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Solicitante ALMIRALL, S.A.
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1. Yo, Luz Clemencia de PAEZ, obrando como apoderada del solicitante en el asunto
antes identificado, me refiero al Oficio No. 15383 notificado por fijacién en lista del 26 de

noviembre de 2010.

2. Mediante oficio No. 15383 se puso en conocimiento del solicitante el informe que
contiene las observaciones hechas por su Despacho sobre la presente solicitud de
patente. Las observaciones realizadas en el oficio son las siguientes:

2.1 Nivel Inventivo

Se objeta el nivel inventivo de la presente solicitud, en vista de las ensefianzas de los
documentos D1 (WO01/04118), D2 (WO02/053564) y D3 (WO03/087094).

3. Respuesta a las objeciones

De este modo y con el objeto de atender las objeciones arriba mencionadas, se desean

poner de presente las siguientes moedificaciones, aclaraciones y argumentos:

NIT. 860.041.367-3
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3.1 Arqumentos a favor del nivel inventivo de la solicitud

En concordancia con el Articulo 18 de la Decision 486, una invencidn se considerara
inventiva si la misma no hubiese resultado obvia a partir del arte previo, para una persona
del oficio normalmente versada en la materia.

Esto a su vez implica que el Examinador a cargo de esta evaluacion debe colocarse en el
momento exacto en el que el inventor buscaba resolver el problema técnico contemplado
en la solicitud y para el cual poseia la literatura y el conocimiento disponibles en dicho
momento.

Siguiendo entonces los lineamientos de la Jurisprudencia aplicable al analisis del nivel
inventivo de una solicitud de patente, se considera que una anterioridad o una
combinacion de dos anterioridades puede afectar dicho requerimiento de patentabilidad, si
una persona medianamente versada en la materia encuentra ensefanzas o sugerencias
claras que le indiquen cémo llegar a la invencién reivindicada.

Ahaora bien, deseamos poner de presente las siguientes razones que demuestran porqué
la presente invencién posee nivel inventivo:

3.1.1 Al combinar aclidinio y un agonista B2 se obtiene un efecto ventajoso en cuanto al
ahorro cardiaco:

Es un hallazgo de la presente invencién que la combinacién de la sal 3 (R)-(2-hidroxi-2,2-
ditien-2-ilacetoxi)-1-(3-fenoxipropil)-1-azoniabiciclo[2.2.2]octano y un agonista B2 consigue
una reduccidon ventajosa en los efectos secundarios cardiacos que se asocian a menudo
con broncodilatacion. El  compuesto 3 (R)-(2-hidroxi-2,2-ditien-2-ilacetoxi}-1-(3-
fenoxipropil)-1-azoniabiciclo[2.2.2]octano se le ha asignado la denominacién comun
internacional {INN) "aclidinio". El aclidinio es también conocido por el cédigo compuesto
de "LAS 34273".

El efecto ventajoso de ahorro cardiaco que se obtiene cuando el aclidinio se combina con
un agonista B2 es notable a partir de los resultados revelados en los Ejemplos de la
presente solicitud. Por lo tanto, dichos ejemplos muestran que una combinacién de

aclidinio (compuesto 1) con formoterol da lugar a una frecuencia cardiaca maxima mas
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baja que la que da lugar la combinacion de tiotropio con formoterol. Adicionalmente, se
observa que la duracidén del efecto cronotropico fue significativamente reducida con el

medicamento de la combinacién revelada en la presente invencion.

Resultados similares se obtienen con salmeterol, tal como se establece en la figura 3, y
con indacaterol, como se demuestra en los resultados experimentales adjuntos a este
memorial (Experimental Report 1). De esta manera, se aclara que los resultados que
aparecen en el anexo "Experimental Report 1" son muy similares a los resultados en las
Figuras 1 a 3 de la presente solicitud. Por lo tanto, dichos datos experimentales
demuestran que la combinacién de aclidinio y indacaterol da lugar a una frecuencia
cardiaca maxima inferior que la correspondiente a la combinacién de tiotropio con
indacaterol. En efecto, como se explicard mas adelante, el efecto ventajoso de ahorro

cardiaco se observa con todos los agonistas B2.

3.1.2 Los agonistas B2 son una clase de medicamentos ampliamente conocida, los cuales
tienen efectos secundarios relacionados con la taquicardia:

Respetuosamente aclaramos que los agonistas $2 corresponden a una clase bien
conocida de medicamentos, los cuales son eficaces en lograr ia relajacion de los
musculos lisos de los bronquios, por lo que son utilizados en el tratamiento de desordenes
agudos de las vias respiratorias (véase Anexo I, por ejemplo, Goodman & Gilman, The
Pharmacological Basis of Therapeutics, paginas 229 a 232). En dicho anexo (Goodman y
Gilman, The Pharmacological Basis of Therapeutics) también se reconoce que la los
agonistas B2 aumentan la produccién cardiaca, y que son responsables de los efectos
secundarios relacionados con la taquicardia, indicando en la pagina 231, columna
izquierda, ultimo parrafo que "los pacientes con enfermedades cardiovasculares
subyacentes estan particuiarmente en riesgo de sufrir reacciones significativas”. En el
anexo |l (Murray et al, Textbook of Respiratory Medicine) también se confirma que la
taquicardia es un efecto secundario comun con agonistas B2 (Véase la pagina 271,
columna izquierda).

