Y

- 03062
g
UNIVERSIDAD NACIONAL 6.
AUTONOMA DE MEXICO ‘

’f
*

UACPyP del CCH

MECANISMO DE ACCION DE LOS RECEPT®-
RES ALFA; - ADRENERGICOS

T E § 1 S

Que para obtener el Grado de
Maestra en Investigacién Biomedica
Basica

Presenta la Q.F.B.

SOLEDAD MARIA TERESA HERNANDEZ SOTOMAYOR

~ 1es1S CON
México, D. F. FAM DE ow 1926




pr—

%‘g Universidad Nacional
:‘\-A

2%  Auténoma de México
UNAM

UNAM — Direccién General de Bibliotecas Tesis
Digitales Restricciones de uso

DERECHOS RESERVADOS © PROHIBIDA
SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta
protegido por la Ley Federal del Derecho de
Autor (LFDA) de los Estados Unidos
Mexicanos (México).

El uso de imégenes, fragmentos de videos, y
demas material que sea objeto de proteccion
de los derechos de autor, sera exclusivamente
para fines educativos e informativos y debera
citar la fuente donde la obtuvo mencionando el
autor o autores. Cualquier uso distinto como el
lucro, reproduccién, edicion o modificacion,
sera perseguido y sancionado por el respectivo
titular de los Derechos de Autor.



,El_bresenté trabajo se realizdé en el lab. 304
. del Inatitutc de Fisiologia Celular de la
UNAM  bayo 1a direcidén de! br, J, Adolfo
Gucla-sun; & Quien agradezco profundamente
no. s80)J0 su apoyo académico sinoc la amistad
que me brindd durante !x elaboracidn de este

.Qrabajo.

e

e



2.1
2.2
1.
L.

V.
Vv,

INDICE

Introduceddn,.cssvenioonecsrocronarnvsonsssnonscrvonael
Impo?tlncta de las catecolaminas en «l
sistema neUTrCENdScrinOassscareroessarsasnsssansnransd
Receptores adren@rQicOB. . irersceasssscssassssncanaesd
ﬁocoptores adrenérgicos y adenilato ciclatl:..;.....a
Receptores 3l1pha -adren@rgicoSeeccesssorscrrserreneed
Poo!bl; existencia de dos mecanismos de accién para
@]l receptor alpha,~adrenrQico.cesvsscarncscsasesssldl
ANteCEAdONt®s et sasioscnrussscasssensssarssansenasll
Hipdtesis.cvvusetncnrensrtoaresovvsnrsarsessovconnaell
Mntorialoo Y MOtODOS . suivreecrsurssasnasnsssrenssasdd
Rosultados......-...........................z......l4
Resumen de ropult.dos.................-...-.....-..IS
DABCUBIAN . v v eunrerareoneeocneesnncsasossoornneesces2?

Bibl100rafiBeiaisvanasvasssnssnsossnssnscsansarnsuseid




I.INTRODUCCION

1. GENERALIDADES
t.‘l tmportancia de las catecolaminas en el fiﬂuna
neuroenddcrino,

El sistema neurcenddcrino es el encargado de la integracidn
del ¢uncionamientc normal tanto de los vertebrados como de los
lnvor!obndoi. El mecanismo por el cual se regulan y coordinan
l1a mayor parte, sino es gque todas sus funciones, es mediante la
comunicacidén intercelular, ya sea » través de las neuronas neuro~
secretoras, por el sistema nervivso o bien por una gléndula
enddcrina como tal. Esta comunicacidn se efectia por una lirh
de mensajeros quimicos (nsurohormonas, nourotn’smisoro- ¥ hormo-
nas) aque son las encargadas del control de un gran numero de
eventos en las células blanco.

Las aminas adrengérgicas son un grupc de substancias cuyos
representantes enddgenos, la epinefrina y la norepinefrina, ac-
tdan como hormonas ¥/o0 neurotransmisores. La importancia de
estos agentes radica en la gran variedad de procesos que son
cspaces de reguiar. La epinefrina plrocd ser 1a hormona de las
"Qrandes urgencias* ;;uos\o que es liberads en casos de estrés ,
preparando a1l animal para la lucha o 1a huida, Estos agentes
tienen efectos desde e] misculo cardiaco, hasta 1a regulacidn de
un gran ndmero de vias metabdlicas como la glucogendlisis,’ u'
ureogénesis vy la Hpil fsis, pero ademss pueden mediar la ltbera-
cion de otras hormonas o neurotransmisores. De aqui la importan-
cia del estudio de 1a sintesis, secrecicn, efectos fisioldgicos ¥

mecanismo de accidn de estos agentes.



1.2 Reccptores Adrenérgicos.

Las 'cnfocoiiinlnal' como practicamente todas las hotfmonas que
actaan a nivel de la membrana plasmética promueven la seial
hormonal interactuando con sus receptores especificos. Estas
moléculas son protein:s, en 12 mayoria de 10s casos local izadas
en la membrana plasmética, que tienen la capacidad de unir espe~ .
c{é¢icamente 1igandos enddgenos como hormonas, neurotransmisores y
autacoides, El complejo hormona-receptor ests acoplado a un
© sistema transductor localizade umbt'On en la membrana plasmatica
que promusve 12 generscidn de una sefal a través de la sintesis ©
liberacisn de otra sustancia efectora o segundo menhsajero el cual
né!qu ll!'l‘lﬂdb‘ 1a velocidad de rutas metabdlicas ya estableci~
das,’ oo '

£&n 1949 Ahlquist (1> clasificd los efactos de las
catecolaminas -en dos grupos de acuo.rdo con su orden de potencia
concluyendo que estos agentes podian interactuar con dos tipos de
receptores a los que donun}ne "al€a® y "beta*; Robinsocn et al en
1947 ‘asociaron los ohctlol beta adranérgicos a la uﬂ_vuldn' de
1a adenilato ciclasa (D) y este mismo Qrupo () propuso que los
efectos alfa eran debidos a la inhibicidn de ests enzima.

A su vex l1os receptores beta se han subdividido en betas y
betas, (4). Ariens et a) (3) sugieren que JOs efectos beta;, son
debidos preferentemente & 12 interaccidn del neurotransmisor
norepinefring con oste receptor, mientras que para 1os receptores
betaa 1a hormona epinefrina es mas potente que el noyrotunulur
nonplnohln;-

- En 1977 Derthelsen y Pettinger (6) subdividen a su ves a los

receptores alfa en alfa, y alfas, sin embargo a diferencia de los
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receptores beta adrenérgicos a los cuales se les considera
ilo;ro:optores, los receptores alfa actian a través de diferentes
sistemas de trancsduccidn, Fain » Garcia-Sainz en 1980 ¢7) propo-
nen que los recegfores alfa, involucran un recambio de fosfati-
dilinositol (P1> en la membrana plasmética y un cambioc en la
homeostasis del Ca®* jptracelular, mientras que los receptores
alfas actian prcvocando una inhibicidn de la adenilato ciclasa a
travdswdo un mecanismo independiente de Ca®*,

1.3 Receptores Adrenérgicot v Adenilato Ciclasa,

Como se dijo anteriormente tres de los receptores
adrenérgicos son capaces de interactuar con [a enzima adenilato
ciclasa localizada en 1a membrana plasmitica (fip.l.ls.

En o) sistema de la adenilato ciclasa la activacidn de 1los
receptores beta adrcntrgicoi proveca la estimulacidn de la enzi-
ma, mitntrns'que 1a activacidn de los receptores alfaa la inhi-
ben.

Se sabe que dichos receptores ¥ la adenilato ciclasa forman
plrt’ de un complejo integrade por tres entidades: el receptor,
una proteina reguladora denominada protaina "M* la cual poses
alta afinidad por nucledtidce de guanina (&,9> ¥ la subunidad
catalitica de 12 adenilato ciclasa; por consiguiente, la respues-
ta inmediata a la interaccidn hormona-receptor se inicia con la
formacién de un complejo ol igomérico que controla ln‘actlvldaq de
l1a ‘inand catalitica de la adenilato ciclasa, Recientemente se
ha demostrado que la proteina *N*" involucrada on la activacion de
ia adenilato ciclasa es diferente de la que ‘partlclpa en la-

inhibicten <8, 10-12). De acuerdo a la terminologia prppu&s!a



MEMBRANA
PLASMATICA
EXTERIOR TOXINA DEL COLERA
AMP ciclico
m
ADENILATO {Bagundo mensojerc) Sitio de unién
AGENTES ADRENERGICOS CICLABA o AMPciclico
(Primer mensajerc)
ATP
Subunidod  Subunidad
reguladora - caloliticy
inactive
+
TOXINA PERTUSSIS Subunidad
colalitico
activado
EFECTO €nzimes o l
nsooEgomo Reguiadorgs

FiS.1.1 MODELO DE LOS COMPONENTES DEL SISTEMA DE TRANSDUCCION
HORMONAL - DE LA ADENILATO CICLASBA, Ns, proteina yogundou

Cactivacidn de la adenilato ciclasadt Ni, proteina roguhdon'

Cinhibicidn de la adentlato ciclasa).



por Rodbell en 1980 (8), estas proteinas se han denominado Ns a
la que cl!(imula a 1la adenilato ciclasa y MNi ala que la inhibe.
Estas subunidedes reguladoras tienen la capacidad de unir GTP y
de esta mu;.u cambiar 12 conformacisn de 1a adenilato ciclasa a
1a forma activa o inactiva respectivamente} posteriormente el GTP
es hidrol izado por una GTPasa, convirtiendo a 1a adenilato cicla-
sa a la forma previa.
) En el estudio de l1os mecanismos de transduccidn de recep-
tores acoplados a 1a adenilato ciclasa, se han utillildo cn.forlﬁl
'muy importante dos toxinas: 1a toxina del cdlera que interfiere
selectivamante con @l mecanismo de activacisn de 1la adenilato
ciclasa, y 1a toxina pertussis que bloquea las rnpycnn inhibi-
torias de ests enzima. ’

La toxina del cdlera es una proteina formada por dos enti-~
dades, de las cuales la subunidad A modifica a la proteina Ns la
cual controls la actividad catalitica de 1a adenilato éiclnn.
catalizando 1a transfegencia de una unidad ADP-ribosa del NAD* &
un residuo de arginina. Esta ADP Mbouhclm bloquea 1a activi~
dad de 1a OTPasa, por 10 tanto la proteina N8 no puede ser
desactivada una vez que io estimula para incrementar los niveles
de sdenosins 3/ ,9‘-monofosfato ciclico, ‘(Mrc). Este efacto es

" reproducido por andlogos de AMPc y por ;nllooos no hidrol izables
de OTP, (F1g.1.15%

-Al igual que 1a toxina del cdlera, la toxina pertussis,
producida por 1a Bordeimlla peciussis y su relacidn con este
sistema, ha recibido un gran auge en los ditimos aros. En 1983
Garc{a-84inz (14> demuestra que la vacuna pertussis produce una

disminucién eon la sensibilidad de las iu!ocolunlms alfag-adre-
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nérgicas, y que este sfecto no es cxclunyo para estos agentes
ﬂno due también se observa para prostaglandinas, adenosina y ac.
nicotinico proponiendo que un componente de la vacuna pertussis
blogques 1a tnruf.oroncu de 1la informacidn inhibitoria del recep-
tor 8 1a adenilato ciclass. Este componente es 1a toxina pertu-
ssis que ha sido utilizado come arma para el estudio de la regu-
lacidn "'" 1a ciclasa por diversos grupos ¢1%-20),

1.4 Receptores ll(n.-ndr.onhqicos.

A diferencia del adelanto que se ttino en el conocimiento
del mecanismo de transduccidn de los receptores beta y alfas
adrenérgicos y del sistema de 1a adenilato ciclasa, en general,
eo! ‘ll_iocanlmo de trasduccidén de los receptores alfa,-adrenérgicos
ha tenido poco progreso y no es sino en lo; altimos S afos cuando
[ L] ha tenido cierto avance en este tema.

