 bp 

was obtained, indicating the presence of the gene despite the treatment with doxycycline. 

In contrast, all tissues obtained from the KO mice presented a single band of ∼600 bp, 

showing a complete deletion of adm (Figure 1A). To test whether this gene targeting 

resulted in expression reduction, quantitative real time PCR was performed in several 

organs, including the lung and liver, 6 weeks after initiating doxycycline treatment, and a 

marked reduction in AM mRNA was achieved (Figure 1B). Furthermore, levels of AM 

were measured in blood serum. KO animals had significantly lower levels of AM than 

their WT littermates (Figure 1C). Calcitonin gene-related peptide (CGRP) belongs to the 

same peptide family as AM and has been shown to increase when AM levels are reduced 

(Fernandez et al., 2010). We checked the levels of this peptide in the animals lacking 

AM by ELISA and we found a significant increase when compared with WT animals 

(Figure 1D). Symptom-free survival of the gene-targeted mice was followed up to 100 

weeks. KO mice had a significantly lower survival than their WT littermates (Figure 1E). 

Survival began to differ between genotypes at 94 weeks, providing a long time to perform 

physiological experiments in adm-null mice. This observation is in sharp contrast with 

what happens in fetal mice where lack of this gene results in embryo lethality (Caron and 

Smithies, 2001). 
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Figure 1. Characterization of the knockout phenotype. (A) Liver and brain fresh tissue was collected from 5 

wild type (WT) and 5 knockout (KO) male mice and subjected to PCR with primers which distinguish the 

unmodified adm gene (~2500 bp) from the recombined allele (~600 bp). (B) mRNA expression for AM was 

determined in the lung and liver. Values represent a relative AM/GAPDH ratio (n = 6 per group, all males). 

(C) A radioimmunoassay for AM was performed in blood serum from WT and KO animals (n = 12 per group, 

all males). (D) CGRP serum contents were calculated by ELISA (n = 6 per group, all males). (E) Mouse 

symptom-free survival (n = 32, 16 males, 16 females) was followed up to 100 weeks of age and is 

represented by Kaplan-Meier curves. Statistically significant differences between genotypes are expressed 

by asterisks. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

The more profusely studied physiological action of AM is blood pressure regulation 

(Lopez and Martinez, 2002), so we tested how the total elimination of adm influenced 

this parameter. There was a significant decrease in diastolic blood pressure in the KOs 
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whereas there was no change in systolic blood pressure. In addition, KO animals had a 

higher pulse frequency and lower blood flow rate and tail blood volume than their WT 

counterparts (Table 1). 

 WT KO p value 

Systolic blood pressure (mm Hg) 138.7 ± 1.15 140.0 ± 0.99 n.s. 

Diastolic blood pressure (mm Hg) 108.5 ± 1.00 103.3 ± 0.95 **** 

Pulse (beats/min) 705.1 ± 3.18 719.2 ± 3.74 ** 

Blood flow rate (mL/min) 15.9 ± 0.34 11.8 ± 0.25 **** 

Tail blood volume (μL) 29.6 ± 0.66 26.3 ± 0.48 **** 

Table 1. Values are mean ± SEM of all valid measurements. n.s: no signicance; **p<0.01; ****p<0.0001. 

 

Knockout adm Mice Gain Weight Rapidly 

We observed that the population of KO mice gained weight rapidly after exposure to 

doxycycline and consequent induction of gene deletion (Figure 2A), with a mean 

overweight of 4.5 g per animal. We tried to identify the cause for these changes and 

different organs were studied. The weight of several organs is shown in Table 2. No 

significant differences were found between genotypes. The only difference we found was 

the presence of denser bones in the KOs (see below). Interestingly, some individual mice 

(about 12% of the male KO animals) gained a lot of weight in short periods of time, being 

able to lose it again after a few days (Figures 2B,C). At the peak of their weight gain, 

these animals suffered from transitory generalized interstitial edema, a condition also 

known as anasarca. At this time, histological observation showed that the connective 

tissue was swamped by interstitial fluid and the lymphatic vessels were largely distended 

(Figure 2D). To check whether this lymphedema was present in KO animals not affected 

by anasarca, we studied the morphology of lymphatic vessels in the intestine staining 

them with the specific marker Lyve1, and no major differences were observed (Figures 

2E,F). 
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Figure 2. Weight differences between genotypes. Mouse weight was measured weekly from weaning (at 4 

weeks of age) in males for both wild type (WT) and knockout (KO) mice. (A) Following doxycycline treatment 

(weeks 9–11) and subsequent gene recombination, the mean weight of the KO mice became significantly 

higher than that of their WT littermates. Each point represents the mean ± SD of all mice (n = 10 per group). 

**p < 0.01; ***p < 0.001. (B) Sporadically, individual KO mice (left) gained weight very rapidly, becoming 

much larger than the WT controls (right). (C) Interestingly, following the weight of individual mice through 

time, these large animals were able to lose this accumulated weight very rapidly, as well, returning to the 

mean weight of their genotype within a week. (D) Histological analysis of the tissues of an animal at the peak 

of its weight gain shows a widespread interstitial edema and lymphatic vessel occlusion (arrows). The image 

shows a section of the neck area, close to a salivary gland, stained with hematoxylin-eosin. Bar = 100 μm. 

Cross-sections of duodenum in WT (E) and KO (F) mice stained with an antibody against Lyve1 (brown 

color) and counterstained with hematoxylin. Bar = 50 μm. 
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 WT KO p value 

Abdominal fat 0.68 ± 0.08 0.79 ± 0.05 0.13 

Pancreas 0.94 ± 0.22 0.81 ± 0.19 0.16 

Stomach 0.56 ± 0.16 0.62 ± 0.06 0.25 

Liver 4.62 ± 0.46 5.05 ± 0.52 0.06 

Table 2. Weight of several organs of male mice from both gentypes. None of the differences reached 

statistical significance. 

 

KO Mice Present Denser Bones 

Histology of the femur showed that the relative surface occupied by trabeculae was 

higher in KO animals than in their WT counterparts (Figures 3A,B,F). In addition, the 

growth plate at the epiphysis was thicker in the animals lacking AM (Figures 3C,D,G). 

Furthermore, micro-CT measurements of the femur also showed a higher bone density 

in the KOs (Figure 13E), with no changes in bone length. 
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Figure 3. Bone parameters in WT and KO mice. Histological sections of the head of the femur in WT (A,C) 

and KO (B,D) animals, stained with hematoxylin and eosin (A,B) or with Masson's trichrome (C,D). Femur 

bone density was measured in both genotypes (E). The ratio trabecular vs. laminar bone (F) and the 

thickness of the growth plate (G) was calculated for both genotypes. Each bar represents the mean ± SD of 

all mice. *p < 0.05; ***p < 0.001. Bar for (A,B) = 500 μm. Bar for (C,D) = 100 μm. 
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Knockout Mice Gain Bone Mass through an Indirect Mechanism 

Since previous in vitro reports indicated that AM increases bone mass (Cornish et al., 

1997, 2003; Naot et al., 2001; Uzan et al., 2008), we would have expected a lower bone 

mass in animals lacking adm. But, since we obtained the reverse result (Figure 3), we 

hypothesized that our observations must be due to an indirect systemic effect of AM. A 

possible mechanism may involve the increase in CGRP shown in Figure 1D, since CGRP 

can induce bone growth through stimulation of bone mesenchymal stem cells (Liang et 

al., 2015). Also, AM has been shown to reduce insulin secretion in the pancreas, thus 

increasing glucose levels (Martinez et al., 1996). We tested whether glycemia was 

affected in the KOs and found that animals lacking AM had lower fasting basal glucose 

levels than their WT littermates (Figure 4A). These differences in glycemia were also 

maintained through a glucose tolerance test (Figure 4B). It has been shown that low 

glucose induces ghrelin secretion from the stomach (Goldstein et al., 2011). Accordingly, 

ghrelin levels in the blood of our KOs are significantly higher than in the WTs as tested 

by ELISA (Figure 4C). Closing the circle, the literature tells us that ghrelin promotes bone 

formation either through the induction of growth hormone or through growth hormone-

independent mechanisms (Tong et al., 2012; Delhanty et al., 2014b; Wee and Baldock, 

2014).  
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Figure 4. Potential indirect mechanism of AM-dependent bone density regulation. (A) Basal fasting glucose 

levels were significantly lower in KO animals than in their WT counterparts (n = 30 per group). (B) Following 

a glucose tolerance test, significant differences were observed in the blood glucose levels comparing both 

genotypes, with the KO mice having lower values than the WT controls (n = 10 per group). (C) Acetylated 

ghrelin levels were measured in the blood of both genotypes. In this case, the levels of active ghrelin were 

significantly higher in the KO animals (n = 10 per group). Each point represents the mean ± SD of all mice. 

*p < 0.05; **p < 0.01; ***p < 0.001. 

 

An AM Inhibitor Prevents Osteoporosis 

If our hypothesis expressed above is correct, any effective inhibitor of AM should 

increase bone mass or prevent its loss in an in vivo setting. To test this, we used an 

osteoporosis mouse model where ovariectomy produces estrogen deficiency and bone 

loss. Small molecule 16311 was used as an AM inhibitor (Martinez et al., 2004a). As 

expected, untreated ovariectomized females suffered significant bone loss when 

compared with fertile females (Figure 5). Interestingly, treatment with 16311 had no 

effect on normal females, but completely prevented bone loss in ovariectomized mice 

(Figure 5). This was also confirmed by histological observation of the bones (Figure 6).  
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Figure 5. Small molecule 16311 prevents bone loss. Female mice were ovariectomized (OVX) or Sham 

operated (Sham) and then treated for 5 weeks with PBS (as a vehicle) or with 20 nmols/kg of small molecule 

16311 dissolved in PBS, and the bone density of their femurs was measured by microCT (expressed as 

BV/TV) (n = 10 female mice/group). As expected, untreated ovariectomized mice suffered a significant bone 

loss when compared to Sham females (**p < 0.01). On the other hand, ovariectomized females treated with 

16311 had undistinguishable density from Sham controls (p>0.05) and significantly more bone density than 

untreated ovariectomized females (#p < 0.05). Each bar represents the mean ± SD of all mice (n = 10 per 

group). 
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Figure 6. Small molecule 16311 prevents loss of trabeculae. Representative histological sections of the head 

of the femur of animals in the ovarectomy experiment stained with Masson's trichrome. Photographs 

represent sham-operated animals treated with PBS (A) or with the small molecule (B) and ovarectomized 

females treated with PBS (C) or with the small molecule (D). Bar = 500 μm. 

 

At the end of the treatment, blood was extracted and toxicity markers were studied. 

Treatment with small molecule 16311 did not induce any blood, liver, or renal toxicity at 

the concentrations and periodicity used in this experiment (Table 3). 
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  OVX + PBS OVX + 16311 

Biochemistry 

Urea (mg/dL) 

Creatinine (mg/dL) 

ALT (IU/L) 

AST (IU/L) 

ALKP (IU/L) 

GGT (IU/L) 

18.21 ± 3.33 

0.13 ± 0.01 

39.52 ± 2.33 

92.00 ± 5.62 

40.03 ± 34.27 

1.14 ± 0.58 

18.50 ± 3.78 

0.13 ± 0.02 

42.80 ± 7.08 

82.20 ± 7.75 

43.60 ± 35.63 

0.56 ± 0.36 

Hemogram 

MCV (%) 

RBC (106/µL) 

Hb (g/dL) 

WBC (103/µL) 

31.40 ± 0.33 

7.66 ± 0.08 

12.18 ± 0.15 

6.10 ± 0.64 

30.58 ± 0.31 

7.46 ± 0.09 

11.78 ± 0.17 

4.96 ± 0.68 

Table 3. Blood parameters. Values are the mean ± SEM of all animals in the group (n=10 per group). All 

numbers are within normal values for C57BL/6 mice. 

 

Discussion 

In this study we have shown that elimination of the gene coding for AM in adult mice is 

compatible with life. AM deficiency results in an increased weight of the animals which 

is accompanied by an increase in bone density, at least in the femur. This increased 

bone mass may be achieved through an indirect mechanism involving regulation of 

glycemia and ghrelin and CGRP secretion. The hypothesis that AM inhibition could 

prevent bone mass loss was demonstrated with a small molecule inhibitor of AM in a 

mouse model of osteoporosis. The choice of proper controls is an important step in any 

experiment, but especially so when working with knockout models. We had several 

theoretical options. One of them was to compare mice with the same genotype 

(homozygous for the “floxed” allele, tetO-Cre, and rtTA) that were treated (KO) or 

untreated (WT) with doxycycline. Recent studies have shown that doxycycline is not just 

an antibiotic that kills bacteria and has no influence in eukaryotic cells; on the contrary 

this tetracycline modifies many cellular pathways in vertebrates (Larrayoz et al., 2013), 

and therefore sharp differences between treated and untreated animals may occur, 

independently of their genotype. In addition, there is always the possibility of some 

leakage in the control of the promoter, resulting in “WT” animals with partial deletion of 

the gene (Backman et al., 2009). In consequence, we decided to treat both the KO and 

the WT animals with the same dose of doxycycline, choosing different genotypes that 

respond (KO) or not (WT) to this treatment. 
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When looking at the circulating levels of AM in KO mice we found a significant decrease 

of AM but these levels were higher than expected, despite the AM mRNA expression 

being close to zero. These results may be explained in two ways. First, we may 

hypothesize the existence of a reservoir that keeps providing AM even after the gene is 

eliminated. In fact, the existence of an AM serum binding protein, complement factor H, 

was described (Pio et al., 2001) and this protein is able to protect AM from MMP2- 

mediated degradation (Martinez et al., 2004b). If this is the case, a time-course analysis 

would determine how long it takes to eliminate AM completely from the circulation of 

these mice. On the other hand, there may be a cross-reactivity of the kit’s AM antibody 

with other members of the peptide family, such as AM2 or intermedin, which shares a 

28% overall sequence identity with AM (Roh et al., 2004). 

We observed that the diastolic blood pressure in the KOs was lower than in the WT 

animals. This seems to run against the generalized idea which identifies AM as a 

vasodilator (Lopez and Martinez, 2002). Nevertheless, this issue is more complex than 

initially perceived. Although AM is a vasodilator when injected peripherally (Santiago et 

al., 1995), it acts as a vasoconstrictor when injected into the brain, probably acting 

through vascular nerve terminals (Takahashi et al., 1994). Therefore, in a full-body 

knockout, the final outcome would depend on which physiological fraction, peripheral, or 

central, plays a more relevant role on blood pressure regulation. Similar results to the 

ones obtained in our model have been described when RAMP2, one of the components 

of the AM receptor, is deleted from endothelial cells (Koyama et al., 2013). So, it appears 

that the AM-regulated central control on vasodilatation is more powerful than the 

peripheral one. 

The rapid weight gains and losses observed in our KO mice were unexpected. Careful 

observation of the animals, at the time they reached the peak of their weight gain, 

confirmed that this was due to generalized edema, which in some cases could be 

classified as anasarca. This is in line with the hydrops fetalis, a fetal generalized edema, 

which is described in all embryo knockout models of this gene and its receptors (Caron 

and Smithies, 2001; Shindo et al., 2001; Dackor et al., 2006). Interestingly, all fetuses 

die in utero due to the dysregulation of the blood and lymphatic vessels caused by the 

lack of AM (Fritz-Six et al., 2008) but our animals were able to recover swiftly and even 

lose all the extra weight in a few days. Obviously we have to conclude that adult mice 

have in place some extra mechanisms to deal with edema and are more protected than 

fetuses. Fortunately, no edema formation was observed in the ovarectomized females 

treated with small molecule 16311 or in KO mice not suffering anasarca, suggesting that 

lymphatic vessel blockade occurs only during these episodes. 
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Previous publications had centered their efforts on the effects of AM on specific bone 

cell types in vitro (Cornish et al., 1997, 2003; Naot et al., 2001; Uzan et al., 2008) or in 

ex vivo organ cultures (Cornish et al., 1997; Siclari et al., 2014), thus looking at the local 

influences of AM. As it happens with many hormones, AM has autocrine, paracrine, and 

endocrine functions that may be rather different (Larrayoz et al., 2014). This seems to 

be a clear example where local autocrine/paracrine loops result in bone deposition 

whereas long-distance endocrine signaling has the reverse effect. As shown by our 

results, this differential endocrine behavior may be elicited through indirect mechanisms 

involving the regulation of CGRP, insulin, glycemia, and ghrelin levels, although 

additional mechanisms may exist. CGRP belongs to the same peptide family as AM and 

it also signals through CRL, although using a different RAMP isoform (McLatchie et al., 

1998). Previous studies using a conditional AM knockout model showed an increase in 

CGRP expression in the dorsal root ganglia and spinal cord of animals lacking AM in the 

neurons (Fernandez et al., 2010). Here we have shown that this peptide is also 

upregulated in the inducible KO model. Since CGRP has been involved in the recruitment 

and maturation of bone mesenchymal stem cells (Liang et al., 2015), this may provide 

an indirect mechanism linking AM reduction and increase of bone mass. 

As another possibility, AM has been shown to reduce insulin secretion whereas a 

blocking monoclonal antibody against AM was able to increase insulin release five-fold 

(Martinez et al., 1996). This in turn would modulate blood glucose levels, being lower in 

the KOs. Low glycemic levels induce ghrelin secretion in the stomach through 

sympathetic neurons and the release of norepinephrine (Goldstein et al., 2011). Then 

ghrelin favors bone formation either in a direct way acting on osteoblasts (Ma et al., 2015) 

or through the induction of growth hormone or IGF- 1 (Fukushima et al., 2005; Deng et 

al., 2008; Tong et al., 2012; Delhanty et al., 2014a,b; Wee and Baldock, 2014). 

Other publications seem to support our findings when properly interpreted. For instance 

a study used the peptide fragment AM22−52, trying to take advantage of its 

immunomodulatory action, and found that it prevented bone loss in a model of collagen-

induced arthritis (Ah Kioon et al., 2012). As explained above, this fragment is an AM 

inhibitor and, as such, it has similar effects to our small molecule inhibitor. Another recent 

publication was looking at the effects of AM and its inhibitors on the growth of bone-

affecting tumors. The authors found that the inhibitory small molecule 16311, the same 

we use in this paper, reduced tumor induced osteolysis in their model (Siclari et al., 

2014). 
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The potential clinical correlation between AM levels and osteoporosis has not been 

extensively studied. A manuscript, written in Chinese, found a significant increase of AM 

levels in human subjects with primary osteoporosis (Lin et al., 2001). Although it is 

difficult to establish whether this increase in AM is the cause or an effect of osteoporosis, 

according to our hypothesis, elevated levels of AM may result in a further loss of bone 

density and AM inhibitors could be indicated. Recently, it was found that a particular 

single nucleotide polymorphism (SNP) close to the adm gene was responsible for a 

significant reduction in the circulating levels of AM (Cheung et al., 2011). As a 

consequence, the carriers of the minor allele are strongly protected against cancer 

(Martinez-Herrero and Martinez, 2013). It would be interesting to test whether these 

individuals are also protected from developing osteoporosis. We found that small 

molecule 16311 was able to prevent bone loss in a mouse model of osteoporosis without 

eliciting any measurable toxicity, making this molecule a good candidate for a first-in-

class drug against osteoporosis. Since AM is a vasodilator, most efficient inhibitors of 

this molecule should increase blood pressure, and this has been shown for 16311 

(Martinez et al., 2004a). For the potential clinical development of this compound, this 

feature may not be too desirable. Interestingly, among the small molecules that were 

initially identified by their ability to bind AM and to reduce AM-induced cAMP elevation, 

there were some that did not increase blood pressure when injected in rats (Martinez et 

al., 2004a). These included small molecules 28086 and 37133. If these molecules are 

shown to possess an osteoporosis prevention effect they may be even more interesting 

than 16311 for further development. In the same line of thought, any inhibitor of AM could 

offer benefits to patients with diseases characterized by losses in bone mass. These 

could include monoclonal and polyclonal antibodies (Martinez et al., 1996; Ouafik et al., 

2002; Kaafarani et al., 2009), inhibitory peptide fragments such as AM22−52 (Ishikawa 

et al., 2003), or small interfering RNA constructs (Ramachandran et al., 2007), among 

others. Nevertheless, small molecules continue to capture pharmacological attention due 

to their longer half-life and higher stability than peptides and antibodies. 
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Abstract 

The link between intestinal inflammation, microbiota, and colorectal cancer is intriguing 

and the potential underlying mechanisms remain unknown. Here we evaluate the 

influence of adrenomedullin (AM) in microbiota composition and its impact on colitis with 

an inducible knockout (KO) mouse model for AM. Microbiota composition was analyzed 

in KO and wild type (WT) mice by massive sequencing. Colitis was induced in mice by 

administration of azoxymethane (AOM) followed by dextran sulfate sodium (DSS) in the 

drinking water. Colitis was evaluated using a clinical symptoms index, histopathological 

analyses, and qRT-PCR. Abrogation of the adm gene in the whole body was confirmed 

by PCR and qRT-PCR. KO mice exhibit significant changes in colonic microbiota: higher 

proportion of δ-Proteobacteria class; of Coriobacteriales order; and of other families and 

genera was observed in KO feces. Meanwhile these mice had a lower proportion of 

beneficial bacteria, such as Lactobacillus gasseri and Bifidobacterium choerinum. TLR4 

gene expression was higher (p < 0.05) in KO animals. AM deficient mice treated with 

DSS exhibited a significantly worse colitis with profound weight loss, severe diarrhea, 

rectal bleeding, colonic inflammation, edema, infiltration, crypt destruction, and higher 

levels of pro-inflammatory cytokines. No changes were observed in the expression levels 

of adhesion molecules. In conclusion, we have shown that lack of AM leads to changes 

in gut microbiota population and in a worsening of colitis conditions, suggesting that 

endogenous AM is a protective mediator in this pathology. 

Keywords: adrenomedullin, intestinal microbiota, inflammatory bowel disease, colitis, 

colorectal cancer.  
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Introduction 

Gastrointestinal diseases are emerging as an important global health problem (Ponder 

and Long, 2013). Many of them are idiopathic, chronic, relapsing disorders ofthe 

gastrointestinal tract, such as inflammatory bowel diseases (IBD), which encompass 

ulcerative colitis and Crohn’s disease. IBD is also widely accepted as one of the main 

risk factors leading to colorectal cancer (CRC) (Kim and Chang, 2014), mediated by 

chronic intestinal inflammation (Yashiro, 2014). Adrenomedullin (AM) and 

proadrenomedullin N-terminal 20 peptide (PAMP) are two biologically active peptides 

produced by the same gene, adm, with ubiquitous distribution and many physiological 

functions (López and Martinez, 2002). The AM receptor consists on a 7-transmembrane 

domain protein called calcitonin receptor-like receptor (CLR) in combination with a single 

transmembrane domain protein known as receptor activity modifying protein (RAMP) 

(Poyner et al., 2002). Specific binding and production sites for AM are located in many 

tissues and cell types (López and Martinez, 2002), including the gastrointestinal tract 

(Martínez-Herrero and Martínez, 2016), being especially abundant in the neuroendocrine 

cells of the gastrointestinal mucosa, suggesting that AM and PAMP may act as gut 

hormones regulating many physiological and pathological conditions. Furthermore, AM 

and PAMP are antimicrobial peptides which are found in mostly all epithelial surfaces 

and body secretions (Martínez et al., 1997) and it has been demonstrated that Gram-

positive and Gram-negative bacteria isolated from the skin, oral cavity, and respiratory 

and gastrointestinal tract are sensitive to AM (Allaker et al., 1999). 

AM has a protective role in gastrointestinal diseases, including IBD, and its 

administration in rodents (Ashizuka et al., 2009) and humans (Ashizuka et al., 2013, 

2016) ameliorates the severity of these gut pathologies, emerging as a new promising 

therapeutic alternative. However, these results should be considered with care since IBD 

patients have an elevated risk of developing colitis-associated CRC, and the involvement 

of AM in tumor progression has become evident in the last years (Larráyoz et al., 2014). 

In the particular case of CRC, several studies postulate that blocking AM might prevent 

tumor growth (Nougueréde et al., 2013). 

In susceptible hosts an abnormal communication between gut microbial communities 

and the mucosal immune system has been identified as the core defect that leads to 

chronic intestinal inflammation (Leone et al., 2013). In normal gut, intestinal epithelial 

cells maintain a beneficial link with the microorganisms in the intestinal flora through toll-

like receptors (TLRs), which mediate signaling to maintain epithelial cell integrity and 

tight junctions (Yesudhas et al., 2014). Stimulation from commensal bacteria is finite and 
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should not trigger an excessive inflammatory response. However, any alteration in the 

population of luminal bacteria may influence TLR signaling, paving the way to a 

dysregulated inflammatory response, thus being a common denominator of IBD and 

CRC (Ha et al., 2014). Altered expression patterns of TLRs lead to tumor development, 

and in this context the contribution of TLR4 is considerably higher than those of other 

TLRs (Yesudhas et al., 2014). 

To carry out formal studies on the correlation between AM and microbiota composition 

and the impact of these changes in colitis and colitis-associated CRC in vivo, a knockout 

(KO) model for either AM or its receptors is needed. Previous results have shown that 

early abrogation of the gene coding for AM or some of its receptor components results 

in 100% embryo lethality due to serious vascular abnormalities (Shindo et al., 2001). To 

circumvent this problem, we developed a conditional knockout for AM using Cre/loxP 

technology and have shown that it works well when targeting specific cell types such as 

neurons (Fernández et al., 2008), endothelial cells (Koyama et al., 2013), or pulmonary 

club cells (García-Sanmartín et al., 2016). Recently we have generated an inducible 

model in which the AM gene can be eliminated in adult mice (Martínez-Herrero et al., 

2016). These animals survive whole body abrogation of the gene and constitute a perfect 

model to study the physiological implications of AM, including the impact of the total lack 

of AM and PAMP on gut microbiota, colitis, and CRC initiation. 

Material and Methods 

Generation and Characterization of Inducible Knockout Mice 

All procedures involving animals were carried out in accordance with the European 

Communities Council Directive (2010/63/UE) and Spanish legislation (RD53/2013) on 

animal experiments and with approval from the ethical committee on animal welfare of 

our institution (Órgano Encargado del Bienestar Animal del Centro de Investigación 

Biomédica de La Rioja, OEBA-CIBIR). 

An inducible KO mouse model for AM was developed and characterized in our laboratory 

(Martínez-Herrero et al., 2016). For experiments, the following 2 genotypes were 

selected: normal wild type (WT) controls (homozygous for the adm wild type allele, tetO-

Cre, and rtTA) and KO animals (homozygous for the “floxed” adm allele, tetO-Cre, and 

rtTA). Male and female, 9 week-old, mice of both genotypes were exposed to 2 mg/ml 

doxycycline in the drinking water, supplemented with 5% sucrose, for 15 days. After this 

period, mice were allowed to rest for at least 4 weeks before performing any experiments. 

At this point, a group of animals (n = 5 per sex and genotype) were sacrificed and several 

organs collected and frozen in liquid N2. DNA was extracted and subjected to PCR with 
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primers located outside the loxP sequences: P1 (sense): 

AAGGGAAGTCCTGCTCCAGT, and P2 (antisense): GCCTTAGCTCAGGTCCAGTG. 

The expected amplicon size is 2500 bp for the WT allele and 600 bp after the adm gene 

has been eliminated. 

Feces Collection and DNA Extraction 

Twenty eight mice (6 months-old) were divided in: WT males (WTM), WT females (WTF), 

KO males (KOM), and KO females (KOF). All of them were treated with doxycycline, 

were fed the same diet, housed in the same room under specific-pathogenfree (SPF) 

conditions, and maintained by the same personnel in order to normalize their microbiota. 

Fresh fecal contents were collected from each animal and weighed. DNA was 

subsequently extracted from fecal microbiota using the DNeasy Blood & Tissue Kit 

(Qiagen, Venlo, Netherlands). DNA purity and concentration were determined by a 

Nanodrop spectrophotometer (ND-1000; Thermo Fisher Scientific, Waltham, MA). 

Bacterial 16S rDNA Massive Sequencing and Sequence Postprocessing 

Samples were amplified for the 16S rDNA hypervariable sequence V4 using previously 

described primers (515F-806R) (Caporaso et al., 2012) in a MiSeq Instrument (2 × 150 

bp reads) (Illumina, INC, San Diego, CA). Nucleotide filiations were assigned using the 

Ribosomal Database Project (RDP) (Cole et al., 2014). Two different taxonomic 

assignment approaches were used: BBH (Best Blast Hit: each read was assigned to the 

taxon corresponding to the Best Blast Hit over a threshold of similarity) and LCA (Lowest 

Common Ancestor: adopted by advanced tools of metagenomics analysis such as the 

last version of MEGAN Huson and Weber, 2013). The direct assignments (calculated as 

counting reads specifically assigned to a node, not including the reads assigned to the 

descendant nodes in the taxonomy tree) and the cumulative assignment frequencies 

(calculated by including the direct frequencies and also the frequencies of the 

descendant nodes) for each taxonomy node (with some read assigned) were analyzed. 

A β-diversity analysis was carried out in order to deeply analyse the distinctness among 

communities (Pasari et al., 2013). The METAGENassist web server was used for 

comparative metagenomics (Arndt et al., 2012). 

Colitis-Associated Cancer Induction 

Fifty seven 16-week old mice were used in this study. All of them had been previously 

treated with doxycycline. The groups were formed as follow: control WTM (n= 5), treated 

WTM (n= 10), control KOM (n= 5), treated KOM (n= 9), control WTF (n= 4), treated WTF 

(n= 10), control KOF (n= 4), and treated KOF (n= 10). The protocol was performed as 
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previously described (Thaker et al., 2012). Briefly, treated animals received a single 

intraperitoneal injection (10 mg/Kg) of the carcinogen azoxymethane (AOM) (Sigma-

Aldrich, Madrid, Spain). One week later, animals were given 2.5% dextran sulfate sodium 

(DSS) (Sigma-Aldrich) in the drinking water for 1 week followed by 2 weeks of tap water. 

The DSS treatment should be repeated for 2 additional cycles and tumorigenesis should 

be examined 2 weeks after the last cycle. However, KO animals experienced an 

unexpected overreaction to the first DSS cycle and the procedure had to be terminated 

at this point according to the animal welfare guidelines because humane endpoints were 

reached. Untreated control mice received a saline injection instead of AOM and drank 

tap water only. 

Clinical Assessment of Colitis 

Mice were weighed and observed daily. Assessments of rectal bleeding, diarrhea, 

prolapse, inactivity, and percent weight loss relative to baseline were scored according 

to the system described by Gommeaux et al. (2007) and used as a surrogate measure 

of colitis severity. 

Mouse Sacrifice, Macroscopic Analysis, and Tissue Harvesting 

All mice were sacrificed by an overdose of anesthesia 14 days (males) and 15 days 

(females) after AOM injection according to humane endpoint. Entire colons were 

dissected, rinsed with ice-cold phosphate buffer solution (PBS) to remove fecal residues, 

and weighed. Photographs of colon samples were taken using an EOS 50D camera 

(Canon, Tokyo, Japan). Colon fragments were snap-frozen in liquid N2 and stored at 

−80◦C for further analysis. Central portions of colonic tissue were fixed in 10% buffered 

formalin, processed for paraffin embedding, and sections were stained with hematoxylin 

and eosin (H&E) or with immunohistochemical techniques. 

Histopathological Studies of the Colon 

Three H&E-stained sections from each colon sample were used for histological 

evaluation of colonic damage. The slides were coded to prevent observer bias during 

evaluation. All sections were examined in an Eclipse 50i microscope (Nikon, Amsterdam, 

Netherlands). FIJI software was used for characterization of histopathological changes. 

The height of the mucosa and the submucosa were used as a surrogate measure of 

inflammation. In addition, tissues were scored using the histopathological colitis scoring 

method, as described (Hayashi et al., 2011). 
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Immunohistochemistry 

Tissue sections (3 µm-thick) were dewaxed, exposed for 15 min to 3% H2O2 in methanol 

to block intrinsic peroxidase, rehydrated, and subjected to antigen retrieval (10 mM 

Sodium Citrate, 0.5% Tween 20, pH 6.0, 20 min at 95◦C). Non-specific binding was 

blocked by exposure to 10% normal donkey serum (Jackson Immunoresearch 

Laboratories, West Grove, PA) for 30 min, and then to 10% Fab fragment donkey anti-

mouse IgG (Jackson) for 1 h to block potential mouse IgGs in the section. Then tissue 

sections were incubated with primary mouse monoclonal antibody anti-TLR4 (sc-

293072, Santa Cruz, Dallas, TX) overnight at 4◦C. The following day, the presence of 

the primary antibody was revealed by a biotinylated donkey anti-mouse antibody 

(Jackson), the Vectastain Elite ABC Peroxidase Kit (Vector Laboratories, Burlingame, 

CA), and diaminobenzidine (Sigma). Sections were lightly counterstained with 

hematoxylin. Adjacent sections were incubated in the absence of primary antibody as a 

control. 