€En 1980 Fain y Garcia-Siinz (?7) propusieron que las acc ;onnz
.len adrenérgicas eran medisdas por un recambio en el metabolis-
mo del fosfatidiliinositol y que este fendmenc modificaba de
maners significative 1a homeostasis de los iones Ca®*, y que
estos iones gar s jugsban un papel muy lmpornﬁto.

Varios trabajos demostraban que los efectos fisioldgicos de
ciertas hormonas en higado, incluyendo las ca!ccohmfnn aléa,-
adrenérgicas producisn alteraciones en l1os flujon de Ca®. Vaso-
presing, lneuhns.lnu 11 y los agentes alfa, -adrenérgicos uou-‘
an & 12 oluclmd fosforilasa a travées de mecanismos que involu-
cran 13 elovacién del Ca® intracelulsr (21-22). Esta mobiliza-
cion de 108 iones Ca%* en el higado de rats inducido por hormonas

dependientes de Ca®*, se explica no $0lo en términos de 1a inhi-



bictén de la Ca®*-ATPasa localizada en la membrana, sine que el
@flujo de Ca®* parece ser debido a la movilizacidn de este catidn
de organelos intracelulares, 1o cual se ve reflejado en incremen-
tos del Ct"lcjtosﬁlico. Adn no estd claro cual o8 ol sitio
intracelular que +funciona como depdsito donador de Ca®* y el
mecanismo por el cual se efectda el proceso de la slevacidn del
Came citoqdll:o. Varios estudios pgresentsn evidencias de qu; este
depdsito de Ca®* intraceivlar puede ser 1a mitocondria (24,2%),
atros autores sugieren que se trata de depdsitos ajenos a la
mitocondria como el reticulo endoplédsmico, (26,2?) o ambos (28.
Con aexcepcidn de la membrana plasmitica, el sitio de dpnde ée
movilizars calcio requeriria de la ihtervencidn de una  molécula
que actuara como seQundo mensajero. )

Michell (29> propuso en 198! que el recambio del fosfatidil
inasito]l <Pl) en la membrana plasmt(icc-.ra.la respuesta primaria
a la interaccidn de Jas hormonas dependientes de Ca®* con gu
receptor, Y que esto er: lo que prov&cnba los flujos de Ca2*,
. Michell demostrs en diferentes tejidos que Ia estimulacidn del
recambio del Pl era una respussta constante de agentes como vaso-
prtsinﬁ, inoluttnslna 11 y agentes alfa.-adranéroicgs Yy que este

efecto no se asociaba a agentes que involucran aumentos de AMPc,

‘Se ha postulado que la interaccidn de estos agonistas con sy

receptor activa & una fosfolipasa 10 curl resulta en un incre-

mento  en 1s degradacidn del PI en la membrana plasmética convir-

tiondolo en 1,2-diaciiglicercl » mio-inositol-1,2~fonfato cicli-

co. La fosforilacion del grupo hidroxilo 1ibre del diacllél!cnrol

paer ATP produce &c. fosfatidico <(PAY, @l cual es resintetizado a

Pl par una COP-diacil~glicerol inositol transferasa en reticulo



endoplismico. Hasta esta fecha no se sabia cual de los productos
de este metabolismo, ¢ el Pl, el fosfatidilinositol 4,5-bifosfato
iPlP;), el fosf.tidtl; fnositol- fosfato, o el inositol
1,4,3,trifosfato (IPw),) producia la movilizacién del Ca=+, Los
candidatos para actuar como segundos mensajeros eran el &c.
fosfatidico, el mio-inositol fosfato(s) o una proteina cinasa
Ca®¢-dependiente, activada por diacilglicerol 1lamada proteina
cinasa C (30,31).

A pesar de estos datos €l mecanismo a través del cual agen-
tes como la va:opres!pa, l1a epinefrina y 1la angiotensina 1F
ejercen su mecanismo de accidén intracelular permanecia obscuro}

. se sabi{a que estos agentes estimulaban @} recambio del Pl y
elevacién de mio-inositol en hepatocitos aislédos. Sin embargo
estos cambios no eran lignif!:atlvoi antes de 2 minutos. Era
concluyente que estos fendmenos eran muy lentos comparados con
los incrementos en la concentracidn de Ca®* en el citosol y 1la
activacidn de 1a glucdgeno fosforilaca causada por estos agentes,
los cuales ocurren alrededor de 2 segundos.

En 1981 Kirk et al (32) y Michell et al (33) postularon que
1a degradacién del PIPs pudiera ser el factor primaric en este
mecanismo de accidn,

€n 1965 Berridge ® Irvine (34) demuestran en la glaéndula
salival, de la mosca que 1a hidrolisis del PIPa en 1Py y 1,2
diacilglicerol  ocurria cﬁ 3 segundos, estos datos ornp consis-
tentes cdn 1a idea de que el 1Pg pudiera funcionar como segunde
monli}oro movilizande Ca®¢ intracelular, estos autores también

demostraron que la adicidn de 1Pa en ¢! rango micromolar inducia



la movilizacién de calcio de la membrana interna del reticulo
endoplésmico, este efecto parecia ser especifico de 1Pa ya que no
se obtenia r;spuosta al agregar 1Pa, 1P o inositol 1,2~ciclico
fosfato,

Otro aspecto muy importante de este sistema es la generacidn
de diacilglicerol <DG) al mismo tiempo que el 1P, El DG por su
naturaleza lSpotolyblo permanece en la bicapa lipidica de 1a
membrana plasmética antes de ser metabolizado a 4&c. fosfatidico
por una diactlglicerido cinasa o en alguhos casos a &c. araquidd-
nico por una diacilglicerido lipasa. El descubrimiento de Nishi-
zuka (31> de una proteina cinasa activada  por diacilglicerol,
dependiente de Ca®¢ y ¢osfol {pidos, llamada proteina cinasa ¢,
sugiere que e] DG per Sg puede tener una funcidn importante en
este mecanismo de transduccidn hormonal.

Los #ésteres de forbol son una serie de agentes tumorigeéeni-’

. cos, @] més potente de ellos ec @) 4 beta-forbol-12-miristato-43-
acetato (PMR), el cual es capaz de activar directamente a ia
proteina cinasa C} Hay algunes reportes que demuestran siner-
oismo entre iondforos de calcio y PMA en plaguetas (31,38,
péncreas (%2> y otros sistemas secretores (31,33), sin embargo
recientemente se ha reportado inhibicién de la respuesta alfa;~
|di.n¢rgtcl por PMA  (54,%5), Estos datos sugieren que 1la
proteina cinasa Cpuede estar invo{ucrndu en procescs de desen~.
sibilizacidn o modi#icac}dn en e« nimero de receptores de la
hormona (fendmenc conocido como down-rogulnt!on)..

El PMA estimula 1a fosforilacidn de la proteina ribosomal Se
(Mr 32 000 en una li{nea celular (37>, El pspel do la subunlidad

ribosomal 40 S .en el proceso de iniciacidn en la cintesis de
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proteinas sugieren un papel regulador de la proteina cinasa C en
este proceso (SS)A. Por otro lado se ha reportado que el FPMA
causa lnActlvacMn de 1a glucdégeno sintasa en hepatocitos (&0,
también se ha demostrado fosforilacidn de esta enzima inducida
por PMA tanto en higado como ean masculo (40,

Es interesante recalcar la funcidn de las dos moléculas
goncraduj en 1a hidrdlisis del PIPa, ya que mientras el DG activa
a la pv;oto.irﬁ cinasa C el IPg mobiliza Ca®* el cual también

activa una serie de proteinas cinasas contribuyendo ambos efectos

a ia respuesta final de la cascada en la sefial hormonal <(fig. )

L2,

‘ Resulta interesante cumpnru“ este sistema con el de la
adenflato clc‘u;a. va que podemos encontrar algunas annudﬁ:
1ss moléculas que actian como segundos mensajercs son generadas a
partir de precursores fosforilados localizados en la membrana
plasmética, 1os niveles intracelulares de estos mensa jeros son
determinados por balance de ‘masa entre las velocidades de forma-

.cién vy degradacidn de estos compuestos, en ambos  mecanismos
exjaten sistemas gque metabolizan répidamente a las moléculas que
actdan como segundos mensajeros (MP;:, iPa y DB), inclusive en
los Ultimos tres afos se ha propuesto (37-38) que los nucledtidos
de Quanina pueden jugar un papel importante en la regulacidn de

- los ucopto'ros alfa,~adrenérgicos, probablemente actuando en una
proteina similar a Ns, sin embargo aun se necesita profundizar

_mis scbre este tema (§i9.1.3).
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FI10.1.2 MODELO DE ACCION HORMONAL PARA LOS  ADENTES ALFA,-
ADRINERSICOS . [PDE. fofodiesterasal PlPg, fosfatidil inositol

- 4,3-bifosfatol 1Ps, dnositcl  1,4,5-trifosfato; 06, 1,2-
diactliglicercls PA, &c. fosfatidico.



mobllizacién

F10. 1.3 COMPARACION ENTRE LOS MECANISMOS DE ACCION HORMONAL A :
NIVEL DE LA NEMBAANA PLABMATICA, Otras indicaciones son lg\nles.

que o 1o pies de laﬁ figuras 1.1 y 1.2,



2. POSIBLE EXISTEMCIA DE DOS MECANISMOS DE ACCION PARA EL
RECEPTOR ALFA.-ADRENERGICO.
2.1 Antecedentes.

Presismente se ha propuesto que 1as hormonas que movilizan
iones talcio como los agentes alfa,-adrenérgicos, wvasopresina y
angiotensina 11, provecan 1a hidrélisis del Pi1Pa en 1la membrana
plasmitica mediante la activacion de una fosfol ipasa C, obtenien-
dose como productos de esta hidrélisis el 1Pe y el DG, Se cree
que @l 1IPs sea el agente que moviliza el calcio de depdsitos
intracelulares, preferentemente el del reticulo endoplésmico. EI
0B activa 2 la prota(nl'cinlla C localizada en 1a membrana plas-
matica. Esta serie de eventos parecen ser los que dosonc!donnn
1a cascada de 1a seRsl hormonal dando como efecto iknnl 1a alte-
racién de rutas metabdlicas ya establecidas. Sin embargo hay una

.serie d’ evidenciss que sugieren diferencias en el mecanismo. de
accion de los agentes alfa,-adrenérgicos en compa)acidn con el de
otras hormonas como vasopresina y angiotensina Il (39-30), A
continuacidn se describen algunas de ellas.

a) Los efectos metabdlicos producidos por agentes aléa.-
adrenérgicos son claramente observados en hepatocitos incubados
on ausencis de calcio extracelular o en hepatocitos depletados de
calcio, pero no asi los efectos debidos s los péptidos presores
vasopresina y angiotensina 11, (3%,48),

b) €1 hipotiroidismo disminuye significativemente los efec~
tos metabdlices de vasopresina y angiotensina Il pero no ios de
fas aminas al#l.-ndroﬁ.rolccs. (40,42)> .

c) La insulina disminuye la dlucooonallslo estimulada por

epinefrina pero no la inducids por los péptidos presores (43-



45.495.

LM La accid¢n inhibitoria de la insulina en la  respuesta
aléa,~adrenérgica es mayor en hepatocitos depletados de calcio y
on hepatocitos de animales hipotiroideos que en células control.
(43,44,48) .,

o) Por otro lado se sabe que los glucocorticoides al igual
que lll‘hormonas tiroideas tienon el llamado “"efectc permisivo*
(que es la capacidad que tienen algunas hormonnl'do alterar la
respuesta celular a otras) sobre la respuesta alfa,-adrenérgica,
(37,51) ya que al estudiar la respuesta adrenérgica en animales
adrenalectomizados se ve un aumento de la respuesta beta acom-
ptl;da de una disminucidn tanto en 1a sensibil idad alfa,- adre-
nérgica como en 1a movilizacién de calcio intracelular.