RNA Isolation and Quantitative Real-Time PCR 

RNA isolation, cDNA synthesis, and qRT-PCR were performed as described (Larrayoz 

et al., 2012). Briefly, total RNA was isolated from distal colon fragments using Qiagen 

RNAseasy Mini Kit with DNAse digestion step performed (Qiagen, Hilden, Germany) 

according to manufacturer’s instructions. Total RNA (1 µg) of each sample was reverse 

transcribed using the SuperScript R III Reverse Transcriptase Kit (Thermo Fisher 

Scientific). The synthesized cDNA was amplified by qRTPCR with a 7300 real-time PCR 

System (Applied Biosystems, Foster City, CA, USA) and gene expression was calculated 

using absolute quantification by interpolation into a standard curve using RQ software 

(Applied Biosystems), as described (Schmittgen and Livak, 2008). All values were 

divided by the expression of the house keeping gene, 18S, to avoid potential loading 

errors. Target genes (AM, TNF-α, IL-1β, IL-6, IL-10, IL-17, IL-22, ZO-1, occluding, JAM-

A, β-catenin, E-cadherin, desmoglein-2, connexin 26, β-actin, and TLR4) and primers 

are described in Table 3 (See Section .7.18.RNA ISOLATION AND QUANTITATIVE 

REAL-TIME PCR) 

Protein Extraction and Western Blotting 

Small fragments of colon were homogenized (1:3, w/v) in lysis buffer (20 mM HEPES, 

0.2 M sucrose, 5 mM DTT, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 µg/ml 

soybean trypsin, 10 µg/ml leupeptin, 2 µg/ml pepstatin, 0.1 mM PMSF, pH 7.4) at 4◦C. 

Homogenates were centrifuged for 30 min at 15 000 × g and the supernatants collected. 

Protein concentration was determined by the BCA kit (Pierce, Rockford, IL), with bovine 
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serum albumin as standard, using a NanoDrop spectrophotometer (ND100). Then, 25 

µg of each sample were mixed with 4x sample buffer (Invitrogen) and heated for 10 min 

at 70◦C. Samples were run on 10% SDS–polyacrylamide gels. Seeblue plus 2 Prestained 

Standards (Invitrogen) were used as molecular weight markers. For Western blot 

analysis, proteins were transferred onto 0.2-µm polyvinylidene difluoride (PVDF) 

membranes (iBlot system, Invitrogen). For protein identification, membranes were 

incubated overnight at 4◦C with primary monoclonal antibody anti-TLR4 (sc-293072, 

Santa Cruz) at a dilution 1:200. To standardize the results, a monoclonal IgG anti-β-actin 

antibody (Sigma) was used at a dilution 1:10 000 in the same membranes. To visualize 

immunoreactivity, membranes were incubated with anti-mouse peroxidase- labeled 

IgGs, developed with a chemoluminiscence kit (GE Biosciences, Miami, FL), and 

exposed to X-ray films (GE Biosciences). Developed films were scanned with a 

computerassisted densitometer (GS-800, Bio-Rad) and optical density quantified by NIH 

ImageJ software. 

Statistical Analysis 

All data sets were analyzed for normalcy and homoscedasticity. Normal data were 

analyzed by Unpaired Student’s t-test or by 1-way ANOVA followed by Tukey’s Multiple 

Comparison Test. Data that did not follow a normal distribution were compared by 

Kruskal-Wallis test followed by Dunn’s Post-hoc Test. All these studies were performed 

with GraphPad Prism version 5.02 (GraphPad Software, Inc. La Jolla, CA). A p < 0.05 

was considered statistically significant. Metagenomic results were analyzed by Wilcoxon 

test using SPSS version 17.0 (SPSS R Inc. Chicago, IL). 

Results 

Characterization of the Inducible Knockout 

Mice with the proper genotypes were obtained and subjected to doxycycline treatment 

for 2 weeks. Confirmation of adm deletion was performed by PCR. In all the WT animals 

a band of around 2500 bp was obtained, indicating the presence of the gene despite the 

treatment with doxycycline. In contrast, all tissues obtained from the KO mice presented 

a single band of approximately 600 bp, showing a complete deletion of adm (Figure 1A). 

Analysis of AM mRNA levels confirmed adm abrogation and demonstrated a very 

significant reduction of this molecule in the colon of KO mice (n= 28) when compared 

with WT animals (n= 29) (p < 0.001) (Figure 1B). 
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Figure 23. Characterization of the knockout phenotype and analysis of gut bacterial communities by 16S 

rDNA sequencing. Cerebellum and colon (A) fresh tissue was collected from 5 WT and 5 KO mice and 

subjected to PCR with primers which distinguish the unmodified adm gene (∼2500 bp) from the recombined 

allele (∼600 bp). Doxycycline administration effectively suppresses AM expression in colonic tissues (B). 

After DSS treatment, RNA was extracted from colonic biopsy specimens and analyzed for AM levels by qRT 

PCR. Panel (C) shows the percentages which each community contributed by the indicated Phyla. Data are 

shown as mean ± SEM. Kruskal-Wallis test; ***P < 0.001; 29 WT and 28 KO mice have been included. WT, 

Wild type mice; KO, Knockout mice; WTM, male wild type mice; WTF, female wild type mice; KOM, male 

knockout mice; KOF, female knockout mice. 
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Metagenomic Analysis of Gut Bacterial Populations from WT and KO Mice 

Using our doxycycline-inducible KO model we have studied the effects of eliminating the 

adm gene on gut microbiota composition under physiological conditions. 

Figure 1C shows the relative abundance of the major bacterial phyla present in the gut. 

As expected, around 90% of the bacteria detected (89.4 and 87.3% for WT and KO 

animals respectively) belong to the Bacteroidetes and Firmicutes phyla (Table 1). At 

phylum level, no significant differences were observed in the most abundant phyla in the 

gut between WT and KO mice, although a slight decrease in the abundance of the 

Bacteroidetes was observed in KO animals (p = 0.07) (Table 1). However, significant 

changes were observed in other phyla, less represented in the gut (Table 1). Some of 

these differences were sex dependent. Thus, a significant reduction in the abundance of 

Deferribacteres was observed in WTF when compared with WTM, and an opposite 

tendency was obtained when comparing the KO groups. The abundance of Tenericutes 

was significantly higher in WTF in comparison with WTM, whereas the abundance of this 

phylum was slightly decreased in KOF when compared to KOM (Table 1). 

At the class level, AM deletion resulted in a significant increase in the abundance of the 

δ-Proteobacteria, especially in KOF mice (p < 0.05 vs. WTF mice) (Table 1). A slight 

decrease was also observed in the abundance of β-Proteobacteria class in KO animals 

(p = 0.086) (Table 1). 
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Taxonomic group (relative 

abundance (30) 

WT KO 

Overall 

p valueᵼ Male Female Male Female 

Phyla Firmicutes  
31.68 ± 4.513 25.45 ± 2.770 31.99 ± 4.867 31.05 ± 5.736 0.722 

Bacteroidetes 
56.61 ± 4.717 64.92 ± 2.621 55.48 ± 4.743 55.99 ± 4.850 0.282 

Protobacteria 
3.127 ± 0.403 2.619 ± 0.405 2.652 ± 0.476 3.721 ± 0.297 0.349 

   α-Proteobacteria@ 
0.131 ± 0.050 0.023 ± 0.004 0.038 ± 0.012 0.033 ± 0.015 0.147 

   β-Proteobacteria@ 
0.167 ± 0.012 0.113 ± 0.014 0.110 ± 0.019 0.081 ± 0.041 0.086 

   γ-Proteobacteria@ 
0.018 ± 0.004 0.040 ± 0.013 0.025 ± 0.003 0.271 ± 0.116 0.114 

   δ-Proteobacteria@ 
0.419 ± 0.141 0.478 ± 0.056 0.736 ± 0.157 1.532 ± 0.129 # 0.013 

Actinobacteria 
0.231 ± 0.116 0.220 ± 0.038 0.198 ± 0.041 0.322 ± 0.054 0.227 

Deferribacteres 
0.107 ± 0.026 0.022 ± 0.009 * 0.029 ± 0.014 0.054 ± 0.033 0.026 

Tenericutes 
0.002 ± 0.001 0.072 ± 0.020 * 0.058 ± 0.026 0.011 ± 0.008 0.012 

Ratios Bacteroidetes/Firmicutes 
2.104 ± 0.390 2.880 ± 0.446 1.712 ± 0.329 2.223 ± 0.579 0.327 

Proteobacteria/Firmicutes 
0.120 ± 0.026 0.123 ± 0.033 0.079 ± 0.019 0.139 ± 0.031 0.513 

Actinobacteria/Firmicutes 
0.014 ± 0.007 

0.007 ± 0.001 
0.005 ± 0.001 0.009 ± 0.002 0.508 

Table 1. Relative abundance of the most representative phyla in the gut of wildtype (WT) male and female 

mice and of knockout (KO) male and female mice. Data are presented as mean values ± SEM.*p < 0.05 vs. 

WTM; #p < 0.05 vs. WTF. @Bacterial classes belonging to Proteobacteria phylum. † Statistically significant 

differences are indicated by bold type.  

At the order level, KO mice showed a significant increase in the abundance of 

Coriobacteriales, whereas a significant reduction in the abundance of Erysipelotrichales 

and Caulobacterales was observed (Table 2). The increase observed in the abundance 

of Coriobacteriales was similar in both males and females (Table 2, Figure 1A 

Supplementary) whereas the decrease observed in Erysipelotrichales was restricted to 

males (Figure 1B Supplementary). In contrast, the decrease in the abundance of 

Caulobacterales was only observed in KOF mice but not in KOM (Figure 1C 

Supplementary). Although no statistical differences were observed in the abundance of 

Anaeroplasmatales when comparing WT vs. KO mice, it is worth mentioning the 
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significant increase observed in the abundance of this bacterial order in KOM mice and 

WTF in comparison with their corresponding sex controls (Figure 1D Supplementary). 

At the family level, KO mice showed a significant increase in Bacteroidaceae, 

Pseudomonadaceae, and Rikenellaceae families with no significant differences 

according to sex (Table 2). Concerning lower taxonomic levels (genera), KO mice 

exhibited a significant increase in the abundance of Clostridium, Lactococcus, 

Odoribacter, and Alistipes and a significant decrease in the presence of bacteria 

belonging to the genera Bifidobacterium, Olsenella, and Brevundimonas (Table 2). The 

increase observed in Lactococcus was more evident in males than in females; however, 

the increase in Alistipes was only observed in females. In addition, the decrease 

observed in Bifidobacterium was only evident in males and, on the contrary, the decrease 

observed in Olsenella and Brevundimonas were only evident in females. Although, no 

differences were observed in the abundance of Acinetobacter genus when comparing 

the KOs vs. their corresponding WT, a significant increase in the abundance of this 

genus was observed in KOM in comparison with their respective WT group. Finally, the 

abundance of several bacterial species was also detected using the BBH alignment 

assignment. 

Table 2. Abundance of lower taxonomic levels (order, family, and genus) which were significantly increased 

or decreased in feces from knockout (KO) mice compared to wild type (WT) animals. Values obtained by 

BBH alignment assay. 

 

Phylum Taxonomic group Category Variation p value 
Effects by 

sex 

Actinobacteria Coriobacteriales Order Increased 0.005 both 

Bacteroidetes Bacteroidaceae Family Increased 0.028 - 

Bacteroidetes Rikenellaceae Family Increased 0.0002 both 

Proteobacteria Pseudomonadaceae Family Increased 0.048 - 

Firmicutes Clostridium Genus Increased 0.025 - 

Firmicutes Lactococcus Genus Increased 0.047 male 

Bacteroidetes Odoribacter Genus Increased 0.032 - 

Bacteroidetes Alistipes Genus Increased 0.0001 female 

Firmicutes Erysipelotrichales Order Decreased 0.020 male 

Proteobacteria Caulobacterales Order Decreased 0.003 female 

Actinobacteria Bifidobacterium Genus Decreased 0.004 male 

Actinobacteria Olsenella Genus Decreased 0.05 female 

Proteobacteria Brevundimonas Genus Decreased 0.013 female 
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Figure 1 Supplementary. Metagenomic analysis of community composition in the four groups of experimental 

animals. Taxonomic levels of bacterial orders are shown. Data are presented as mean ± SEM. Wilcoxon 

test; *: p<0.05, **: p<0.01 vs WTM; #: p<0.05 vs WTF. WT: Wildtype mice; KO: Knockout mice; WTM: male 

wildtype mice; WTF: female wildtype mice; KOM: male knockout mice; KOF: female knockout mice. 

 

Thus, a significant higher presence of Clostridium scindens, Christensenella minuta, and 

Bacteroides vulgatus was observed in KO mice (Figures 2A–C). A tendency to higher 

abundance of Lachnospiraceae bacterium and Faecalibacterium prausniztii in KO mice 

were also detected although it did not reach statistical significance (Figure 2 

Supplementary). On the other hand, decreased abundance of Bifidobacterium 

choerinum and Lactobacillus gasseri (Figures 2D–F) was detected in feces from KO mice 

in comparison with WT animals. 

A B 

C D 
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Figure 2. Metagenomic analysis of bacterial species in the colonic microbiota of experimental animals. 

Several bacterial species (A–E) are shown where statistically significant differences in abundance were 

found between genotypes. WT, Wild type mice; KO, Knockout mice. In the case of L. gasseri an additional 

panel (F) was added to point out the sex influence. Data are shown as mean ± SEM. Kruskal-Wallis test; *P 

< 0.05; **P < 0.001; ***P < 0.001. 20-week old WT (n = 8) and KO (n = 8) mice have been included. 

 

 

Figure 2 Supplementary. Relative abundance of Lachnospiraceae bacterium (A) and Faecalibacterium 

prausnitzii (B) in the four groups of experimental animals. Data are presented as mean ± SEM. Wilcoxon 

test; *:P<0.05 vs WTM. WT: Wildtype mice; KO: Knockout mice; WTM: male wildtype mice; WTF: female 

wildtype mice; KOM: male knockout mice; KOF: female knockout mice. 

 

KO Mice Express Higher Levels of TLR4 in the Colon 

Colon tissue sections from WT and KO mice were immunostained with an antibody 

against TLR4. In the WT mice the immunoreactivity was mainly found, as expected, in 

the epithelial cells of the colonic mucosa (Figure 3A). In the KO mice the distribution was 

A B 
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the same but staining intensity was higher than in their WT counterparts (Figure 3B). 

Adjacent sections stained in the absence of primary antibody were used as a negative 

control (Figure 3C). We also measured colonic TLR4 mRNA expression levels (Figure 

3D) in 20-week-old mice (n = 8 WT, n = 8 KO) and these were significantly augmented 

in KO mice when compared to WTs (P < 0.05). Protein levels were also measured by 

Western blotting (Figure 3E). Although there was some apparent increase of TLR4 

immunoreactivity in KO mice, the differences did not reach statistical significance. 

 

Figure 3. Expression of TLR4 is elevated in AM KO mice. TLR4 expression was assessed by 

immunohistochemistry (A–C), qRT-PCR (D), and Western blotting (E). Colon sections from WT (A) and KO 

(B) mice were stained with antibodies against TLR4. Staining was more intense in KO mice. Absence of the 

primary antibody was used as a negative control (C). Bar = 100 μm. TLR4 mRNA expression was assessed 

by qRT-PCR (D). Bars represent the mean TLR4/18S quotient ± SEM. Kruskal-Wallis test; *P < 0.05. TLR4 

protein was measured by Western blotting, using β-Actin as a loading control (E). Bars represent the 

normalized TLR4/ β-Actin value ± SEM. 20-week old WT (n = 8) and KO (n = 8) mice have been included. 
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Lack of Adrenomedullin Worsens Colitis Symptoms in AOM- and DSS-Treated Mice 

One of the initial aims of this work was to analyze the impact of the lack of AM and PAMP 

on colitis-associated CRC initiation and progression using a research paradigm 

consisting in the injection of AOM and 3 weekly cycles of DSS. However, our KO mice 

experienced very extreme symptoms and the protocol had to be finished at this point. 

But the experience allowed us to investigate the effect of adm abrogation on the severity 

of DSS-induced colitis. 

 

KO mice treated with DSS experienced a profound and sustained weight loss (more than 

30% in some cases) (P < 0.001) (Figures 4A,B), and extreme colitis symptoms such as 

dehydration, diarrhea, prolapses, and rectal bleeding compared to their WT counterparts 

(Figures 4C,D) (P < 0.001). In contrast, WTM maintained body weight (Figure 4A) and 

did not suffer major clinical symptoms (Figure 4C). On the other hand, WTF experienced 

light weight loss (less than 10%) (Figure 4B) and some colitis symptoms (Figure 4D). 

The colon weight/length ratio was recorded in both males (Figure 4E) and females 

(Figure 4F). There were no significant differences between the genotypes in untreated 

animals while treatment with DSS always resulted in a significant increase of this ratio. 

The increase was much higher in KO mice than in their WT littermates (p < 0.0001). 
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Figure 4. Clinical assessment of colitis and macroscopic evidence of inflammation in DSS-treated mice. 

Body weight changes were recorded daily in males (A) and females (B). Lack of AM results in a significant 

weight loss. KOF experience a higher percentage of weight loss. Colitis symptoms were scored on a 0-12 

point scale in males (C) and females (D). KO animals exhibited severe colitis symptoms reaching higher 

scores than their WT counterparts. DSS treatment caused local inflammation of the colon in both males (E) 

and females (F). There is a significant increase in the weight/length ratio of the colon in all DSS-treated mice 

when compared with their respective controls. However, this inflammatory response is more pronounced in 

adm deficient mice. Data are shown as mean ± SEM. ANOVA + Tukey's MCT; *P < 0.05; **P < 0.01; ***P < 

0.001; ****P < 0.0001. Same abbreviations as in Figure 1. 
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Lack of Adrenomedullin Increases Histopathological Score and the Loss of Histological 

Colonic Structure in DSS Treated Mice 

The macroscopic inspection of colon and rectum provided evidence of different degrees 

of colonic inflammation in DSS-treated animals. Treated KO mice presented more 

hemorrhagic areas (Figures 5A,C) than their WT littermates. Histological examination of 

the colonic sections of DSS treated mice revealed the presence of inflammatory cells 

restricted to isolated areas in WT animals, while most of the tissue maintained its micro 

architecture (Figures 5B,D). In KO animals a transmural inflammation involving all layers 

of the colon wall was observed, with massive infiltration in the mucosa and submucosa, 

and destruction of the crypts (Figures 5B,D). Histopathological scores were calculated 

and they revealed that DSS administration caused a significant increase in the 

pathological characteristics of both genotypes (Figures 5E,F), being this pathology much 

more severe in KO than in WT animals (P < 0.001 for males, p < 0.05 for females). 
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Figure 5. Effect of endogenous AM on colon acute injury by DSS. Representative macroscopic (A,C) and 

histological (B,D) appearance of the colon in females (A,B) and males (C,D) of the four experimental groups: 

untreated WTF (WTF C-), DSS-treated WTF (WTF DSS), untreated KOF (KOF C-), and DSS-treated KOF 

(KOF DSS). In untreated animals the characteristic oval shape and size of mice feces can be appreciated. 

However, DSS administration caused the presence of diarrhea, with bloody feces. Histological analysis of 

the colon of mice treated with DSS confirmed the macroscopic study data showing large areas of lymphocyte 

infiltrates in the mucosa and submucosa, being the damage greater in DSS-treated KOs with loss of tissue 

architecture, inflammation, and a more prominent infiltration when compared with WTs. Untreated KOs did 

not show any abnormality in the microscopic structure of the colon. Bars = 100 μm. The histopathological 

score was calculated in both males (E) and females (F). All animals treated with DSS presented a severe 

inflammation in the colon, which was more severe among the KO mice. Data are shown as mean ± SEM. 

ANOVA + Tukey's MCT; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Same abbreviations as in Figure 

1. 
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Endogenous Adrenomedullin Reduces the Expression of Inflammatory Cytokines in DSS 

Colitis 

To define the potential of endogenous AM to function as an anti-inflammatory agent we 

evaluated the mRNA expression levels of different cytokines (Figure 6 and Figure 3 

Supplementary). In KOM, there was an increase in TNF-α (P < 0.0001), IL-1β (P < 

0.001), and IL-6 (P < 0.01) levels after DSS administration compared with their sham 

group. In contrast, levels of these cytokines did not experience any variation in DSS 

treated WTM when compared with their untreated littermates, and were significantly 

lower when compared with KOM (P < 0.001 for TNF-α, P < 0.05 for IL-1β, P < 0.01 for 

IL-6). Moreover, levels of the anti-inflammatory cytokines IL-17 and IL-22 were also 

significantly augmented in treated KOM when compared with DSS treated WTM (P < 

0.05 for IL-17, P < 0.05 for IL-22) and when compared with their sham littermates in the 

case of IL-22 (P < 0.05). Levels of IL-10 did not experience any significant variation in 

males (Figure 3 Supplementary). 

Among females, few variations were observed between DSS treated and untreated WT 

animals. DSS increased pro- and anti-inflammatory cytokine expression in KOFs when 

compared with their untreated controls (P < 0.01 for TNF-α, P < 0.01 for IL-1β, P < 0.05 

for IL-17, and P < 0.05 for IL-22) and with their WT counterparts (P < 0.05 for IL-1β, P < 

0.05 for IL-6, P < 0.05 for IL-10, and P < 0.01 for IL-22) (Figure 6). 
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Figure 6. Effects of endogenous adrenomedullin (AM) on the mucosal inflammatory responses during acute 

episode of colitis caused by DSS administration in females. Expression of the principal pro- and anti-

inflammatory cytokines (A–F) were evaluated by qRT-PCR in colon biopsies. Lack of AM resulted in a 

significant increase in the Th1 and Th2 cytokines when compared with their respective control mice and with 

their WT littermates. Surprisingly, DSS treatment did not cause any significant variation among the levels of 

expression of these cytokines in the DSS-treated WTs. All data were normalized by their 18S value. Data 

are shown as mean ± SEM. ANOVA + Tukey's MCT; *P < 0.05; **P < 0.01. Same abbreviations as in Figure 

4. 
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Figure 3 Supplementary. Effects of endogenous adrenomedullin (AM) on the mucosal inflammatory 

responses during acute episode of colitis caused by DSS administration in males. Expression of the principal 

pro‐ and anti‐inflammatory cytokines were evaluated by qRT‐PCR in colon biopsies. Lack of AM resulted in 

a significant increase in the Th1 and Th2 cytokines studied when compared with their respective control 

mice and with their WT littermates. Surprisingly, DSS treatment did not cause any significant variation among 

the levels of expression of these cytokines in the DSS‐treated WTs. Data are shown as mean ± SEM. 

Kruskal‐Wallis test; *: P<0.05. **: P<0.01. ***: P<0.001. ****: P<0.0001. WT: Wildtype mice; KO: Knockout 

mice; WTM C-: untreated male wildtype mice; WTM DSS: DSS-treated male wildtype mice; KOM C-: 

untreated male knockout mice; KOM DSS: DSS-treated male knockout mice. 
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Lack of Adrenomedullin Does Not Modify the Expression of Adhesion Molecules in the 

Colon 

In an attempt to identify the impact of AM in epithelial integrity we examined gene 

expression levels of different adhesion molecules (Figures 4 Supplementary, 5 

Supplementary). No significant change was observed in the gene expression patterns of 

these molecules with the exception of a significant decrease of β-catenin caused by DSS 

administration in KOF (P < 0.05) (Figure 5 Supplementary). 
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Figure 4 Supplementary. Effects of endogenous adrenomedullin (AM) on the mucosal adhesion molecules 

in normal conditions and during acute episode of colitis caused by DSS administration in males. mRNA 

expression of the principal adhesion molecules was evaluated by qRT‐PCR in biopsies of colon. No 

significant variation was observed among the studied groups. Data are shown as mean ± SEM. Kruskal‐

Wallis test. WT: Wildtype mice; KO: Knockout mice; WTM C‐: untreated male wildtype mice; WTM DSS: 

DSS‐treated male wildtype mice; KOM C‐: untreated male knockout mice; KOM DSS: DSS‐treated male 

knockout mice. 



Results 

 
 

126 
 

 

Figure 5 Supplementary. Effects of endogenous adrenomedullin (AM) on the mucosal adhesion molecules 

in normal conditions and during acute episode of colitis caused by DSS administration in females. mRNA 

expression of the principal adhesion molecules was evaluated by qRT‐PCR in biopsies of colon. No 

significant variation was observed among the studied groups with the exception of β‐catenin (D).DSS‐treated 

KOF presented significantly lower levels of β‐catenin. Data are shown as mean ± SEM. Kruskal‐Wallis test; 

*: P<0.05. WT: Wildtype mice; KO: Knockout mice; WTF C‐: untreated female wildtype mice; WTF DSS: 

DSS‐treated female wildtype mice; KOF C‐: untreated female knockout mice; KOF DSS: DSS‐treated female 

knockout mice. 
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Discussion 

In this study we have shown that elimination of the gene coding for AM in mice results in 

gut microbiota changes. The initial goal of linking lack of AM with colorectal cancer 

initiation and progression could not be reached with this methodology because AM 

deficiency results in an unexpected overreaction to DSS-induced colitis and the 

experimental protocol had to be terminated after the first DSS cycle. A possible 

alternative to study the role of this peptide in CRC initiation and progression is to use a 

less aggressive model, as those based on diets which recapitulate levels and length of 

exposure to nutrients linked to relative risk for human sporadic colon cancer (Yang et al., 

2008). Nevertheless, this study provides new data on the influence of AM on colitis 

symptoms and colitis-related inflammation. 

Previous studies have shown a strong positive effect using AM as treatment for colitis 

symptoms in rodents (Ashizuka et al., 2009) and humans (Ashizuka et al., 2013). 

However, none of the previous studies was able to investigate the opposite situation; i.e., 

the impact of the lack of endogenous AM on colitis. The scientific interest for this 

investigation is 2-fold. First, it provides a confirmation of AM's beneficial role in intestinal 

pathologies. And second, a particular single nucleotide polymorphism (SNP) close to the 

adm gene was found to be responsible for a reduction in the circulating levels of AM 

(Cheung et al., 2011) and to correlate with cancer susceptibility (Martínez-Herrero and 

Martínez, 2013). Therefore, it would be interesting to test whether carriers of this SNP 

are more susceptible to develop chronic inflammatory intestinal disorders or have worse 

symptoms. 

This study shows that lack of endogenous AM correlates with an exacerbation of colitis 

symptoms at all levels suggesting that AM prevented the symptoms of the disease in line 

with previous experiments by the group in Sevilla (Talero et al., 2008). Microscopic 

analysis of colonic sections confirmed data from macroscopic observations reflecting an 

aggravation of mucosal disruption, edema, and inflammatory infiltration in KO mice. 

These results are in line with previous papers which demonstrated that AM exerts a 

protective action in DSS-induced experimental IBD (Ashizuka et al., 2009). 

Previous studies have described that the DSS-induced colitis model induced high 

amounts of Th1 cytokines (TNF-α, IL-1β, IL-6) (Ashizuka et al., 2009). These cytokines 

exert potent proinflammatory effects that, when uncontrolled, can lead to tissue injury. 

Our cytokine determination demonstrated that DSS administration induces an 

inflammatory response in the colon of KO animal. Surprisingly, no elevation was 

observed in DSS-treated WT mice when compared with their respective controls. But in 
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DSS-treated KO mice the response was very strong, suggesting that endogenous AM 

collaborates to maintain basal levels of these cytokines and to prevent an inflammatory 

overreaction. Previous research in AM supports our findings of the role of this peptide in 

immunoregulation (Wong et al., 2005; Carrizo et al., 2007). 

In contrast with previous results, which have shown that DSS produces changes in the 

expression of tight and adherence junctions (Poritz et al., 2007; Ashizuka et al., 2009; 

Mennigen et al., 2009), we did not find any variation on the levels of these molecules. It 

is difficult to understand the reason for this discrepancy. The only difference is that we 

injected our mice with AOM before treating them with DSS. Future experiments would 

address this issue in more depth. 

Another explanation for the exacerbation of colitis symptoms observed in KO animals is 

the alteration in gut microbiota that these mice suffer under physiological conditions. To 

our knowledge, this is the first study were the effects of AM deficiency on gut microbiota 

composition has been tested. Our results point to an important effect of this antimicrobial 

peptide in the control of gut bacteria composition which could offer a mechanistic insight 

into the pathogenesis of DSS-induced colitis and also could suggest several microbial 

interventions to be used in preventing or managing this condition. 

The lack of AM did not translate into significant changes at higher taxonomic levels, 

suggesting that the worsening of DSS-induced colitis and inflammation observed in KO 

mice is more related to changes in lower taxonomic levels and diversity, as occurs in 

other metabolic pathologies such as obesity (Villanueva-Millán et al., 2015). It is also 

interesting to point out that some of the results obtained differ depending on sex. In this 

line, IBD seems to be more prevalent in women (Burisch et al., 2013) and it has been 

hypothesized that this situation might be related with female sex hormones since oral 

contraceptives are considered a risk factor for IBD (Ponder and Long, 2013). These data 

seem to indicate a potential link between sex-specific regulation of microbiota and IBD. 

A previous study demonstrated that AM had antimicrobial activity against gut B. fragilis, 

E. coli and H. pylori (Allaker et al., 1999). As expected, we did not detect the presence 

of these species either in WT or KO mice, as these animals were maintained under SPF 

barrier conditions. However, we observed that the lack of AM was associated with a 

decreased abundance of two beneficial bacteria such as L. gasseri and B. choerinum 

(and also of the Bifidobacterium genus), which could suggest that the decrease in the 

numbers of these bacteria is associated with the worsening of DSS-induced colitis 

observed in KO mice. In fact, L. gasseri has anti-inflammatory activity that reduces the 

severity of colitis in a mouse model (Carroll et al., 2007). Also, administration of certain 
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strains of Lactobacillus and Bifidobacterium improved DSS-induced colitis (Toumi et al., 

2014). 

In contrast, we observed a significant increase in the abundance of two bacteria 

belonging to the Firmicutes phyla (Clostridium scindens and Christensenella minuta) as 

well as in B. vulgatus levels, a weak inducer of intestinal inflammation that belongs to 

the Bacteroidetes phylum. The actions of Bacteroides in the pathogenesis of IBD has 

received attention (Liang et al., 2014). However, the role of B. vulgatus in these 

pathologies is controversial. Thus, while some studies demonstrated that its abundance 

was rather decreased among IBD patients (Takaishi et al., 2008) and that it was able to 

prevent the development of Escherichia coli-induced colitis (Sydora et al., 2007), others 

have reported that the administration of Bacteroides, and especially the administration 

of B. vulgatus aggravates colitis (Kishi et al., 2000). In our study, the increase observed 

in KO mice suggests a role of this bacterium in intestinal inflammation and also in the 

worsening of colitis induced by the lack of AM. 

Surprisingly, a significant increase in the abundance of Faecalibacterium prausnitzii, an 

important member of mucosa-associated Firmicutes, was observed in male KO mice. 

Previous studies had reported that a reduction of F. prausnitzii was associated with the 

recurrence of ileal Crohn's disease (Sokol et al., 2008) and oral administration of this 

species can reduce the severity of experimental colitis in mice. As this phenomenon was 

not observed in female mice, the increase observed in males could suggest a 

compensatory mechanism to ameliorate the damage induced by AM deficiency. In fact, 

inflammation and severity was higher in females, where no increases in F. prausnitzii 

were observed. 

Therefore, we can conclude that AM deficiency is clearly associated with changes in 

microbiota composition. This microbiota changes may predispose mice to suffer 

intestinal inflammation and worse DSS-induced colitis symptoms. But variations in 

microbiota may have another effect through changes in colonic TLR4 gene expression, 

although we have not able to show a clear increase of TLR4 protein by Western blotting. 