[ 2] Lardy et al (61,62) demostraron que la gluconecgénesis
a plrtl; de sustratos que involucran la accidn de la fosfoenolpi-
ruvato carboxicinasa como son el lactato o el piruvato es estimu-
lada por catecolaminas, vasopresina y angiotensina 11 y que Ja
respuests eos dependiente de calcio] sin embargo cuando se utiliza
como sustrato a la dihidroxiscetona, los péptidos presores no

'Qlonon ningun efecto en 1a estimulacién de esta via metabdlica,
mientras que norepinefrina si la estimula ltgnl'lc.ilVlﬁlnto.

[} Para finales de 1904 Huerta-Bahena y Garcia-Sdinz (64)
demostraron que la ciclocheximids » 1a cual habian caracterizado
previamente como un agente alfa,-adrenbrgico (483>, actuaba a
través de un mecanismo dependiente de calcio extracelular
encontrindose de esta maners un parimetro adicional, para

sugerir dos mecanismos de accidn nlfa.-adronOrgtea.- Esta serie
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de antecedentes llevd a proponer la siguiente hipdteis de traba-
Ja; ' )
2.2 Hipdtesis.

El receptor alfa, -adranéroico ®sts acoplado a dos mecanis-
mos de transduccidn, unoc de esos mecanismos estd asociado al
recambio de PIPa y generacidn de IPa ¥y DG en la.membrana ‘plag-
mgtlca, es dependiente de la concentracidn de calcio extracelu-
lar, insensible a una inhibicidn por insulina y modulado pbr
hormonae tiroideas, este mecanismo es compartido con vasopresina
y angiotensina Il, mientras que el otroc mecanismo es indgpendien~
te de la concentracién de calcio extracelular, sensible a wuna
inhibicién por insulina ¥ modulado por gQlucocorticoides, (no -
compartido con los péptidos presores). Lo anterior se resume en
1a figura 2.1. El objetivo general de esta tesis es estudiar el

mecanismo ‘de accidn de los agentes alfa,-adrenérgicos.
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1) & modulado por glucocorticoides 7
2) independiente de calcio extracelular

°<1 ? - ‘ uxu

3) sensible a insuling

E\ 1) modulado por hormona tiroldea

[T~ 2¢
. [CO ] 2) dependlente de calclo extracelviar

IP,.DG
/ 3)insensible a insuling ,

F10. 2.1 ES0UEMA DE LOS DOS POSIBLES MECANISMOS DE ACCION ALFA, -
. aomlcnolm. IPs, inositol 1,4,5, trifosfato; DB, 1,2-diacilgli-
cerol .



11I.HATERIALES Y METODOS

La parte correspondiente a materiales y métodos se da en los

trabajos respectivos.
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111. RESULTADOS

lLos resultados cbtenidos en la realizacidn de esta tesis

sido publicados en los siguientes trabajos:

Hernéndez-Sotomayor S.M.T. and Barcia-Siinz J.A., <(1984).
Adrenergic regulation 'of ur-ogtne§is in hepatocytes from
adrenalectomized rats, Possible Invelvement of two pathways
of signal transduction in n!pﬁa.»adrencrgic action . .FEBS

Lett.144, 385-388.

Garcia~S4ainz J. A, and Herndndez-Sotomayor S. M.T., (1983)..
A&rnnoroic regulation of gluconeogenesis. Possible
}nvolvcmnnt of two mechanisme of signal transduction in
alpha,-adrenergic action. Proc, Natl. Acad. Sci. U.S5.A.,

02, 6727-6730.

Barci{a-S4inz J. A., Tussié-Luna M. 1. and Hernandez-
Sotomayor S.M.T. (1985). Alpha; adrenergic desensitization
induced by phorbol esters, wvasopressin and angiotensisn Il

in rat hepatocytes. FEBS Lett. Sometido.

Garcfa-Ssinz J. A,, Hernindez-Sotomayor S.ﬁ.T. and Tu{glé-

Luna M, 1. <196%) Homologous  and heterclogous
doionilt!;atlcn af one of the pathways of the alpha.~adre-
nergic action., Effects of epinephrine, wvasopressin, anélo—
tensin [II and phorbol 12-myristate t3-acetate. Biochem,

Biophys. Acta. Sometido. N
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RESUMEN DE RESULTADOS

Icabaio 1. €1 objetivo de este trabajo fue determinar el efecto
permisivo de los glucocorticoides en la respuesta hepstica alfa,-
adrenérgica, obteniéndose los siguientes resul tadoss

a) A diferencia de jos animales controles en los cuales la
respuesta adrenérgica es predominantemente del tipo alfa,, en
animales adrenalectomizados se encuentran involucrados los recep-
tores alfa, v beta adrenérgicos. i

By La respuesta alfa, - adrenérgica en animales adrena-
lectomizados es dependiente de la concentracidn de calcio extra-
celular,

e) La respuesta alfa, -adrenérgica en animales adrenalec-
tomizados es insensible a una inhibicidn por insulina.

) Ls administracion de dexametasona a animales adrena-
lectomizados rovlortt. la independencia de calcio extracelular
para la respussta alfa,- adrenérgica.

. Xzabajo 2. _El objetivo de este trabajo fug someter una Via
metabdlica al esquema general de nuestra hipdtesis de la accidn
nl#a.—uaroborglcu, escogiéndose como modelo la gluconeogénesis a

_partir de dihidroxiacetona (DHA) y lactato, pbtonitndolo los
siguientes resul tados. '

3) ' La gluconecgénesis a partir de ambo; sustratos, DHA o
inc(ato, es estimulada significativamente por agentes al€a,-
adrendrgicos en presencia o en ausencia de calcio extracelular.

o) L gluconeogénesis a partir de lactato es estimulada

por vasopresina y angiotensina !l sclo en presencia q- calcio

18



extracelular,

) La g!uconnéglnesis a partir de DHA no es estimulada por
vasopresine ni por angioctensina Il aun en presencia de calcio
extracelular.

d) La pluconeogénesic a partir de DHA es estimulada por
agentes alfa.-adrenergicos en hcﬁatocitos de animales hipotiroi-
deoes pero no en hepatocitos de animales adrenalectomizados.

e) La gluconeogénesis a partir de lactato estimulada por
agentes alfa,-adrenérgicos es sensible a una inhibicisn por
insulina solo en ausencia de calcio extracelular.

124 La gluconeogénesis a partir de DHA estimulada por
epinefrina es altamente sensible a una inhibicidn por insulina
tanto en ausencia como en presencia de calcio extracelular,

h La gluconeogénesis es estimulada por cicloheximida

solo cuando el sustrato es lactato.

Icabajo 3. E! objetive de este trabajo fue demostrar que hormo-
nas que activan a la proteina cinasa C como la vasopresina y. la
angiotensina Il eran capaces de inhibir al igual que los ésteres
de +forbol, 1la respuesta alfs,-adrenérgica, en esta rerie de)
estudic se obtuvieron los siguientes resul tados.

[ }] La gluconeogénesis a partir do DHA aestimulads por
epinefrina en prclcnc!alde procpranolel ! uM @s iehibide d= una
manera dependiente dr t3 dozis, p2r vazeprenina, angiotansina Il
v P encontrindoss el eigrienta ordan de potenginag
) Qnsepronlna 2 angiatensinz I = PHA.

by La urecgenccis eztimulads por epinefrinag en presencia

14



-

s pronrenelo! 10 UM en hepatocitos de animales normales incuba-
dos ein calcio en presencia de EGTA 25 uM es inhibida por 1los
tret agentes en el siguiente orden de potencia: vasopresinads
PMA> angiotensina 11,

€) La ureogénesis estimulada por epinefrina en presencia de

propranociol 10 uM en hepatocitos de animales hipotiroideos tam-
bién es iphibida por los tres agentes con el siguiente orden de
potonciti vasopros!ﬁu-PMA Y angiotensina I1.
Iz.ﬁ.Jn 4. El objetivo de este trlﬁaJo fue tratar de caracteri-
zar la desensibilizacidn alfa.-adrenérgica causada por agentes
que ‘activan a 1a proteina cinasa C, obteniéndose los siguientes
resul tadost

[ §) La desensibilizacidn alfa,-adrenérgics inducida por
vasopresina, angiotensina 11 y PMA es reversible solo en presen-
cia de calcio extracelular.

[-2) Ls desensibilizacisn homdloga alfas-adrentrgica causada
por epinefrina prtcticimonto no es raversible adn en presencia de
calcio extracelular.

€) La desensibiliracidn causada por estos agentes es selec~
tiva para la respuesta alfa,-adrenérgica, ys que al probar .los
efectos metadbdlicos de otra hormona como es el glucagon préctica-
montorocta no se ve afectads.

[ }] La estimulacidn aifl.-adron.ralca pata el recambio de
tosfatidilinositol se recupera totalmente tanto en presencis como
on ausencias de calcio, excepto cusndo el agénto utilizado para la
desensidilizacidn es 1a epinefrina.

@  El recambio de {osfatidilinositol inducido por

vasopresina no es afectado por ninguno de los agentes probados.

§7



¢ En ceélules de animales hipotirocidecs hay una escasa
reversion de 1a desensibilizacicn inducida ;'.ior- vasopresina,
a'nglohnllnn 11, PMA  y epineérina (sistema equivalente a una
incubacidn en aucencia de Ca®+*), mientras que en células de
arimales adrenalectomizados 1a respuesta alfai-adrenérgica se
recupera totalmente con todos los agentes y sdlo parcialmente con

epinefrina (sistema equivalente a una incubacidn con calcio). .
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1V. DI SCUSION

Existen una serie de evidencias que sugieren diferencias en
o]l mecanismo de accidn de hormonas comd vasopresina, angiotensina
11 y las aminas alfa,-adrenérgicas (39-48), En la hipdtesis de
trabajo de esta tesis se prcpone la existencia de dos mecanismos
de transduccicn para los agentes alfa.-adrenérgicos <(fig. 2.1).
En @] presente trabajo se obtuvieron datos consistentes con esta
hipdtesis] se encontrd que efectivamente los glucocorticoides son
capacets de modular el mgcanimo de accidn alfa,-adrenérgico inde-
pendiente de calcio extracelular, sensible a insulina <(trabajo
. ]

Por otro lado se encontrd que existe una via metabdlica, va
ne en un estade patoldgico comc Jo es la adrenalectomia o el
hlpa!lrolglcmo. sino un pu'umotro en el animal normal el cual es
r’wlldo port el mecanismo alfas-adrenérgico independiente de
‘60"1 ia Qluconeogénesis a partir de DHA (trabajo 2).

Los ésteres de ‘forbol son una serie de compuestos tumori-
génicos que tienen diversas acciones en uns gran variedad de
tejidos, muchas de las acciones de estos compuestos se atrlbuydn
a 1a activacién de la proteina cinasa C (30,45), como ya se ha
~isto, se sugiere que esta enzima este Involvucra‘da en el mecanis-
mo de accidn de algunas hormonas como vuoéustnl y agentes |
slfai-adrenérgicos, ’

80 sabe que estos agentes son capaces de alterar la afinidad
por sus agonistas de una variedad de receptores (66.675 aunque

no  se concoce adn @l mecanismo a través del cual los ésteres de
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forbol provocan estos efectos, hay evidencias sobre la fosforila-
cisn de algunos receptores producida por los esteres de forbol
C81) 12 inhibicidn de la respuests alfa,-adrenérgica producida
por PMA pudiera estar mediads por la activacidn de lJa proteina
cinasa € Que » su vez seria responsable de la fosforilacidn del
ro:op(c;.
v Existen varios sistemss que ‘Pgitron que la proteina cinasa
C puede €funcionar como un elemento bidireccional <(49) en 1la
”rogulacidn de} metabolismo intracelular ya sea que pueda activar
a inhibir los efectos del mismo agonista, sin ombargovnun no ests
claro el efecto fisidlogico de este proceso. Algunas enzimas
de! metabol ismo de los )ipidos del inositol paroc’nlsor reguladas
por protefna cinasa C, en una gran variedad de tejidos la resin-
tesis a} lOIVDDlifOIfDanl"!dDI es estimulada por proteina cina-
sa C (70). '

En el tercer trabajo que constituye esta tesis nuestros
resul tados muestran 1a inhibicidn de) mecanismo né convencional
de la respuesta alfa,-adrenergica por vasopresina, angiotensina
Il y éstares de forbol, de estes ro;ultldos podemos tnfaitlnr el
siguiente puntoz' esta inhibicidn se 1leva 3 cabo a dosis relati-
vamente bajas de estos sgentes, sin ambargq a dosls fisiplésgicas
normsies no ocurre la inhibicidn, es decir a concentraciones uﬁ
las que se presentan vasopresina y angiotensina Il en condiciones
normsies en .;l organismo no actuan como. antagonistas ‘alfa,-
ldpcnorglcol. pero en condiciones en las cuales hay una elevacisn
de estos agentes ademis de e jercer sus efectos fisioldgicos Ccomo
vasopresosres, estimuladores del motabollbmo. etc.), pueden inhi-

bir los efectos fisioldgicos de 12 lpin'frinl; (por ejemplo en e}
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shock hipovclémico).

A lc largo de esta tesis se ha mencionado la posible exis-
tencia de dos “"mecanismos de transduccidn® para los agentes
alfa,-adrenérgicos, sin embargo no podemos descartar la posibili-
dad de que cse trate de dos receptores cada uno acoplado a un
mecanismo de accidn diferente,

.Los resul tados presentados en el cuarto trabajo apoyan este
hecho, yi que sdlo es reversible 1a desensibilizacidn inducida al
mecanismo depundlbnte de calcioc (incubaciones en presencia de
calcio ¥ animales adrenalectomizados), mientras que la desensibi-
1{zacidn del mecanismo alternativo o independiente de calcio no
lo es. Es posible que la proteina cinasa C provoque una desensi-
bilizacidn transitoria del receptor acoplado al sistema conven~
cional, mientras que en el otro caso se provoque un fengmenc mas
duradero.

81 bien nuestrps datoes son congruentes con la hipdtesis de
trabajo adn queda una pregunta por responder écudl es la molécula
qQue actda como segundo mensajerc en este sistema alternative de
transduceidn ulfa.-ndron.rg(co?‘ Algunos grupos han propuesto que
esta ontlday podria ser @l AMPc. Chan y Exton <71,?7) han detec-
tado lumonto.on los nivoiolvdc AMPc en hepatocitos depletados de
calcio. Sin embargo cuando utilizamos como modelo a los anima-
les hipotiroideos donde suponemos actda el Joc-nismo alternative
a 1Py y Ca®*, no se antoctd estimulacidn significativa del AMPC
inducids por epinefrina en presencia de piopranolol 41y, Por
otro ;IUO Lardy ot al (61) reportaron Que el atractildsido inhibe '

13 gluconecgénesis a partir de DHA producido por AMPc o glucagon
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pero no la estimulada por epinefrina, estos datos no apoyan el
hecho de que el segundo mensajero del mecanismo §ltervativo
«pudiera ser el AMPC,

En resumen nuestros datos apoyan la hipdtesis que sugiere la
existencia de dos mecaniemos de transduccidn para los agentes
alfa -adrenergicos.

a) Uno "convencional®, comin a los peéptidos presores que
involucra al 1Py y al DG como segundos mensajeros provocando la
mobiilzncién de Ca®* {ntracelular modulado par hormonas
tiroideas, dependiente de calcio extracelular, insensible 2 una
inhibicidn por insulina, cuyos efectos son reproducidoa por ci~
cloheximida, y .

b? Una via “*alternativa® cuyo segundoc mensajero no se
conoce modulado por glucocorticoides, independiente de calcio
extracelular, sensible a una inhibicidn por insuiina, sus efectos

no son reproducides por cicloheximida.

Es importante menciocnar que la evidencia es bastante amplia
(39-43, 44, v la pretente tesis) pero circunstancial} mientras no
conozcamos el segundo mensa jere no tendremos una evidencia defi-
nitiva, Conéiamos en que la amplia caracterizacidn que hemos

hecho permita lograr este objetivo en un futurc no muy lejano.
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Adrenergic regulation of ureogenesis in hepatocytes from
adrenalectomized rats

Possible involvement of two pathways of signal transduction in
ay-adrenergic action
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In hepatocyles from control rats, the action of hrine is mainly. d through
ai-adrenoceptors and the effect is independent of the presence of extracellular calcium. In hepatocytes
from adrenalectomized rats, both ar and ﬂ adrcnoccplors are involved in the actfon of epinephrine,
Fi is in these cells is dependent on the

F the ai-adrenerg of u
presence of cxtracellular calcium. Our results indicate lhll glucocorticoids modulate the calcium
dependency of a-adrenergic effects and are consistent with our suggestion that two pathways are involved
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in the of the ay-ad. gic signal.
ay-Adrenergle receptor Ureogenesis B-Adrenergic receptor Adrenalectomy
1. INTRODUCTION other, which is independent of catracellul

Thyroid hormones and glucocorticoids are
known modulators of the actions of other hor-
mones, including catecholamines (permissive of-
fects). - We have previously shown that in
hepatocytes from hypothyroid rats the metabolic
actions of vasopressin and angiotensin 1l are
markedly diminished whereas the cffects of
a-adrencrgic amines are not [1,2) but become ex-
tremely sensitive fo the antagonistic action of in-
sulin (ubmitted). The data suggested that the ac-
tion of ay-adtenergic agents may involve two
pathways: one, shared with vasopréssin and
angiotensin [1, which is dependent on extracellular

y

p phosp
turnover and is insensitive to insulin; and the

* To whom should be add d -

Published by Elsevier Science Publishers B.V.
00145793/84/$3.00 © 1984 [ fon of

calcium and sensitive to tnsulin {1,2). We have
therefore studied the effect of glucocorticold defi-
clency (adrenalectomy) on hormonal regulation of
ureogenesis, [t was obscrved that In hepatocytes
from adrenal gic stimula.
tion of ur became dependent on the
presence of extraceliular calcium and was not af+
fected by insulin.

2. MATERIALS AND METHODS

The sources of matcrials were the same as in
{1-3). Female Wistar rats (~200 g) fed ad libitum
were used, Dilatcral adrenalectomy was performed
by a dorsal approach; adrenalcctomized animals
were given 0.85% NacCl to drink and were used
5-8 days after operation. Hepatocytes - were
tsolated and incubated under conditions to study

Societict 185 '
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ureogenesis as in {1-3]. Urea was determined as in
[4). The d d of extracellul fcium of
hormonal effects was determined by adding EGTA
{final concentration 2.5 mM, adjusted to pH 7.4)
to the incubation buffer which contained 1.2 mM
CaCl,,

3. RESULTS

pinephrinc stimulated ur is to the same
extent in hepatocytes from control or adrenalec-
tomized animals (fig.1). In contrast, isoproterenol
was much more effective in hepatocytes from
adrenalectomized animals than in control cells
(fig.1) suggesting involvement of S-adrenoceptors
in the action of epinephrine in cells from
adrenalectomized animals, Studies with adrenergic

£ N

were with the findings, i.e.,
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UREA (% OF BASAL)

12 mM Caliy

012 mM CaCl, +
2.5mM EGTA

Fig.2. Effect of ndrenerg:c antagonist on the slimulauon
of by hrine and role of il

calcium. Hepatocytes (rom control of adrenalectomized
(ADX) rats were incubated for 60 min in medium

the effect of epinephrine was abolished by 7

in hepatocytes from control animals, indicating

that the action of the hormone is mediated mainly

lhrough m-ldlenocep(on 3] (rg 2) whereas in
from adrenal ized rats only the

addition of both prazosin and propranolol blocked

CONTRQL ADX

UREA {% OF BASAL}

[REEX] eTane
~too [acomst]mM

Fig.l. Effect of epinephrine or i | on

1g 1.2 mM CaCl, (open bars) or §.2 mM CaCly
plus 2.5 mM EGTA (hatched hars) in the presence ol
10"*M cpinephrine (EPI): (0"*M epinephrine +
107°M propranolol (EP1 + PROP); 107°M
epinephrine + 307 M prazosin {EPI + PRAZ) or
1074 M phrine + 1073 M L+ 10 M
prazosin (EP1 + PROP + PRAZ). Results are the means
(£ SE) of duplicate incubations from 4-8 ccll
preparations and are expressed #s percentage of basal
urea synthesis. Basal uren production in the presence of
1.2 mM CaCl; is given in fig.1; urea production in the
presence of 1.2 mM CaCly + 2.5 mM EGTA was 20 &
I and 29 & 3 nmol/mg celis wet wt in cclis from control
and adrenalectomized rats, respectively.

the effect of epinephrine, showing that in these
cells both ay- and B-adrenoceptors are involved in
the action of the aminc (fig.2).

To evaluate further the as-adrenergic sensitivity
of the cells, experiments were performed in the
presence (1.2 mM CaCly) or absence (1.2 mM
CaCi; plus 2.5 mM EGTA) of extracellular

" ureogenesis  in from control or

drenal i from control or
sdrenalectomized (ADX) rats were incubated in the
presence of different concentrations of eplnephrine (O)
or isoproterenol (8). Means (+ SE} are plolt:d of

Iclum (fig.3). In with our previous
studies (5], the genic effect of epinephrine +
propranolol is cleatly observed in both the
presenice or absence of extracellular calcium in cells
fmm contro} animats. Interestingly, in cells from

lectomized rats, the effect of epinephrine

duplicate incubations from 4-8 cell

Results are eapressed as percentage of basal urea

production during 60 min, which was 22 2 and 25 +

inml/m; cell wet' wt in cells rrorn wnuol and
rats,

386

plus propranolol was abolished in the absence of
calcium (fig.2,3). Some effect of epinephrine (in
the presence of propranololy was obscrved in cells

bated in the ab of calcium; however, it
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(submitted). In cells from adrenalectomized
animals insulin was not able to antagonize
significantly the effect of 10~ M epinephrine plus
1075 M propranolol (127 3% of basal level in the

b of insulin as d1o 124 £ 2% in the
presence of 10°° M insulin; means + SE of 8 ex-
periments in each casc).

4. DISCUSSION

Our findings here indi that in hep
from adrenalectomized rats F-adrenergic receptors
play a significant role in the actions of
epinephrine. The data are consistent with the
obscrvation by other authors that in liver from
adrenal ized animals the S-adrenergic-

Fig.3. Role of llular calcium in the a;-ad) gi
diated stimulation of is. H tes from

<control or adrenalectomized (ADX) rats were incubated

for 60 min in the p of 107% M propranolo! and

different concentrations of epinephrine in  buffer
containing 1.2mM CaCl; (0) or 1.2 mM CaCl; +

2.5 mM EGTA (o). Results are the mean (£ SE)of 4-8
cell preparations and are d of

diated ivati of adenyl cyclase by
epinephrine is enhanced (6,7]. This action seems to
be related to an incrcased number of A-

basa! ures production. Basal rates of urea production
are given in the legends to fig.1,2.

was observed at a very high concentration of
epinephrine (10°* M) at which incomplete g-
adrenergic blockade by propranolo! is very likely
to accur, The absence of effect in medium contain-
ing EGTA was not due to general cell damage since
clear effects of epinephrine alone or of epinephrine
+ prazosin were observed (fig.2). Vasopressin and

adr D in liver, plasma membranes of
adrenalectomized rats {8,9]. Our contribution in
this respect is to show the involvement of 4-
adrenoceptors under this condition in a specific
pathway: ureogenesis,

More relevant are our findings on ay-adrenergic
action. Previous studies have shown that the
number of a;-adrenoceptors in liver plasma mem-
branc is not changed by adrenalectomy {10-12).
Howevcr, ay-adrenergic cffccll are diminished in

anglotensin 11 stimulate ureogenesis in the presence
of calcium in cells from ecither control or
adrenalectomized rats (not shown).
Administration of dexamethasone to adrenalec-
tomized rats (300 «g 48 and 24 h before the experi-
ment was performed) restored the independence of

from adi imals [10}.
It has been observed that calclum depletion
abolishes the effect of phenylephrine on
phosphorylase in cells from adrenalectomized rats
but not in controt hepllocytes [10]. We confirmed
this finding for ureogenesis and interpreted the
dlll as luuutins that in hepatocytes from

extracellular calcium of the ay-adrenergic stimul,

ficient rats cpinephrine action

tion of ureogenesis (116 + 2% of basal level in the
presence of 10-* M epinephrine, 107 M pro-
pranolo! and 2.5 mM EGTA; and 125 & 2% of
blul level in the presence of 10~ M epinephrine +
10°* M propranolol and 2.5 mM EGTA; means +
SE of 6 experiments). Furthermore, the cffect of 8-
adrenergic agonists was significantly rediiced in
these cells as compared to that in cells from
adrenalectomized rats not treated with the
glucocorticold.