Hasegawa et al. (2010) demonstrated that immunostimulatory activity of the intestinal 

microflora varied during mouse development, evolving from a largely stimulation through 

TLR4 during breast-feeding to a TLR4-independent process after weaning. In AM 

deficient mice microflora there was a higher proportion of δ-Proteobacteria, which may 

be stimulating TLR4 in the colon and thus promoting its expression as it happened with 

mice during breast-feeding (Hasegawa et al., 2010). In addition, KO mice exhibited 

higher levels of other Gram negative bacteria that are able to stimulate TLR4 and 
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increase its expression, such as Clostridium (Scarpa et al., 2011), B. vulgates (Haller et 

al., 2004), Acinetobacter (Erridge et al., 2007), or Pseudomonadaceae (Korneev et al., 

2015). Today it is widely accepted that in normal intestinal epithelial cells, TLR4 is 

marginally expressed but under pathological conditions such as IBD and CRC an 

overexpression of this receptor occurs (Yesudhas et al., 2014). However, it has not been 

well established whether this TLR4 elevation occurs prior to IBD breakout or is a 

consequence of the disease. Our results seem to support the idea that an altered 

microbiota composition and a modified gene expression of TLR4 would precede and 

favor the appearance of the pathology. 

To confirm the causal relationship between AM deficiency, microbiota changes, and 

colitis induction, manipulation of the gut microbiota should be performed, as described 

in other animal models (Li et al., 2016; Tian et al., 2016). 

In conclusion, using our KO animals we have demonstrated that lack of endogenous AM 

causes an evident dysbiosis and an elevated TLR4 expression which might lead to a 

worse prognosis during colitis episodes. 
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Abstract 

Adrenomedullin (AM) is a biologically active peptide which has been tested as a new 

therapy for inflammatory bowel disease (IBD) in animal models and in patients with 

severe ulcerative colitis. We used an inducible knockout (KO) mouse model for AM to 

evaluate the effects of endogenous levels of this peptide on the development and degree 

of pathogenesis of IBD. Acute colitis was induced in mice of both sexes by rectal 

instillation of 3 mg 2,4,6-trinitrobenzenesulfonic acid (TNBS) in 100 µL of 50% ethanol. 

Control mice received the same volume of saline in 50% ethanol. During the following 5 

days, the weight and the disease severity index of all animals were recorded. After 

sacrifice, the inflammatory response was macroscopically assessed by analyzing the 

weight of the colon; by histomorphometrical analysis on histological sections; and by 

qRT-PCR determination of different inflammatory, adhesion, and regeneration 

molecules. TNBS administration caused a significantly more severe colitis in KO mice, 

and especially in females, when compared to wild type (WT) animals. Abrogation of the 

AM gene caused more severe diarrhea, accompanied by rectal bleeding, anorexia, and 

a significant increase of colon weight. Histological analysis of TNBS-treated KO mice 

showed large areas of lymphocyte infiltrates in the mucosa and submucosa, with loss of 

tissue architecture. No alterations were observed in the expression levels of 

inflammatory cytokines at the time of sacrifice; meanwhile lack of AM resulted in lower 

levels of some adhesion molecules and regeneration markers. Taken together, these 

results support the protective role of endogenous AM against the development of acute 

colitis, and that its effects are particularly beneficial on females. 
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Introduction 

Gastrointestinal diseases are attracting renewed interest in biomedicine due to the 

increased incidence of newly diagnosed cases in recent years1. Crohn's disease (CD) 

and ulcerative colitis (UC) are the principal types of inflammatory bowel diseases (IBD), 

a group of inflammatory conditions characterized by chronic inflammation of the 

gastrointestinal tract2. Epidemiologic studies revealed that the number of new IBD 

diagnoses is increasing all around the world1, 3. Although incidence and prevalence ratios 

are similar for males and females in IBD, according to data of the “Centers for Disease 

Control and Prevention” in the United States UC is slightly more common in males, while 

Crohn’s disease is more frequent in women4. Furthermore, the prevalence of CD was 

also higher in females and it increases with age5, 6. Etiology of IBD remains unclear, 

however it is viewed as the outcome of a multifactorial process involving an abnormal 

response of the mucosal immune system to gut microbial communities7; a genetic 

predisposition8, 9; and some environmental factors such as pollution10, stress3, or 

Western-based diets11. Prior observational studies have suggested a link between 

exogenous hormone use and risk of IBD12. Specifically, some studies have shown an 

association between oral contraceptive use and risk of CD, and menopausal hormone 

therapy and risk of UC12. 

Adrenomedullin (AM) and proadrenomedullin N-terminal 20 peptide (PAMP) are two 

peptide hormones produced by the same gene, adm. They can be found in almost all 

tissues and body secretions, and exert many physiological functions13, 14. The AM 

receptor is constituted by two different proteins: a 7-transmembrane domain protein 

known as calcitonin receptor-like receptor (CLR), and a single transmembrane domain 

protein called receptor activity modifying protein (RAMP)15. Specific binding sites for AM 

are also located in many tissues and cell types13. In the gastrointestinal tract they are 

especially abundant in the neuroendocrine cells of the mucosa, suggesting a role as a 

gut hormone for this peptide. Previous studies confirmed that both AM and PAMP 

regulate many physiological and pathological conditions in the gut16. Furthermore, AM 

and PAMP also act as antimicrobial peptides, constituting a defense mechanism against 

pathogenic bacteria17. Recent discoveries, within our laboratory, have confirmed that 

abrogation of adm gene leads to important changes in microbial populations of the 

gastrointestinal tract under physiological conditions18. Furthermore, lack of AM/PAMP 
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causes changes in the pattern of expression of the main colon receptor of 

microorganisms, the toll-like receptor 418. 

The therapeutic potential for the administration of AM in gastrointestinal diseases, such 

as IBD, has been demonstrated in both rodents19 and humans20, 21. But the role of 

endogenous AM in this type of inflammatory pathologies has been scarcely investigated 

to date18. To carry out formal studies to deepen our knowledge on the role played by 

endogenous AM in acute colitis in vivo, a knockout (KO) model is needed. Previous 

attempts to generate a KO for AM, PAMP, both peptides, or the proteins that constitute 

their receptors, resulted in the dead of all embryos at mid-gestation due to serious 

vascular anomalies22, 23. To circumvent this problem, we developed an inducible model 

in which the AM gene can be deleted in adult mice using Cre/loxP technology and a 

tetracycline-controlled transcriptional activation method24. These animals survive after 

adm gene abrogation and constitute a suitable model to investigate the role of 

endogenous AM in intestinal pathophysiology, including IBD. 

Material and Methods 

Ethical permits 

All procedures involving animals were carried out in accordance with the European 

Communities Council Directive (2010/63/UE) and Spanish legislation (RD53/2013) on 

animal experiments and with approval from the ethical committee on animal welfare of 

our institution (Órgano Encargado del Bienestar Animal del Centro de Investigación 

Biomédica de La Rioja, OEBA-CIBIR). 

Generation of inducible knockout mice 

Mice where the adm gene was surrounded by loxP sequences (“floxed”) were generated 

in our lab and previously characterized25. These animals were crossed with transgenic 

mice expressing Cre recombinase under the control of a tetracycline-responsive 

promoter element (tetO) (Strain Number 6234, The Jackson Laboratory, Bar Arbor, ME) 

and with mutant mice having widespread expression of an optimized form of reverse 

tetracycline-controlled transactivator (rtTAM2) protein (Strain Number 6965, The 

Jackson Laboratory). All 3 strains had been previously backcrossed to a C57BL/6 

genetic background for several generations. For experiments, the following 2 genotypes 

were selected: normal controls (homozygous for the adm WT allele, tetO-Cre, and rtTA) 

and KO animals (homozygous for the “floxed” adm allele, tetO-Cre, and rtTA). All of them 

were treated with 2 mg/ml doxycycline in the drinking water for 15 days and no 
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experiments were performed until 4 weeks later to allow for microbiota recovery, as 

described24. 

Induction of acute colitis with trinitrobenzensulfonic acid 

Eighty 16-week old male and female mice were used. Mice were randomly distributed in 

the following groups: control WT males (WTM) (n=10), TNBS-treated WTM (n=10), 

control KO males (KOM) (n=10), TNBS-treated KOM (n=10), control WT females (WTF) 

(n=10), TNBS-treated WTF (n=10), control KO females (KOF) (n=10), and TNBS-treated 

KOF (n=10). Mice were housed in specific-pathogen free facilities with controlled 

parameters (temperature 24-25°C, humidity 70-75%, lighting regime 12 hours light / 12 

hours darkness) and were fed a regular laboratory diet (Panlab, Barcelona, Spain). The 

protocol was performed as previously described26 with slight modifications according to 

González-Rey et al 27. Briefly, mice were anesthetized with inhaled isoflurane (IsoFlo®, 

Esteve, Barcelona, Spain) following a 6-h fast. To induce colitis, 3 mg 2,4,6-

trinitrobenzenesulfonic acid (TNBS, Sigma Aldrich, St Louis, MO) dissolved in 0.1 ml of 

50% ethanol were instilled into the colon using a 3.5 F polyurethane catheter, previously 

impregnated in Vaseline, connected to a 0.3cc syringe without a needle. The catheter 

was introduced till the end of the colon, which was about 3 cm in males and 2.5 cm in 

females. Control mice received the same volume of saline in 50% ethanol. Following the 

instillation, the animals were maintained in a head-down position for 1 min to prevent 

leakage of the intracolonic instillate. Animals were sacrificed using an anesthetic 

(Xylagesic®, Laboratorios Calier,S.A., Barcelona, Spain + Imalgene®, Merial, Lyon, 

France) overdose administered intraperintoneally 5 days after TNBS instillation. No mice 

died during the 5 days of the experiment. If particular animals presented dehydration 

symptoms, they received rehydration therapy (Ringer’s Lactate Solution®, Braun, 

Barcelona, Spain). Fluid homeostasis was evaluated by lifting gently the skin on the 

animal’s back. If skin turgor is reduced and forms tent-like wrinkles, this was considered 

as a symptom of clinical dehydration28. The rehydration therapy consists in an 

intraperitoneal injection of Ringer’s Lactate Solution replacing 20% of the total blood 

volume of the animal28. Total blood volume is estimated as 6 % of the total body weight. 

Subsequent subcutaneous administrations of the same solution were provided to 

dehydrated mice. The total volume to be administered each day was calculated following 

The Federation of Law Societies of Canada´s guidelines. 

Clinical assessment of acute colitis 

Mice were weighed and observed daily. Clinical colitis symptoms were blindly scored 

according to the system described by Gommeaux et al.29 considering parameters such 
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as inactivity, behavior, percent weight loss relative to baseline, diarrhea, prolapse or 

rectal bleeding. Final score was used as a surrogate of colitis severity. 

Tissue harvesting and macroscopical assessment of colonic damage 

Tissue harvesting was perfomed as previously described18. Briefly, the entire colon was 

dissected and rinsed with ice-cold phosphate buffer solution (PBS) to remove fecal 

residues. Then, the last 5 cm of colon (measured from the anus) were weighed. 

Photographs of colon samples were taken using an EOS 50D camera (Canon, Tokyo, 

Japan). Central portions of colonic tissue were fixed in 10% buffered formalin, processed 

for paraffin embedding, and sections were stained with hematoxylin and eosin (H&E). 

Distal and proximal sections of the colon (2 cm each) were snap-frozen in liquid nitrogen 

and stored at -80ºC for further analysis. 

Histopathological studies of the colon 

Three non-consecutive H&E-stained slides from each colon sample were used for 

histological evaluation of colonic damage. Slides were coded to prevent observer bias 

during evaluation. All sections were examined in an Eclipse 50i microscope (Nikon, 

Amsterdam, Netherlands). The height of the mucosa, the submucosa, and the intestinal 

wall were used as a surrogate measure of inflammation. The measurements were always 

performed by computerized morphometry, as previously described30, 31. Briefly, the 

measurements of the thickness of the colonic layers were always performed in six 

random fields, selecting sites where at least five contiguous and intact crypts were 

present. The captured image was digitized, transferred, and analyzed using FIJI 

software. The program automatically provided the average of measured values with the 

standard error of each segment. In addition, a pathologist examined the slides blindly 

and tissues were scored using the histological colitis scoring method described by 

Hayashi et al.32.  This score tests for three tissue characteristics; inflammation severity: 

grade 0 = none, grade 1 = mild, grade 2 = moderate, and grade 3 = severe; crypt 

damage: grade 0 = none, grade 1 = basal 1/3 damaged, grade 2 = basal 2/3 damaged, 

grade 3 = crypts lost and surface epithelium present, and grade 4 = crypts and epithelium 

lost; and percent involvement: grade 0=0%, grade 1=1–25%, grade 2=26–50%, grade 

3=51–75%, and grade 4=76–100%. The inflammation score is calculated as the sum of 

the inflammation severity multiplied by the percent involvement (maximum score 12) and 

the crypt damage multiplied by the percent involvement (maximum score 16). The total 

maximum score was 28. 
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RNA isolation and quantitative real-time PCR 

RNA isolation, cDNA synthesis, and qRT-PCR were performed as previously 

described33. Briefly, total RNA was isolated from full thickness distal colon fragments 

using Qiagen RNAseasy Mini Kit with DNAse digestion step performed (Qiagen, Hilden, 

Germany) according to manufacturer’s instructions. Total RNA (1µg) of each sample was 

reverse transcribed using the SuperScript® III Reverse Transcriptase Kit (Thermo Fisher 

Scientific). The synthesized cDNA was amplified by qRT-PCR with a 7300 real-time PCR 

System (Applied Biosystems, Foster City, CA, USA). Cycling conditions were an initial 

denaturation at 95ºC for 10 min, followed by 40 cycles of 95°C for 15 seconds and 60°C 

for 1 minute. At the end, a dissociation curve was implemented from 60 to 95ºC to 

validate amplicon specificity34. Gene expression was calculated using relative 

quantification by interpolation into a standard curve. As recommended by Eissa et al.35, 

three different housekeeping genes (GAPDH, Tbp, and Eef2) were used for 

normalization. NormFinder program was used for calculating the expression stability of 

selected reference genes35. Relative gene expression levels were quantified using RQ 

software (Applied Biosystems). Target genes and primers are described in Table 3 (See 

Section .7.18.RNA ISOLATION AND QUANTITATIVE REAL-TIME PCR). 

Statistical analysis 

All data sets were analyzed for normalcy and homoscedasticity. Normal data were 

analyzed by Unpaired Student´s t test, by 1-way ANOVA, or by 2-way ANOVA followed 

by Tukey’s Multiple Comparison test. Data that did not follow a normal distribution were 

compared by Kruskal-Wallis test followed by Dunn´s Post-Hoc test. A p value < 0.05 was 

considered statistically significant. All these studies were performed with GraphPad 

Prism version 5.02 (GraphPad Software, Inc. La Jolla, CA). 

Results 

We have presented the differences experienced by WT and KO animals after TNBS 

treatment in body weight (Figures 1A, 1B), disease severity scores (Figures 1C, 1D), 

colonic weight/length ratio (Figures 2I, 2J), mucosa and submucosa thickness (Figures 

4E, 4F, 5E, 5F), and histopathological scores (Figures 4G, 5G) separately from the 

differences experienced between treated males and females of the same genotype 

(Figure 6). 

Lack of endogenous adrenomedullin accelerates and aggravates acute colitis symptoms 

WT mice of both sexes treated with TNBS maintained body weight (Figure 1A, 1B; two 

way ANOVA; Tukey's MCT, p>0.05 TNBS-WTM Vs. Sham-WTM; p>0.05 TNBS-WTF 
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Vs. Sham-WTF) and only exhibited mild colitis symptoms when compared with their 

vehicle-treated WT littermates at day five (Figure 1C, 1D; two way ANOVA; Tukey's 

multiple comparisons test (MCT), p<0.05 TNBS-WTM Vs. Sham-WTM; p<0.05 TNBS-

WTF Vs. Sham-WTF). No differences according to sex were observed among treated 

WT animals (Figure 6C, two way ANOVA; Tukey's MCT, p>0.05 TNBS-WTM Vs. TNBS-

WTF). KOM mice treated with TNBS experienced a slight weight loss during the two days 

following rectal instillation when compared with their control vehicle-treated counterparts 

(Figure 1A, two way ANOVA; Tukey's MCT, p<0.05), which paralleled the occurrence of 

harsher colitis symptoms (Figure 1C, two way ANOVA; Tukey's MCT, p<0.01). After the 

administration of rehydration therapy they recovered their initial weight. KOF instilled with 

TNBS suffered a more profound and sustained weight loss (larger than 20% in a quarter 

of the sample) (Figure 1B, two way ANOVA; Tukey's MCT, p<0.05 TNBS-KOF Vs. 

Sham-KOF at day one, p<0.01 TNBS-KOF Vs. TNBS-WTF at days two and three). 

TNBS-treated KOF also presented graver symptoms of colitis (Figure 1D, two way 

ANOVA; Tukey's MCT, p<0.001 TNBS-KOF Vs. Sham-KOF at day two; p<0.0001 TNBS-

KOF Vs. TNBS-WTF from day three to five). Furthermore, TNBS-treated KOF 

experienced worse colitis symptoms than their treated male littermates (Figure 6C, two 

way ANOVA; Tukey's MCT, p<0.05 TNBS-KOM Vs. TNBS-KOF at day four, p<0.01 

TNBS-KOM Vs. TNBS-KOF at day five).  
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Figure 1. Body weight evolution and clinical assessment of colitis in mice during the five days of procedure. 

Males (A) and females (B) were weighted daily. Abrogation of AM results in a significant weight loss among 

TNBS-treated mice, which is higher among females. Colitis symptoms were evaluated on a 0-12 point scale 

in males (C) and females (D). TNBS-treated KO animals showed more severe disease symptoms reaching 

higher final scores than their treated WT littermates. (A-D) Data are shown as mean ± SEM. (A-D) Two way 

ANOVA + Tukey’s MCT. Asterisks represent statistically significant differences between TNBS-treated KO 

versus TNBS-treated WT mice; *: p<0.05. **: P<0.01. ***: P<0.001. ****: P<0.0001. Pound signs represent 

statistically significant differences between TNBS-treated KO versus vehicle-treated KO mice; #: p<0.05. ##: 

P<0.01. ###: P<0.001. ####: P<0.0001. Symbol º represents statistically significant differences between 

TNBS-treated WT versus vehicle-treated WT mice; º: p<0.05. WTM: male wild type mice; WTF: female wild 

type mice; KOM: male knockout mice; KOF: female knockout mice. 

 

The macroscopic inspection of colon and rectum tissues provided evidence of different 

degrees of colonic inflammation in null-mice (Figure 2). In TNBS-treated KO mice (Figure 

2D, 2H), the presence of liquid and bloody stools, and more hemorrhagic areas, were 
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clearly different from their TNBS-treated WT littermates (Figure 2B, 2F) whose colons 

maintained a more similar aspect to those of control animals of both genotypes (Figure 

2A, 2C, 2E, 2G). TNBS treatment did not cause any variation in the colon weight/length 

ratio in WT mice (Figure 2I, one way ANOVA; Tukey's MCT, p>0.05 TNBS-WTM Vs. 

Sham-WTM). However, in TNBS-treated KOM a significant increase in relative colon 

weight was observed when compared with their untreated KO controls and with treated 

WTM (Figure 2I, one way ANOVA; Tukey's MCT, p<0.001 TNBS-WTM Vs. TNBS-KOM; 

p<0.001 TNBS-KOM Vs. Sham-KOM). This increase was even greater in the TNBS-

treated KOF group (Figure 2J, one way ANOVA; Tukey's MCT, p<0.0001 TNBS-WTF 

Vs. TNBS-KOF; p<0.001 TNBS-KOF Vs. Sham-KOF) even when compared with treated 

null-males (Figure 6D, one way ANOVA; Tukey's MCT, p<0.01 TNBS-KOF Vs. TNBS-

KOM). 
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Figure 2. Macroscopic evidence of inflammation in TNBS-treated mice. Photographs of the last 5cm of the 

colon (form the anus) from the 4 experimental groups in male (A-D) and female (E-H) mice, and relative 

weight of the colon (I, J) of the same animals. TNBS treatment did not alter the external aspect of the colon 

in the treated WTM group (B) but it caused local inflammation on the colon in KOM and the presence of 

diarrhea can be appreciated (D). In females, TNBS treatment caused clinical symptoms in WTF and their 

colons appeared more inflamed and the feces were semi-solid (F) when compared with feces of untreated 

(C-) WTF. KOF instilled with TNBS exhibited a more severe inflammation and the presence of diarrhea and 

bloody stools can be appreciated (H). A significant augmentation in the weight/lenght ratio of the colon can 

be observed in TNBS-treated KOM and KOF mice when compared with their respective controls and treated 

WT counterparts. (I, J) Data are shown as mean ± SEM. (I, J) One way ANOVA + Tukey’s MCT. *: p<0.05; 

***: P<0.001; ****: p<0.0001. Same groups as in Figure 1. Scale bar = 5mm. 

 

Abrogation of the adm gene increases histological colonic damage in TNBS treated mice 

Preliminary experiments showed that rectal instillation of saline in 50% ethanol did not 

cause any significant alteration in the colonic architecture of the gut (Figure 3). 
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Figure 3. Microscopic evaluation of Ethanol-instillation action in the colon. Some preliminary experiments 

were performed to investigate whether control treatment with 50% ethanol in NaCl (C-) had any impact in 

tissue architecture when compared with colonic sections of animals which were not instilled (Untreated). 

Histological analysis of paraffin sections of males (A - D) and females (E - H) of both genotypes revealed 

that 50% ethanol in saline instillation did not cause any significant alteration in the morphology of the colon. 

Morphometric analysis revealed that control treatment with ethanol did not modify the height of the colonic 

wall neither of the mucosa (I, K) nor of the submucosa (J, L). Data are shown as mean ± SEM. (I, J) One 

way ANOVA + Tukey’s MCT. Same groups as in Figure 1. Five animals per group. Scale bar = 50 μm. 

 

Despite the absence of macroscopical inflammation signs among WT animals, 

inspection of histological colonic sections of TNBS-treated WT mice showed the 

presence of small isolated areas with inflammatory cells, mainly in the mucosa, being 

more abundant among females, while most of the tissue maintained its typical micro 

architecture (Figure 4C, 5C). In TNBS-treated KO animals a more abundant 

inflammatory cell infiltration, which caused a transmural inflammation involving all layers 

of the colon wall, and loss of epithelial cells was observed (Figure 4D, 5D). 

Histomorphometrical analysis revealed that saline in 50% ethanol instillation did not 

modify the thickness of colonic layers between genotypes (Figures 4E, 4F; 5E, 5F; one 

way ANOVA, Tukey’s MCT, p>0.05 for Sham-WTM Vs. Sham-KOM; and Sham-WTF Vs. 

Sham-KOF). In control conditions, males presented a thicker intestinal mucosa (Figure 
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5E, one way ANOVA; Tukey's MCT, p<0.0001 Sham-WTM Vs. Sham-WTF; p<0.0001 

Sham-KOM Vs. Sham-KOF). TNBS treatment caused a significant increase in the 

thickness of the mucosa layer among treated WT animals when compared with their 

control littermates (Figure 4E, one way ANOVA; Tukey's MCT, p<0.05 in males. Figure 

5E, one way ANOVA; Tukey's MCT, p<0.0001 in females), being this increase higher in 

TNBS-WTF when compared with TNBS-WTM, thus reversing the normal situation 

observed in sham animals (Figure 6E, one way ANOVA; Tukey's MCT, p<0.0001). No 

changes were observed in the submucosa of treated WT mice (Figures 4F, 5F; one way 

ANOVA, Tukey’s MCT, p>0.05). There was also a significant difference in thickness of 

the mucosa layer of null-mice after TNBS treatment when compared with untreated null-

mice (Figure 4E, one way ANOVA; Tukey's MCT, p<0.0001 in males. Figure 5E, one 

way ANOVA; Tukey's MCT, p<0.0001 in females) and this thickening was greater than 

that observed in WT animals treated with TNBS (Figure 4E, one way ANOVA; Tukey's 

MCT, p<0.0001 TNBS-WTM Vs. TNBS-KOM) (Figure 5E, one way ANOVA; Tukey's 

MCT, p<0.001 TNBS-WTF Vs TNBS-KOF). Among KO animals, inflammation was again 

much more severe in KOF than in KOM (Figure 6E, one way ANOVA; Tukey's MCT, 

p<0.0001 TNBS-KOM Vs. TNBS-KOF); and the thickening of the intestinal wall was 

extensive to the submucosa in null-animals (Figure 4F; one way ANOVA; Tukey's MCT, 

p<0.001 TNBS-WTM Vs. TNBS-KOM; p<0.001 TNBS-KOM Vs. Sham-KOM) (Figure 5F; 

one way ANOVA; Tukey's MCT, p<0.0001 TNBS-WTF Vs. TNBS-KOF; p<0.0001 TNBS-

KOF Vs. Sham-KOF). The inflammation of the colonic submucosal layer was significantly 

higher in treated females of both genotypes when compared with treated males (Figure 

6F; one way ANOVA; Tukey's MCT, p<0.01 TNBS-WTF Vs. TNBS-WTM; p<0.001 

TNBS-KOF Vs. TNBS-KOM). 

Inflammation, as measured by the histopathological score, was significantly higher in 

treated WT groups (Figure 4G; one way ANOVA; Tukey's MCT, p<0.05 TNBS-WTM Vs. 

Sham-WTM) (Figure 5G; one way ANOVA; Tukey's MCT, p<0.05 TNBS-WTF Vs. Sham-

WTF). The score obtained by TNBS-treated KO animals showed a severe inflammation 

in null-mice when compared with their sham and WT counterparts (Figure 4G; one way 

ANOVA; Tukey's MCT; p<0.0001 in TNBS-WTM Vs. TNBS-KOM; p<0.001 in TNBS-

KOM Vs. Sham-KOM) (Figure 5G; one way ANOVA; Tukey's MCT; p<0.05 in TNBS-

WTF Vs. TNBS-KOF; p<0.01 in TNBS-KOF Vs. Sham-KOF). Only differences between 

genotypes but not between sexes were observed when comparing the scores assigned 

to all TNBS-treated groups (Figure 6G, one way ANOVA, Tukey's MCT; p>0.05). 
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Figure 4. Microscopic evaluation of TNBS-induced damage in males. Histological analysis of paraffin 

sections of WT (A, B) and KO (C, D) mice treated with vehicle (A, C) or with TNBS (B, D). TNBS treatment 

did not cause any significant change in microarchitecture of the colon in treated WTM (B) when compared 

with their sham littermates (A). A higher level of inflammation, inflammatory infiltration, and loss of tissue 

architecture is observed in TNBS-treated KOMs (D) when compared to the other experimental groups. 

Morphometric analysis revealed that TNBS treatment increased the height of the mucosa layer of both 

genotypes (E), being this thickening greater in treated null-males. No change was observed at the colonic 

submucosa of TNBS-WTM; meanwhile in KOM inflammation of the intestinal wall was extensive to the 

submucosa layer (F). The histopathological score was significantly higher after TNBS treatment in both 

genotypes, but again this result was much more significant in the absence of AM (G). (E-G) Data are shown 

as mean ± SEM. (E-G) One way ANOVA + Tukey’s MCT. *: p<0.05; ***: P<0.001; ****: p<0.0001. Same 

groups as in Figure 1. Scale bar = 100 μm. 
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Figure 5. Microscopic evaluation of TNBS-induced damage in females. Histological analysis of paraffin 

sections of WT (A, B) and KO (C, D) mice treated with vehicle (A, C) or with TNBS (B, D). TNBS treatment 

did not cause major changes in colonic organization or architecture among WTF (B) when compared with 

untreated WTF, however some inflammatory cells could be observed dispersed through the mucosa. 

Inflammation, extensive inflammatory infiltration, and loss of tissue architecture were evident in TNBS-

treated KOFs (D) when compared to the other experimental groups. Histomorphometrical analyses revealed 

that in female groups, treatment with TNBS caused inflammation of the colonic mucosa in WT and KO (E), 

being more severe among the KOs. However, it only triggered an inflammatory response in the submucosa 

of null-female mice (F). As expected, the histopathological score was significantly higher after TNBS 

treatment, but that response was more elevated in the absence of AM (G). (E-G) Data are shown as mean 

± SEM. (E-G) One way ANOVA + Tukey’s MCT. *: p<0.05; **: p<0.01; ***: P<0.001; ****: p<0.0001. Same 

groups as in Figure 1. Scale bar = 100 μm. 
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Figure 6. Sexual differences observed in TNBS-induced colitis. All results point to a higher degree of 

pathogenesis among female groups of both genotypes, being even more severe in KO females. To 

investigate the reasons for these differences, we first checked that abrogation of adm gene was completely 

achieved in both sexes (A). Another possibility was that the diverse susceptibilities may be due to differences 

in the weight of males versus females at the beginning of the experiment (B). TNBS treatment did not cause 

differences in clinical symptoms (C) or local inflammation (D) between WT males and females. However, 

lack of AM provokes a significant worsening (C) and more severe inflammation of the colon (D) in treated-

KOF when compared with treated null-males. Morphometric studies of colonic sections revealed that in 

normal conditions (sham-groups) males had a thicker mucosa (E) than females, but no significant sexual 

differences could be observed in the submucosa layer (F). TNBS instillation reversed these conditions, thus 

treated females presented a thicker mucosa (E) and submucosa (F) than treated males. However, no sexual 

differences were observed when comparing the histological score obtained by treated males and treated 

females (G). (A-G) Data are shown as mean ± SEM. (A, B, D-G) One way ANOVA + Tukey’s MCT. (C) Two 

way ANOVA + Tukey’s MCT. *: p<0.05; **: p<0.01; ***: P<0.001; ****: P<0.0001. Same groups as in Figure 

1. 
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No changes were observed in the expression levels of inflammatory cytokines at the time 

of sacrifice 

Before analyzing qRT-PCR data, NormFinder software program was used for calculating 

the expression stability of several potential housekeeping genes in different sample sets. 

All reference genes were stable enough for all samples and GAPDH was used as the 

housekeeping gene (Fig. 7, 8, 9). 

To explore the potential mechanism of endogenous AM in protecting the colon we 

evaluated the expression levels of different cytokines (TNF-α, IL-1β and IL-6). No 

significant changes were observed in the gene expression patterns of these molecules 

(Kruskal Wallis; Dunn´s Post-Hoc test; p>0.05) (Figure 7). 
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Figure 7. Lack of AM did not modify cytokine levels at the colon in TNBS-induced colitis. mRNA expression 

of the principal pro-inflammatory molecules was evaluated by qRT-PCR in biopsies of colon. No significant 

variation was observed among the studied groups. Data are shown as mean ± SEM. Kruskal Wallis + Dunn’s 

Post-Hoc test. Same groups as in Figure 1. 
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Endogenous adrenomedullin enhances the expression of some adhesion molecules in 

colonic epithelium 

In an attempt to characterize the impact of AM on epithelial integrity we examined gene 

expression levels of eight different adhesion molecules (Table 1). Significant changes 

were only observed in the gene expression patterns of Junctional adhesion molecule-A 

(JAM-A) and e-cadherin (eCdh) (Figure 8, 9).  

TNBS treatment did not cause any variation in the mRNA levels of JAM-A and eCdh 

among WT groups of either sex (Figures 8A, 8B, 9A, 9B; one way ANOVA, Tukey's MCT; 

p>0.05). However, adm null-mice had a decreased expression of these two adhesion 

molecules. In KOM, the decrease is observed when they are compared with treated 

WTM: JAM-A (Figure 8A; one way ANOVA; Tukey's MCT; p<0.05) and eCdh (Figure 8B; 

one way ANOVA; Tukey's MCT; p<0.05). Meanwhile, among females, TNBS treatment 

decreased mRNA levels of these adhesion molecules in KOFs when compared with their 

sham group (Figure 9A; Kruskal Wallis; Dunn´s Post-Hoc test; p<0.05 for JAM-A and 

eCdh) and with treated WTF (Figure 9A; Kruskal Wallis; Dunn´s Post-Hoc test; p<0.05 

for JAM-A and eCdh).  
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Figure 8. Effect of endogenous AM on epithelial cellular adhesions and regenerative responses during acute 

episode of colitis caused by rectal instillation of TNBS in males. Expression of 2 adhesion molecules and 4 

regenerative biomarkers were evaluated by qRT-PCR in colon samples using GAPDH as housekeeping 

gene. Presence of adm gene prevented from a significant decrease in the expression of JAM-A (A) and 

eCdh (B) after TNBS instillation when treated-WTM are compared with their respective null-littermates. 

Rectal instillation of TNBS caused a significant increase of the 4 regenerative molecules studied (C-F) in 

WTM. Interestingly, this overexpression was not observed in the KO animals. (A-F) Data are shown as mean 

± SEM. (A-E) Two way ANOVA + Tukey’s MCT. (E) Kruskal Wallis + Dunn’s Post-Hoc test. *: p<0.05; **: 

p<0.01; ***: P<0.001. Same groups as in Figure 1. 
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Figure 9. Effect of endogenous AM on epithelial cellular adhesions and regenerative responses during acute 

episode of colitis caused by rectal instillation of TNBS in females. Expression of 2 adhesion molecules and 

4 regenerative biomarkers were measured by qRT-PCR in colonic tissue samples using GAPDH expression 

for normalizing mRNA levels. The absence of adm gene resulted in a significant decrease in the expression 

of JAM-A (A) and eCdh (B) in TNBS-treated KOF when compared with sham KOF and treated WTF. As it 

occurred in males, TNBS instillation did not cause any significant alteration in the expression of these 

molecules in the WTFs. Furthermore, TNBS caused a significant increase on the expression of LGR5 (C) 

and Wnt5a (D) in WTF that was not paralleled in KOF. Surprisingly, among basal conditions, sham KOF 

exhibit significant lower expression levels of Lgr5, a stem cell biomarker, than control WTF group. On the 

other hand, there was no increase on the levels of EGFR (E) and Erbb2 (F) on TNBS-treated WTF, but there 

was a significant decrease on the expression of these genes in TNBS-treated KOF when compared to their 

WT counterparts. (A-E) Data are shown as mean ± SEM. (A, B, D) Kruskal Wallis + Dunn’s Post-Hoc test. 

(C, E, F) Two way ANOVA + Tukey’s MCT. *: p<0.05; **: p<0.01; ***: P<0.001; ****: P<0.0001. Same groups 

as in Figure 1. 
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Adrenomedullin stimulates the expression of genes related with epithelial regeneration 

We investigated the possibility of AM protecting colonic tissue against injury by promoting 

the expression of some genes related with colonic epithelial regeneration. Specifically 

we evaluated the expression of genes coding for Leucine-rich repeat-containing G-

protein coupled receptor 5 (LGR5), Wnt5a, epidermal growth factor receptor (EGFR), 

and Erb-B2 Receptor Tyrosine Kinase 2 (Erbb2) (Table 1). LGR5 is a biomarker for adult 

stem cells in the colon 36. Wnt5a, a non-canonical Wnt ligand, seems to be required for 

crypt regeneration after injury in mice 37. EGFR is a member of the ErbB family of 

receptors and it is essential for normal development of mammalian glands, furthermore, 

as a receptor for EGF, it stimulates epithelial cell growth and differentiation38. And, finally 

Erbb2, another receptor of the ErbB family which is also a receptor for  EGF, is necessary 

for normal growth and epithelial cell mitosis39. 

After TNBS treatment, expression of all these genes was enhanced in WTM when 

compared with their sham littermates (Figure 8C; one way ANOVA, Tukey's MCT; 

p<0.001 for LGR5) (Figure 8D; one way ANOVA, Tukey's MCT; p<0.01 for Wnt5a) 

(Figure 8E; one way ANOVA, Tukey's MCT; p<0.01 for Egfr) (Figure 8F; Kruskal Wallis; 

Dunn´s Post-Hoc test; p<0.001 for Erbb2). Interestingly, TNBS-treated KOM did not 

show such an expression increase (Figure 8C; one way ANOVA, Tukey's MCT; p<0.001 

for Lgr5) (Figure 8D; one way ANOVA, Tukey's MCT; p<0.05 for Wnt5a) (Figure 8E; one 

way ANOVA, Tukey's MCT; p<0.01 for EGFR) (Figure 8F; Kruskal Wallis; Dunn´s Post-

Hoc test; p<0.001 for Erbb2).  

In WT females, TNBS administration caused a significant increment when compared with 

sham WTFs in LGR5 (Figure 9C; one way ANOVA; Tukey's MCT; p<0.0001) and Wnt5a 

(Figure 9D; Kruskal Wallis; Dunn´s Post-Hoc test; p<0.01). Again, this reaction was 

completely prevented by lack of AM (Figure 9C; one way ANOVA; Tukey's MCT; 

p<0.0001 TNBS-WTF Vs. TNBS-KOF for LGR5; Figure 9D; Kruskal Wallis; Dunn´s Post-

Hoc test; p<0.0001 TNBS-WTF Vs. TNBS-KOF for Wnt5a). Surprisingly, under 

physiological conditions, untreated KOF exhibit a lower level of Lgr5 in their colons than 

WTF (p<0.05) (Figure 9C). Furthermore, the absence of endogenous AM resulted in a 

dampened expression of EGFR and Erbb2 in TNBS-treated KOF when compared with 

treated WTF, but there were no differences when compared with their untreated 

counterparts (Figure 9E; one way ANOVA; Tukey's MCT; p<0.01 for EGFR; Figure 9F; 

one way ANOVA; Tukey's MCT; p<0.01 for Erbb2). 
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Discussion 

In this study we have demonstrated that TNBS treatment in mice lacking the adm gene 

results in a more severe colitis episode, especially in females; confirming that AM, PAMP 

or the interaction of both molecules constitutes an intrinsic protective mechanism against 

intestinal pathology.  

The choice of proper controls in experimental models involving KO animals is especially 

important. Among the several options, one of them was to compare mice with the same 

genotype (homozygous for the “floxed” allele, tetOCre, and rtTA) that were treated (KO) 

or not treated (WT) with doxycycline. However, we decided to treat both the KO 

(homozygous for the “floxed” allele, tetOCre, and rtTA) and the WT (homozygous for 

tetOCre, and rtTA; and with not “floxed” adm alleles) animals with the same dose of 

doxycycline for two main reasons. First, recent studies have shown that use of 

doxycycline modifies many cellular pathways in vertebrates33, and second, as a potent 

antibiotic doxycycline may have an impact on microbiota composition and therefore in 

colitis development40. 

Laboratory studies have demonstrated beneficial effects of AM treatment for colitis 

symptoms in rodents41. These results led to pilot studies of AM treatment in patients with 

refractory ulcerative colitis 20, 42. The results strongly suggest that AM has potential as a 

new therapeutic agent for the treatment of IBD, thus intravenously administered AM 

reduced in all cases the disease severity index, accelerated healing of colonic injuries, 

and in several patients maintained clinical remission for over a year20. However, none of 

the published studies was able to explore the opposite situation, i.e. the influence of 

intrinsic AM on colitis. The scientific interest for investigating the impact of the lack of 

endogenous AM on colitis arises from the fact that IBD etiology, and especially the 

genetic component involved in the initiation of these pathologies, is still not completely 

understood. Cheung et al.43 described a single nucleotide polymorphism (SNP) close to 

the adm gene which causes a significant reduction in the plasmatic AM levels and 

correlated with cancer susceptibility44. Considering these two facts, it would be 

interesting to investigate if SNP-regulated endogenous AM levels are related with colitis 

initiation and progression, and whether this SNP is involved in the onset of IBD. 

We chose the dose and volume of TNBS according to the methodology published by the 

group of González-Rey et al.27. With these methods, our study has demonstrated that 

TNBS instillation causes mild colitis in WT animals, moderate colitis in KOM, and 

moderate to highly severe colitis in KOF. However, if we compare our results of TNBS 

instillation in WT animals with previous papers of TNBS-induced colitis27, we can see 
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that our mice developed milder symptoms. This phenomenon could depend on two 

different factors. The first would relate to animals´ strains; our mice belong to the 

C57BL/6J strain, while González-Rey et al. used Balb/c animals. Other studies have 

already shown that the strain used in colitis assays can influence the severity of the 

pathology developed by mice45. The second factor could relate to the age and size of the 

mice. Usually, colitis studies are carried out on 8- to 10-week old mice. However, due to 

the gene recombination procedure and the subsequent one month rest period (to allow 

for restoration of the bacterial microbiota after treatment with doxycycline), the mice used 

in this study were 16-week old. Logically, being older, the organs of the mice are larger 

and the dose of TNBS administered in relation to colon weight and size was lower. This 

second hypothesis seems plausible if we consider that our severity results are similar to 

those obtained by the group of Kono et al.26 where they instilled a dose of 1.5 mg of 

TNBS (half of our dose) into 8-week old Balb/c mice. Nevertheless, the effects of TNBS 

on AM KO animals are clearly more severe than those observed on their WT littermates. 

This study shows that lack of adm gene correlates with a faster initiation and an 

exacerbation of colitis symptoms, especially among females. Endogenous AM was able 

to prevent body weight loss, dehydration incidence, diarrhea, and rectal bleeding. 

Furthermore lack of AM and PAMP resulted in a significant increase in the weight/length 

ratio of the colon, which is in line with previous studies from our group18.  

Data form macroscopic observation was further confirmed by microscopic analysis of 

colonic sections, reflecting an aggravation of mucosal disruption, edema, and 

inflammatory infiltration in KO mice. Instillation of TNBS caused a significant increase in 

the thickness of the colonic mucosa in both genotypes. These results are in line with 

previous results published by Kono et al.26. In TNBS-treated WT mice the histological 

structure of the tissue was maintained, and in treated WTF small and disperse foci of 

inflammatory cells were found. However, in absence of AM, TNBS treatment caused 

extensive areas of inflammatory cell infiltrates, and completely destroyed the 

microarchitecture of the colonic wall in some areas. In treated KO animals, but not in WT 

animals, a significant increase in the thickness of the submucosa could be also 

appreciated. Similar results had been previously described by the group of Ito et al.46 

using a KO mouse model for the IFN-γ gene. In both genotypes, a more severe 

inflammation and tissue damage is again observed among females, confirming that they 

are more susceptible to TNBS-induced colonic damage. Therefore, endogenous AM 

protects the colon at a microscopic level during the acute colitis episode, decreasing 

lymphocyte infiltrates and preserving the microarchitecture of the tissue, thus 

maintaining its normal physiological functions. 
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It has been previously described that high amounts of Th1 cytokines (TNF-α, IL-1β, IL6) 

47 could be detected in colonic tissues of TNBS-treated animals. These are pro-

inflammatory cytokines that, when uncontrolled, can lead to potent tissue injury. Our 

determination of local cytokine levels by qRT-PCR did not show any variation in TNBS-

treated mice when compared with their respective controls at day five. This could be due 

to the fact that mRNA quantification was performed from the tissue obtained at the 

endpoint of the experiment, 5 days after instillation of TNBS. Probably the peak of 

cytokine synthesis occurs between 6 and 24 hours after tissue damage48, 49, thus we may 

have lost the window of opportunity to measure these mediators. 

In contrast with previous results, which postulated that the treatment with AM restored 

the expression of a plethora of tight and adherence junctions in colitis models19, we did 

not see any alteration on the levels of most of these molecules, except for the levels of 

expression of JAM-A and eCdh. The levels of these two adhesion molecules in the colon 

of treated null-mice are significantly lower, but no changes were observed in treated 

WTM. However, this result should be considered with caution. AM treatment increases 

normal AM circulating levels, whereas our WT animals had just normal levels of the 

peptide. This could mean that endogenous AM levels are sufficient to prevent the decline 

in the expression of some adhesion molecules, such as JAM-A and eCdh, but not 

enough to elicit the up-regulation of others, i.e. desmoglein2 or connexin-26. 

Finally, we decided to analyze the expression levels of different genes related to the 

regeneration and renewal of colon epithelium, since we thought that AM could be 

exerting its protective role against colonic damage through this pathway. LGR5 is a 

biomarker for particular adult stem cells which act during homeostasis and are essential 

for regeneration 36. AM acts as a regulatory factor for other types of stem cells, such as 

neural stem cells50, endothelial progenitors, or hematopoietic stem cells51. In this work 

we have shown for the first time that AM also regulates gut LGR5-positive stem cells. 

TNBS treatment increased the expression of all studied regeneration genes in WTM 

when compared with control animals; meanwhile, in KOM the expression of these genes 

remained at the same level as those of their control littermates. In females, treated KOF 

showed a decrease of all the studied regeneration genes when compared with treated 

WTF. The results observed in the pattern of expression of these genes related with 

regeneration and renewal of the colon after damage support all the other results obtained 

during the experiments. WT animals exhibited mild symptoms of colitis, and this could 

be explained by the higher levels of expression of the four genes related with colonic 

epithelial regeneration. 
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An intriguing result of this study was that TNBS treatment seemed to have different 

effects between males and females. This phenomenon could be explained in part 

because of the significant differences of weight between males and females at the 

moment of TNBS instillation, which is in line with previously C57/BL6 phenotype 

characterization by The Jackson Laboratory52. However, sexual hormones may be also 

participating in these observed differences between sexes. However this is only a theory 

because the menstrual cycle stage of females had not been determined at the moment 

when the experiment began. Epidemiologic studies revealed a higher predisposition of 

women to suffer inflammatory intestinal pathologies, not only IBD53, 54. In addition, the 

relation between etiology of IBD and the alteration of female sex hormones has already 

been demonstrated, since epidemiological data indicate that the consumption of oral 

contraceptives for long periods of time is considered a risk factor in the development of 

these pathologies3. In fact, the strong connection between estrogen levels and the 

immune system has become evident from the study of postmenopausal osteoporosis55. 

Thus, a lower weight and a potentiation of the immune response mediated by estrogens 

could explain higher susceptibility of females to TNBS-induced colitis. However, treated 

KOF have been the more affected group in all the analyzed variables, suggesting that 

lack of AM potentiates the effects of sexual bias. This might be an additive effect of sex 

and adm deletion, but it could also be a real potentiation as far as AM is intimately related 

with female sexual hormones. Plasmatic AM levels increase during the follicular phase, 

and descend during the luteal phase of the estrous cycle56. Furthermore, previous 

studies pointed out that AM may be an important regulator of progesterone production57. 

And it has also been shown that AM may have a paracrine effect on ovarian 

steroidogenesis58. Addition of AM inhibited FSH-induced estradiol secretion in 2-day-

old follicles and also suppressed eCG- stimulated progesterone release in corpora 

lutea58. Finally, altered AM plasma levels have been found in women with pathologies 

associated to changes in normal sex hormones, such as osteoporosis59 and primary 

dysmenorrhea60. In this scenario, although it is only a hypothesis, it seems plausible to 

argue that in KO females, apart from their lower weight, the absence of AM could cause 

an alteration in estrogen production or activity that would contribute to the development 

of a more serious immune deregulation than that observed in males.  

In summary, in a model of acute colitis caused by rectal instillation of TNBS, endogenous 

AM is able to delay the development of IBD and prevent the onset of serious clinical 

signs such as anorexia, severe diarrhea, dehydration, and bleeding. Lack of AM leads 

to increased local inflammation at the macroscopic level, triggers an aberrant 

inflammatory response that causes infiltrations of numerous lymphocytes, especially at 
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the level of the colonic mucosa, but also of the submucosa, which ends up destroying 

the typical crypt microarchitecture. The protective role of AM in the colon seems to be 

mediated by a control over the immune response, preservation of the integrity of the 

colorectal epithelium through the maintenance of adherence junctions, and the 

enhancement of the expression of genes related with regeneration and epithelial cell 

renewal. Finally, total lack of AM seems to have different effects in males than in females. 

In the case of colitis, AM absence causes more severe effects in females than in males, 

suggesting a more important protective role of this hormone in females. 
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Abstract 

The influence of adrenomedullin (AM) in colorectal cancer is somewhat controversial. To 

investigate the contribution of AM and its gene-related peptide, proadrenomedullin N-

terminal 20 peptide (PAMP), to the progression and potential treatment of colon cancer 

we have studied the effects of four small molecules (SM) related to AM and PAMP on a 

mouse model of colon cancer. For each SM, four experimental groups of male mice were 

used: i) Control group (injected with vehicle and drank regular water); ii) SM group 

(vehicle, regular water, and injected with the SM); iii) DSS group (injected with 

azoxymethane [AOM] and drank dextran sulfate sodium [DSS]); and iv) DSS+SM group 

(treated with AOM, DSS, and the SM). None of the mice in groups i and ii developed 

tumors, whereas all mice in groups iii and iv developed colon neoplasias. No significant 

differences were found among mice treated with PAMP modulators (87877 and 106221). 

On the other hand, mice that received the AM negative modulator, 16311, had worse 

colitis symptoms than their control counterparts, whereas mice injected with the AM 

positive modulator, 145425, had a lower number of tumors than their controls. SM 

145425 had also an impact on microbiota, preventing the DSS-elicited increase of the 

Bacteroides/Prevotella ratio, and regulating the expression of proliferation markers such 

as Lgr5. These results suggest that AM may have a protective role during the 

progression phase of colon cancer, and that treatment with AM or with positive modulator 

SMs may represent a novel treatment for colon cancer. 

Keywords: adrenomedullin; colon cancer; microbiota; leucine-rich repeat-containing G-

coupled receptor 5. 
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Introduction 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer worldwide. It is 

responsible for the death of about 200,000 people each year in Europe1 and it is 

expected to cause about 50,260 deaths and 135,430 new cases during 2017 in the 

United States2. Standard treatment consists on a combination of neoadjuvant 

chemoradiotherapy followed by surgery, but the response to this treatment and patient 

survival are heterogeneous3. 

Adrenomedullin (AM) is a 52 amino acid peptide, in humans, that belongs to the 

amylin/calcitonin gene-related peptide family4. AM is synthesized as part of a larger 

precursor molecule, termed preproadrenomedullin. This precursor consists of 185 amino 

acids in humans. Preproadrenomedullin contains a 21-amino acid N-terminal signal 

peptide that immediately precedes a 20-amino acid amidated peptide, designated 

proadrenomedullin N-terminal 20 peptide or PAMP. AM exerts its actions through a 

combination of the calcitonin receptor like receptor or CLR; and either receptor activity-

modifying protein 2 (RAMP2) or RAMP3, (known as AM1 and AM2 receptors, 

respectively)4. 

AM and PAMP are expressed throughout the gastrointestinal tract, being specially 

abundant in the neuroendocrine cells of the gastrointestinal mucosa; in the 

enterochromaffin-like and chief cells of the gastric fundus; and in the submucosa of the 

duodenum, ileum, and colon. This wide distribution in the gastrointestinal tract suggests 

that AM and PAMP may act as gut hormones regulating many physiological and 

pathologic conditions5. 

AM is widely expressed in a variety of tumor types6. Several studies have also provided 

evidence that AM is involved in tumor initiation and progression7. 

AM ligand and receptor overexpression in colonic cancers has been previously reported8-

12 and a correlation between higher AM levels and lower disease-free survival has been 

described9,13-15. Furthermore, antibodies against either the peptide or the receptor reduce 

the growth of xenografted tumors16,17. Nevertheless, application of the peptide clearly 

reduces inflammation and clinical severity in human and mouse models of colitis18-20, 

which is an important risk factor for colon cancer. AM has a protective role in 

gastrointestinal diseases9,21, and ameliorates the severity of these gut pathologies14,22.  

Furthermore, AM and PAMP are antimicrobial peptides found in most epithelial surfaces 

and body secretions23,24 and lack of AM leads to changes in gut microbiota population19. 
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To further investigate the contribution of AM and its gene-related peptide, PAMP, to the 

progression and potential treatment of colon cancer we have studied the effects of 

several small molecules (SM) related to AM and PAMP on a mouse model of colon 

cancer. Four SM were tested: 16311 (a negative modulator of AM), 145425 (a positive 

modulator of AM), 87877 (a negative modulator of PAMP), and 106221 (a positive 

modulator of PAMP)25,26. 

Material and Methods 

Colitis-associated cancer induction 

The protocol was performed as previously described27. Briefly, treated animals received 

a single intraperitoneal (i.p) injection (10 mg/Kg) of the carcinogen azoxymethane (AOM) 

(Sigma-Aldrich, Madrid, Spain). One week later, animals were given 2.5% dextran sulfate 

sodium (DSS) (Sigma-Aldrich) in the drinking water for 1 week followed by 2 weeks of 

tap water. The DSS treatment was repeated for 2 additional cycles and tumorigenesis 

was examined 2 weeks after the last cycle. Untreated control mice received a saline 

injection instead of AOM and drank tap water only. Four SM were tested: 16311 (a 

negative modulator of AM), 145425 (a positive modulator of AM), 87877 (a negative 

modulator of PAMP), and 106221 (a positive modulator of PAMP). Sixty 8-week old male 

C57BL/6 mice were used in this study. Experimental groups were formed as follows: i) 

Control group (injected i.p. with vehicle and drank regular water, n=10); ii) SM group 

(vehicle, regular water, and injected i.p. with the SM 3 times a week at a concentration 

of 20 nm/Kg, n=10); iii) DSS group (injected i.p. with AOM and drank DSS, n=20); and 

iv) DSS + SM group (treated with AOM, DSS, and the SM, n=20). Small molecules were 

generously provided by the NCI Developmental Therapeutic Program (Frederick, MD), 

and their selection and characterization has been previously published25,26. All 

procedures involving animals were carried out in accordance with the European 

Communities Council Directive (2010/63/UE) and Spanish legislation (RD53/2013) on 

animal experiments and with approval from the ethical committee on animal welfare of 

our institution (Órgano Encargado del Bienestar Animal del Centro de Investigación 

Biomédica de La Rioja, OEBA-CIBIR). 

Clinical assessment of colitis 

Mice were observed and weighed weekly. Assessments of rectal bleeding, diarrhea, 

prolapse, inactivity, and percent weight loss relative to baseline were scored according 

to the system described by Gommeaux et al.28 and used as a surrogate measure of colitis 

severity. 
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Mouse sacrifice, macroscopic analysis, and tissue harvesting 

All mice were sacrificed by an overdose of anesthesia (ketamine-xylazine) 70 days after 

AOM injection. Entire colons were dissected, rinsed with ice-cold phosphate buffer 

solution (PBS) to remove fecal residues, and weighed. Photographs of colon samples 

were taken using an EOS50D camera (Canon, Tokyo, Japan). Colon fragments were 

snap-frozen in liquid N2 and stored at −80◦C for further analysis. Central portions of 

colonic tissue were fixed in 10% buffered formalin, processed for paraffin embedding, 

and sections were stained with hematoxylin and eosin (H&E). All sections were 

examined in an Eclipse 50 microscope (Nikon, Amsterdam, Netherlands). 

RNA isolation and quantitative real-time PCR 

RNA isolation, cDNA synthesis, and qRT-PCR were performed as described29. Briefly, 

total RNA was isolated from distal colon fragments using Qiagen RNeasy MiniKit 

(Qiagen, Hilden, Germany) with DNAse digestion step performed (Qiagen) according to 

manufacturer’s instructions. Total RNA (1μg) of each sample was reverse transcribed 

using the SuperScriptR III Reverse Transcriptase Kit (Thermo Fisher Scientific, Waltham, 

MA). The synthesized cDNA was amplified by qRT-PCR with a 7300 real-time PCR 

System (Applied Biosystems, Foster City, CA, USA) and gene expression was calculated 

using relative quantification by interpolation into a standard curve using RQ software 

(Applied Biosystems), as described30. All values were divided by the expression of the 

house keeping gene, Gapdh, to avoid potential loading errors. Target genes (IFN-γ, TNF-

α, IL-6, IL-10, Lgr5, and Erbb2) and primers are described in Table 3 (See Section 

7.18.RNA ISOLATION AND QUANTITATIVE REAL-TIME PCR). 

Feces collection and DNA extraction 

Fresh fecal contents were collected from each animal and weighed. DNA was 

subsequently extracted from fecal microbiota using the DNeasy Blood & Tissue Kit 

(Qiagen, Venlo, Netherlands). DNA purity and concentration were determined by a 

Nanodrop spectrophotometer (ND-1000; Thermo Fisher Scientific). 

Bacterial 16S rDNA massive sequencing and sequence postprocessing 

Samples were amplified for the 16S rRNA hypervariable sequences V3-V4 using Illumina 

recommended primers in a MiSeq Instrument (2 × 300 bp reads) (Illumina, INC, 

SanDiego, CA). Quality of sequenced reads was assessed by FastQC software 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw reads were quality 

trimmed with Trimmomatic31. Reads were assigned into OTU categories with Qiime 

software32 by following the “pick open reference otus” methodology with Usearch61 
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clustering algorithm (http://www.ddrive5.com/usearch/). Taxonomic classification was 

performed by using the GreenGenes database33 at 97% of nucleotide identity. OTUs that 

were present at less than 0,01% of the total read counts on a per-sample basis were 

removed (spurious sequences). Raw normalization counts in the OTU table were 

normalized by the Cumulative Sum Scalling (CSS) methodology with metagenomeSeqR 

package 

(http://bioconductor.jp/packages/2.14/bioc/vignettes/metagenomeSeq/inst/doc/metagen

omeSeq.pdf) and barplots were constructured32. The alpha diversity parameter was 

calculated by Chao1, Simpson, Shannon, Fisher, Margalef, Observed OTUs, PD whole 

tree and singles indexes with QIIME32. Similarity distance matrixes between species 

groups were calculated following Bray-Curtis, Weighted Unifrac and Unweighted Unifrac 

beta-diversity metrics. Principal Coordinate Analysis (PCoA) for each beta-diversity 

metric were drawn to visualize sample groupings. 

Statistical analysis 

All data sets were analyzed for normality and homoscedasticity. Normal data were 

analyze by Unpaired Student´s t test or by 2-way ANOVA followed by Bonferroni Post-

Hoc test. Data that did not follow a normal distribution were compared by Kruskal-Wallis 

test followed by Mann Whitney Post-Hoc test. For tumor grade comparisons the Fisher’s 

exact test was used. Analyses were performed with GraphPad Prism version 5.02 

(GraphPad Software, Inc. La Jolla, CA). A p value <0.05 was considered statistically 

significant. 

Results 

PAMP-related SMs do not modify cancer phenotype 

PAMP modulators (87877 & 106221) did not modify colon cancer status or any of the 

other parameters tested (data not shown), indicating that PAMP may not play a major 

role in colon cancer or that the PAMP-related SMs were not very effective. 

SM 16311, but not 145425, increases weight loss and severity index in AOM-and DSS-

treated mice 

The aim of this work was to analyze the impact of AM on colitis-associated CRC initiation 

and progression. This protocol allowed us to investigate the effect of SM modulators of 

AM on the severity of DSS-induced colitis. Control groups (Control and SM-treated) 

maintained body weight (Fig. 1A,C) and did not suffer major clinical symptoms (not 

shown). As expected, DSS treated mice experienced weight loss (18.3 % over initial 

weight) (ANOVA + Bonferroni p<0.001) (Fig. 1A,C), and worse colitis symptoms such as 
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dehydratation, diarrhea, and rectal bleeding compared to control/untreated counterparts 

(Fig. 1B,D) (ANOVA + Bonferroni p<0.001). In addition, mice that received DSS+16311 

experienced a significantly deeper weight loss (more than 20 % over initial weight) (Fig. 

1A), and more severe colitis symptoms (Fig. 1B) than mice treated with DSS. In contrast, 

145425-treatment did not show any difference on these parameters over the DSS 

treatment (Fig. 1C,D). 

 

Figure 1. SM 16311 had a negative influence in the health status of DSS-treated mice. Body weight changes 

were recorded weekly in the four experimental groups treated with 16311 (A) or with 145425 (C) and are 

represented as weight gain. Mice treated with AOM and 3 cycles of DSS present weight loses following each 

cycle. SM 16311-treated mice experienced a significantly higher percentage of weight loss than their DSS 

counterparts. Colitis symptoms were scored on a 0-12 point scale in 16311 (B) and 145425 (D)-treated mice. 

Mice not receiving DSS had a 0 index at all times and are not shown. SM 16311-treated mice exhibited 

severe colitis symptoms reaching higher scores than their DSS-treated counterparts (B). SM 145425 had no 

effect on any of the parameters studied (C, D). Data are shown as mean ± SEM. ANOVA test. Asterisks 

represent time points at which statistically significant differences between 16311-treated and untreated mice 

exposed to DSS were found (Bonferroni); *p<0.05. 
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AM positive modulator, 145425, reduces tumor burden and colon weight/length ratio 

At the macroscopic level, untreated animals present the characteristic size and oval 

shape of mice feces (Fig. 2A,B). Treatment with the SMs had no effects on feces or 

intestinal morphology (Fig. 2A,B). However, DSS administration caused gut pathology 

characterized by more liquid feces, macroscopic inflammation, and colonic thickening. 

SM 16311 worsened (Fig. 2A) but 145425 improved (Fig. 2B) the macroscopic 

appearance of the colon in comparison with DSS-treated animals. Number of tumors 

(Fig. 2C,E) and the colon weight/length ratio (Fig. 2D,F) was recorded in the four groups. 

None of the mice belonging to control groups (Control and SM) developed any tumor or 

had any pathological finding, indicating that the SMs do not present overt toxicity. As 

expected, treatment with DSS resulted in a significant increase on the number of tumors 

(p<0.001) and on the colon weight/length ratio (p<0.001). SM 16311 had no effect on 

these parameters (Fig. 2C,D) whereas 145425 significantly reduced the number of 

tumors (p<0.001) (Fig. 2E) and the colon weight/length ratio (p<0.05) (Fig. 2F). 
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Figure 2. Effect of 16311 & 145425 on DSS-induced colon injury. Macroscopic aspect of the colon in the 

four experimental groups treated with either 16311 (A) or 145425 (B). The four experimental groups were: 

untreated (control), SM-treated (SM), DSS-treated (DSS), SM and DSS-treated (DSS+SM). DSS treatment 

caused local inflammation on the colon. However, this inflammatory response was aggravated by 16311 (A) 

and prevented in 145425-treated mice (B).Number of tumors (C, E) and relative weight of the colon (D, F) 

was calculated in the four experimental groups. There is a significant increase in the number of tumors and 

weight/length ratio of the colon in all DSS-treated mice when compared with their respective controls. SM 

145425 significantly reduced the number of tumors in treated mice (E). The reduction in the number of 

tumors was also evidenced by a reduction in colon weight (F). SM 16311 had no significant effect on any of 

these parameters (C, D). Data are shown as mean ± SEM. Kruskal‐Wallis test followed by Mann Whitney. 

Asterisks represent statistically significant differences with mice not receiving DSS; *p<0.05; **p<0.01; 

***p<0.001. Ampersands indicate statistically significant differences between DSS treated mice; &p<0.05; 

&&&p<0.001. 
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SMs do not modify the expression of inflammatory cytokines in the colon 

In an attempt to identify the potential mechanism of AM modulators in the immune 

response, we examined gene expression patterns of different inflammatory cytokines. In 

DSS-treated mice, there was a significant increase in IFN-γ, TNF-α, IL-6, and IL-10 levels 

compared with their sham groups. The levels of these cytokines were not significantly 

affected by SM treatment (Data not shown). 

SM 145425 prevents DSS-related changes in Lgr5 and Erbb2 expression 

In DSS-treated mice, there was an increase in Lgr5 and a decrease in Erbb2 gene 

expression levels compared with their sham groups (Fig. 3A). SM 16311 did not 

significantly modify the expression of either Lgr5 or Erbb2 (Fig. 3A,B). A significant 

decrease of Lgr5 and a significant increase of Erbb2 was induced by 145425 

administration in DSS-treated mice (p<0.05) (Fig. 3C,D). Since 145425 seems to offer a 

therapeutic potential, we further investigated the influence of this SM in histopathology 

and microbiota modulation. 
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Figure 3. Gene expression in the colon. Stem cell marker Lgr5 significantly increased with DSS treatment 

(A,C), indicating extensive proliferation. This marker was significantly reduced by treatment with 145425 (C). 

On the other hand, Erbb2 had the reverse behavior, decreasing by DSS and being modulated by 145425 

(D). Moreover, treatment with 16311 did not affect any of these two genes studied when compared with their 

respective DSS-treated controls (A, B). Data are shown as mean ± SEM. Kruskal‐Wallis test followed by 

Mann Whitney; *p<0.05; **p<0.01; ***p<0.001. Ampersands indicate statistically significant differences 

between DSS treated mice; &p<0.05. 

 

SM 145425 reduces tumor growth in DSS treated mice 

Macroscopic inspection of colon and rectum provided evidence of different degrees of 

colonic inflammation and tumor burden in DSS-treated animals. Mice that were not 

exposed to DSS had a healthy mucosa (Fig. 4A,B), whereas DSS treatment resulted in 

a thickening of the mucosa and the presence of numerous polyps and tumors (Fig. 4A). 

All mice in DSS-treated groups (DSS and DSS+SM) developed colon neoplasias that 

were classified either as adenomas, carcinomas in situ, or adenocarcinomas (Table 1). 

Treatment with 145425 reduced the number of tumoral structures in the colon (Fig. 

4A,B). 
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Figure 4. Morphological aspect of the mucosa in the four experimental groups. Representative macroscopic 

(A) and histological (B) appearance of the colon of the four experimental groups. Histological analysis of 

untreated mice did not show any abnormality. Colon of mice treated with DSS showed large areas occupied 

by polyps and tumors, accompanied by lymphocyte infiltrates. Treatment with 145425 reduced the number 

of tumors. Bar for A: 10mm; bar for B: 100 µm. 