We have previously shown that in cells fiom
hypothyroid rats the a;-adrenergic stimulation of
ureogenesis is markedly diminished by insulin

pvoceeds mainly lhroulh the pathway shared with
in and in 11 (dependency on ex-
mcellullr calcium, insensitivity to Inwulin).

The effect of guanine nucleotides on the affinity
state of ai-adrenoceptors for agonists has recently
been @ master of dispute {11~13), It has been
shown that such an effect of guanine nucleotides
on at-ad is dulated by gl o
ticoids {13), i.c., the effect of guanine nucleotides
is not observed in membrancs from adrenalec-
tomized rats but present in membranes from con-
trol animals and from adrenalectomized rats
treated  with  glecocorticoids  [13].  The

387
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hysiological role of leotides (or a REFERENCES
leotide binding protein) in the process

of ﬂsnl.l transduction for a)-adrenergic amines is
* far from clear. However. tincmpung 10 lpeculatc

that a relationshi the

findings and our data may exist.

In summary, our data show that in hepatocytes
from adrenaloctomized rats the ureogenic effect of
epinephrlne i nwdmod by a;- and B-

F in these cells the
ari-adrenergic action is dependent on the presence
of extracellular calcium. Our data are consistent
with the hypothesis that two pathways are involved
in the ar-adrenergic effects; one seems to be
regulated by thyroid hormones whereas the other
seems to be modulated by glucocorticoids.
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hepatocytes from control and adrenalectomized rats but not

in cells from hypothyroid animals (25}, Thus, in summary,

our model suggests that a;-ad: ic effects are medi

through two pathways: one of them also shared by vasopres-

un and nnw(cnsm 11, modulated by ;gyrmd status, cakium-
. &

pimphmmsmdc turnover and calcium in its mechnmsm of

lnd nnolber pllhwny. nol shmd with the
by ids, calci-

G ' pep 3

gLy Lot iive, and medi

tone the actien tosk piace exclusively through the calcium.
mmm This offect was sleemt
ak from eats, seggesting that it
s modulsiod by glucecerticolds.

d through
unknown second messenger(s) (see Fig. 1
Rmmly. Krieer and Lardy (15) mponed nm nomuneph

(he absence or presence of ulncelluhr calcium, lnleun-

in, and

and ureogenesis in Inpulocyus fmm nom\al rats lhrou.h a

cyclic AMP-ind d with

changes in the cylmmc concentration of calcium and with

itide turnover (1-4). Calcium, diacylglycerols,

and inositol 1,4,% h i
action of these hormones (5-8).

During the last 4 years we (9-14) and others (15-22) have

Tvis well Imoﬁ/n that ay BiC Agents, vasop

ingly, and 1l were unable 1o mimic
the action of norepinephrine (15). These results prompted us
to study comparatively the adrenergic regulation of
gluconeogenesis from lactate and dihydroxyacetone in the
light of our hypothesis, and the results are the subject of this
manuscripl.

observed differences between the action of the vasop

are putative of the MATERIALS AND METHODS
Materiahs. I-Epinephrine, di-p 1, glucose oxidase,
id: rgini P ll & pmpyl-
3 ¢ dinyd and

peptides and those due to ay-ad These
differences led us 10 propose the pomble exlneme of two

EGTA. were obtamed from Sigma. Bovme serum albumin
V) and coll) (1ype 11) were oblained from

actionin
the liver cell (‘)-14) Our hypothcm is !chemmully repre-

sented in Fig. 1 and is based mainly on the following findings:

{D mewsbolic effects due to a-adrenergic activation are
chearly obaetved in ceils incubated in the absence of exira-
cefiular calcium and even in calcium-depleted hepatocytes,
whereas those of the vasopressor peptides are abolished (9,
14, 20); (/) hypothyroidism markedly diminishes (he meta-
bolic effects of vasopressin and angiotensin I} but not those
due o mm lcuvnllon (ll 12%; G lnmlm reducu
the of gly due to ay acti-

Reheis (Kankakes, IL) and Worthington, respectively. In-
sulin was a generous gift from Eli Lilly,

Anhmels. Female Wistar rats (180220 g) fasted 24 hr prior
10 the experiment were used. Hypothyroidism was induced
by giving the rals waler containing 0.00% 6-n-propyl-2-
thiouracil for 3040 dnys. and it was assessed by decreased
weight gain, dryness of fur, and decreased blood levels of
mn‘uhymdn 11,12, Ihhunl adrenaiectomy was per-
formed by a dorsal anifnals were
given 0.85% NaCl to drink snd were used 5-9 days after

ation bt w0t thet produced by i [}]

(“ 16, 17, 20); (iv) the inhibitory action of insulin on

actions is n\uﬁzdly magnified in ulcmm
and in from hyp

mﬂl. li. 20); (\) 'ﬁ rom

1s due w y-adl ic amines be-
G*‘ - thep Hlul dcium (14,
w-i.c.. ay actions hie those of

m II. (vi) we hvc recemtly ¢ observed lm

Hepatocyte Liskation and Metabodic Studies. Hepaocytes
were bwolsied by the method of Berry and Friend (26) as
modified by Totbert ¢! al. (2). Hepatocytes (~40 mg. wet
weight) were incubsted for 60 min at 37°C in & water-hath
shaker in 1 mi of Krebs-Ringes bicarbonate bullfer containing
1% boviee serum albumin at pH 7.4 under an atmosphere of
9% 0,/5% CO;.

In all the experiments, 1he ceils were incubated in the

of 1 uM Mol to block the B-adrene

) -.m mm (24), mimics the uuom of
ion aad that the action of cycloheximide is obuncd in

rgic
sctivity of (he agents studied. Propramolol by itseil did not
affect the plnmn studied. Glucose was ¢ dmmuud n
stiquots of by the gl
mmy Glucuse synihesis from b
(10 mM lxmm e of 2.5 mM Mydmxyncclnc) hls been

mmwmmmuu-mmwmmwwm
poymont. This articic mast thercfore be hereby macked **
in sccordance with 18 U.S.C. $1734 solely to indicale Lhis fact.

BN )

N7

y from
iracting the ghicose product

in the absence of sub-



Proc. Natl, Acad, Sci. USA 82 (1985)

dihyd: bye; under these conditions was
btucr (-30%) than in the pnscnce ol‘ calcium n addition,
the d curve to epinephrine in the of

lactate as substrate was shifted to the left (=1 opder of -

magnitude) in the absence of calcium as compared to the
curve obtained in medium with cnlcmm

The effect of the in and

in 11, on gl is was studied and the

results are presented in Fig. 3. In agreement with Kneer and

Lardy (15), we observed that vasopressin and angiotensin It

were ineffective in stimulating gluconeogenesis from

dihydroxyacetone either in the absence or presence of

Itular calcium.
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'GLUCOLORTICOOS
Ca- Ingependent

ome .- sye | inoulin- sensitive
not Mimic by
eycionenmde
THYROO HORMONES
VASOPRES SN Ca- dependent
3060 ] Jioean
ANGIOTENSIN T 1P,
nu' Mific by Cycioheximide

" jon of o

Fo. 1. ic action, [P,
inositod 1,4,5-trisphosphate; DG, di

strates from those values in the presence of substrate, All the
- data are the average of duplicate incubations of at least four
different cell preparations.

RESULTS
Glursnsaysnssls from Diyd snd Laciew. Epi-
m.hhmedlpumm“wbbckm

y o

f . in & dose-d fashion
the pmdlmhn o ﬁm from Mydmxymm or lactate
(F 2). The stimwlation of glucose production from lactate was
=60%, wheress that from dihydroxyscetone was only =205,

To evaiuste the role of extraceljular calcium in the a;-
adrenergic-mediated stimulations of gluconcogenesis from
these two subirates, cells were washed and incubated in
bulfer without CaCl; and comaining 25 uM EGTA, Under
tbm coudniom. empﬁnu was also clearly able to stim-

Incontrast, both peptide hormones were able to stimulate
sluconcogenesis from lactate in the presence of calcium; no
effect of these peptides was observed in the absence of this
cation (Fig. 3),

Studies mwh Ilyp&ynu Rats and Mr;

propranclol stimulated |Iuconeo|enem from bom
dihydroxyacetone or lactaic in hcpnmcyles from
hypothyroid rats (Fig. 4). In contrast, in hepatocytes from
adrenalect rats, epinephrine (plus 1 uM propranolol)
was ineffective in slimulating gluconcogenesis from
dihydroxyacelone but produced a clear dose-dependent stim-
ulation of giuconeogenesis from lactate,

Effects of lnsulin ythhlldb Thunm of insulin
on the stimulati from lume or
dibydrox: Fig. .

lnsulm was wnhoul c\‘fcﬂ by mel!' Nowcvcf. it lboh’hed the

duced by epmephnm both in lhc prescnce or llmnce of
calcium, In contrast, in the presence of lactate as substrate
and in buffer Comtaining calcium, msulm dld niot diminish the

In
the lbunce ::‘ :alcmm. mwlnn ﬂ;mf canlly dlmmuhcd the
d by

amol poe mg of cells (wet weight) in the prestace of abience
ah-.mm.-.kowm . basal valuc; o+, P < 0.005 vs.

from both (Fig. 2). Inter- from lactate p
miuly. lhe maximal sti i from inephri
; Cycloheximide, which scems to be a partial ay-adrenergic
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‘were incubated with substrates lnd apents for 60 min in the presence
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incubstions from 4-6 ccll preparations and arc expressed a3 the
percentage of baul glucose synthesis, which was in cells from
adreaskectomized rats, 16.2 £ 0.6 and 14.7 = 09 from dihydrosy-
aceione and lactate, respectively, and incells from hyp rats,

2.5
or l0 mM Lactate {closed circles), s, # < 0.001 vs. basal value.

exist, and we have proposed for the hypothesis that ap-
adrenergic action involves two mechanisms—i.e,. the “‘con.
ventional” mechanism shllcd with vasopressin and ongio-
tensin 1) and an “*alternative™ mechanism (see Fig. 1) (9-14),
Glucomogenesls from lactate scems to be modulated by both

149 = 0,87 and 9.2 = 0.85 nmod per mn nf cell wet weight from
and lactate, *. P < 0.00] vs. basal
o, P < 0.02vs, basal value.

value;

+ In contrast, synthesis of llucose from
dih sctmstobe y d by one
of the pathways of the ay d ic action—i.c.. the alter-
native pathway. Several criteria were fulfilled for this con-
clusion: (i) the effect of cpinephrine is ot mimicked by

agonist in liver cells (24, 25), dinad
fashion nlucuneunnesu from lactate, but it was cumnlel:ly
ineffective in doing so when dihydroxyacetone was the sub-
strate (Fig. 6),

DISCUSSION

Several lines of evidence have suggested that some differ-
ences in the action of vasopressin and angiotensin Il may

11, or cych ide (Figs, 3and 6);
(ii} this action of epinephrine is not dependent on the
presence of extracellular calcium (in fact, the elfect is even
bigger in the absence of extraceliular calcium: Fig. 2): ¢ it
is very sensitive to the action of insulin (Fig. 5): and (/) it can
be observed in hepatocytes from hypothyroid rats but not in
cells from adrenalectomized animals (Fig. 4},

Our resulls arc in close agreement with those of Kneer and
Lardy (15). However, there is a difTerence in our fingdings:
these authors did not obsesve an cffect of adre pergic agents
on gluconcogenesis from lactate in the absence of calcium
(15). The reason for this is unclear at present, These aughors -
used norepinephrine rather thun epinephrine, and only at one
concesiration, .

The effect of epinephrine on gluconcogenesis from lactate
seems to be mediated by both pathways of ay-adrenergic
aclion but, interestingly, the dose-response curve to the
agonist is shifted to the left in the absence of calcium us
compared to the control (Fig. 2). This is surprising because
actually we expected the apposite to occur, and it suggests
that some amplification of the ay-adtenergic action muy take
place under this condition. The effects of uy-adrenergic
agents are thought to occur through mechanisms independent
of cyctic AMP (1-8), However, when the cells are incubated
in the absence of calcium, the situation is somewhat mure

v this ic activation
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Fig. 5. Effect of insulin on stimulation of gluconcogenesis from
2.5 mM dihydronyacetone (DHA) and 10 mM laciate. Hepatocytes
from control rats were incubated irs medium containing 1.2mM CaCl,
{open bars) or 2.5 uM EGTA withoul CaCl; thatched bars) in the
presence of 1 uM epinephrine and 1 uM proprmnolol {EPD), 1 M
<pinephrine/1 M propranciol/0.1 M insulin {EP] + INS) or 0.1
#Minsulin (INS). o, P < 0.00] vs. basal value; ee. < 001 vs. EPI}
s, P < 0.02vs. EPL

reportedly increases cyclic AMP levcls 123, 28, 29), Further-
more, it has been suggcsted that aj-adrenoceptors become
simultancously coupled 1o (wo signal transduction mecha-
nisms; calcium mobilization and cychc AMP generation (19,
30). Therefore, a role of cyclic AMP in ay-ndrenergic action
cannot be suled ow at the present, However, we have been
unable to detect sy mmﬁcnnl stimulation of cyclic AMP

Y even in cells from
hypotbyroid n\s where the alternative ay-adrenergic path-
way predominates (12), [n addition, Lurdy ef al, (31) have
observed that atraclyloside inhibits the enhancement of
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4 is from dihy droxy prod by cychc
AMP or gl but not the

epinephrine. These data raise some doubls on the mmbuhc
significance of the reported ay-adrencsgic stimulations of
cyclic AMP generation.

ln sumary, ll\e dala are consmcnl \hllh our pmposll of

gic

ncuom Theyalso nlnts( lhu thc a,-ndrcnergnc rtnulalmn of
fro takes plm lhruush

the pnhwzy that is cnlc ind, d N

and modulated by glucoconicoids.
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SWRRMARY

: Using isolated rat hepatocytes the effect of vasopressin,

lnglotct;s;; IT and phorbol myristate acctate on the actfon of cpinephrine +
propranolol (alpha‘-adrenergic action), wa‘s studied. Three connltl;iona in
, which epinephrine + propranolol produces vlear metabolic effects Lut the
vasopressor peptides do not do it so (although they stimula!c phosphoinositid -
turnover) were selected. These conditions are: a) urcagenesis in medium
U‘.:ilﬂut added"calctum and containing 25 uM EGTA, b) ureagenesis using
cells from hypothyroid nnimnl; and c) gluconeogenesis from dihydroxyacutonc".
It was observed that under the 'tl;ree conditions these agents inhibited in

a concentration-dependent [as.hlo:; the effect of epinephrine + propranolol.
It is suggested that activation of protein kinase C by phorbol esters or ‘
physiologlclllstllull (homones‘ that activate phoaphoir‘msltide turnover,

such as vns;:presum or anglotensin Ilj ‘modulate the hepatocyte nlpl\nl-

, sdrenergic responsiveness.
‘ '



: L]
1.~ INTRODUCTION

Activation of a‘—adrenoccptors tesults in an increased turnover of
phosphoinositides with tha generatfon of diacylglyccrols and inositol
1, 4, § trisplosphate; the latter metaholite induces mobilization of
calcium {1-3]. Caletum, Lnositol trisphosphate and diacylglycucols are
putative sccond messeng vs or coupling factors of the ul~adrc‘mrgic
action (1‘-4']. Propagation of the signal scems to occur through calcfuvm-~
'dep&\.dcnt protein kinases and the calcium-phospholipid-dependent kinase
(protein kinase C){5}. Surprisingly, activation of protein kinase C with
phorbol esters not zmly does not nimic the metabolic effects of
epinephrine but aboltshes th.e action of ul-adrenc;:gic agonists in
hepatocytes [6-10]., This raises the question as tlo whether physiological
stimull may produce a similar effect. Here we describe e"xge:lnnn
designed to test thll point. Our results clearly f{ndicats thut' the ‘action
“of hlnone‘ that activate phosphoinositide turnovor. such as vuoprlllin

and an;loumln Il. leads to o -Mnneruc delenuuntton.
2.- MATERIALS AND METHODS

The sources of materials are those 'npor‘tcd previously [6-8]).
'_.lqntoeytulvcn isolsted by the method of Berry ;M rrhnl.[lll from
fensle Wistar rats weighing 180-200 g. Animals fed o _li‘u_t\_n_'\nn used
" ter the studies on ursagenesis snd 2i-hours fasted rats in those on ’
.h.nouopmu.v Cells (roughly 40 mg wet weight) vlcu incubated im 1 nl
of iuh-unyr bicatbonate buffer, pil .T.l. under nr; atacephere of 95%

o', 111 coz. for 60 min at 37°C in s water dath shaker, For the studies .

A4



of gluconcogencsis the cells were incubated fn the presence of 2.5 mM
dihydroxyacctone (DIIA) and glucose was determined in aliquots of the
supernatant by the glucose ox{dasc—pernxidasg method [12]. Glucose
production from cndog-cnous substrates was substracted from the values
obtatned in the presence of DUA, In L'lu; sl‘.\ul‘ics of urcngeﬁcsiu. the medfum
in wh.lch the cells were incubated was supplmncnt‘cd with 2 M ornithine
and 10 M glutamine. "rea was quantiffed in the supernatant b§ the
method of Cutman and Bergmeyer (13), Buffer without calcium refers to
Kreh;-klnger bicarbonate buffer t;o which no calctun chloride was added
and was supplemented wllth 235 pM EGTA. .

In all experiments in which epincphrine was cmployed, the cells-
were also incubated in the presence of 10’6 or 10"s M propranolol to
“block its B-adrenergic activity, Propramlol.by itgelf did not affect
the parameters studied. Ryﬁothyroldisl was induced by giving the aninals
vater containing 0.030% 6—n-piopy1 2-thiouracil for 30-50 days and it was
assesged by decreased weight gain, dryness of the fn'r and decreased thll

of trifodothyronine [14,15],
3.~ RESULTS AND DISCUSSION

‘ Ia iup,wc;te..- cpingphrtno' (a'l--lumuic effect), vuopnui.n and
" anglotermin 11 uhﬁlau phosphotnositide turnover and |ou. metabolie
patiways (.lycopnblynh {16}, .luoacégcnuh _[l1—l!l‘anl ureagenesis
[[20)). Mowever thers are at lsast thres conditions in vhich, slthough

.phesphotrositide turnover 1s stimulsted by vasop in and anglo in 11,
no ut'-bone stimulation of t't.a metabolic pattways 1s produced by the
vasopressor poptides. These conditions are: a) incubstioms in the

° .
absence of calcium [20]; b) colls from hypothyroid animals [14,15) and

PRSI BN
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¢) gluconeogencsis from DHA {18,19]. Interestingly, in this threo
conditions al-nd:cncrglc agonists cleatly stimulate the metabolic
parameters, situation which has nl.lm-'ed us to propose the 1nvolvenen:

of two parametcrs, one shared and another not shared with the vasopressor
pepttdu. in the a -udtenerglc action [14, 15 ,19-22]. Activation of proteln
: ‘unnse € by phorbol diesters blocks both pathvaye of the a, —adrenetalc
action [6,7,19,22). Taking advantage of this aituation. ve ex‘nmined the
effect of 4-B-phorbol lz—myrlstnte 13-acetate (PMA), vasopressin and
nngiot&nsln 1T on the action of cpincphrine plus propranolol.

Epine hrlne. (ln the resepce of 10 6H ro, ranolol stimulated in a
P P f‘ prop:

r-uon d fashion the production of glur.ose from DHA (H.g.l.
panel A). In agreement with previous findings M™MA, vasopressin and nnglo-
tensin 11 were unable to alter the basal rate of glucose production from
DHA (not shown)[18,19). Interestingly, theu three qent.u inhibited in
.8 concentration-dependent fashion the effect of lo‘ﬁﬁ epinephrine (plus
: lo"nq propranolol). The order of pote'm:y for this -!'hct vas vuopiellin >
- anglotensin LI (Fig. 1, panel B), i

Similar results vers obtained vhen ureagenesis was studied,

Epinephrine (in the presence of 1o"n propranolol) stimulated ureagenesis
"~ im cells from control rats incubatéd {n the sbeence of calcium (Fig. 2,

paml A): and in celle fros hypathyroid rats’ (rig. 3, panel A). Bagal

: 'rtolueuo'n ;! ures vas not affected by v ® tn, angt ein IT or (7Y
uqlu thu eoululon (not shown)[14,15,20) but eclasrly £nM.Mtod ina

enemutlm-«pnhnc fashion the affect of cptmphrlno (rlue prqnmhl) :
(rig. 2, ponal B and Pig. 3, panel 3). The order of potency for thnlo )
o!hm vas also vuopuu!n> nlb angiotensin 1T (H;. !. panel B -l

H.. 3, panel 3).



Our data suggest that the activity of protein kinase C modulaten.
the ul-ndrenerglc sensitivity of hepatocytes. The physiological activators
of protein kinase € are thought to be diacylglycerols which are formed
from the breakdown of phosphatidylinositol {&]. Vasopressin transiently
h\crear.cs tbe cnnce:\trutlon of dlacylglyccu;ls in hepatocytes [23} and
At has been observed that a synthetic diacylglycerols (l-oleoyl 2-acetyl
-‘/glycerol) can block the al-admncrgic action in liver cells (!0).
_“Activutton of progctn kinase C seems to play a key role in modulating
the cell sensitivity to a variety of .hornonu.' neurotranamittors and '
growth Eacto.r‘ including insulin {24}, cpidermal grouth factor [25,26)
u'cetyl choline (muscarinic [27,28) and adrcnaline ['6-10. 28—311'. Moat of
these actions of protein kinase C lead to cell desensitization. In this
sense protein kinase C seems to play a key vole in homologous and
heterologous denn-ltiutlon'. ‘Hoveyer, this 1s vot the case for all
-odulcti.onl o! cell responsiveness. In & very elegant study, Sugden ot al.
{3}, obcm«l that a -dunugle activation pounthtn G-ldunn;le
action in tat pineslocytes (1], This effect is mimicksd by PMA [31). Most

of thess phorbol ester-medisted changes in cell responsi to h

ssen to be msocisted to receptor phosphorylation [24-30). The underlying
‘-}ohgul'n sechanisn(s) through vhich phorbol esters, vasoprassin nd
lundot'luh 11 dlock Gl-dumute Itl;l {e currently mdo‘r tessasch,
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SUMMARY

Activation of prnt;ih kiﬁale c blocks the aipha,-adrenergic action
in hepatotytes. Preincubation of hepatocytes (in bufier with or
withcut calcium) with vasopressin, angiotensin 1I, phorbol myristate
acetate (PMA) or epinephrine + propranclol markedly diminished tha
a)pha.-adunorgic responsiveness of the cells (stimulation . of
ureagsnesis) assayed in Suff.r without calcium. On the contrary, when
the alpha,-adrenergic rospun:ivoﬁoss vas assayed in buffer containing
caleium ne effect of }he preincubation with vasopressin, angictensin
11 or PMA was cbserveds preincubation with epinephrine diminished the
alpha,~adrenergic responsiveness of the cells,

‘In  hepatocytes from hypothyroid rats the proin;ubation with - the
activators of protein kinase ¢ (vasopressin, ungﬁntonlin 11, PMA and
epinephrine) reduced markedly the alpﬁl.-ndronorgic responsivensus of
the cells whereas in identical experiments u:lng) cells from
adrenalectomized rats only the preincubation with epinephrine
diminished the responsiveness. .