 

Groups 
Grade 

T0 Tis T1 

DSS 28.6 71.4 0 

DSS + 16311 0 71.4 28.6 

DSS 0 88.9 11.1 

DSS + 145425 0 100 0 

Table 1. Data are represented as percentage of tumors for each experiment. T0 = No evidence of primary 

tumor; Tis=Carcinoma in situ, invasion of muscularis muscosa; T1=Tumor invades submucosa. Fisher’s 

exact test indicated that there are no significant differences between treatments. 

 

Metagenomic analysis of gut bacterial populations 

Okayasu et al.34, among others, suggested a contribution of colonic bacteria or their 

products to the development of DSS-induced colitis. They observed increased numbers 

of Enterobacteriaceae, Bacteroidaceae, and Clostridium spp. in the colons of DSS-

treated mice34. Using the same model we have studied the effects of AM modulator, 

145425, on gut microbiota. As expected, around 90 % of the bacteria detected (93.4 and 

94.4 % for control and 145425 animals respectively) belong to the Bacteroidetes and 

Firmicutes phyla (Table 2). No significant differences were observed in major phyla 

elicited by either DSS treatement or the SM (Table 2). However, significant changes 

were observed in less represented phyla (Table 2). Thus, a significant reduction in the 

abundance of Cyanobacteria and Tenericutes was observed in DSS-treated mice (DSS 

and DSS+145425 groups) when compared with Control groups (Control and 145425). 
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Surprisingly, the abundance of Verrucomicrobia was decreased in the 145425 group 

when compared to the other groups (Table 2).  

 
Taxonomic group 

(relative abundance [%]) 
Control 145425 DSS DSS+145425 

Phyla Firmicutes 52.7 ± 3.2 57.1 ± 5.1 56.9 ± 5.6 53.1 ± 4.5 

 Bacteroidetes 40.7 ± 2.6 37.3 ± 4.7 37.1 ± 5.4 41 ± 4.1 

 Cyanobcteria 0.7 ± 0.1 0.7 ± 0.2 **0.4 ± 0.2 **0.3 ± 0.1 

 Tenericutes 0.6 ± 0.2 0.7 ± 0.2 **0.2 ± 0.2 **0.2 ± 0.4 

 Verrucomicrobia 0.9 ± 0.1 ***0.3 ± 0.4 1.1 ± 0.1 1.1 ± 0.3 

Ratios Bacteroidetes/Firmicutes 0.78 ± 0.1 0.56 ± 0.3 0.58 ± 0.3 0.71 ± 0.3 

Table 2. Data are presented as mean values ± SEM. Kruskal-Wallus test **p<0.01 vs Control; ***p<0.001 vs 

Control. Statistically significant differenes are indicated by bold type.  

 

At the family level, DSS treatment resulted in a significant increase in the abundance of 

Bacteroidaceae, Turicibacteraceae, Peptostreptococcaceae, Erysipelotrichaceae, and 

Alcaligenaceae in comparison to control groups. In contrast, DSS treatment resulted in 

a significant decrease in the abundance of Prevotellaceae, Paraprevotellaceae, 

Cyanobacteria;c__4C0d-2;o__YS2, Alphaproteobacteria, and Anaeroplasmataceae 

(Supplementary Table 2). However, after 145425-treatment this decrease in the 

abundance of the Prevotellaceae, and Paraprevotellaceae was normalized. Interestingly, 

Erysipelotrichaceae was significantly increased and Paraprevotellaceae decreased by 

14542. Verrucomicrobiaceae was significantly reduced by 145425 in untreated mice but 

that difference did not persist after DSS treatment.  

Concerning lower taxonomic levels (genus), DSS-treated mice exhibited a significant 

increase in the abundance of Bacteroidales, Bacteroides, Turicibacter (Fig. 5A), 

Peptostreptococcaceae, Erysipelotrichaceae, Allobaculum and Sutterella and a 

significant decrease in the presence of Prevotella (Fig. 5C), Cyanobacteria;c__4C0d-

2;o__YS2, Dorea, Alphaproteobacteria;o__RF32, and Anaeroplasma. In some genera, 

SM 145425 was able to influence bacterial abundance in control animals. For instance, 

Akkermansia was significantly reduced by 145425 in untreated mice but that difference 

did not persist after DSS treatment (Fig. 5B). The case of Prevotella was particularly 

interesting: DSS greatly reduced Prevotella abundance but after 145425-treatment the 

presence of Prevotella was completely normalized (Fig. 5C). The ratio 

Bacteroides/Prevotella has been shown to have clinical relevance 35,36. DSS induced a 
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large increase of this ratio whereas 145425-treatment prevented this elevation 

completely (Fig. 5D) 

 

Figure 5. Relative abundance of particular microbiota genera in the four experimental groups. Genus 

Turicibacter increased significantly with DSS treatment (A). Akkermansia was significantly reduced by 

145425 in untreated mice but that difference did not persist after DSS treatment (B). Interestingly, Prevotella 

decreased with DSS treatment but this decrease was completely prevented by 145425 (C). Besides, 145425 

prevented the large increase in the Bacteroides/Prevotella ratio elicited by DSS (D). Data are shown as 

mean ± SEM. Kruskal‐Wallis test followed by Mann Whitney. Asterisks represent statistically significant 

differences with control; *p<0.05;**p<0.01; ***p<0.001. Ampersands indicate statistically significant 

differences between DSS treated mice; &p<0.05; &&p<0.01. 

 

Discussion 

In this study we have shown that AM positive modulation by 145425 treatment reduces 

tumor incidence in a mouse model of colitis-associated colon cancer and results in gut 

microbiota changes, thus linking AM with colorectal cancer initiation and progression. 

Previous studies have shown a strong positive effect using AM as treatment for colitis 

symptoms in rodents 21 and humans 14,22. Besides, this study shows that AM negative 
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modulation by 16311 exacerbates colitis symptoms suggesting that AM prevents the 

symptoms of the disease in line with previous experiments 19,37. Microscopic analysis of 

colonic sections confirmed data from macroscopic observations reflecting a tumor 

reduction in 145425-treated mice. These results demonstrated that AM exerts a 

protective action in DSS-induced experimental colitis, and are in line with previous 

papers 21. As previously described 38, three cycles of DSS result in the development of 

colitis-associated dysplasias and adenocarcinomas in approximately 15%–20% of mice 

which is in agreement with our data. No differences were found among mice treated with 

PAMP modulators (87877 and 106221), indicating that PAMP may not play a major role 

in colon cancer or that the PAMP-related SMs were not very effective. 

Our data suggest that AM is a beneficial factor since this peptide significantly delays 

CRC development. This observation seems to be in contrast with previous studies where 

inhibition of AM or its receptors produced tumor reduction 16,17. Previous experimental 

studies consisted on xenograft models whereas our working paradigm uses a long-term 

carcinogen-induced model of CRC, which therefore is closer to the natural occurrence in 

humans and its results may be more relevant. In addition, our experimental model is very 

dependent on colitis as the trigger of CRC. Since AM has been shown repeatedly to be 

very efficient in reducing colitis symptoms 18-20, the observed effects on CRC may be just 

a consequence of the milder colitis suffered by SM treated animals. Future studies 

should address whether AM is also protective in other models of colon cancer. 

The DSS-induced colitis model induces high amounts of Th1 cytokines (TNF-α, IL-6) 21. 

These cytokines exert potent proinflammatory effects that, when uncontrolled, can lead 

to tissue injury. Our results demonstrated that DSS administration induces an 

inflammatory response in the colon. However, SM treatment did not modify this response 

suggesting that these SMs play no role in immunoregulation. 

The stem cell marker Lgr5 significantly increased with DSS treatment, indicating 

extensive proliferation. This marker’s increase was significantly prevented by treatment 

with 145425. Lgr5 is a marker of adult stem cells involved in self-renewal and cancer 39. 

On the other hand, Erbb2 had the reverse behavior, decreasing by DSS and being 

modulated by 145425. Erbb2 regulates recovery from DSS-induced colitis by promoting 

mouse colon epithelial cell survival 40. These results suggest that AM plays important 

cytoprotective and reparative roles in the colonic epithelium following injury, by promoting 

colon epithelial cell survival. 

Another possible mechanism by which AM protects from colon cancer development is 

microbiota modulation. In a previous study we showed that mice lacking AM had an 
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altered gut microbiota 19. In this study, Turicibacter and Bacteroidaceae increased 

significantly with DSS treatment, in agreement with previous reports by Berry 41 and 

Okayasu 34, respectively. Interestingly, we observed that the positive modulator of AM 

(145425) induced a decrease in the Bacteroides/Prevotella ratio. This ratio is higher in 

colon cancer patients than in healthy controls 35,36 and a greater abundance of Prevotella 

has been found in healthy rats than in CRC rats 42. Furthermore, individuals consuming 

healthy diets have a lower ratio than people on high-calory diets 43,44. Thus, we can 

hypothesize that the beneficial effects of 145425 may be partially mediated through this 

mechanism. Moreover, 145425 modulates some bacteria by itself, for example 

Akkermansia was significantly reduced by 145425 in untreated mice but that difference 

did not persists after DSS treatment. Akkermansia was more abundant in CRC samples 

36 which can represent an advantage for the 145425-treatment. Therefore, AM positive 

modulation is clearly associated with changes in microbiota composition. The dysbiosis 

produced by DSS predisposes mice to worse colitis symptoms and 145425 prevents 

such microbiota modifications. 

In conclusion, AM may have a protective role during the progression phase of colon 

cancer, and treatment with AM or with positive modulator SMs may represent a novel 

treatment for colon cancer. 
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Abstract: 

Context: The risk of developing cancer is regulated by genetic variants, including 

polymorphisms. Characterizing such variants may help in developing protocols for 

personalized medicine. 

Objective: Adrenomedullin is a regulatory peptide involved in cancer promotion and 

progression. Carriers of a single nucleotide polymorphism (SNP) in the proximity of the 

adrenomedullin gene have lower levels of circulating peptide. The aim of the present 

work was to investigate whether carriers of this SNP (rs4910118) are protected against 

cancer. 

Design: This was a retrospective study. DNA samples were obtained from the Carlos III 

DNA National Bank (University of Salamanca, Salamanca, Spain). 

Setting: Samples represent a variety of donors and patients from Spain. Patients or Other 

Participants: DNA from patients with breast cancer (n = 238), patients with lung cancer 

(n = 348), patients with cardiac insufficiency (n = 474), and healthy donors of advanced 

age (n = 500) was used. 

Interventions: All samples were genotyped using double-mismatch PCR, and 

confirmation was achieved by direct sequencing. 

Main Outcome Measures: The minor allele frequency was calculated in all groups. The 

Pearson Χ2 was used to compare SNP frequencies. 

Results: Of 1560 samples, 14 had the minor allele, with a minor allele frequency in 

healthy donors of 0.90%. Patients with cancer had a statistically significantly lower 

frequency than healthy donors (odds ratio = 0.216, 95% confidence interval = 0.048–

0.967, P = .028). 
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Conclusions: carriers of the minor alelle have a 4.6-fold lower risk of developing cancer 

than homozygotes for the major allele. Knowledge of the rs4910118 genotype may be 

useful for stratifying patients in clinical trials and for designing prevention strategies. 

Introduction 

Adrenomedullin (AM) is a biologically active peptidethat contains 52 amino acids in 

humans, is amidatedat the carboxy end, and possesses 2 cysteins that form 

anintramolecular disulfide bond, thus defining a 6–amino acidring. Based on amino acid 

sequence similarity, AM belongsto the calcitonin peptide superfamily, which also 

includescalcitonin gene–related peptide, amylin, and AM-2 (intermedin). As for many 

peptide hormones, AM is producedfrom a larger precursor molecule, 

preproadrenomedullin, which contains 185 amino acids and is posttranslationally 

processed to generate 2 biologically active peptides: AM and proadrenomedullin N-

terminal 20 peptide (PAMP). Preproadrenomedullin is encoded by the adm gene, located 

on chromosome 11p15.4. Both AM and PAMP have been implicated in many 

physiological phenomena including vasodilatation, bronchodilatation, hormone secretion 

regulation, cell growth, antimicrobial activities, and others (1). 

AM is up-regulated in a variety of human malignancies of both neural and epithelial 

origins, being produced by cancers of the brain, lung, colon, breast, ovary, uterus, 

prostate, skin, kidney, and eye. It has been shown that a patient’s serum AM level begins 

to rise with the onset of lung and gastrointestinal tumor progression. In addition, elevated 

AM levels in tumor tissue or patient serum are associated with worse clinical prognosis 

for individuals having prostate or ovarian cancer (2). Hypoxia and chronic inflammation 

have been identified as major biological anomalies, leading to neoplastic conversion, 

and are also known to be key regulatory pathways responsible for the induction of AM 

expression (3). From a mechanistic point of view, AM and PAMP promote cancer 

progression because they are autocrine tumor growth factors (4, 5), reduce tumor cell 

apoptosis (6), and induce angiogenesis (7) and tumor cell migration (6). In addition, AM 

regulates the immune response, helping tumor cells to escape immunosurveillance (8). 

A microsatellite DNA polymorphism (9, 10) and several single nucleotide polymorphisms 

(SNPs) (11, 12) have been described in the proximity of the adm gene. In addition, an 

exonic insertion/deletion polymorphism has been found in the adrenomedullin 

2/intermedin gene (13). Interestingly, all of them correlate with genetic predisposition of 

the carrier to develop hypertension, renal dysfunction, dysglycemia, or even 

cerebrovascular disease. However, so far, the correlation of any of these polymorphisms 

with cancer has not been established. 
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Recently, Cheung et al. (14) demonstrated that carriers of one of these SNPs, 

rs4910118, had significantly lower levels of circulating AM than homozygotes for the 

more common allele. We hypothesized that people carrying this SNP should have a 

lower predisposition to develop cancer, because AM contributes to cancer promotion 

and progression. Genetic analysis of patients with cancer, people having cardiovascular 

pathological conditions, and healthy donors of Spain indicates that, indeed, the minor 

allele of rs4910118 provides protection against cancer. 

Material and Methods 

Human samples 

All procurement and experimental procedures were approved by our local review board 

(Comité Ético de Investigación Clínica de La Rioja, Logroño, Spain). Total DNA was 

obtained from the Carlos III DNA National Bank (University of Salamanca, Salamanca, 

Spain), that has on file signed informed consent forms from all patients and donors 

(http://www.bancoadn.org). Samples included DNA from patients with breast cancer (n 

= 238), patients with lung cancer (n = 348), patients with cardiac insufficiency (n  474), 

and healthy donors of advanced age (n = 500). Clinical data from all patients and donors 

are shown in Table 1. Breast and lung cancers were chosen because they are the 

cancers that are best represented in the Bank. 

Plasmid construction 

Total DNA from a healthy donor was amplified with primers P1 (5’–

TCTCCTACGTGGGAGTCAGCACAC-3’) and P2 (5’–GAGAGGAAGGCTGGAGAAAAGTGA-

3’), and the resulting band was cloned into the pcDNA3.3 TOPO TA cloning system 

(Invitrogen, Carlsbad, California). The plasmid, named pcSNP_AM_C, was sequenced, 

and we found that it contained the more common allele. To obtain the minor allele, single 

nucleotide mutagenesis was performed using the GeneArt Site Directed Mutagenesis 

System (Invitrogen), and the mutation was confirmed by direct sequencing. This new 

plasmid was named pcSNP_AM_T. 

High-throughput detection of the SNP 

The polymorphism was detected by PCR, following the double-mismatch approach (15). 

Primer P1 (above) was used as the common sense primer. Antisense-specific primers 

for the wild type, primer P3 (5’ -TCCCAGAACAGGGAGCCGTG-3’ ) or the SNP, primer 

P4 (5’ -TCCCAGAACAGGGAGCCGAA-3’) were also designed. The PCR reaction was 

performed in an 18 μL volume with the following temperature program: initial 

denaturation at 95°C for 5 minutes, 30 cycles of 30 seconds at 95°C, 30 seconds at 



Results 

 
 

190 
 

60°C, and 30 seconds at 72°C, with a final extension step of 7 minutes at 72°C. Each 

sample was subjected to 2 different PCR reactions, which were specific for either the 

major allele (primers P1 and P3) or the minor allele (primers P1 and P4). Amplicons were 

run into the E-Gel 96 with SYBR Safe (Invitrogen), which allows simultaneous loading of 

96 samples per gel. The PCR genotyping was confirmed by direct sequencing of all 

samples that were positive for the minor allele and of 12 randomly chosen samples that 

were classified as homozygous for the major allele. Perfect correlation between data 

obtained by PCR and sequencing was achieved in all cases. 

Statistical analysis 

Pearson Χ2 statistics followed by the Fisher exact test were used to compare SNP 

frequencies in different populations. Values of P < .05 were considered statistically 

significant. 

Results and Discussion 

First, we generated plasmids containing the region of interest (surrounding the SNP) with 

the 2 genetic variants. These plasmids were used to set up the PCR conditions capable 

of discriminating the single nucleotide that defines the polymorphism, which were later 

tested in specific donor samples (Figure 1A).  

Once the PCR conditions had been established, all clinical DNA samples were subjected 

to 2 amplifications, one specific for the major allele and the other specific for the minor 

allele. Of the 1560 samples analyzed, only 14 samples were positive for the minor allele, 

and, of these, 2 samples were homozygous for the SNP and the other 12 were 

heterozygotes (Table 1). These results were further confirmed by direct sequencing 

(Figure 1, B and C).  
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Sexa Ageb Diagnosisc 

Genotyped 

Total C-C C-T T-T 

Breast cancer 238 F 55.97 ± 13.33 

[27-87] 

Infiltrating ductal 

carcinoma (193) 

Other (45) 

237 0 1 238 

Lung cancer 72 F 

276 M 

61.96 ± 9.90  

[18-92] 

SCLC (3) 

NSCLC (325) 

Adenocarcinoma 

(157) 

Squamous (152) 

Brochialveolar 

(3) 

Carcinoid (11) 

Large cell (2) 

Other (20) 

347 1 0 348 

Cancer (total) 310 F 

276 M 

  584 1 1 586 

Heart failure 156 F 

318 M 

68.75 ± 12.56 

[18-100] 

Heart Failure 

(174) 

470 4 0 474 

Healthy control 

subjects 

253 F 

247M 

70.07 ± 10.47 

[61-103] 

 492 7 1 500 

Table1. Abbreviations: F, female; M, male; NSCLC, non–small cell lung cancer; SCLC, small cell lung 

cancer. a Sex is expressed as female or male. b Age is expressed as the mean ± SD with age range in 

brackets. c The more common diagnoses are shown, followed by the number of patients in parentheses. d 

Genotypes are expressed as C-C for homozygous for the major allele, T-T for homozygous for the minor 

allele, and C-T for heterozygous. 
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Figure 1. Optimization of the PCR conditions to discriminate both alleles of the SNP. A, DNA from healthy 

donors homozygous for the minor allele (Mut), homozygous for the major allele (WT), or heterozygous (HT) 

was amplified with primers specific for the major allele (P1 + P3) or for the minor allele (P1 + P4). In the 

negative controls, water was substituted for DNA. B and C, the specificity of PCR products was confirmed 

through direct sequencing. The red arrows point to the SNP nucleotide, with cytosine as the major allele (B) 

and thymine as the minor allele (C). 

 

The minor allele frequency (MAF) was 0.90% among normal donors, 0.42% in patients 

having cardiac insufficiency, 0.42% in patients with breast cancer, and 0.14% in patients 

with lung cancer. When healthy donors were compared with patients with cancer, a 

statistically significant difference was achieved (odds ratio [OR] = 0.216, 95% confidence 

interval [CI] = 0.048–0.967, P = .028).OR analysis shows that carriers of the minor allele 

have a 4.6-fold lower chance of developing cancer ove rtheir lifetime than homozygotes 

for the more common allele. Given the low MAF, the number of patients was too small 

to determine whether populations of patients with breast or lung cancer by themselves 

had statistical significance. 

As expected, no differences were found according to the sex of the patients: 7 men 

(0.83%) and 7 women (0.97%) had the minor allele (OR = 1.168, 95% CI = 0.408–3.347, 
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P = .794). The frequency in patients with cardiac dysfunction was not significantly 

different from that in healthy control subjects (OR = 0.916, 95% CI = 0.286–2.935, P = 

1.000). 

A surprising finding in this study was the large difference in MAF for rs4910118 in the 

Chinese vs the European population. In Asians, the MAF for this SNP is 23.4% (14), 

whereas in our European sample it was just 0.90%. This type of difference in genetic 

features with phenotypic implications may be responsible for the reported variation in 

cancer frequencies among races and geographical regions. For instance, the 2008 world 

cancer report, from the World Health Organization, identifies the more prevalent forms 

of cancer in the Western Pacific region as stomach, lung, and liver, whereas for the 

European region the order is colorectal, lung, and prostate (16). Larger populations are 

needed to explore whether this SNP has any correlation with specific types of cancer. 

Although genome-wide association studies have been proposed as being more reliable 

and powerful approaches for identifying cancer markers than individual genetic variants, 

numerous reports have identified SNPs that correlate with either survival (17) or cancer 

risk (18). 

Because this study was designed to investigate the impact of having the rs4910118 SNP 

on health status over the whole life of the carriers, the age of the healthy control subjects 

was not matched to that of the patients but was chosen as high as possible on purpose. 

A healthy 30-year-old person may carry a genetic predisposition to develop cancer or 

cardiovascular disease that has not yet had time to manifest. On the other hand, a 

healthy person older than 70 years of age is a good representation of a “healthy 

genome”. 

Although lower AM levels protect against cancer development, carriers of the rs4910118 

minor allele may have disadvantages in other areas. For instance, AM and PAMP have 

been described as neuroprotecting agents (19) and as promoters of wound healing (20); 

therefore, people with lower expression of these peptides may experience more brain 

damage after an ischemic episode and less healing capacity when recovering from a 

wound. Future studies should take these characteristics into consideration when larger 

cohorts are analyzed. It will be interesting to study the contribution of the benefits 

provided by the minor allele of this SNP in the context of hereditary forms of cancer, such 

as mutations in p53, Rb, or Her2/neu. 

In summary, carriers of the minor allele of the rs4910118 SNP are protected against 

cancer development compared with homozygotes for the major allele. Different world 

populations present broad variations in the frequency of this SNP, and future studies 
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should address whether these differences may be related to the local incidence of 

cancer. 
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Abstract 

Adrenomedullin (AM) is a regulatory peptide whose involvement in tumor progression is 

becoming more relevant with recent studies. AM is produced and secreted by the tumor 

cells but also by numerous stromal cells including macrophages, mast cells, endothelial 

cells, and vascular smooth muscle cells. Most cancer patients present high levels of 

circulating AM and in some cases these higher levels correlate with a worst prognosis. 

In some cases it has been shown that the high AM levels return to normal following 

surgical removal of the tumor, thus indicating the tumor as the source of this excessive 

production of AM. Expression of this peptide is a good investment for the tumor cell since 

AM acts as an autocrine/paracrine growth factor, prevents apoptosis-mediated cell 

death, increases tumor cell motility and metastasis, induces angiogenesis, and blocks 

immunosurveillance by inhibiting the immune system. In addition, AM expression gets 

rapidly activated by hypoxia through a HIF-1α mediated mechanism, thus characterizing 

AM as a major survival factor for tumor cells. Accordingly, a number of studies have 

shown that inhibition of this peptide or its receptors results in a significant reduction in 

tumor progression. In conclusion, AM is a great target for drug development and new 

drugs interfering with this system are being developed. 

Keywords: Adrenomedullin, Angiogenesis, Tumor growth, PAMP, Xenograft, CLR, 

RAMP, Tumor microenvironmen 

  



Results 

 
 

198 
 

Introduction 

Adrenomedullin (AM) is a regulatory peptide that was first isolated in 1993 from human 

pheochromocytoma extracts by Kitamura et al. [1]. These authors found that AM was 

able to stimulate cAMP production in human platelets and exerted a potent and long-

lasting hypotensive activity in rats. AM is synthesized both by tumor cells and by normal 

adrenal medulla cells, as well as by many other tissues [2]. It is a circulating hormone, 

although it functions also as a local paracrine and autocrine mediator with multiple 

biological activities such as vasodilatation, cell growth, regulation of hormone secretion, 

natriuresis, and antimicrobial effects [2-4]. 

Structure of adrenomedullin 

Human AM is a small hormone of 52 amino acids. It belongs to the amylin/calcitonin 

gene-related peptide (CGRP) super-family, which also includes CGRP, amylin and 

intermedin, also named adrenomedullin 2 [5-7]. The C-terminal tyrosine residue is 

amidated (-CONH2) and AM contains a six amino acid ring formed by an internal 

disulfide bond between residues 16 and 21. Both structural features are essential for its 

biological activity. 

The three-dimensional structure of AM comprises a central α-helical region, covering 

approximately one third of its total length, flanked by two disordered segments. The 

presence of the α-helix at the centre of AM seems to be a general feature of the calcitonin 

peptide super-family, which is important for the physiology of these peptides and the 

recognition of their specific receptors [8]. 

Adrenomedullin gene expression and release 

AM is encoded by the adm gene, which has been identified in several mammalian 

species and is located on human chromosome 11p15.4; consisting of four exons and 

three introns, with TATA, CAAT and GC boxes in the 5’-flanking region . 

The mature AM peptide is derived from preproadrenomedullin, which contains 185 amino 

acids in humans. After cleaving the 21-residue N-terminal signaling peptide, 

preproadrenomedullin is converted to proadrenomedullin, which is a precursor of mature 

AM (amino acids 95-146 of preproadrenomedullin) as well as of another active peptide, 

proadrenomedullin N-terminal 20-peptide or PAMP (amino acids 22-41 of 

preproadrenomedullin) [5]. 

AM production is mostly regulated by oxidative stress and inflammation-related 

substances such as lipopolisaccharide and inflammatory cytokines such as TNF-α and 
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IL-1, which increase AM secretion rate. There are several binding sites for activator 

protein-2 (AP-2) and c-AMP-regulated enhancer element. It has also been discovered 

that there are nuclear factor-Kβ (NF-Kβ) sites on the promoter of the AM [2]. Hypoxia is 

also a potent inducer of AM expression. This overexpression is mediated by 

transactivation of the AM promoter by hypoxia inducible factor 1 (HIF-1) transcription 

factor, as well as by posttranscriptional mRNA stabilization. Hypoxia response elements 

(HREs) have been found in the promoter of the human adm gene [9]. 

Metabolism of adrenomedullin 

AM is a circulating peptide and it can be found in plasma at a concentration of 2-10 pM 

in humans. AM is also present in other biological fluids such as urine, saliva, sweat, milk, 

amniotic fluid and cerebrospinal liquid . 

In plasma, AM is specifically bound to adrenomedullin binding protein-1 (AMBP-1), which 

was later identified as complement factor H [10]. AM bound to complement factor H 

cannot be detected in plasma, so it is thought that total plasma AM could be higher than 

reported in most studies. Circulating AM is rapidly degraded with a half-life of 16-20 

minutes. Matrix metalloproteinase 2 seems to be responsible for the initial degradation 

of AM, which is followed by an aminopeptidase [11,12]. 

Adrenomedullin receptors 

Specific binding sites for AM are located in many cell types and tissues such as the heart, 

lungs, spleen, liver, vas deferens, kidney glomerulus, skeletal muscle, hypothalamus, 

and spinal cord, among others . The wide distribution of binding sites for AM is related 

with its great variety of biological functions. In addition, AM is able to bind to many areas 

of the brain, providing the anatomical basis for the involvement of AM in the physiology 

of the central nervous system [13]. 

The AM receptor contains a member of the 7-transmembrane domain G-protein-coupled 

receptor superfamily which is named calcitonin receptor-like receptor (CLR). However, 

CLR needs the presence of modulating proteins with a single transmembrane domain 

known as receptor activity modifying proteins (RAMP). Three RAMPs have been 

identified in the human genome: RAMP1, RAMP2, and RAMP3. RAMPs bind to the CLR 

in the endoplasmic reticulum promoting transport to the plasma membrane [14]. 

RAMP1 transports CLR to the membrane surface as a mature glycoprotein, and this 

heterodimer functions as a CGRP receptor [14]. The CLR molecules transported by 

RAMP2 and RAMP3 are core-glycosilated and function as AM receptors (AMR); 

CLR/RAMP2 is known as AMR1, whereas CLR/RAMP3 is dubbed AMR2 [5,15]. It is 
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hypothesized that residues present in RAMP2 and 3 but not in RAMP1 could be able to 

alter the pharmacology of CLR and be responsible for making CLR/RAMP2 and 

CLR/RAMP3 AM receptors [16]. 

The expression of RAMP isoforms in a particular cell may change between physiological 

and pathological conditions [17], determining the degree of response to AM and CGRP 

[18,19]. In physiological conditions the more abundant isoform is RAMP2. The most 

robust changes in RAMP expression levels coincide with those situations in which 

plasma AM level is most elevated, as in pregnancy or diseases like sepsis or heart 

failure. In those situations, there is an elevation in RAMP3 expression, apparently in 

order to decrease AM responsiveness [18]. 

Signal transduction mechanisms 

The signal transduction pathways activated by AM vary between species, organs, 

tissues, and cells. However, there are three main signaling pathways whereby AM exerts 

its actions: cAMP, Akt, and mitogen activated protein kinase (MAPK)-extracellular signal 

regulated-protein kinase (ERK). 

The main signal transduction pathways activated by AM seems to be the adenylyl 

cyclase/cAMP system. In many cell types, AM and CGRP receptors are coupled to Gs 

proteins that activate adenylate cyclase and increase intracellular levels of cAMP [5]. In 

bovine aortic endothelial cells and vascular smooth muscle cells (VSMC) the 

accumulation of cAMP causes the activation of protein kinase A (PKA) which in turn 

increases calcium (Ca2+) efflux leading to relaxation of the vascular cells [20]. Moreover, 

it was confirmed that AM can induce Ca2+ mobilization independently of cAMP levels. 

AM activated phospholipase C through its specific receptor and accelerated inositol-

1,4,5-P3 formation to stimulate Ca2+ release from the endoplasmic reticulum 

intracellular store. In addition, the activation of phospholipase C is also involved in ion 

channel opening [20,21]. However, other studies have shown that AM administration 

does not have any effects in intracellular Ca2+ concentration and even decreases Ca2+ 

content in cultured human umbilical vein endothelial cells (HUVECs) [22] or in porcine 

coronary arteries [23]. These results suggest that the regulation of Ca2+ mobilization by 

AM may depend on the cell type and physiological context. 

Intracellular Ca2+ increases, in response to AM, caused activation of nitric oxide (NO) 

synthase and NO release leading to relaxation of cardiac myocytes [24]. AM activation 

of NO pathway has a very important role in the regulation of the cardiovascular system 

by regulating blood-flow [25], having a cytoprotective action against ischemia/reperfusion 

injury and against myocardial ischemia-induced arrhythmias in rats [26]. Furthermore, it 
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has been demonstrated that AM inhibited endothelial cell apoptosis through a NO-

dependent pathway [27]. Some authors postulate that NO prevents apoptosis by S-

nitrosylating caspases [28-30]. 

AM has been shown to activate the PI3K/Akt pathway in vascular endothelial cells where 

it regulates many steps such as vasodilation, cell survival, proliferation, migration and 

vascular cord-like structure formation [31]. The specific role of AM in the multistep 

process of angiogenesis is regulated via a mechanism that requires the activation of the 

AMR1 and AMR2 receptors [32]. AM also acts directly on myocardium by the presence 

of CLR in myocytes, where it enhances neovascularization, induces cardioprotective 

effects and exerts antiapoptotic effects through the PI3K-dependent pathway after 

ischemia/reperfusion [33]. 

The role of AM in growth and mitogenesis has led to investigate the regulation of MAPK 

by AM. AM appears to either stimulate or inhibit cell proliferation depending on the 

particular cell type. AM signalling directly promotes endothelial cell growth and survival 

through activation of MAPK/ERK downstream signalling pathways [34]. Under serum 

deprivation, AM promotes DNA synthesis and cell proliferation in VSMCs [35,36]. These 

responses are mediated by p42/p44 MAPK activation. Interestingly, in glomerullar 

mesangial cells AM causes an opposite effect by increasing apoptosis during serum 

deprivation [37]. Activation of MAPK and other kinases such as cAMP-PKA, JNK and 

protein phosphatase 2A (PP2A) have been proposed to mediate the proapoptotic effect 

of AM in mesangial cells. On the other hand AM protects malignant cells from hypoxia-

induced cell death by up-regulation of Bcl-2 in an autocrine/paracrine manner [38]. 

Physiological activities of adrenomedullin 

All signal mechanisms in which AM is involved are the basis of this peptide´s extensive 

repertoire of biological functions such as vasodilation, cellular proliferation, apoptosis 

modulation or inflammatory regulation, among others. 