It is concluded that activation of protein kinase c induces
desensitization of the alpha,-adrenergic action in hepatocytes and
thu( the calcium-independent pathway qf the alphas-adrenergic action
{predominant in cells from hypathyroid animals) P.I.nliti!i’ -efo
slowly than the calciun-d-pondont'pnthu-y lprodonlnlnt in ceils +from
l&ron;loctollzod rats)., Epinephrine in addition to induce this typ‘ of
desensitization (through’ protein ktﬁllo c) tndu:oi a GQrtﬁcr

retractoriness of the cells towards alpha;-adrenergic agonists.



INTRODUCTION

One af the most fascinating aspects of biology is the dyn;ﬁi:
nature of cell rolponsivonosgt cells have acquired a large number of
adaptative processes to mndulate their respanses to hormones, neuro-
transmitters, autacoids and in general, to external stimuli., One of
|u:h‘ adaptative processes is the phenomenon of desensitization, .in
which a :|l! becomes refractory towards a hormonal agonist after a
‘single or repetitive stimulation. Desensitization may be hormone
specific (homologous) uh;n exposure of cells to a given hormone
results {n subsequent decreased response to the same hormone or may be
n:n-lpo:if!:‘ theterologous) when the response to other horaches i6
diminished. The process may occur rapidly (minutes or seconds) or more
slowly (hours to days) and may involve chnﬁgos nt~th|rrocoptnr level
or distal to the receptor.

Desensitization has been mainly reported for hormones that act
through rocoptors' coupled to adendylate cyclase such as the beta-
adrenergic receptor {reviewed in 1 and 23, However, there is alsc some
evidence #or desensitization of roclptpri not coupled to adenylate
cyclase [3-9)., In liver cells, it has been reported that vascpressin
and alpha,-adrenergic agonists induce ‘ﬁIO;CQDOHGOHQ heterologous
;olonlltlzntion [6~-83. However, other reports [9,10) indicated that no
desensitization oceurs in the presence of extracellular caleium,
suggesting that the desensitization observed [6-9] could reflect the
depletion of & hornono-soniltivo calcium pool [101.

We (15-135) and others [16-17) have ocbserved that activation of
protein kinase c by phorbol esters or synthetic diascyl glycerols
blocks tﬁo action of alpha,-adrenergic agents but not that of other

L]
agents that act through the same process of signal transduction (such
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as vasopressin and angiotensin 1l). We have suggested [11-15), that
activation of protein kinase ¢ by phorbol esters may lead to
refractoriness through alphaj-adrenergic receptor . phosphorylationj
direct evidence supporting this suggestion has been recently reported
[181.

Protein kipase ¢ activation seems to be part of the signal
propagation process for the action pf agents that stinulates
phosphoincsitide turn;ver (19-221, Theoretically therefore, activation
of phosphoinositide turpover by alpha,-adrenergic agents, vasopressin
or angiotensin II could lead to protein kinase ¢ activation ‘and
blockade of the alpha.-adrenergic action. We have recently tested this
peint studying conditions in which the alpha,-adrenergic actiaon is
preserved but there is no metabolic effect of the vasopressor peptides
vascpressin and angiotensin II (although they stimulates phosphn-
lnnlltiae turnover) [23]1, Under these conditions phorbol esters,
vasopressin and angiotensin 11 produce a dose-dependent inhibition aof
the alpha.-adrenergic action (271,

The effect. of removal of these ligands (phorbol esters,
epinephrine, vntoproi:tn and angiotensin 11) on the alpha,-adrenergic
rolpunsiv.nc;s of the hepatocytes was studied and the results are here
presented. We have previously suggested that the alpha,-adrenergic
action in liver cells involves two pathways: a) a pathuay shared with
vllopr.llini_ and angiotensin 11 and which is calcium-dependent,
insulin-insensitive and modulated by thyroid hormones (j.e. markedly
diminished in hypothyroid rats) and b) another pathvay not shared with
‘the vasopressor poptiQos, independent of extracellular caicidm.

insulin-sensitive and modulated by glucpcorticoids (markedly



dinminished in adrenalectomized rats) [12, 24-2E81, OQur data indicate
that after removal of the activators of protein kinzse ¢ the calcium-
dépendent pathuay recovers rapidly whereas the calcium-independant

pathmay doee not dc it so.



MATERIALS AND METHODS

1-Epinephrine, dl-propranolol, urease, arginine-vasopressin,
"angiotensin II, &-n-propyl 2-thicuracil, EGTA and phorbol 12-myristate
13-acetate (PMA) were obtained +rom Sigma Chemical Company.
Collagenase wWas from Worthington and [®*2P1Pi (carrier free) vas

_ obtained from New England Nuclear. Glpcagun Was a generous 9ift from
Eli Lilli, Other substances were reagent grade of the best quality
available.

Female Wistar rats (180-200 g} +fed ag libitun were used.
Hypothyrcidism was induced by giving the rats water containing 0.0&%
6-n-propyl 2-thiouracil +for 40-50 days (24,25]1. Hypothyroidism was
assessed by decreased weight gain, dryness of She_&ur and lon laevels
of triindothyronine [25), Bilateral adrenalectomy was performed by a
dorgal npprnachi éprenale;tumized aninals were 91§en 0.8%5% WNaCl to
drink and were used 5-8 days after surgery (261,

Hepatocytes .were isplated by the method of Berry and Friend {291,
Hepl!ucytés were incubated in Krebs-Ringer bicarbonate buéfer under an
atmosphere of 95% Oa S% COa, pH 7.4, Cells were incubated without any
agent or with maximally effective concentrations of PHA  {10-7M),
vasopressin (10-?M), angiotensin I1 (10-°*M) or opinephrtne‘(lO'“M +
10-®M propranoicl) 4or 15 minutes to induce desensitization. After
this preincubation, the cells were centrifuded and washed tWice with
Krabs-Ringer bicarbonate bufier,

Cells were resuspended and the effect of hormones tested (40
minutes of incubation), In some experiments buffer without calcium was
used which refers to Krebs-Ringer bicarbonate buffer to which nou
calcium chloride was added and was supplemented with 25 yM EGTA. In

all  the experiments in which epinephrine was used 10-®M propranolol



was included to block its beta-adrenergic activity. Prapranolol by
itself did not atfected the parameters 5tudigd. For the study ef
ureagenesis the medium was supplemented with 10 mM glutamine and 2 mif
ornithine. Urea was guantitied in cell supernatants by the method cf
Gutman and Bergmeyer (3031, Far the study of phosphatidylinositol
‘labeling, the cells ware incubated in the presence of 10 pcCi/ml
te®p3Pi  4or 66 minutes. Cell 1lipids were extracted with
chioroform/methannl (2:1) and phospholipids separated by one-dimensicn
t!ln-lnyer chromatography (311, Radioactivity was counted in silica

gel scrapings of each phospholipid.



RESULTS

A)  Desensitization and Ln:unatxuﬁ in the absence of calcium: In the

experiments presented in Fig. 1, liver cells were preincubated for 1S

min with the indicated agents {(none, PMA, vasopressin, angiotensin Il

or epinephrine + propranclol) in buffer without calcium., The cells

wWere then washed and incubated also in buffer without caleijum, It :gn

be observed that the cells that were preincubated without any -genk

responded in a dose-dependent . fashion to epinephrine + propranclol

ln:rlilihg the synthesis of ureéa (Fig. 1, panel A). However, cells

preincubated with PMA, vasopressin, angiotensin II or epinephrine +

proprannlél became refractory to the action of- epinephrine‘ +

"propranolol (Fig., 1, panel Al. Such refractoriness to the alpha,-.
adrenergic stimulation was not due to a genera) damage of the cells:
" since th..Y same cells clearly responded to 10-”"M glucagon ({(Fig, §,

pansl B).

B) Degsasitization in the ahsence of calcium and incubation in the
acesence af calcium. In Lhesy experiments the cells were preincubated

as  indicated above but were washed and incubated in buffer containing

calcium crlurldn. Under these conditions, the concentration-response

curves for epinephrine of cells preincubated in the absence of agents,

PMA, vasopressin and angiotenszin 1Y were nearly identical - (Fig, 2,

panel A)}. However, the concentration-response :urv; to epigopﬁrine ot

cells proln:ublto& with the adrenergic agonist was shifted to. the
right. and rather flat (Fig. 2, panel A): theiraipunse to glucagon of

these cells Qa‘ also somehow diminished (Fig. 2, panel B),

C) . Desengitization {o xhg'nntaensa af calcium acd iocubaetion in Lbe
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absence pi calcium. Cells were preintubated in buffer containing
calcivum in order to define if 2 depletion of calcivm during the
preincubation could be respansible ofethe blunted response to  alpha, -
adrenergic stimulation. After the preincubation the cells were washed
and incubated in buffer without calcium and coentaining 25 uM EGTA.
Under these conditians, the response to epinephrine + prepranclol was
markedly reduced in cells preincubated with .FHA, vasopressing
angiotensin 11 or epinephrine as compared to the cells preincubated
without any of these agents (Fig., 3, panel A). The effect of glucagon
on these cells is presented in Fig. 3, panel B.

Some experiments were performed in the following way: celis vere
pre~-incubated in buffer without caleium w;th or without the
desensitizing agent (vasocpressin), wWashed and incubated in buffer
‘containing calcium #or 1% min to allow re-uptake of any calcium lost
and then washed and incubated in buffer uithout calcium. Under these
conditions pretreatment with vasopresein, maritedly diminished the

effect of alpha,-adrenergic stimulation (data nct shown).

D} Phosphatidylinositel tuyrngvgr. It {s generally accepted that
phosphoinositide »turnnvn; is involved in the mechanism of action .of
alphai-adrenergic amines (22, 32, 331, Ue studied the labeling P#
ph?iphatidylinnsitul with I9®p3Ip{ 55 an index of phosphoinositide
turﬁovor. 1t was ghserved that preincubattan and incubation in the
absence (Fig. 4) or presénce (Fig. %) of calcium resulted in idontScali
responses i.e, preincubation of the cells with PMA, vascpressin @ or
lngin@eniin I1 did not affect the stimulaticn of phosphatidylinositol

labeling {induced by epinephrine; however, cells pre-incubated with



epinephrine presented a diminished response to alpha,-adrenergic
a:tlvatipn as compared to the contral cells tFigs, 4 and %), The
effect of vasopressin on phosphatidylinositol labeling is presented

for comparison (Figs. 4 and 5, panels B).,

E) Gtudien with cells £rgu adcecalectouized cats aod from bypethyeaid
rata. In these studies the cells were preincubated, washed and

"~ incubated in buféfer containing calcium, It was observed that in cells
¢rom adrenalectomized rats, prol#cubltian with PMA, vasopressin and
angiotensin Il d4id not modify uubltlntlully the contontrntiun~rolpnp|o
curve to epinephrine ¢+ propranclol as compared to cell preincubated
ul@hau!.uny of these agents (Fig, &, panel A}, Only the response to
epinephrine was significantly decreased in cells proincublted with
this adrenergic amine (Fig. 6, panel A).

On the contrary, in cells from hypothyroid rats (Fig. ?7) pre-
incubation with PHA, Vllnpr.;lln or angioténsin II :lxnrly diminished
and with epinephrine nearly lbull:hod.the of#nct ot alphas-adrenergic
stimulation (Fig. 7). The eftect of 10°”M glucaygon is presented +or

comparison (Fig. 7, bnnol'n).i

R 1)



D13CUSSION )
V The finding that activation of protein kinase c by phorbol esters
Vblo:ks the alpha‘—adrenergié responsiveness in liver cells (11-1€) has
severai implications. One of the most obvious is its physiclogical
signi{§:an:e {see the comment in 243! protein kinase c seems to bc
involved in the action of agents that act through phospheinositide
turnover and caleium sicnalling (19-22) such as alphai-adrenergic
agents, vasopressin and angiotensin II. In our previous publication
{231 we reported that vasopressin and angiotensin II block in a
concentration-dependent fashion the alpha,-adrenergic actiunltcalcium-
independent pathway). These data clearly indicate that physioclogical
stimuli can 1nd:ce the refractoriness ‘(or desensitization) towards
alphai-adrenergic agonists, However, these studies were performed with
tonic activation of protein kinase ¢ (i.e. continuous presence of the
agoniste) ., ’

Removal af these §:tivatnrs of protein kinase c© evidenced tuo
t/pes of responses, In tells (from normal animals) incubated in the
presence of c;lcium or in cells {from adrenalectonmized rats ‘the
regponsiveness te alpha,-adrenergic agonists was recovered. Un‘ the
contrary, in cells (from normal rats) incubated in the absence of
calcium or in cells from hypothyroid rats the alpha,-adrenergic
responsiveness wWwas not recovered during the incubation.