The main role played by AM in mammalian development has become apparent following 

the generation of different knockout (KO) models. In adm gene KO mice, in which the 

expression of AM and PAMP are suppressed, the null phenotype is embryonically lethal 

due to the scarcity of placental vascularization, malformation of the basement membrane 

in the aorta and cervical arteries, detachment of the endothelial cells from the basement 

structure, and the presence of edema [39]. Very recent studies have confirmed these 

results, demonstrating that locally produced AM in the trophoblast binucleate cells of the 

bovine placenta may play a crucial role in regulation of placental vascular and cellular 

functions during pregnancy, especially during transition from the mid to late gestation 
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period [40]. KO mouse models in which only AM expression, but not PAMP expression, 

is affected are also embryonic lethal between embryonic day 14 (E14.5) and embryonic 

day 15 (E15.5) [41]. Thus, AM may be intimately related with embryonic development 

and pregnancy [42,43]. 

A gene-targeted KO model of the CLR gene, Calcrl, demonstrates that Calcrl is also 

essential for embryo survival. Calcrl-/- pups are not viable, the embryos die between 

E13.5 and E14.5 of gestation and they exhibit a very similar phenotype to AM-/- and 

AM/PAMP-/- mice [44]. 

In models of mice lacking RAMP2 the results are similar to the ones shown above. 

RAMP2-/- embryos die in utero at midgestation due to severe deformation, vascular 

fragility, severe edema and hemorrhage [45]. Very recent studies with endothelial cell-

specific RAMP2 KO mice (E- RAMP2-/-) have confirmed that the AM-RAMP2 system is 

a key determinant of vascular integrity and homeostasis from prenatal stages through 

adulthood [46]. 

Surprisingly, a complete absence of RAMP3 has no effect on survival. RAMP3-null mice 

appear normal until old age (9-10 months), at which point they have less weight than 

their wild-type littermates [47]. These results provide support to the hypothesis that 

RAMP2 and RAMP3 have distinct physiological functions in embryogenesis, adulthood, 

and old age. 

To continue with the study of the lack of AM in adult tissues and organisms, tissue-

specific conditional KO models have been generated using Cre/loxP technology [48]. 

In the adult organism, AM has been located in many cell types and in most tissues 

throughout the body [49], including the nervous system and related structures, 

cardiovascular system, endocrine organs, digestive tube, excretory system, respiratory 

system, reproductive tract and integument, among others. 

AM has a variety of biological actions which are of potential importance for 

cardiovascular homeostasis, growth and development of cardiovascular tissues and 

regulation of body fluid [50-53]. Systemic AM administration has demonstrated that this 

peptide reduces arterial pressure, decreases peripheral vascular resistance, and 

increases heart rate and cardiac output [54-57]. Moreover, AM and PAMP function as 

potent angiogenic agents [58], are necessary to maintain the integrity of the mucous 

membrane’s microvasculature [46], and promote a faster healing of epithelial wounds 

[59-61]. AM binds to specific receptors in endothelial cells and elicits endothelium-
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dependent vasorelaxation mediated by NO [62], endothelium-derived hyperpolarizing 

factor [63], and/or vasodilatory prostanoids [64]. 

AM exerts a tight control on renal function and body fluid volume [65,66], regulating the 

hypothalamic-pituitary-adrenal axis at all levels [67]. 

AM regulates hormone secretion in many tissues and organs. Levels of this peptide have 

effects in the hypothalamic-pituitary-adrenal axis as shown above [67]. In addition, AM 

is synthesized in pancreatic polypeptide-producing F cells of the pancreatic islets and 

AM receptors are expressed in insulin-producing β-cells [68]. Several studies have 

shown that endogenous AM tonically inhibits insulin secretion [68,69]. 

In the digestive system, AM immunoreactivity is widely distributed in the mucosal and 

glandular epithelia of the stomach, esophagus, intestine, gallbladder, bile duct and acini 

of the pancreas and salivary glands [70]. AM is a potent inhibitor of basal gastrin-

stimulated HCl secretion [71]. 

AM and its receptors are abundantly expressed in the central nervous system and its 

cellular components [70,72]. It plays an important role in the regulation of specific blood-

brain barrier properties [73], it also increases the preganglionic sympathetic discharges 

[74], and it exerts several neuroprotective actions against ischemic damage [75]. In 

addition, relatively recent studies suggest that AM may be involved in the neuroendocrine 

response to stress and nociception [76,77]. 

Finally, AM has been found in all epithelial surfaces which separate the external and 

internal environment and in all body secretions [78]. This wide distribution suggests the 

possibility that AM has an immunity-related function. It has been proven that both AM 

and PAMP display potent antimicrobial action against Gram-positive and Gram-negative 

bacteria [3]. 

Adrenomedullin and disease 

Elevation of AM levels in plasma has been observed for a variety of cardiovascular 

disorders. Accumulating evidence supports a compensatory role for AM in heart failure 

[79] and myocardial infarction [80]. It has been established that plasma AM levels 

increase in patients with heart failure in proportion to the severity of the disease [81]; and 

they are also increased during acute phase of myocardial infarction reaching its 

maximum on day 2–3 and returning to baseline after about 3 weeks [80]. Furthermore, 

recent studies suggest that plasma AM level is an independent prognostic indicator of 

heart failure [55,82] and AM exerts a protective action against ischemia-reperfusion 
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injury after stroke [55]. It is well established that AM also protects against ischemia-

reperfusion injury in other organs, such as the kidney [83] or the brain [75]. 

AM was detected in macrophages found within the atherosclerotic plaque [84]. Plasma 

AM is increased in patients with chronic ischemic stroke and correlates with the extent 

of carotid artery atherosclerosis [85]. In theory, AM could inhibit atherogenesis due to its 

inhibitory effect on migration and proliferation of vascular smooth muscle cells, inhibition 

of endothelial cell apoptosis and anti-inflammatory activity. 

Elevation of plasma AM concentration is also observed in patients with primary arterial 

hypertension and is higher in individuals with complications of hypertension, such as left 

ventricular hypertrophy and nephrosclerosis [86]. It is suggested that the up-regulation 

of cardiac AM system in hypertension is a protective mechanism decreasing myocardial 

overload due to vasodilatory and natriuretic properties of AM, as well as limiting further 

myocardial hypertrophy and remodelling [87]. 

Plasma AM concentration is increased, whereas urinary AM excretion is decreased in 

various types of glomerulonephritis [88]. In addition, plasma AM progressively increases 

in patients with chronic renal failure [89]. 

In septic shock patients, a marked elevation of AM blood levels has been reported, 

probably as a defensive action [90-92]. However, excessive AM release during septic 

shock may provoke adverse effects such as hypotension which may threaten the 

patient’s life [3]. 

AM also plays a role in primary and secondary pulmonary hypertension. Very recent 

studies in rats with pulmonary hypertension induced by high blood flow suggest that AM 

exerts a protective action in the development of this pathology, by inhibiting pulmonary 

procollagen synthesis and alleviating pulmonary artery collagen accumulation [93]. 

Furthermore, AM has emerged as a novel and promising therapy for digestive 

pathologies related with inflammation such as gastric ulcers [94] and inflammatory bowel 

diseases [95,96]. This is closely related with the local and systemic anti-inflammatory 

actions that AM is able to exert [97,98]. For example, it has been demonstrated that AM 

inhibits the secretion of pro-inflammatory cytokines when it is released to the medium by 

peripheral blood monocytes [5] and plays a role in the evolution of Th1/Th2 cytokines 

balance, decreasing pro-inflammatory cytokines levels (IL-6, IL-10, TNF-α, IFN-γ) [99-

101]. In addition to the regulatory role on immune cells, AM also decreases endothelial 

permeability, thus reducing the formation of inflammatory exudates [5]. 
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The existence of AM in pancreatic islets and its inhibitory effect on insulin secretion 

suggest that AM may be involved in the pathogenesis of diabetes mellitus. In type 1 

diabetes, plasma AM is increased only in patients with microangiopathy. Increased AM 

may result from endothelial activation and/or impaired renal clearance in subjects with 

diabetic nephropathy [102]. This suggests that increased AM in type 1 diabetes is a 

consequence of the disease rather than a causal agent. In humans, the levels of 

circulating AM are clearly elevated in patients with type 2 diabetes when compared to 

normal controls [103,104]. In addition, AM has emerged as a possible biomarker for early 

diagnosis in pancreatic cancer-induced diabetes [105]. 

AM is also involved in many eye pathologies. AM levels in the plasma, vitreous fluid 

samples and fibrous membrane tissues are all significantly elevated in patients with 

proliferative diabetic retinopathy compared with control subjects [106]. AM concentration 

in vitreous fluid is markedly increased in patients with proliferative vitreoretinopathy, the 

most common complication of retinal detachment originating from the proliferation of 

retinal pigment cells [107]. 

Adrenomedullin levels in cancer patients 

There are now many studies that show an association between AM expression and 

cancer. Initially, these were predominantly studies where plasma AM concentrations 

were measured in patients suffering from different tumor types and compared with 

healthy patients. These tumors included bronchial neuroendocrine tumor, clear cell renal 

cell carcinoma, midgut tumor, osteosarcoma, pancreatic adenocarcinoma, pancreatic 

insulinoma, aldosterone-producing adenoma, pheochromocytoma, pituitary adenoma, 

and plexiform neurofibroma [108-118] and there were significant increases of AM levels 

in all cancer patients. 

Interestingly, in patients with osteosarcoma, insulinoma, pheochromocytoma, and 

primary aldosteronism due to adenoma, elevated blood AM levels decreased following 

surgery and returned to normal [109,111,113,114], indicating that the tumor was the main 

source of these excessive AM levels. However, plasma AM levels of patients after 4–5 

weeks of surgery of clear cell renal cell carcinoma and of other kidney tumors were 

similar to pre-surgery levels. Therefore, plasma AM is not suited as a tumor marker for 

this disease [118]. 

Nowadays with the accessibility of molecular techniques, AM mRNA and/or protein 

expression have also been determined in different tumor types and compared with 

normal tissue, normal-looking tissue adjacent to the tumor, or with other related no 

tumoral and pathological tissues. Several clinical studies suggest that AM is over-
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expressed in numerous tumors including colorectal cancer, bladder urothelial cell 

carcinoma, chromophobe renal carcinoma, clear-cell renal carcinoma, osteosarcoma, 

pancreatic adenocarcinoma, insulinoma, ovarian carcinoma, endometrial cancer, 

leiomyoma, glioma, glioblastoma, neuroblastoma, ganglioneuroblastoma, pituitary 

adenoma (ACTH-secreting), somatotropinoma, astrocytoma, hepatocellular carcinoma, 

non-small cell lung carcinoma, squamous cell carcinoma, adenocarcinoma of the lung, 

bronchial neuroendocrine carcinoma, midgut neuroendocrine carcinoma, 

pheochromocytoma, aldosterone-producing adenoma, breast cancer, intraocular or 

orbital tumors, and melanoma, as shown in Table 1 [108-110,116,118-144]. However, 

AM expression in the anterior pituitary is diminished in tumors as compared to the normal 

gland [145]. On the other hand, as described by Letizia et al. [112], blood AM 

concentrations in control patients was low as compared to the setting of Cushing disease 

due to pituitary adenoma [112]. These data could be interpreted by an increased release 

of AM from the secretory granules of the pituitary into circulation. In prostate, no 

difference on the expression of AM was detected between benign epithelial cells 

adjacent to prostate adenocarcinoma lesions and tumor [146]. 
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Cancer type AM in 

plasma* 

AM Expression Receptor 

expression 

DP** References 

Breast carcinoma presence Prot  lymph node 

metastasis 

[138,144] 

Bladder urothelial cell carcinoma  >mRNA / Prot   [120] 

Chromophobe renal carcinoma  >mRNA   [121] 

<Prot 

Clear-cell renal carcinoma  >mRNA CLR and 

RAMP2 

 [118,121] 

Prot 

Colorectal carcinoma  >mRNA >CLR, 

RAMP2, 

RAMP3 

progression [119,147,148] 

>Prot 

Midgut tumour >   progression [108] 

Anaplastic astrocytoma  <mRNA   [128,131] 

Glioma  >mRNA  progression [127] 

Glioblastoma  >mRNA CLR, 

RAMP2 

and 

RAMP3 

 [121,128,131] 

Hepatocellular carcinoma  >mRNA  invasion and 

progression 

[132,133] 

>Prot 

Intraocular or orbital tumours  >mRNA   [139] 

Leiomyoma  >Prot   [126] 

Ganglioneuroblastoma  >Prot   [129] 

Neuroblastoma  >mRNA  differentiation [129,143] 

>Prot 

Bronchial neuroendocrine tumour >   progression [108] 

Small cell lung carcinoma  <mRNA   [134,141] 

Non-small cell lung carcinoma  mRNA 

immunoreactivity 

was essentially 

weak 

  [134,141] 

Squamous cell carcinoma of the 

lungs 

 <mRNA   [134,141] 

Adenocarcinoma of the lung  mRNA   [134,141] 

Osteosarcoma > >mRNA / Prot  metastasis [109] 
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Ovarian carcinoma  > mRNA / Prot  over-all survival [123,124,142] 

Positive Prognostic 

Factor 

[149] 

Endometrial carcinoma  >mRNA  progression [125,150] 

<Prot 

Pancreatic adenocarcinoma > >AM &CLR 

mRNA / Prot 

CLR, 

RAMP1 

and 

RAMP2 

 [110,116,122,151] 

Pancreatic insulinoma > >Prot   [110,111] 

Adrenocortical tumours > mRNA   [113,135,136] 

Prot no detected 

Pheochromocytoma > mRNA CLR, 

RAMP1, 

RAMP2 

and 

RAMP3 

 [114,117,129,135-

137,152] 
>Prot 

Pituytary adenomas > >Prot  progression [112,130,136,145] 

Plexiform neurofibroma >   biomarker of 

transformation 

[115] 

Somatropinoma  >mRNA   [131]) 

Prolactinoma  mRNA 

meningiomas  mRNA 

Prostate  mRNA  high Gleason 

scores 

[146,153] 

adenocarcinoma  Prot 

Skin carcinomas  Prot > CLR, 

RAMP2, 

and 

RAMP3 

 [78,140] 

Table 1 Expression of AM and AM receptors in tumors and their role on disease progression. * >: higher 

plasma AM concentration in cancer patients than in healthy controls. **DP : Correlation of AM 

with disease progression. 

 

In most tumors a high AM mRNA expression correlated with high protein expression. 

However, in endometrial cancer tissues and chromophobe renal carcinoma, although 

AM mRNA levels were high, the protein expression was mild [121,125], indicating 

complex post-transcriptional regulation. 
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Furthermore, in some tumors it is possible to correlate plasma levels and expression of 

AM with disease progression. Plasma levels and AM expression of bronchial 

neuroendocrine carcinomas and midgut neuroendocrine carcinomas correlate with 

tumor progression [108]. In breast cancer, AM plasma concentrations correlate with the 

presence of lymph node metastasis  [144]. AM expression is highly correlated with the 

degree of malignancy and metastasis of osteosarcoma [109]. In patients with 

leiomyomas, high AM expression is associated with increased vascular density [126]. 

Epithelial ovarian cancer patients with high AM expression showed a higher incidence of 

metastasis, larger residual size of tumors after cytoreduction, and shorter disease-free 

and overall survival time [123]. AM gene expression levels may play a key role in the 

biology of epithelial ovarian cancer and may define a more aggressive tumor phenotype 

[124]. However, recent studies performed in ovarian cancer patients by Baranello et al. 

found high expression levels of AM as a positive prognostic factor [149]. In hepatocellular 

carcinoma, AM expression was positively correlated with invasion and progression 

[132,133]. Elevated AM mRNA was associated with high Gleason scores in prostate 

cancer [153]. High AM mRNA levels were associated with an increased risk of relapse 

in patients who underwent surgery for localized clear cell renal and colorectal carcinoma 

[121,147]. In colorectal carcinoma, AM mRNA levels are also a significant factor for poor 

prognosis and incidence of liver metastasis [147]. The expression of AM is associated 

with melanomagenesis in melanoma patients [140]. AM mRNA in neuroblastoma is 

linked to tumor differentiation [143]. The correlation of AM expression and the grade of 

glioma supports the hypothesis that AM may participate in the progression of the tumor 

[128]. 

There is significant evidence for the association of the expression of AM and its receptors 

with cancer. AM and CLR mRNA levels were higher in pancreatic adenocarcinoma 

tissues compared to normal pancreatic tissues [116]. The expression levels of AM, CLR, 

RAMP2 and RAMP3 in human melanoma were higher than in control tissues [140]. 

Tissue microarray analysis of human colorectal tumors revealed a clear increase of AM, 

CLR, RAMP2, and RAMP3 staining in lymph nodes and distant metastasis when 

compared with primary tumors [119]. Recently, new cancer risk markers are being 

developed. Cheung et al. demonstrated that carriers of a single nucleotide polymorphism 

(SNP), rs4910118, had significantly lower levels of circulating AM than homozygotes for 

the more common allele [154]. In agreement with this, Martinez-Herrero et al. described 

that carriers of the rs4910118 SNP have a 4.6-fold lower risk of developing cancer than 

homozygotes for the major allele [155]. 
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Midregional -proadrenomedullin (MR-proAM) is a stable and reliable surrogate marker 

for AM release levels. MR-proAM was measured in plasma from persons without cancer 

prior to the baseline exam. During the follow-up median period of 14 years diverse cancer 

events occurred. In this context, MR-proAM predicts later development of cancer in 

males, particularly in younger males [156]. 

Adrenomedullin and tumor microenvironment 

There is an increasing body of evidence suggesting that malignant growth encompasses 

several processes including increase in growth signals, angiogenesis and metastasis, 

inhibition of apoptosis, and others [157-159]. 

Although AM does not cause cancer by itself it can promote its advance through different 

mechanisms. In addition, known carcinogens such as cigarette smoking can increase 

AM expression through activation of aryl hydrocarbon receptor (AHR), and blockade of 

AM can decrease tobacco-induced tumor growth [160]. AM has been shown to be 

strongly up-regulated in several different tumor types, especially when subjected to 

hypoxic environments. AM is involved in tumor initiation and progression by promoting 

cell proliferation, angiogenesis, change of phenotype, and the inhibition of apoptosis 

[161-164]. In the last years, numerous studies have appeared showing a relation 

between AM expression and cancer. In most of them, the expression (either mRNA 

and/or protein) of AM has been compared between normal tissue and different tumor 

types. In general, the reports show that AM is over-expressed in tumors such as renal 

cell carcinoma, some endocrine-related tumors, hepatocellular carcinoma, non-small cell 

lung carcinoma, and others [19,132,134,165-168]. Interestingly, there are some reports 

of decreased expression of AM in human pituitary adenomas in comparison with 

nontumoral adenohypophyses [145]. 

Adrenomedullin expression in cancer cells and its role on malignant growth 

Over the last years, numerous authors have reported the regulatory properties that AM 

possesses on the proliferation of a wide variety of cancer cells. In 1996, Miller and cols 

analyzed the expression of AM mRNA by RT-PCR in 20 human normal tissues and 48 

tumor cell lines [166]. The authors found that 95% of normal and tumor cells expressed 

the mRNA for the peptide [166]. Tumor cell lines evaluated included small cell lung 

carcinomas, non-small cell lung carcinomas, breast, nervous system (glioblastoma, 

neuroblastomas), ovarian, prostate, adrenal, chondrosarcoma, and chronic monocytic 

leukemia [166]. These data have been replicated on different tumor cell lines such as 

pancreatic cell lines (PANC1, L3.6, HPAFII, SU86.86) [110,116,169], gliomas [170,171], 

prostate cancer cell lines [162,172-175], ovarian cancer [149,176,177], osteosarcoma 
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[109], renal carcinoma [121,178], multiple myeloma [179], bladder urothelial cell 

carcinoma [120], pituitary adenomas [145], colorectal cancer [119,147,148], breast 

cancer [144], endometrial cancer [38], hepatocellular carcinoma [132] and others. 

It is noteworthy to mention that, in some tumors, RAMP3 is expressed alongside RAMP2 

while in others only RAMP2 is present. In renal tumors, for instance, RAMP2 was 

expressed in the tumor cells themselves, while RAMP3 elevation was found in 

inflammatory cells associated with the tumor, highlighting the importance of the 

interaction of the tumor with the microenvironment [121]. 

Interestingly, Lombardero and cols reported that the expression of AM measured by 

immunohistochemistry in various hormone-secreting pituitary adenomas was found to 

be diminished as compared to nontumoral adenohypophyses [145], although this fact 

may represent a faster disregulated secretion of the peptide to the blood stream. 

Adrenomedullin expression is increased under hypoxic conditions 

Focal areas of hypoxia are inherent to the environment of solid tumors [180,181]. 

Decreased oxygen availability is one of the driving forces of cancer survival and 

progression. When tumor cells are exposed to hypoxic conditions, an oxygen-sensing 

mechanism, based on the hypoxia-inducible factor-1 (HIF-1), mediates the expression 

of a group of genes that help tumor cells to survive [9,182,183]. Several studies have 

addressed the regulation of AM (and its receptors) expression under hypoxic conditions 

in a variety of tumor tissues and cell lines. The first authors to report an induction of AM 

in a tumor cell line exposed to hypoxia were Nakayama and cols in 1998 [184]. Human 

colorectal carcinoma cells exposed to a reduced oxygen tension showed a time-

dependent increase in AM mRNA and peptide expression. Later on, the hypoxia-induced 

upregulation of AM expression was described in a variety of human tumor cell lines from 

lung, breast, ovary, prostate, bone, blood [9], multiple myeloma [179], bladder urothelial 

cell carcinoma [120], colorectal carcinoma [119,147,148] and hepatocellular carcinoma 

[132], among others. The first proof that this increased expression was mediated by HIF-

1 was provided by Garayoa and cols [9] using HIF-1α and HIF-1β knockout cell lines. 

As an example to illustrate the effect of AM in hypoxic environments we can compare 

the role that AM plays in the pathophysiology of pilocytic astrocytomas and 

glioblastomas. Pilocytic astrocytoma is a slowly growing tumor where preexisting blood 

vessels are sufficient to provide enough oxygen and to ensure tumor growth [171]. 

Glioblastoma, however, is a rapidly growing tumor where normal blood supply is not 

sufficient, leading to necrosis and hypoxia [171]. Real-time quantitative RT-PCR was 

used to study expression of AM, RAMP2, RAMP3, and CLR in pilocytic astrocytoma and 
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glioblastoma. Interestingly, although there were not differences in RAMP2 or RAMP3 

expression, AM mRNA expression was induced in glioblastoma whereas it was barely 

detectable in pilocytic astrocytoma when subjected to hypoxic conditions. Furthermore, 

AM and VEGF mRNA expression were highly correlated, supporting the view that AM 

may function as an autocrine/paracrine growth factor for glioblastoma cells subjected to 

hypoxia [171]. 

Adrenomedullin is a survival factor for tumor cells 

Adrenomedullin is able to reduce apoptosis of both endothelial and tumor cells. AM-

overexpressing endometrial tumor cells, prostate cancer cells, or breast carcinoma cells 

present reduced levels of proapoptotic proteins such as fragmented PARP, Bax, and 

activated caspases, resulting in lower level of induced-apoptosis compared with control 

cells [165,172,185]. However, the up-regulation of AM in tumors can be used to design 

strategies to treat these types of cancer. For instance, AM expression up-regulated the 

expression of IL13 receptor α2 which can be used to increase the sensitivity to IL13PE 

cytotoxin (consisting of IL-13 and a truncated form of Pseudomonas exotoxin) [175]. 

AM can stimulate cell growth and inhibit apoptosis in a variety of tumor cells, including 

prostate cancer [172,174,175], ovarian cancer [149,176], osteosarcoma [109], renal 

carcinoma [178], bladder carcinoma [120], breast cancer [186], colorectal cancer 

[119,148], gliomas [170], and hepatocellular carcinoma [132]. 

Thus, when AM was overexpressed in the endometrial cancer cell line RL95.2 a marked 

growth increase was seen in response to hypoxia-induced apoptosis [38]. Similarly, 

T47D and MCF-7 breast tumor cell lines challenged with serum-free conditions were able 

to maintain cell proliferation only in the presence of AM [165]. Also, the implication of AM 

in the survival of U87 glioblastoma cells was demonstrated by intratumoral administration 

of an anti-AM antibody in xenografted mice which resulted in a 70% decrease in 

xenograft weight and density of tumor vessels. 

The role of AM in prostate cancer cell pathophysiology seems to be controversial. 

Depending on the cell line used (PC-3, DU145, or LNCap) and the insult (etoposide or 

serum deprivation) the effect of AM on proliferation/apoptosis differs [172,173] After 

serum deprivation, AM prevented apoptosis in DU145 and PC-3 cells, but not in LNCaP 

cells [172,173]. However, after treatment with etoposide, AM prevented apoptosis in PC-

3 and LNCaP cells, but not in DU145 cells [172,173]. Surprisingly, although PC-3 

prostate cancer cells over-expressing AM generated smaller tumors in vivo when 

injected in nude mice [172], blockade of AM by an specific antibody in DU145 prostate 
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cancer cells induced a clear regression of tumor growth and metastasis in a xenograft 

mouse model [174]. 

As noted above, the presence of AM peptide, as well as AM receptors, has been 

described in ovarian cancer cells [178]. Silencing of the AM gene inhibited the 

proliferation and increased the chemosensitivity of HO8910 cells by downregulation of 

Bcl-2 and p-ERK, as described for other cancer cell types [176]. However, other authors 

have reported that AM effect in ovarian cancer cells is weak as revealed by proliferation 

assays and cell cycle analysis performed under stressing conditions, such as serum 

starvation and/or hypoxia [149]. Baranello and cols found that AM was a survival factor 

for HEY cells but not for A2780 or OVCAR-3 ovarian cancer cells. Furthermore, a clinical 

study revealed that high expression of AM was linked to a positive outcome, suggesting 

that the use of AM antagonists could be deleterious in the treatment of ovarian cancer 

patients [149]. 

Although the expression of AM, CLR, RAMP1, and RAMP2 mRNA has been reported in 

several pancreatic cancer cells, RAMP3 mRNA expression could only be found in 1 of 5 

cell lines studied [116]. These observations, and the strong colocalization of CLR with 

RAMP1/RAMP2 but not with RAMP3, indicate that RAMP1/2 but not RAMP3 are the 

main coreceptors for CLR in pancreatic adenocarcinoma [116]. Intratumoral injection of 

AM antagonist peptides or transfer of naked DNA encoding AM antagonists induce the 

regression of a pancreatic cancer cell line and a breast cancer cell line in a mouse 

xenograft [169]. In addition to its role regulating proliferation/apoptosis, the blockade of 

AM action seems to also involve a reduction in tumoral neovascularization, which is 

entirely inhibited in AMA (adrenomedullin antagonist)-treated mice [169]. 

The role of AM in cell growth and invasion in human colorectal tumors has also been 

explored recently. Human colon carcinoma cells (HT-29, HCT116, DLD1, and SW480) 

express AM, CLR, RAMP2, and RAMP3, and the expression of AM is increased under 

hypoxic conditions [119,147,148]. Addition of synthetic AM to tumor cells in culture 

stimulated cell proliferation and invasion which could be reversed by co-incubation with 

an AM antibody or an AM antagonist [119,148]. Furthermore, AM antibody treatment 

significantly reduced the growth of HT-29 tumor xenografts in mice [119]. These data 

seem to correlate well with clinical data where AM has been described as an independent 

prognostic factor for colorectal cancer [147]. 

In recent years numerous xenografted tumor models have been used to provide new 

insights in the understanding of AM’s role in tumor growth in vivo. Interestingly, vascular 

density or directed growth of blood vessels measured in these xenograft models 
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correlates well with AM expression. Thus, human endometrial, breast, lung or pancreatic 

tumor cell lines overexpressing AM show an increase in blood vessel density 

[38,165,169,187,188], while colorectal, prostate, and renal carcinoma cells with 

decreased AM availability resulted in blood vessel density reduction [119,148,174,189]. 

Similar results were obtained when xenografting human glioblastoma cells, who express 

high basal levels of AM. Both density of blood vessels and cell growth were decreased 

when an antibody against AM was administered intratumorally [128]. 

All these data taken together support the idea that AM functions as a potent 

autocrine/paracrine growth factor for tumor cells and demonstrate that reduction of 

endogenous AM, either pharmacologically or by gene therapy, can potentially impair 

tumor growth in vivo. The collective findings point out that the autocrine loop formed by 

AM and its receptors plays a major role in tumor formation and progression, and that it 

may be a target for new treatments against malignant diseases. 

Adrenomedullin in extra-tumoral components 

Stromal factors interact with cancer cells to establish a microenvironment that supports 

tumor growth and survival. AM is an autocrine/paracrine peptide produced by stromal 

and cancer cells to support such a microenvironment [149]. AM enhances blood and 

lymphatic angiogenesis, providing necessary nutrients and oxygen to the tumor cells to 

grow and, eventually, to disseminate [9,34,149]. The main sources of AM are the 

vascular endothelium and, usually, the tumor cells themselves, although other types of 

cells such as mast cells, macrophages and fibroblasts can also produce the peptide 

[138,140]. The role of AM in tumorigenic angiogenesis has been studied using several 

in vitro, xenograft, and knockout mouse models [38,165,168,185]. AM can regulate the 

tumor microenvironment by promoting proliferation and migration of endothelial cells, 

reducing the activity of the immune system by reducing cytokine secretion [3], and 

inhibiting the complement pathway [168,183]. Experiments using AM knockout mice 

demonstrated that AM is essential for vascular morphogenesis in normal animals 

[39,188,190], as well as in tumors. In fact, AM is not only able to enhance bone marrow-

derived mononuclear cell differentiation into endothelial cells but also it is important for 

the formation of mature vessels [191]. 

Adrenomedullin and cancer treatment 

Several strategies have been proposed to inhibit AM-induced tumor growth,including AM 

mRNA rybozyme which modulates AM expression, and other approaches targeting AM 

binding to its receptor for example anti-AM blocking antibodies, small nonpeptide 
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molecules, receptor antagonists, truncated peptides, e.g. AM22– 52 (AMA) and 

PAMP12-20 [167,192]. 

Various studies using human tumor xenografts in immuno-deficient mice have shown 

that lowering AM levels reduces tumor growth. For example, growth of sarcoma tumors 

was slower when injected in heterozygotic AM knockout mice as compared to their wild 

type counterparts. In addition, treatment of tumors with a competitive inhibitor of AM 

(AMA) resulted in tumor reduction [193]. Besides, tumor weight was reduced following 

intra-tumoral injection of an AM antagonist (AMA) in mouse models of pancreatic 

[169,187], mammary [169], and skin [140] cancer cell growth. Furthermore, a single intra-

tumoral or intra-muscular transfer of naked DNA-encoding AMA suppresses renal cell 

carcinoma growth [189]. 

Moreover, targeting AM receptors (AMR) with systemic delivery of neutralizing antibodies 

inhibits growth of human tumor xenografts in mice. Antibodies against AMR significantly 

reduced the growth of glioblastoma [53,128], lung [53], prostate [174], colon tumors 

[53,119], and melanoma [140] growth in vivo. Although some authors have raised 

concerns about the specificity of the antibodies against the receptors [194], the original 

authors performed pre-absorption tests that resulted in successful band suppression 

showing at least immunological specificity against synthetic peptides used as antigens 

[32,53]. Nevertheless, more studies from other laboratories are needed to completely 

characterize these antibodies and to confirm originally obtained results. 

Other strategies targeting AM includes RNA interference that reduced the growth of 

human bladder urothelial cell carcinoma [120]. In addition, the peptide fragment PAMP 

(12-20) diminished tumor growth in a xenograft model using lung carcinoma [195]. 

Obviously none of these potential treatments has undergone pre-clinical and clinical 

testing and nothing is known about potential side effects and/or toxicity in humans. 

Therefore we must be careful with the interpretation of previous data until clinical trials 

have been performed. 

Conclusion 

All these studies support the idea of AM as a survival factor for tumor cells, that can be 

produced either by the tumor itself or by a number of stromal cells surrounding the tumor. 

In general, AM expression is upregulated by hypoxia, a common occurrence in tumors, 

and the excessive production of this peptide results in poorer prognosis for the patients. 

Therefore, new therapies based on the blockade of the AM autocrine/paracrine system 
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are been developed and some of them are very effective in animal models. It remains to 

be seen whether this efficacy would persist in clinical trials. 
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Abstract 

Adrenomedullin (AM) and proadrenomedullin N-terminal 20 peptide (PAMP) are two 

biologically active peptides produced by the same gene, adm, with ubiquitous distribution 

and many physiological functions. AM is composed of 52 amino acids, has an internal 

molecular ring composed by 6 amino acids and a disulfide bond, and shares structural 

similarities with calcitonin gene-related peptide (CGRP), amylin, and intermedin. The AM 

receptor consists of a 7-transmembrane domain protein called calcitonin receptor-like 

receptor in combination with a single transmembrane domain protein known as receptor 

activity modifying protein. Using morphological techniques, it has been shown that AM 

and PAMP are expressed throughout the gastrointestinal tract, being specially abundant 

in the neuroendocrine cells of the gastrointestinal mucosa; in the enterochromaffin-like 

and chief cells of the gastric fundus; and in the submucosa of the duodenum, ileum, and 

colon. This wide distribution in the gastrointestinal tract suggests that AM and PAMP 

may act as gut hormones regulating many physiological and pathological conditions. To 

date it has been proven that AM and PAMP act as autocrine/paracrine growth factors in 

the gastrointestinal epithelium, play key roles in the protection of gastric mucosa from 

various kinds of injury, and accelerate healing in diseases such as gastric ulcer and 

inflammatory bowel diseases. In addition, both peptides are potent inhibitors of gastric 

acid secretion and gastric emptying, they regulate the active transport of sugars in the 

intestine, regulate water and ion transport in the colon, modulate colonic bowel 

movements and small-intestine motility, improve endothelial barrier function, and 

stabilize circulatory function during gastrointestinal inflammation. Furthermore, AM and 

PAMP are antimicrobial peptides and they contribute to the mucosal host defense 

system by regulating gut microbiota. To get a formal demonstration of the effects that 

endogenous AM and PAMP may have in gut microbiota, we developed an inducible 

knockout of the adm gene. Using this model, we have shown, for the first time, that lack 

of AM/PAMP leads to changes in gut microbiota composition in mice. Further studies are 
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needed to investigate wether this lack of AM/PAMP may have an impact in the 

development and/or progression of intestinal diseases through their effect on microbiota 

composition. 

Keywords: Adrenomedullin, PAMP, Microbiota, Gut, Intestinal physiology, Intestinal 

pathology. 

Introduction 

Intestinal pathologies are included in the group of gastrointestinal diseases. Small and 

large intestines may be affected by infectious, autoimmune, or even some altered 

physiological states. Diseases of the gut may cause abdominal pain, vomiting, diarrhea, 

rectal bleeding, constipation, malabsoption of nutrients, malnutrition, weight loss, and 

fatigue, among others (1). These pathologies represent an important global health 

problem as far as there are not cure for most of them, only palliative treatments, and they 

have many side effects (1). Besides, these diseases are not exclusive of humans, and 

veterinary science is evolving fast to include the latest medical overviews of 

gastrointestinal diseases.  

Gastrointestinal diseases are commonly diagnosed in all kinds of domestic and farm 

animals, including exotic pet mammals (2), dogs (3,4), cats (4,5), or horses (6), among 

others. Many of them are idiopathic, chronic, relapsing disorders of the gastrointestinal 

tract, such as the inflammatory bowel diseases (IBD) (7). Treatment for these disorders 

involves both dietary and pharmacological interventions as well as therapeutic 

manipulation of the enteric microbiota through the use of antibiotics and soluble fiber 

supplements (7). The impact of these pathologies in animals’ life is huge and also causes 

important disorders in owners’ life (they have to learn how to manage the new needs of 

the animal, and readapt their habits) and economy, and in most cases these are long 

term problems because many gastrointestinal diseases are chronic pathologies and 

there is no cure for them as yet.  

Adrenomedullin (AM) and proadrenomedullin N-terminal 20 peptide (PAMP) are small 

active hormones derived from the same gene which are expressed throughout the 

gastrointestinal tract (8), where they elicit many physiological functions as we are going 

to explain in this review. In medical research investigations it has been demonstrated 

that AM has a protective role in gastrointestinal diseases and its administration in rodents 

and humans ameliorates the severity of many gut pathologies, such as gastric ulcer (9) 

or IBD (10), emerging as a new promising therapeutic alternative. 
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Elsasser et al. (11) proved the presence of an AM binding protein in the plasma of 

multiple species, including chick, calf, dog, goat, guinea pig, pig, rabbit, and sheep. AM 

has also been detected in different animal species, such as rodents, pig, dogs, cats, 

cows, and birds, among others (12-16). This suggests that AM may have bioactivity 

during health and disease in domestic and farm mammals and birds.  

Furthermore, in veterinary science AM has already been related to many biological 

functions and pathologies. AM gene expression is up-regulted in cardiovascular tissues 

of dogs with congestive heart failure due to mitral regurgitation (17), and with 

myxomatous mitral valvular disease (16); in feline hearts with cardiomyopathy (13); in 

lungs of pulmonary hypertensive chickens (18); and in critically ill foals (19). AM elicits a 

vasorelaxing effect in feline pulmonary arteries and veins (20) in bovine retinal arteries 

(21) and cerebral microvasculature (22) and in porcine ciliary and pulmonary arteries 

(23,24). In chicks, AM seems to regulate food intake acting through hypothalamic 

pathways (25). Finally, it has been demonstrated that AM exhibits hemodynamic, 

endocrine and renal actions in sheep and these activities are in part associated with a 

greater increase in cardiac sympathetic nerve activity (26). 

The purpose of the present review is to analyze the current status of the knowledge of 

AM biology in the digestive system, its relation with the main gastrointestinal disorders, 

and its possible use as a novel therapeutic approach for the treatment of gut pathologies, 

both in humans and domestic and farm animals. 

Adrenomedullin 

AM is a biologically active peptide which was isolated in 1993 by Kitamura et al. (27) 

from a human pheochromocytoma. They discovered that AM is able to activate platelet 

adenylate cyclase and exerts a long lasting hypotensive effect in rats (27).  

Adrenomedullin structure 

Human AM is composed of 52 amino acids, has an internal molecular ring containing 6 

amino acids and a disulfide bond, and shares structural similarities with calcitonin gene-

related peptide (CGRP), amylin, and intermedin (also known as AM-2) (28-30). The C-

terminal tyrosine residue is amidated (31). Both structural features are essential for its 

biological activity.  

Another common structural characteristic to the members of the CGRP family is the 

presence of a central alpha helix. In the case of AM, approximately one third of its total 

length is occupied by this central helical region, which seems to bind to specific receptors 

and thus exerts physiological functions (32).  



Results 

 
 

236 
 

Adrenomedullin synthesis, release and metabolism 

AM is coded by the adm gene located in mouse chromosome 7 and in human 

chromosome 11p15.4. It contains four exons and three introns, with TATA, CAAT and 

GC boxes in 5’-flanking region (8). 

AM and its gene-related peptide, proadrenomedullin N-terminal 20 peptide PAMP, are 

the two peptides generated by posttranslational enzymatic processing of the 185-amino 

acid preproadrenomedullin precursor. After cleaving the 21-residue N-terminal signaling 

peptide, preproadrenomedullin is converted to proadrenomedullin, which is the precursor 

of mature AM (amino acids 95-146 of preproadrenomedullin) as well as PAMP (amino 

acids 22-41 of preproadrenomedullin)  (28).  

AM production is mostly regulated by oxidative stress and inflammation-related 

substances such as lipopolisaccharide and inflammatory cytokines such as TNF-α and 

IL-1, which increase AM secretion rate. There are several binding sites in the AM 

promoter for activator protein-2 (AP-2) and c-AMP-regulated enhancer element. It has 

also been discovered that there are nuclear factor-Kβ (NF-Kβ) sites on the promoter of 

AM (8). Hypoxia is also a potent inducer of AM expression. This overexpression is 

mediated by transactivation of the AM promoter by hypoxia inducible factor 1 (HIF-1) 

transcription factor, as well as by posttranscriptional mRNA stabilization. Hypoxia 

response elements (HREs) have been found in the promoter of the human and mouse 

adm gene (33). 

Several mutations in the proximity of the adm gene have been described, such as a 

microsatellite polymorphism (34), and several single nucleotide polymorphisms (SNP) 

(35-37), and at least one of them could alter plasma AM levels. In addition, circulating 

AM levels could be modified by mutations in other genes; like a exonic insertion/deletion 

polymorphism in intermedin gene (38), a SNP in interleukin-6 gene (39), or a SNP in 

adiponectin gene (40). Interestingly, the carriers of these mutations show a higher 

genetic predisposition to develop some pathologies related to AM such as hypertension, 

renal dysfunction, dysglicemia, or even cerebrovascular disease. It has been shown that 

the carriers of the minor allele of the rs4910118 SNP present significantly lower AM 

levels than non-carriers (37). Furthermore, the carriers of the minor allele have a 4.6-fold 

lower risk of developing cancer during their lifespan (41).  

AM is a circulating peptide and it can be found in plasma at a concentration of 2-10 pM 

in humans. In plasma, AM is specifically bound to adrenomedullin binding protein-1 

(AMBP-1), which was later identified as complement factor H (42). AM bound to 

complement factor H cannot be properly detected in plasma, so it is thought that total 
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plasma AM could be higher than reported in most studies. AM is also present in other 

biological fluids such as urine, saliva, sweat, milk, amniotic fluid, and cerebrospinal liquid 

(31). 

Circulating AM is rapidly degraded with a half-life of 16-20 minutes. Matrix 

metalloproteinase 2 seems to be responsible for the initial degradation of AM, which is 

followed by an aminopeptidase (43). 

Adrenomedullin receptors 

The AM receptor consists on a 7-transmembrane domain protein called calcitonin 

receptor-like receptor (CLR) in combination with a single transmembrane domain protein 

known as receptor modifying protein (RAMP). Three RAMP isoforms have been 

identified in the human genome: RAMP1, RAMP2, and RAMP3. RAMPs bind to the CLR 

in the endoplasmatic reticulum promoting its transport to the plasma membrane (44).  

The heterodimer formed by the union of RAMP1 and CLR functions as a CGRP receptor 

(44). The CLR molecules transported by RAMP2 and RAMP3 are core-glycosylated and 

function as AM receptors (AMR); CLR/RAMP2 is known as AMR1, whereas CLR/RAMP3 

is dubbed AMR2 (28,45). The presence of residues in RAMP2 and 3 but not in RAMP1 

could alter the pharmacology of CLR and account for the unique properties of the 

heterodimers CLR/RAMP2 and CLR/RAMP3 AM receptors (46). Qi et al.  (46) described 

that residue 74 in RAMP2 and 3 is critical to establish their affinity for AM; while residue 

Phe93 in RAMP1 seems to be very important for its affinity with CGRP. 

Specific binding sites for AM are located in many tissues and cell types such as heart, 

lungs, spleen, liver, kidney glomerulus, skeletal muscle, digestive tract, and spinal cord 

among others (31). In addition, AM is able to bind to many areas of the brain, providing 

the anatomical basis for the involvement of AM in the physiology of the central nervous 

system (47).  

In physiological conditions the more abundant isoform is RAMP2. However, the 

expression of a particular RAMP isoform in a cell type may change under pathological 

conditions, determining the degree of response to AM and CGRP (48). As reported by 

Gibbons et al. (48), the most robust changes in RAMP expression levels coincide with 

those situations in which plasma AM level is most elevated, as in pregnancy, sepsis, or 

heart failure. In those situations, there is an elevation in RAMP3 expression, which 

decreases AM responsiveness.  
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Signal transduction mechanisms 

AM is able to activate a great variety of signal transduction pathways, depending on the 

species, organ, tissue, and cell type. However, there are three main signaling pathways 

whereby AM exerts its actions: cAMP, phosphoinositide 3-kinase (PI3K)/Akt, and 

mitogen activated protein kinase (MAPK)-extracellular signal regulated-protein kinase 

(ERK). 

The main signal transduction pathway activated by AM, and the first which was 

described, is the adenylyl cyclase/cAMP system (27,28). In many cell types, AM and 

CGRP receptors are coupled to Gs proteins that activate adenylate cyclase and increase 

intracellular levels of cAMP (28). In bovine aortic endothelial cells and vascular smooth 

muscle cells (VSMC) the accumulation of cAMP causes the activation of protein kinase 

A which in turn increases calcium (Ca2+) efflux leading to relaxation of the vascular cells 

(49). Intracellular Ca2+ increases, in response to AM, caused activation of nitric oxide 

(NO) synthase and NO release leading to relaxation of cardiac myocytes (50). AM 

activation of NO pathway has a very important role in the regulation of the cardiovascular 

system (51), protecting cells against ischemia/reperfusion injury (52), and inhibiting 

endothelial cell apoptosis (53). 

It has been confirmed that AM can induce Ca2+ mobilization independently of cAMP 

levels. However, results suggest that this phenomenon may depend on the cell type and 

physiological context. For example, AM promotes ion channel opening and Ca2+ release 

from the endoplasmic reticulum intracellular store in bovine aortic endothelial cells and 

VSMCs (49,54); meanwhile it seems not to have any effect or even to induce Ca2+ 

content decreases in cultured human umbilical vein endothelial cells (55) or in porcine 

coronary arteries (56).  

The second main signal transduction pathway activated by AM is the PI3K/Akt pathway 

in vascular endothelial cells where it regulates several biological processes such as 

vasodilatation, cell survival, proliferation, migration, and vascular cord-like structure 

formation (57). The specific role of AM in the multistep process of angiogenesis is 

regulated via the activation of the AMR1 and AMR2 receptors (58). Through the PI3K-

dependent pathway AM also acts directly on myocytes enhancing neovascularization, 

and cardioprotective and antiapoptotic effects after ischemia reperfusion (59). 

And finally, AM appears to either stimulate or inhibit cell proliferation through the 

regulation of MAPK, depending on the particular cell type. AM signaling directly promotes 

endothelial growth and survival through activation of MAPK/ERK downstream signaling 

pathways (60). Under serum deprivation, AM promotes DNA synthesis and cell 
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proliferation in VSMCs (61); but it causes the opposite effect by increasing apoptosis in 

glomerular mesangial cells (62). This proapoptotic effect of AM in mesangial cells seems 

to be mediated by the activation of MAPK, cAMP-PKA, JNK and protein phosphatase 

2A.  

Physiological activities of adrenomedullin 

All signal mechanisms in which AM is involved are the basis of this peptide’s extensive 

repertoire of biological functions such as vasodilatation, cellular proliferation, apoptosis 

modulation, or inflammatory regulation, among others. 

AM plays a leading role during mammalian development. Recent studies have 

demonstrated that locally produced AM in the trophoblast binucleate cells of the bovine 

placenta may play a crucial role in regulation of placental vascular and cellular functions 

during pregnancy, especially during the transition from mid to late gestation period (14). 

The idea that AM may be intimately related to embryonic development and pregnancy 

has become also apparent following the generation of different knockout (KO) models. 

In adm KO mice, in which the expression of AM and PAMP are suppressed, and in KO 

mouse models in which only the expression of AM is affected, the null phenotype is 

embryonically lethal (63). Same results are obtained when AM receptors are suppressed. 

A gene-targeted KO model of the CLR gene, Calcrl, demonstrates that Calcrl is also 

essential for embryo survival (64). And RAMP2-/- embryos also die in utero at 

midgestation due to severe deformation, vascular fragility, severe edema and 

hemorrhage (65). Very recent studies with endothelial cell-specific RAMP2 KO mice 

have confirmed that the AM-RAMP2 system is a key determinant of vascular integrity 

and homeostasis from prenatal stages to adulthood (66). Surprisingly, a complete 

absence of RAMP3 has no effect on survival (67).  

To study the lack of AM in adult organisms, tissue-specific conditional KO models have 

been generated using Cre/loxP technology (68). AM has been found in most cell types 

and tissues throughout the body, including cardiovascular system, endocrine organs, 

digestive tract, respiratory system, nervous system and related structures, reproductive 

tract, and integument, among others (69). This wide distribution suggests that AM exerts 

many biological functions.  

AM plays a key role in maintenance of cardiovascular homeostasis, growth and 

development of cardiovascular tissues and regulation of body fluid (69-72). Systemic 

administration of AM reduces arterial pressure, decreases peripheral vascular 

resistance, and increases heart rate and cardiac output (73). AM promotes endothelium-

dependent vasorelaxation mediated by NO (74), by endothelium-derived hyperpolarizing 
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factor (75), and/or by vasodilatory prostanoids (76). Although AM is a vasodilator when 

injected peripherally, it acts as a vasoconstrictor when it is injected into the brain, through 

stimulation of sympathetic nervous system (77). Moreover, AM and PAMP are well 

known for being potent angiogenic agents (78), they are necessary to maintain the 

integrity of the microvasculature (66), and promote a faster healing of epithelial wounds 

(79). 

Acting directly in the kidneys and through the hypothalamic-pituitary-adrenal axis (80), 

AM controls renal function and body fluid volume (81). Apart from its effects in the 

hypothalamic-pituitary-adrenal axis, AM also regulates hormone secretion in many other 

tissues. Perhaps the best described effect to date is the regulation of blood glycemia 

levels mediated by insulin secretion rate. AM has been shown to reduce insulin secretion 

whereas a blocking monoclonal antibody against AM was able to increase insulin release 

fivefold (82). 

In the female genital system AM is synthesized in ovarian follicular granulosa cells. AM 

plasmatic levels rise during follicular phase and decrease during luteal phase (83). AM 

can be detected in the uterus, the placenta, and several fetal tissues (84), and during 

pregnancy AM release is increased (85). Taken together all these data suggest that AM 

is intimately related to gestation.  

AM and its receptors are abundantly expressed in the central nervous system and its 

cellular components (86). This peptide is an important neuroprotective agent against 

ischemic damage (87), increases preganglionic sympathetic discharges (88), regulates 

some specific properties of the blood-brain barrier (89), and controls electrolyte balance 

and body fluid volume (81). In addition, it has been described that AM may play a role in 

some behavioral responses such as stress and nociception (90,91).  

Antimicrobial action of AM and PAMP 

The production of peptides and small proteins with microbicidal activity collectively called 

antimicrobial peptides is commonly considered a primitive mechanism of immunity. 

There is now increasing evidence that antimicrobial peptides play a crucial role in human 

immunity, serving as signaling molecules communicating between the innate and the 

adaptive immune systems (92). 

Virtually, all human tissues and cells typically exposed to microbes are able to produce 

antimicrobial peptides (92). Because AM and PAMP are found in nearly all epithelial 

surfaces, that establishes the barrier against the outside environment and its 

microorganisms (Figure 1), and body secretions (saliva, sweat, milk, and urine, among 
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others) (28,93), it is very probable that both of them play a role as antimicrobial agents, 

contributing to the host defense system (94).  

 

Figure 1. Distribution of AM immunoreactivity (intense brown color) in vertebrates across diverse tissues 

characterized with properties of barrier function between the internal and external environment. (A) 

Embryonic mice skin, (B) frog lung epithelium, (C) transition epithelium of human bladder, (D) stomach of a 

lizard, (E) human duodenum, (F) human appendix. Bars: 10 µm in B; 20 µm in A, D, and F; and 50 µm in C 

and E. 

 

Furthermore, plasmatic AM levels are raised in many infectious diseases, particularly in 

sepsis (95), suggesting a protective role of this hormone. In regard to the digestive 

system, several studies have demonstrated that AM levels rise in infected 

gastrointestinal tissues. For example, examination of AM expression in gastrointestinal 

epithelium revealed higher mRNA levels in paratuberculosis-infected versus non-

infected cows (94). Lypopolysaccharides (LPS) stimulate AM synthesis in intestinal 
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epithelial cells, thus higher levels of AM mRNA expression are observed in rats treated 

with LPS suggesting that intestinal AM plays an important role in mucosal defense in the 

case of intestinal luminal infection (96). But the small intestine is not only an important 

source of AM during intestinal infection, Zhou et al. (97) demonstrated that the gut plays 

an important role in increasing the levels of circulating AM during the progression of 

systemic polymicrobial sepsis.  

Walsh et al. (98) demonstrated that AM and PAMP have antimicrobial activity in both a 

concentration- and time-dependent manner, capable of significantly suppress the growth 

of bacteria. Subsequent works confirmed these data and provided evidence that Gram-

positive and Gram-negative bacteria isolated from the skin, oral cavity, and respiratory 

and gastrointestinal tract are sensitive to AM (99). Marutsuka et al. (100) demonstrated 

that PAMP has stronger antimicrobial activity against Escherichia coli (E. coli) than AM 

or other known antimicrobial peptides such as neutrophilic peptide-1.  

Despite proving the antimicrobial properties of AM and PAMP, the mechanism of action 

of these peptides remained obscure for many years. AM has many properties in common 

with other cationic antimicrobial peptides, including human β-defensin-2, and has 30% 

homology at the genetic level to the cecropin group; thus AM chemically resembles an 

antimicrobial peptide (94) and may therefore share a similar mechanism of action, i.e., 

pore formation (101). 

Ultrastructural analyses have shown that treatment with AM causes a cell-wall disruption 

in E. coli after thirty minutes. Alternatively, abnormal septum formation with no apparent 

cell-wall disruption is observed in Staphylococcus aureus in two hours (102). It is 

interesting that carboxy terminal fragments of AM seem to be significantly more active 

than the whole molecule, suggesting that this region is necessary for optimal 

antimicrobial activity (102). 

Regarding PAMP, antimicrobial analysis using two different approaches (radial diffusion 

antimicrobial assay and outer membrane permeability) revealed that only primate PAMP 

is able to prevent bacterial growth (103), indicating that this activity may have appeared 

late during evolution. Of the three human forms, the free-acid form is more efficient than 

the mature peptide at equimolar concentrations and is able to kill E. coli at lower 

concentrations, whereas the Gly-extended immature form is not active at all (103). In 

agreement with the radial diffusion assay, the free-acid form and the mature peptide are 

very efficient in increasing outer membrane permeability, in a similar way to polymyxin B 

(103); thus confirming the hypothesis that the antimicrobial mechanism of action for 

PAMP implies punching holes in the bacterial outer membrane.  



Results 

 

243 
 

Adrenomedullin and disease 

Elevation of plasmatic AM levels has been described for a variety of pathological 

disorders. 

It has been established that AM levels in plasma increase in patients with heart failure in 

a way that is proportional to the severity of the disease (104), and it has been suggested 

that this augmentation exerts a compensatory role (105). Furthermore, recent studies 

described plasma AM as an independent prognostic indicator of heart failure (106). The 

same can be observed in myocardial infarction (107). In addition, AM exerts a protective 

action against ischemia-reperfusion injury after heart stroke (52), and it also protects 

other organs from this kind of injury, such as the kidney (108) or the brain (87). 

Elevation of plasma AM concentration is also observed in patients with artery 

atherosclerosis (109), primary arterial hypertension (110), glomerulonephritis (111), 

chronic renal failure (38), and septic shock (112).  

AM also plays a role in primary and secondary pulmonary hypertension. Very recent 

studies in rats also suggest a protective action of AM in this pathology, by inhibiting 

pulmonary procollagen synthesis and alleviating pulmonary artery collagen accumulation 

(113).  

Furthermore, AM has emerged as a novel and promising therapy for immunological 

disorders (10,114,115). This is closely related to the local and systemic anti-inflammatory 

actions that AM is able to exert (116).  

The inhibitory effect of AM on insulin release suggests that this peptide may be 

associated with diabetes mellitus. Increase of plasma AM in type 1 diabetes seems to 

be a consequence of the disease because it is increased only in patients with 

microangiopathy and with diabetic nephropathy (117). In type 2 diabetes it is not clear 

whether AM elevation is a consequence or a causal agent of the disease, but it is 

undeniable that the levels of circulating AM are elevated in these patients (118). In 

addition, AM has emerged as a possible biomarker for early diagnosis of pancreatic 

cancer-induced diabetes (119). 

Perhaps the disease that is most clearly influenced by AM expression is cancer. The 

involvement of AM in tumor progression is becoming more evident every day. Most 

studies support the idea of AM as a survival factor for tumor cells; a factor that can be 

produced either by the tumor itself (120,121) or by the stromal cells surrounding the 

tumor (122). This peptide is a good investment for the tumor cell, because it is involved 
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in tumor initiation and progression, by promoting cell proliferation, angiogenesis, change 

of phenotype, inhibition of apoptosis, and escape from immune surveillance (123,124). 

Adrenomedullin and the digestive system 

Adrenomedullin distribution in the gastrointestinal tract 

As discussed above, AM gene expression and immunoreactivity have been detected in 

most all mammalian tissues and organs. The digestive system is not an exception and 

both, AM and PAMP, are reported to be in the salivary glands, esophagus, stomach, 

duodenum, jejunum, ileum, cecum, colon, gallbladder, bile duct, and pancreas (Table 1) 

(125-127). Taking into account the vastness of the subject, in this review we will focus 

our attention on the stomach and the gut, while briefly summarizing information about 

the oral cavity, esophagus, and pancreas.  

Cell type Organ References 

Keratinocytes Oral cavity (217) 

Cell nuclei of salivary ducts and acini Salivary glands (87) 

Squamous epithelia cells Esophagus (87) 

Neuroendocrine cells Stomach (218) 

Enterochromaffin-like cells  (219) 

Chief cells  (127) 

Glandular epithelial cells  (220) 

Gastrin-containing cells  (221) 

Non-endocrine cells in basal half of the mucosa  (218) 

Smooth muscle fibers  (222) 

Neuroendocrine cells Small intestine (223) 

Smooth muscle cells  (224) 

Serotonin-containing cells Large intestine (225) 

Epithelial cells  (87) 

Smooth muscle cells  (226) 

Pancreatic polypeptide-producing F cells Pancreas (7) 

Table 1. Expression of AM and PAMP in the digestive tract 
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Northern blot analyses demonstrated expression of the adm gene throughout the 

digestive system in human, rat, mouse, and pigs (12). However, the presence of AM in 

the digestive tract is not exclusive for mammals, or even vertebrates (Figure 1), Martínez 

et al. (128) demonstrated the presence of an AM-like substance in the nervous system 

of the digestive tract of the starfish Marthasterias glacialis. This immunoreactivity was 

only found in nerves of the basiephitelial plexus of cardiac and pyloric stomachs and 

pyloric caeca, suggesting that AM could be involved in the regulation of contraction of 

the muscle cell layer of the digestive wall. The presence of an AM-like immunoreactivity 

in an invertebrate suggests that AM has been largely conserved throughout evolution 

(128). 

In the oral cavity, AM immunoreactivity can be detected near the cell nuclei of the salivary 

ducts and acini (127); and AM mRNA and both AM receptors (AMR2 and AMR3) are 

expressed by the salivary glands and by oral keratinocytes (129). 

Small amounts of immunreactive AM and PAMP can be observed in the esophagus, but 

they are very low compared to those found in other digestive tissues (127). The highest 

concentration of AM-immunoreactivity can be found in the squamous epithelium (127). 

In the stomach, different studies have demonstrated the existence of AM and PAMP 

(130), AM receptors (131), and AM mRNAs (130). Both peptide immunoreactivities can 

be detected in neuroendocrine cells, being especially abundant in the enterochromaffin-

like and chief cells of the gastric fundus (131,132) as well as in the base of the glandular 

epithelia in the pyloric mucosa (133). AM is also found in the gastrin-containing cells in 

the pyloric glands (125) and AM mRNA signals are present in non-endocrine cells in the 

basal half of the mucosa (130). Tajima et al. (130) reported that neuroendocrine cells 

positively stained for AM and PAMP were frequently found near blood vessels. This 

group also observed that in the rat gastric mucosa there are some differences between 

AM and PAMP distribution. For example, PAMP –positive cells were more abundant than 

AM-positive ones. And electron microscopic immunocytochemical studies revealed that 

AM and PAMP are localized in secretory granules in the gastric neuroendocrine cells, 

but the size of these granules differ between both peptides, with PAMP-positive granules 

being larger (130). AM also stained positively in smooth muscle fibers (134). Perhaps, 

the alternative splicing of proAM could be responsible for the presence of a higher 

number of immunoreactive PAMP cells in these tissues (135). As demonstrated by 

Martínez et al. (135), there are two forms of AM mRNA. Form A is devoid of introns and 

results in a prohormone containing both peptides. Form B retains the third intron, which 
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introduces a premature stop codon, producing a shorter prohormone with only PAMP. 

Tissues with a higher B/A ratio produce more PAMP than AM.  

The final concentrations of these peptides in the stomach depend on the species. Small 

amounts of immunoreactive AM and PAMP can be detected in porcine stomach (136), 

meanwhile immunoreactive AM is more abundant in the rat (133) and in human tissues 

(127). Furthermore, AM expression is differentially regulated by starvation in the different 

parts of the stomach (137). An up-regulation of adm gene expression is observed in the 

fundus after acute starvation, and in the pylorus after chronic starvation. Levels of 

immunoreactive AM are increased in both fundus and pylorus after chronic starvation 

(137). This will probably occur as a compensatory mechanism to alterations on gastric 

functions caused by starvation, such as the reduction of the mucosal blood flow (138) 

In the small intestine of the rat, AM-like immunoreactivity is half of that detected in the 

stomach or in the colon (133), but among the parts of the small intestine, it seems that 

the ileum expresses the highest levels of preproAM mRNA (139). Immunohistochemical 

visualization shows that AM immunostained cells were localized in the mucosa, 

submucosa, and intestinal nerves (97). In the porcine small intestine, we find that 

concentrations of AM in the duodenum and ileum are about four to fourteen times higher 

than in other gastrointestinal tissues (136). Similarly, immunoreactive PAMP was also 

abundant in the duodenum and ileum. Kiyomizu et al. (136) also investigated intra-

intestinal wall distribution and discovered that the concentration of immunoreactive AM 

and PAMP in the mucosa and submucosa of porcine ileum was significantly higher than 

in the whole ileum. Apart from the neuroendrocrine cells, AM immunoreactivity is also 

observed in the smooth muscle cells (140). 

In the intestinal tract of the rat, AM-like immunoreactivity is observed in all parts, being 

most numerous in the large intestine (141). The major form of AM immunoreactivity in 

colon corresponds precisely with authentic AM peptide (133) and it occurs in a 

subpopulation of enterochromaffin (serotonin-containing) cells of the open type with 

basal cytoplasmatic extension (141). The density of the cells increases distally in the gut. 

In the distal colon AM can be also detected in smooth muscle cells (142). However, in 

the porcine gastrointestinal tract, immunoreactive AM and PAMP are more abundant in 

the small intestine and decrease in the large intestine (136). In human colonic mucosa, 

positive immunoreactivity against AM and PAMP is observed at high concentration in the 

apical cytoplasm of the surface epithelium (127). 

In the pancreas, AM was first found in mammals, where it is expressed in pancreatic 

polypeptide-producing F cells on the periphery of pancreatic islets of Langerhans (143). 
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Using immunohistological methods, Martínez et al. (144) discovered that AM 

immunoreactivity first appears at day 11.5 of embryonic development in the rat, 

coinciding with the appearance of pancreatic glucagon. At some point during 

development, all the cell types express AM, progressively evolving towards the adult 

pattern where only the pancreatic polypeptide cells contain a strong immunoreactivity for 

AM. In addition, three different AMRs have been characterized in β-cells of the islets of 

Langerhans (145); and AMBP-1, complement factor H, immunoreactivity have been also 

identified in the same cell type (146). AM has been also located in the pancreatic cells 

of other vertebrate species, including cartilaginous and bony fish, amphibian, reptilian 

and bird classes (15,147). The frequency and distribution of AM in pancreatic cells vary 

between the different animal classes. In some species AM-positive cells are scattered 

among exocrine components; but in fish species and Xenopus laevis, almost every AM 

immunoreactive cell is located in the islet. In many non-mammalian vertebrates AM 

immunoreactivity does not colocalize with other hormones, suggesting that AM-

producing cells might constitute a new endocrine cell type (147). In birds, specifically in 

the chicken, AM-positive cells are found scattered throughout the pancreatic 

parenchyma, never in contact with the islet-like structures, and, as in mammals, AM 

seems to colocalize pancreatic polypeptide and no other pancreatic hormone (15). 

Physiological roles of adrenomedullin and PAMP in the gastrointestinal tract 

The wide distribution of AM and PAMP in the gastrointestinal tract suggests that both 

peptides may act as gut hormones regulating many physiological conditions.  

Adrenomedullin and oral health 

AM is present in saliva, being secreted from oral keratinocytes and cells of the salivary 

glands (127,129). Gröschl et al. (129) investigated the specific role of salivary AM in the 

oral cavity and demonstrated that AM increases oral keratinocyte growth rate in a dose 

dependent manner. In addition, they proved that bacterial growth of human oral 

microflora was inhibited dose dependently by AM (129), confirming previous results (99). 