Activation of protein kinase c by phorbel eéters in cells (from
control animals) in:ubatgd in the presence of calcium or in cells fron
adrenalectonized animals blocks the alpha,-adrenergic actions [1{-1€1,
We have no evidence that undgr these conditicons, vascpressin or
angictensin 1Y would also block the alphas-adrenergic action (the

point ie untestable measuring phasphoinositide turnover or metabolic
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paramgters since the vacopressor peptides have effects by themzelves)|
however, it seems reasonable to assume that it occurs so. The data
ucing cells (from normal animals) incubated with calcium and with
cells from adrenalectomnized rats indicate that the process of
dezensitization is readi{ly reversible and cuggest that the
phosphorylated alphax-adrenerglc~receptor [18) is rapidly resensitized
possibly through the action cf oane of several . very active
phasphatases. The underlying cellular mechanism aof the action of the
activ;turs of protein kinase c on the alpha,-adrencceptor iz far from
clear. We [1S] and others [lé] have been dnable to det;ct any change
in the affinity for agonists or antagonists oY alpha,-adrencceptors In
membrares obteined from livers treated with phonbuf esters as compared
to .the controls. Lynch et al (16} observed that phorbpl esters’ induce
a 30-40% decrease in the number ot alpha,-adrenoceptors and we [15]
observed a decrease in affinity for agonists in whole cells (but not
in membranes). It is posstble‘that the reactivation process could have
made the changes less apparent. It is alsc possible that several
cellular processes may contribute to produce the effect (receptor
pﬁngphorylatian, change in affinity, internalization and recycling,
ete.). Evidence for this has heen obtained in studies on the
tranlferbing receptor [35]1: it has been observed that phorbol esters
induce receptor phosphorylation and internalization and that removal
of the phorbeol ester lead the receptor to cycle back to the plasma
membrane ({35). How gon;ral this observation is and its relationship
with what we observe for the alphas-adrenergic action remains to be
determined. o

Cells ¢rom normal rats incubated in the absence of calcium and’

12



cells from hypothyroid rats remained desensitized towards alpha,-~-
adrenergic agonists for longer time. The reason for this difference is
unclear. We have suggested that {n hepatorytes the alpha:-adrenergic
action invelves two pathways: Q) are of them calcium-dependent and
modulated by thyroid status ti.e. absent in cells from hypothyroid
animals but predominant in cells from adrenalectomized rats)i this
pathway seems to resensitize rapidly énd b} another pathway calcium-
independent and medulated by glucocorticoids ({.e. absent in cells
from adrenalectomized but predowinant in cells from hypothyroid rats);
this pathway sceems to recover more slowly. The present data are
consistent, although do not prove, our hypothesis, The possibility
that such desensit{zation could be secondary to depletion of . calcium
was considered. However several facts argue against this possibility:
a) desensitlzatlun of this calcium-independent pathway {n cells ¢rom
ﬁurmal animals was observed‘even when the preincubation was per{orméd
in medium containing calciumj b) when the cells were preincubated with
the desenﬁit!zihg agent (vasnpressl&) in the absence of calcium a
second pre-incubation with calcium (and without vasapressin) did not
restore the calcium-independent pathway; c) the experiments with cells
from hypathyroid animals were performed in buffer containing calcium
at all times; d) phorbol esters do-not seen to induce calcium
mnﬁil!zltion £16,121. .

fe is clear ¢rom our oexperiments that preincubation witﬁ
epinephrine induces a desensitization that is present under all
caﬁditinnl. fhese data suggest that alphas-adrensergic agonists may, in
.addition to induce refractoriness through protein kinase c¢ activation,
induce further desensitization secondary to receﬁtor gccupancy ahd

activation, Studies are in progress to elucidate the mechanism/s)



involved.
It is clear that much research is required to reach a better
understanding of the liver alphai-adrenergic phenomenaon. -We hope the

preent data may contribute to it and stimulate further study.
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Fig, 1. CONCENTRATIOMN-RESPONSE CURVES FOR THE EFFECT OF EFINEPWURIME li:
UREAGENESIE IN HEPATOCYTES INCUDATED (IN THE ADSENZE  OF CALCIUM)
(PANEL A) AND EFFECTE OF GLUCAGON J(PANEL B). Hepatocytes were
‘preincubated for 1% min in the absence of :alcldm {plus 25 uh EGTA)
with 10-?M vasopressin (VASO, @), {0-"M angiotensin II (ANG10O, @), to-
M PMA (&), 30~*M epinephrine plus 10-*"M propranolol (EPI, ©) ar
. buffer alone (CONTROL, O). After 15 min the cells were washed twice to
remove the agents, and were incubated for 40 min (all in the absence
of gal:ium plus 25 uM EGTA) in the presence of different concentra-
tiun; of epinephrine + 10-®M propranolol (panel A) or wWithout agent
(open bar), 10°®M epinephrine + 10°® propranolol (dotted bar) or 10°7M
glucagon (dashed bar} (panel B). Results are express;d as percentage
af basal urea synthesis which is given above the cﬁntral bars (panel B
cpen bars) as nmols/mg cells wet weight. Plotted are the means and
vertical lines represents the S.E.M. of duplicate incubatjons. $rom 4-8

:oil preparations.

Fig. 2. CONCENTRATION-RESPONSE CURVES FOR THE EFFECT OF EPINEPHRINE ON
UREAGENESIS 1IN CONTROL AND DESENSITIZED HEPATOCYTES (PANEL ‘A) AND
EFFECTS OF GLUCAGON (PANEL B) . Hlp;tncytn were preincubated for I3
min in -absence of calcium plus 25 uM EGTA without (Q) or with  the
desensitizing agents [vasopressin (@), angiotensin (8, PHA (&) or
epinephrine (0)1. After 15 min, the cells were washed twice to rlﬁodo
these nglptl, and were incubated Oar 60 min” in bu?‘oi containing
:hlorld; calcium and with different concentrations of 6p£nophrrno +
10-"4 propranolol  (panel A) or without any agent {open bar)
epinephrine (dotted bar) or gfu:agnn (dashed bar) (panel B). Results

are expressed as percentage of basal urea synthesis, Plotted are the
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means and vertical lines represent the 5.E.M. of duplicate incubations

fram 4-8 cell preparations. Other indications as in Fig. 1

Fig. 3. CONCENTRATION-RESFONSE CURVE FOR THE EFFECT OF EPINEPHRINE (IN
THE ABSENCE OF CALCIUM! ON UREAGENESIS IN HEPATOCYTES PREINCUBATED 1IN
BUFFER CONTAINING CALCIUM. Hepatocytes were preincubated for 15 min 1n
buifer containing calcium without (0} or with the desensitizing agents
fvasopressin (@), angiotensin II (@, FMA (&) or epinephrine (] and
then washed and incubated (in buffer without calcium) with different
concentrations of epirephrine ¢+ 10-"M propranolnli(panel A) ar wlthﬁut
agents . (open "bars), 10°9%M epinephrine + 10°®M propranclel (dotted
bars) or !0"ﬂ glucagon (dashed bars) {panel B}. Other indications as

in Fig. 1.

Fig. 4. CONCENTRATIONS-RESPONSE CURVES FOR THE EFFECT OF EP!NEPH%!NE
(PANEL A) OR 10~”M VASOPRESSIN (PANEL B) ON THE LAHELING. oF
PHOSPHATIDYLINGSITOL (PI), Hepatucytes vere preincubated for 15 min in
absence of calcium plus 28 y M EGTA without (0} or with the
desensitizing agents [vasapressin (@, angiotensin 1I (®, PMA (&) ar
epinephrine (D131. After 15 min the cells were washed twice and then’
incubated &0 min in the absence of calcium plus 2% uﬁ ECTA in - the
presence ©f different concentrations of epin;phrine + 10-"M
Vpruprlnnlol ({panel A} 5r 10-"M v;;nprolaln (panel B). Plotted are the
means & S5.E.M. of duplicate incubations ¢rom three cell proparatiﬁns.
Results are expressed as ptrcenilgo of the ‘bllll. incorporation of
[*®PIPi ¢to P1, which was 75 £+ 9, 34 ¢+ 4, 100 ¢ é. B2 & 72, 96 ; é

cpm/mg cell vWet wt. in cells preincubated without any agent (0}, 10+?
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PMA (A}, 10?M vasopressin (), {0-®M angittensin 11 (@, or 1G™*M

epinephrine plus’ 10-PM propranclol (Q), respectively.

Fig. S, DOSE-RESPONMZE CURVES OF THE EFFECT(BF EP!ﬁEPHRINE (PANCL A) OR
10="M  VATOPRESCIN (FAMEL B} ON THE LAEELING OF FHOSPHATIDYLINQIITIL
{(PI}, Hepatocytes were preincubated for I3 min in the ohsenze of
calcium  plus 25 UM EGTA with the agents. After 15 nin the cells were
washed twice and are incubated 40 min (in butter conteining calcium
chloride) in the presence of different :an:en!rntiéns of spinephrine +
10“®M  prapranpiol {(panel AY or 10-"M vasoprezsin {pane! bi. Floticzd
are the means & S.E.M., of duplicate incubations ¢rom three cell
preparations. Results are expressed as percentage of the basal
incarperation of (®*#PIPi into PI, which was ll; :.27, 123 ¢ 12} 125 &
Sy, 132 & 10, 1%0 + 30 chm/mg cell wet wt., in cells preincubated
without any agent (Q), 10°"M PMA (&), 10°"M vasopressin (W, (0-®M
angictensin 11 (@), or 10-%n epinephrine plus 10~"M propranclal (B,

respectively.

Fig. 6. CONCENTRATION-RESPONSE CURVE FOR THE EFFECT OF EPINEPHRINE
(PLUS 10‘5H PROPRANOLOL) ON UREABENESIS IN MEPATOCYTES OBTAINED FRON
ADRENALECTOMIZED RATS., Hepatocytes cbtained from adrenalectomized rats
vWere preincubated for 13 min in buffer without (Q) ar wWith the
desensitizing agents (vasopressin (@), ansgiptensin I (Q), PﬁA (B ur
epinephrine (Q)Y and .then washed and incubated with different
cancentratiaons of epinephrine + 10°% propranclol (panel A} or without
agents (open bars), LO0="M gpinephrine + 10" propranpiol - (dotted
barg) or 10-"M glucsgon (dllh.d‘b!ri) tpanel Bl. Other indicattans as

in Fig, §,



Fig., 7. CONCENTRATION-RESPONSE CURVE FOR THE EFFECT OF EPINEPHRINE
(PLUS  10-"M PROPRANOLOL) ON UREAGENESIS IN KEPATOCYTES OBTA.‘!'NED FROM
_HYPOTHYROID RAYS. Hepatocytes obtained ¢rom hypothyroid rats  were
preincubated $or 1% min in buéser without (D) ar wWith the
desensitizing agents tvasopressin (B), angiotensin II (®, PMA (&) or
epinephrine (O3] and then washed and incubated with different
:un:on!rntien! of epinephrine + 10-® proprnnuiol (pane)l A} or without
agents (cpen bars), 10-°M epinephrine + 10"ﬁ propranoleol (dotted
" bars) or 10-7M glucagon {(dashed bars) (panel B). Other indications as

in Fig. 1.
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