As previously mentioned, AM is a potent antimicrobial agent against Gram-positive and 

Gram-negative bacteria (148) and apart from controlling the growth of normal microbiota, 

it could protect oral cavity from pathogens. Human gingival keratinocytes resist bacterial 

infection, in part, by producing a broad-spectrum of antimicrobial peptides, including AM, 

to provide a rapid and robust innate response to pathogen microbial infection (149). 

Furthermore, microarray profiling studies of dental caries has proven that adm gene is 

up-regulated in diseased pulp (150), probably as a defensive mechanism, the same as 

happens during sepsis (95). Taken together, all those results support the importance of 
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oral AM in the maintenance of oral health, being involved in oral cell proliferation and 

anti-bacterial defense.  

Physiological roles of AM in the stomach 

The expression and distribution of AM and AMR in the gastric tissues suggest that AM 

may play a role in the regulation of gastric functions in a paracrine manner. In 1997, 

Rossoswki et al. (151) described for the first time that AM, as well as amylin (another 

member of the CGRP superfamily), is a potent inhibitor of basal gastric acid secretion. 

After that, they made a comparison of the effects of AM, amylin, and CGRP on gastric 

acid release in conscious rats. They found that all peptides are extremely potent 

inhibitors of basal and bombesin-, histamine-, and 2-deoxy D-glucose-stimulated gastric 

acid secretion (152). The inhibitory potency of human and rat AM is comparable to that 

displayed by rat CGRP, but was significantly lower than rat amylin (152). This group also 

described the disulfide ring structure as an essential component responsible for gastric 

inhibitory effects (152). In vitro studies confirmed AM’s ability to inhibit gastric acid 

release. Addition of AM to the isolated mouse stomach caused a concentration- and 

time-dependent decrease in acid secretion (153). In the fundus, AM addition to the 

medium elicits a concentration-dependent increase of somatostain secretion, 

accompanied by a decrease on histamine release (153). Taken together, all these data 

suggest that AM acts via intramural fundic neurons stimulating somatostatin and thus 

inhibiting histamine and acid secretion in the stomach. But AM not only decreases acid 

output, it also reduces total gastric juice volume by 38% and raises pH values (154).  

AM can exert this control over gastric juice probably acting through two different 

pathways. The main and better known to date is the vagal pathway (155). Mapping of 

AMRs showed that they are expressed in numerous anatomic centers including the area 

postrema, nucleus tractus solitarii, and default mode network (156), providing anatomical 

support to the vagal-dependent action induced by AM. Furthermore, AM 

immunoreactivity is present in a number of anatomic nuclei in the brain such as the 

paraventricular nucleus, central nucleus of the amygdala, arcuate nucleus, and nucleus 

tractus solitarii (86), known to influence vagal outflow to the stomach (157). This 

suggests that AM can be produced by these nuclei or AM produced in other organs can 

also act at these nervous centers to regulate vagal outflow to the stomach thereby 

controlling somatostatin release in the digestive tract. The second pathway has been 

proposed very recently by Egerod et al. (158). In their work they have characterized a 

high expression of transcripts of AMRs in somatostatin cells. So it is possible that AM 

could act directly on the somatostatin cells on the gastric mucosa by binding to specific 
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receptors and positively regulating this paracrine negative regulator of exocrine secretion 

of gastric acid.  

In accordance with previous research describing AM as a potent vasodilator in many 

vascular beds of different organs (49), it is logical to suppose that AM present in the 

mucosal layer of the stomach may regulate gastrointestinal blood supply. This idea was 

confirmed in 2003 by Salomone et al. (159) when they demonstrated that the 

gastroprotective activity of AM was accompanied by vasomotor effects at the gastric 

mucosa, by a mechanism involving NO. Although AM regulation of gastric blood flow 

seems to be more important during pathological conditions, it is probable that AM also 

exerts a tight control of vascular function in physiological circumstances. 

Several peptides can influence gut motility when injected into the brain, through 

modulation of autonomic nervous system activity (160). AM seems to be one of these 

peptides since intracisternal injection of AM in conscious rats induces a dose-dependent 

inhibition of gastric emptying (161). Surprisingly, to achieve a maximal 50% inhibition of 

gastric emptying when AM is injected intravenously, a ten-fold higher dose is needed 

than when used for intracisternal injection (162). These data indicate that the peripheral 

action of AM to inhibit gastric emptying may be mediated by different mechanisms than 

those recruited by central injection of the peptide. In particular, the central effect of AM 

is blocked by propranolol, suggesting an action mediated by adrenergic β-receptors of 

the autonomic nervous system (161). This contrasts with the inhibitory effect of 

intravenous AM which is not affected by propranolol administration (162); but it is totally 

prevented by indomethacin, a non-steroidal anti-inflammatory drug, suggesting a 

prostaglandin-dependent mechanism of action for peripherally administered AM (162). 

The inhibitory effects of intravenous AM on gastric emptying might be related to a direct 

action of the peptide on smooth muscle cells, an effect which has also been linked to the 

synthesis of prostaglandins (163). 

Adrenomedullin actions in the intestine 

Since the developing intestine in the neonate is considered one of the main target organs 

for the growth factors present in milk, it is logical to think that the presence of active AM 

in mouse (164), bovine, and human milk (165,166) could have some direct impact in the 

neonate digestive system. Pio et al. (166) demonstrated that AM in milk has a growth 

promoting activity on an intestinal cell line (Int-407), since an anti-AM antibody partially 

blocks the milk induced growth. This is in line with several studies that have proven that 

AM acts as an autocrine/paracrine growth factor in other cell types (58,167-169).  
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As seen before, AM acts in the brain to regulate stomach functions. It is therefore 

speculated that AM could also act as a neurotransmitter in the brain to control some 

intestinal properties. The presence of AM mRNA in visceral smooth muscle cells of the 

gastrointestinal tract (133) suggests that AM may be able to regulate of contractile 

responses of visceral muscles. In 2004, Kravtsov et al. (126) demonstrated for the first 

time that AM elicits relaxation of the rat ileum precontracted with serotonin, acetylcholine, 

and histamine in a concentration-dependent manner and through an elevation of cAMP 

in the ileal strips. Antagonists of both AM and CGRP receptors did not affect AM-induced 

relaxation, while it was completely inhibited by a selective blocker of β3-adrenoreceptor 

(126). Taken together, these data suggest that AM may be a local negative regulator of 

the ileal tone, acting through β3-adrenoreceptors, which results in PKA activation, and 

cAMP increase. One year later, the group of Hussain et al. (139) investigated the role of 

AM in the small-intestinal cyclic motility pattern. The small intestine exhibits a cyclic 

motility pattern during fasting, usually called the migrating motor complex, consisting on 

three phases: in phase 1 there is motor quiescence; phase 2 is characterized by irregular 

contractile activity; and finally, phase 3 is a short period of high-amplitude rhythmic 

contractions (170). Intravenously administered AM dose-dependently disrupted phase 3 

of the migrating motor complex (139) in rat jejunum, thus probably acting in the brain as 

a neurotransmitter, as far as the control of the migrating motor complex is regulated by 

a complex neuronal and peptidergic mechanism (170).  

Moreover, AM not only controls small-intestinal motility, it modulates colonic bowel 

movements (142). AM administration causes a significant, dose-dependent, and 

persistent relaxation of the potassium-induced contraction of rat colonic smooth muscle. 

Authors report that AM may exert this action by elevating cAMP levels and through the 

NO pathway in the rat colonic muscle (142). 

Apart from its peripheral action to control intestinal motility, there are results that support 

the idea that AM and PAMP act directly on the enterocytes to regulate intestinal sugar 

absorption (171). PAMP enhances sugar uptake at concentrations ranging from 10-12 

to 10-7 M, while AM induces inhibition of α-methylglucoside absorption at lowest 

concentrations (10-12 and 10-11 M) and stimulation with the higher concentrations (from 

10-8 to 10-6 M). The action of both peptides seems to be due to a recruitment of SGLT1 

from the intracellular pool to the apical membrane, via PKA activation; as the increasing 

sugar absorption is precluded in the presence of a specific inhibitor of SGLT1 

(phloridzin), and increasing levels of cAMP can be detected (171). 
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This role of AM in the regulation of the active transport of sugars in the small intestine is 

in accordance with previous results, which demonstrate that AM regulates water and ion 

transport in the colon (142). In vitro studies demonstrated that AM addition to the serosal 

side of the rat colon changes ion transport, specifically AM has two important effects: a 

decrease in sodium absorption and an increase in chloride secretion (142). By altering 

the transport of ions it is possible that AM also modulates water absorption in the rat 

colon. These actions of AM seem to be mediated by the colonic submucosal nerve 

system (142). 

Adrenomedullin as a pancreatic hormone 

The early appearance of AM in the developing pancreas of the rat suggests an active 

involvement in the growth and morphogenesis of the organ (144), the same that occurs 

in the intestine. 

The best-determined pancreatic AM function is the inhibition of insulin secretion in β-

cells and the modulation of blood glucose metabolism (143). AM inhibits insulin secretion 

in a dose-dependent manner in isolated rat islets, and a monoclonal antibody against 

AM is able to increase insulin release 5-fold. In addition, intravenous injection of AM 

increases circulating glucose by reducing the levels of insulin in the bloodstream (143). 

As seen above, AMBP-1 is also expressed in the pancreas, in the secretory granules of 

the β-cells, and in some exocrine acinar cells, suggesting that factor H is also a 

component of the pancreatic fluid and that it may play some role in intestinal physiology. 

Martinez et al. (146) demonstrated that AMBP-1 may act as a chaperone molecule and 

facilitate the binding of AM to its receptor; because in the presence of extrinsic AM, 

AMBP-1 induces a further dose-dependent inhibition of insulin secretion. The inhibition 

of glucose-induced insulin secretion by AM was restored in pancreatic β-cells with 

pretreatment with pertussis toxin, suggesting that this effect could be mediated by G 

proteins (172) and an elevation of cAMP (146). 

Apart from inhibiting insulin release, AM is also able to inhibit amylase secretion in a 

dose-dependent manner probably acting through a GTP-binding protein and reducing 

the calcium sensitivity of the exocytotic machinery of the pancreatic acini (173). 

Adrenomedullin and digestive pathology 

Gastroprotective effect of adrenomedullin 

An expanding number of peptides have been reported to act in the brainstem to provide 

gastric protection through a common final mechanism which involves the vagal pathway 
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(155). AM is one of these brain peptides that confer vagally mediated gastroprotection 

against injury.  

In 1998 it was demonstrated for the first time that AM elicits a protective action when 

injected peripherally on ethanol-induced (174) and reserpine-induced (9) gastric lesions 

in a dose-dependent manner. AM injected into the cisterna magna or in the cerebral 

ventricles showed significant gastroprotective activity. However, AM injected 

intravenously seems to have no effect, suggesting that the protective role of AM should 

involve sympathetic nerve activity (9,174). The central action of AM is mediated by vagal 

cholinergic-dependent mechanisms that involve prostaglandins and NO since 

subdiaphragmatic vagotomy, peripheral injection of atropine, indomethacin, or NO 

synthase inhibitors blocked the gastroprotective action of this hormone (174). As 

mentioned above, the presence of AMR components (156) and preproAM and AM 

immunoreactivity in the brain (86) provides anatomical support to the vagal-dependent 

gastric cytoprotection induced by AM.  

Trying to explain the conflicting results reported about the effect of peripheral or central 

administration of AM in gastric emptying (161,162), Clementi et al. (154) tried to verify 

the activity of AM administered subcutaneously in a single dose on gastric ulceration 

induced by three different methods. Subcutaneous injections of AM prevent reserpine-

induced gastric mucosal damage in a dose-dependent manner and reduce ulcer 

formation in pylorus-ligated rats, but do not interfere with the lesions produced by ethanol 

administration. In both gastric lesions induced by reserpine and by pylorus ligation, the 

gastroprotective action of AM is associated with a decrease of acidity and volume of 

gastric secretion; whereas the ulcers induced by ethanol are acid independent (154). 

Since there is an evident correlation between gastric pH and incidence of gastric 

damage, it appears plausible that peripherally administered AM exerts a gastroprotective 

effect, at least in part, through its antisecretory activity that involves gastric somatostatin 

(158). 

Furthermore, AM reduces the reserpine-induced gastric damage in part by increasing 

blood flow at the mucosa (159). Gastric ulcers cause marked circulatory disturbances at 

the gastric level, associated with arteriolar spasms and venous congestion, leading to 

perivascular edema, diapedesis of erythrocytes, and microhemorrhages (175). In this 

context, improvement of arterial blood flow achieved by AM should be beneficial, 

particularly for the mucosa. The incubation of gastric arteries from rats treated with 

reserpine with a NOS inhibitor blocks the vasodilator effect of AM, thus suggesting that 

this gastroprotection could be related to a mechanism involving NO (159).  
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Apart from its protective action, AM promotes and accelerates epithelial restitution of 

previously damaged rat and human mucosa (132). The rapid reestablishment of 

epithelial integrity is an important endogenous protective mechanism against superficial 

injury in the stomach. In vitro studies demonstrate that AM enhances recovery of 

mucosal integrity after mild but not severe damage of gastric mucosa caused by the 

exposure to a hyperosmolar NaCl solution (132). Since AM is synthesized in chief cells 

of the gastric mucosa, it is probable that it would be secreted in large quantities to 

accelerate restitution after mucosal damage. This supposition was confirmed by 

Hashimoto et al. (134). After studying 82 cases of gastric ulcer they concluded that AM 

levels are lower during the active stage of the ulcer and then they progressively increase 

during the healing and the scarring stage in histocytes, smooth muscle fibers, and 

glandular epithelia. These results suggest that AM overexpression may be useful for 

tissue repair, the regulation of blood flow to the mucosa, and the proliferation of VSMCs 

(134).  

In conclusion, AM may play an important role in the development of new drugs against 

peptic ulcer disease because it protects the gastric mucosa from different types of 

damage (9,132,174) by inhibiting gastric acid release (154) and by increasing the arterial 

blood flow of the gastric mucosa (159). In addition, AM could accelerate the healing 

process after the damage to the mucosa has occurred (134). 

Adrenomedullin and inflammatory bowel diseases 

The term IBD includes Crohn disease (CD) and ulcerative colitis (UC), both of which are 

chronic pathologies characterized by a non-specific inflammation of the gastrointestinal 

tract (176). The pathophysiology of IBD is unknown, but is believed to be impacted by 

genetic and environmental factors, when couple to alterations in gut microbiota, lead to 

a deregulation of the immune response (177).  

In domestic animals, IBD pathology has been described in many species, being 

particularly important in dogs (3) and cats (5). Canine and feline IBD denotes a 

heterogeneous group of idiopathic, chronic, relapsing inflammatory disorders of the 

gastrointestinal tract that are immunologically-mediated. As it occurs in humans, their 

exact etiologies remains unknown but clinical studies suggest that interplay between 

genetic factors and enteric bacteria are crucial for disease development, owing to 

abnormal host responses directed against the commensal microbiota (7). Johne’s 

disease of cattle is also an important health concern (178) with a high impact on herd 

productivity and a corresponding economic loss worldwide (179). 
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AM is emerging as a novel and promising therapy for digestive pathologies related to 

inflammation such as IBD. This is closely related to the local and systemic anti-

inflammatory actions that AM is able to exert. For example, it has been demonstrated 

that AM inhibits the secretion of pro-inflammatory cytokines when it is released to the 

medium by peripheral blood monocytes when they change into macrophages (28). In 

addition to the regulatory role on immune cells, AM also decreases endothelial 

permeability, thus reducing the formation of inflammatory exudates (28). Furthermore, 

as a potent angiogenic factor (78), AM is necessary for maintaining microvasculature 

integrity in the mucosa (66), and as seen above, it promotes a faster healing and 

restitution of epithelial lesions (79,132). And finally, thanks to its antimicrobial effect, AM 

could help combat the overgrowth of bacteria of the microbiota that occurs in IBD patients 

(28,148). 

The values for a therapeutic use of AM are twofold. First, it is a hormone produced 

naturally by the body, and, second, exogenous administration of AM has already been 

tested in previous clinical trials and pilot studies with little to no side effects (180,181). 

Several studies, performed by independent groups, have demonstrated that AM 

ameliorates colitis pathology in different experimental models (182-188) using acetic acid 

intrarectally (182), dextran sulfate sodium (DSS) salt orally (183), 2,4,6-trinitrobenzene 

sulfonic acid administered by rectal instillation (184), or oxazolone (188). Treatment with 

AM ameliorates the severity of the clinical symptoms, reduces the histological damage 

in the colon, and attenuates the inflammatory response, acting through the following 

mechanisms: 

i) It acts as a potent anti-inflammatory factor, both at the local and systemic level, playing 

a role in the evolution of Th1/Th2 cytokines balance, preventing neutrophil infiltration to 

the affected area, and decreasing pro-inflammatory cytokine levels (IL-6, IL-10, TNF-α, 

and IFN-γ mainly) (182-184). These actions could be mediated by the regulation of HIF 

activity exerted by AM: high levels of AM promote the synthesis of HIF-1α, an 

endogenous protective factor against inflammation in the mucosa (186). 

ii) Furthermore, AM is essential in the maintenance of the intestinal epithelial barrier 

function, preventing the hyperactivation and hyperpermeability of the intestinal 

epithelium, both of them hallmarks of IBD (183). Very recent studies suggest that the 

protective effect of AM on intestinal epithelial barrier dysfunction is mediated via 

suppression of inflammatory cytokines and downregulation of myosin light chain 

phosphorylation, which is a key regulator of intestinal barrier function (189).  
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iii) AM administration could also ameliorate DSS-induced experimental colitis through 

acceleration of ulcer reepithelialization and colon tissue regeneration (190). 

iv) And finally, AM protects and restores mesenteric vascular function in the colon 

decreasing cyclooxygenase-2 expression in microvessels of rats with colitis and NO 

expression in colonic tissue, but not at the systemic level (185). 

By significantly reducing the severity of inflammation and other histological damage, 

treatment with AM helps to ameliorate the overall rate of disease severity, to control 

weight loss, diarrhea, intestinal bleeding, and to increase survival rate of treated animals. 

In view of the successes achieved in animal models, some scientific groups have already 

performed the first pilot studies in patients with refractory UC (10,191). The results 

strongly suggest that AM has potential as a new therapeutic agent for the treatment of 

UC, thus intravenously administered AM reduces in all cases the disease severity index 

between five to twelve points, on a twelve point scale, and accelerates healing. In several 

patients, it maintained clinical remission for over one year, with no observed secondary 

effects beyond a slight decrease in blood pressure.  

Adrenomedullin protects against intestinal ischemia   

Acute mesenteric ischemia is a common emergency resulting from either a focal 

interruption of mesenteric blood supply (local occlusive disease) or as a consequence of 

a more global hypoperfusion (192). The disease process is usually recognized in two 

parts with an interruption of blood supply causing ischemic injury in metabolically active 

tissues. Restoration of blood flow is necessary to maintain cell function and viability. 

However, restoration of blood flow can initiate a cascade of pathophysiologic responses 

that can produce even greater local damage as well as amplify the effects of the ischemia 

causing distant organ injury. The mortality after acute mesenteric ischemia remains high, 

ranging between 60-80% (193). It is obvious that there is an urgent need for the 

development of an effective novel approach for the treatment of this pathology.  

There is emerging evidence that co-administration of AM and AMBP-1 should be 

considered as a novel approach to prevent injury after gut ischemia (194). This is in 

accordance with previous studies that demonstrated the beneficial action of AM after 

ischemia/reperfusion injury in other organs (52,59,87,108). Administration of AM/AMBP-

1 downregulates gene expression and protein levels of pro-inflammatory cytokines, such 

as TNF-α and IL-6, in the small intestine, preserves gut barrier function, reduces remote 

organ injury improving perfusion both locally and systemically, and improves survival rate 

(194,195).  
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Furthermore, impairments of gut microbiota metabolism have been implicated in the 

systemic inflammatory response to intestinal ischemia (196). So it is possible that the 

protective role of AM in gut ischemia, as it occurs in IBD, may be related to an effect of 

this peptide on intestinal microflora.  

Adrenomedullin and pancreatic pathology 

As experimental evidence implicates AM as a fundamental factor in maintaining insulin 

homeostasis and normoglycemia, it appears plausible to think about the implication of 

AM as a possible causal agent in diabetes. Clinical data show that AM is elevated in 

some type I and II diabetic patients, and AM might have triggered the disease in a subset 

of them (197). Plasma AM levels are further increased in patients with diabetic 

complications. In type 1 diabetes, plasma AM level is correlated to renal failure and 

retinopathy, while in type 2 diabetes its level is linked with a wider range of complications. 

The elevation of AM level in diabetes may be due to hyperinsulinemia, oxidative stress, 

or endothelial injury (197). 

As a potent protective agent, AM also reduces the severity of acute pancreatitis in a 

cerulean-induced model (198). AM treatment reduces the severity of the lesions, 

pancreatic weight, plasma amylase levels, and pancreatic malondialdehyde. This 

beneficial action should be related to the anti-inflammatory properties of AM.  

And finally, AM is closely related to pancreatic cancers. Letizia et al. (199) described in 

2001 that circulating AM levels were elevated in patients with insulinoma and this 

elevation is related to the neoplastic phenotype, with a greater concentration 

immunoreactive AM localized in the tumor cells. Furthermore, Keleg et al. (200) showed 

that serum AM levels were also increased in patients with pancreatic adenocarcinoma, 

and this extra amount of AM was produced by tumor cells because median mRNA levels 

of AM and CRLR were significantly higher in pancreatic adenocarcinoma tissues 

compared to normal pancreatic tissues. This group concluded that hypoxia induces AM 

over-expression and AM also increases invasiveness of some pancreatic cancer cells. 

This results have been further confirmed by other studies (201), in which they have also 

identified AM as a potential mediator of diabetes in patients with pancreatic cancer. Very 

recent results are in concordance with this hypothesis and implicate AM is a major 

candidate mediator of new-onset diabetes and concomitant weight loss in patients with 

pancreatic cancer (202). 
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Adrenomedullin inducible knock-out model 

Based on their antimicrobial activity, we can postulate that AM and PAMP may contribute 

to the mucosal defense system by regulating gut microbiota. To get a formal 

demonstration of the effects that endogenous AM and PAMP may have in gut microbiota, 

a genetic approach is needed where the adm gene is deleted throughout the body. 

However, as discussed previously, both AM and PAMP are essential peptides during 

mammalian development and their early abrogation results in embryo lethality (63). To 

study the lack of AM in adult organisms, tissue-specific conditional KO models have been 

generated using Cre/loxP technology. 

The goal in our laboratory has been to develop an inducible KO of the adm gene (203) 

using Cre/loxP technology combined with the induction system mediated by doxycycline, 

tet-On (204), in which this gene can be eliminated in adult mice. These animals survive 

the abrogation of the gene and constitute a suitable model to study the physiological 

implications of AM and PAMP, including their impact on gut microbiota.  

Mice where the adm gene was surrounded by loxP sequences (“floxed”) were generated 

in our lab and previously characterized (90). These animals were crossed with transgenic 

mice expressing Cre recombinase under the control of a tetracycline-responsive 

promoter element (tetO) (Strain Number 6234, The Jackson Laboratory, Bar Arbor, ME) 

and with mutant mice having widespread expression of an optimized form of reverse 

tetracycline-controlled transactivator (rtTAM2) protein (Strain Number 6965, The 

Jackson Laboratory) (205). All 3 strains had been previously backcrossed to a C57BL/6 

genetic background for several generations. Triple transgenic animals are viable and 

lead a normal life. For experiments, the following 2 genotypes were selected: normal 

controls (homozygous for the adm wild type allele, tetO-Cre, and rtTA) and KO animals 

(homozygous for the “floxed” adm allele, tetO-Cre, and rtTA) (203). 

Induction of deletion is achieved by administering 2 mg/ml doxycycline in the drinking 

water, supplemented with 5% sucrose, for 15 days (204). Confirmation of adm deletion 

was performed by polymerase chain reaction (PCR) in numerous organs (brain, pituitary, 

lung, heart, liver, pancreas, small intestine, colon, gonads, kidney, skeletal muscle, and 

several others). In all the WT animals a band of around 2,500 bp was obtained, indicating 

the presence of the gene despite the treatment with doxycycline. In contrast, all tissues 

obtained from the KO mice presented a single band of approximately 600 bp, showing a 

complete deletion of adm gene. After deletion, AM KO mice do not show any apparent 

anomalies (203). 
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Lack of adrenomedullin results in changes in gut microbiota 

Using our doxycycline-inducible KO model we have studied the effects of eliminating the 

adm gene on gut microbiota composition in physiological conditions (206). Twenty eight 

mice (older than 50 weeks) were divided in: WT males (WTM), WT females (WTF) KO 

males (KOM), and KO females (KOF). All of them were treated with doxycycline to avoid 

differences caused by the antibiotic, because it has been proven that doxycycline 

administration not only alters the microbiota composition (207), it also significantly 

modifies the expression of important cellular pathways (208). A month after completing 

the doxycycline treatment, fresh stool was obtained from each animal in a non invasive 

way and analyzed by real time PCR with specific primers for the four most dominant 

orders of gut bacteria: Enterobacteriales, Lactobacillales, Bacteroidales, and 

Clostridiales (209).  

PCR results (Figure 2) demonstrated that AM/PAMP deficiency in females was 

associated with a significant reduction in Bacteroidales and Clostridiales when compared 

with their WT counterparts (p<0.05) (Figure 2A, 2B). In contrast, a significant increase in 

Enterobacteriales was observed in KOF in comparison with both WTF (p<0.05) and KOM 

(p<0.01) (Figure 2C) (206). No significant changes occurred between males. And there 

were no changes for Lactobacillales (Figure 2D). These data were further confirmed by 

metagenomic analysis performed by an independent laboratory.  
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Figure 2. Effects of AM/PAMP deficiency on gut microbiota composition: Bacteroidales (A), Clostridiales (B), 

Enterobacteroidales (C) and Lactobacillales (D) levels. Non-parametric analyses have been carried out. 

*p<0.05 WTF vs. KOF. A minimum of 3-4 mice per group have been included. 

 

This is the first study demonstrating the effects of AM/PAMP deficiency on gut microbiota 

composition, and support the idea that these antimicrobial peptides in the control of 

intestinal bacteria. The effects were significant in females but not males, indicating a 

gender bias (206). This pattern of sex specific differences has been already described in 

other KO models, such as NO synthase KO mice (210), in atrial natriuretic peptide gene-

disrupted mice (211), or GluA1 KO mice (212), among others.  

Gut microbiota composition is important for maintaining a healthy intestinal function 

(213). Changes in its composition may be responsible for plethora of intestinal 

pathologies including inflammatory bowel diseases and colon cancer (176). In veterinary 

science, treatment of IBD involves therapeutic manipulation of the enteric microbiota 

through the use of antibiotics and prebiotic supplements (7), because the close 

relationship between microbes and gastrointestinal health is also known in domestic 

animals (4). Recent molecular studies have revealed that the most profound difference 

of microbiota composition of dogs with IBD involved enrichment with the members of the 

Enterobacteiaceae family. However, differences involving members of other families, 
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such as Clostridiaceae, Bacteroidetes, and Spirochaetes, were also identified (214). 

These alterations, which also occurs in cats with IBD, are generally similar to the 

dysbiosis observed in humans with IBD or animal models of intestinal inflammation, 

suggesting that microbial responses to inflammatory conditions of the gut are conserved 

across mammalian host types (215).  

Further studies are needed to investigate whether this lack of AM/PAMP may have an 

impact in the development and/or progression of intestinal diseases through their effect 

on microbiota composition, as well as the use of antibiotics, prebiotics, and/or probiotics. 

Concluding remarks 

AM and PAMP are two biologically active peptides produced by the same gene with 

ubiquitous distribution and many physiological functions. They are found in throughout 

the gastrointestinal tract including oral cavity, esophagus, stomach, duodenoum, 

jejunum, ileum, cecum, colon, gallbladder, bile duct, and pancreas, with the relative 

proportion of these peptides varying by organ and animal species. They are especially 

abundant in the neuroendocrine cells of the gastrointestinal mucosa, and serotonin-

containing cells are reported to be the main cell type with AM and PAMP. This distribution 

pattern is related to their physiological actions in the gastrointestinal tract. Both peptides 

seem to act as gut hormones regulating different processes such as gastric acid 

secretion, gastric emptying, gut permeability, and intestinal motility, among others. They 

may exert some of these biological activities acting through specific receptors in the brain 

and mediated by vagal cholinergic-dependent mechanisms. However, very recent 

studies postulate that AM may also act directly on somatostatin cells by binding to 

specific receptors. AM and PAMP are also associated to several gastrointestinal 

pathological conditions, and play a protective role in all of them. Over the past years, a 

growing body of evidence has signaled microbiota alterations as one of the main pillars 

of the etiology of main gastrointestinal disorders. AM and PAMP have emerged as 

important pleiotropic effectors of the host defense mechanism, participating in the first 

line of defense, exerting a potent antimicrobial action against Gram-positive and Gram-

negative bacteria. However, to get a formal demonstration of the effects that endogenous 

AM and PAMP may have in gut microbiota, it was necessary to develop an inducible KO 

of the adm gene. Using our doxycycline inducible KO model, we have shown, for the first 

time, that lack of AM/PAMP leads to significant changes in gut microbiota composition in 

mice under physiological conditions. Further studies are needed to investigate whether 

this AM/PAMP deficiency may have an impact in the development and/or progression of 

intestinal diseases through their effect on microbiota composition. 
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8. CONCLUSIONS 

 1. Generation of AM KO mice is possible using the Cre/loxP technology combined 

with the induction system mediated by doxycycline, tet-On, where expression of 

Cre recombinase is induced by administration of doxycycline. A dose of 2 mg/mL 

of doxycycline solution administered for 14 days is enough to achieve AM gene 

recombination in all organs, including those with hematic barriers, such as brain 

or testicles. 

 2. Deletion induction in adult mice resulted in viable KO animals with no apparent 

anomalies or major phenotypic differences when compared with their WT 

littermates despite an increased weight of the null-mice and some unexpected 

episodes of rapid weight gains and losses. Careful observation of the animals, at 

the time they reached the peak of their weight gain, confirmed that this was due 

to generalized edema, which in some cases could be classified as anasarca. 

 3. Diastolic blood pressure in the KOs was lower than in the WT animals 

indicating that, in a full-body knockout, the AM-regulated central control on 

vasodilatation is more powerful than the peripheral one. 

 4. AM deficiency resulted in an increased weight of the animals which is 

accompanied by an increase in bone density, at least in the femur. This increased 

bone mass may be achieved through an indirect mechanism involving regulation 

of glycemia, and ghrelin and CGRP secretion. 

 5. We found that small molecule 16311, a negative modulator of AM, was able to 

prevent bone loss in a mouse model of osteoporosis without eliciting any 

measurable toxicity, making this molecule a good candidate for a first-in-class 

drug against osteoporosis. 

 6. Lack of AM leads to changes in gut microbiota population. We observed that 

the absence of AM was associated with a decreased abundance of two beneficial 

bacteria such as Lactobacillus gasseri and Bifidobacterium choerinum. In 

contrast, we observed a significant increase in the abundance of two bacteria 

belonging to the Firmicutes phylum (Clostridium scindens and Christensenella 

minuta) as well as in B. vulgatus levels, all of them weak inducers of intestinal 

inflammation. Furthermore, in KO mice there is an alteration on the 

communication between colonic mucosa and gut bacteria. An increased 

expression of TLR4, the main bacterial receptor of the colon, could be observed 

in KO animals. 

 7. AM deficiency results in an unexpected overreaction to DSS-induced colitis. 

Lack of endogenous AM correlates with an exacerbation of colitis symptoms at 
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all levels suggesting that endogenous AM is able to delay the development of 

inflammatory bowel pathology and prevent the onset of severe clinical signs, such 

as anorexia, severe diarrhea, dehydration, and rectal bleeding. Furthermore, AM 

collaborates to maintain basal levels of cytokines and to prevent an inflammatory 

overreaction, but it seems not to have any action on the levels of adhesion 

molecules.  

 8. Total lack of AM causes different effects between males and females. In acute 

colitis, AM absence causes more severe clinical signs and microscopic damage 

in females than in males, suggesting a more important protective role of this 

hormone in females. 

 9. In colitis-associated colon cancer, PAMP modulators did not have any effect 

in colitis development and cancer inicitaion, indicating that PAMP may not play a 

major role in colon cancer or that the treatment based on PAMP-related small 

molecules was not very effective.  

 10. Our results suggest that AM may have a protective role during the 

progression phase of colon cancer, and that treatment with AM or with positive 

modulator small molecules may represent a novel treatment for this pathology. 

 11. New therapies based on the modulation of plasmatic AM levels through small 

molecules should be considered for the treatment of those pathologies in which 

this hormone is somehow involved.  
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