3.1.3 Los agonistas B2 comparten una misma estructura:
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Los agonistas B2 comparten una caracteristica estructural comun, a saber, un grupo
funcional central p-hidroxifenil etanolamina, el cual es importante en mediar la interaccion
de dichos compuestos con los receptores B2 (Véase Anexo |, pagina 216, columna
derecha y Tabla 10-1 de la pagina 218 del Anexo IlI, Figura 11.1 en pagina 268)

El Anexo IV de este memorial muestra la comparacion entre las estructuras de una
variedad de agonistas B2 comunes, entre los cuales se encuentran formoterol y
salmeterol, y varios agonistas B2, tal como indacaterol, los cuales se encontraban en
etapa de desarrollo al momento de |a fecha de prioridad de la presente solicitud. A partir
de dicho Anexo IV es claro que todos los agonistas 2 se basan en un nucleo de p-
hidroxifenil etanolamina. Como resultado de dicho nucleo comun estructural, todos los
agonistas B2 alcanzan la relajacion de los masculos lisos de los bronquios, pero causan
actividad de taquicardia indeseada.

3.1.4 Tanto el formoterol, el saimeterol v el indacaterol son representativos dentro de los

agonistas B2:

A la fecha de prioridad de la presente solicitud, el formotero! y el salmeterol eran los dos
mas representativos agonistas B2 disponibles y fueron ampliamente prescritos para el
tratamiento de las enfermedades respiratorias (véase Anexo Ill, Murray et al, pagina 270,
columna de la derecha). Por otra parte, es evidente tanto desde el analisis anterior de las
caracteristicas estructurales comunes a todos los agonistas 2 y una comparacion de las
estructuras establecidas en el Anexo IV, que el formoterol, salmeterol y indacaterol son
representativos de toda la clase de agonistas 2.

3.1.5 Una reduccion ventajosa de los efectos secundarios cardiacos se observa cuando
cualquier agonista B2 se combina con aclidinio:

La reduccién ventajosa de los efectos secundarios cardiacos se obtendra cuando el
aclidinio se combina con cualquier agonista B2. A este respecto, dicha reduccion
ventajosa en los efectos secundarios se obtiene unicamente a partir de las propiedades
del aclidinio. Tal como se indica en la reivindicacion 1 de la presente solicitud, el aclidinio
es un antagonista de los receptores muscarinicos M3. Los antagonistas M3 son conocidos
por ser broncodilatadores activos; sin embargo, se conoce que involucran efectos
secundarios de taquicardia; y por lo tanto, la administracion de un antagonista M3 puede
aumentar la produccién cardiaca.
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Sin embargo, es un hallazgo de la invencion que el aclidinio tiene un perfil
actividad/efectos secundarios particularmente favorable, que es significativamente mas
favorable que otros medicamentos de esta ciase. En este sentido, deseamos llamar la
atencién del Examinador en cuanto a la grafica del Anexo |, en la cual compara el efecto
cardiaco cronotrépico del aclidinio en perros Beagle concientes con el del tiotropio, que es
un lider en el mercado de antagonistas muscarinicos M3.

Es bastante evidente de la grafica del Anexo | que el efecto cronotrépico del aclidinio es
significativamente menor que el de otros antagonista muscarinico M3 representativos
ensayados. Por lo tanto, el aclidinio, a diferencia de muchos otros medicamentos de su
clase, tiene un perfil de efectos secundarios cardiacos particularmente ventajoso.

Las propiedades especificas del aclidinio, las cuales conllevan a los efectos de ahorro
cardiaco mencionados arriba, hacen que dicho medicamento sea particularmente
adecuado para ser combinado con un agonista B2. Asi, tal como se menciona

anteriormente, el efecto secundario de taquicardia se asocia con la_totalidad de los

medicamentos de la clase de los agonistas 2. En consecuencia, las propiedades de

ahorro cardiaco del aclidinio hacen que dicho compuesto sea adecuado, en principio, para

la combinacién con cualquier agonista 32.

Por lo tanto, puede concluirse de los datos presentados en la solicitud acerca del
salmeterol, el formoterol y el indacaterol que efectos similares se observaron con
cualquier agonista B2. En pocas palabras, un antagonista M3 ahorrador cardiaco sera
especialmente adecuado para la combinacién con una droga especifica de una clase de

broncodilatadores que se sabe estan asociados con efectos secundarios de taquicardia.

Las anteriores conclusiones son confirmadas adicionalmente mediante los resultados
encontrados en el Anexo V (Experimental Report 2). En dicho Anexo se presentan los
resultados de alguna pruebas adicionales con otros dos antagonistas M3 revelados en la
anterioridad D1 (Ejemplos 2 y 136), asi como también se encuentran datos adicionales
con respecto al aclidinio. A partir de dichos resultados del Anexo V es claro que los
efectos cardiacos de las combinaciones de los Ejemplos 1 y 136 de D1 con agonistas B2,
son significativamente mas altos que los efectos de las combinaciones con aclidinio. De
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hecho, dichos efectos cardiacos son similares a los de las combinaciones de agonistas B2

con tiotropio, los cuales se muestran en los Ejemplos de la presente solicitud.

Es evidente, por lo tanto, que las combinaciones de los ejemplos 2 y 136 de D1 con
agonistas B2 no permiten obtener propiedades ventajosas relacionadas al ahorro cardiaco
logrado con combinaciones de aclidinio y un agonista 2. Es asi como las combinaciones

con aclidinio permiten ventajas especificas que no se producen con otros medicamentos.

3.1.6 El estado del arte no sugiere la presente invencion:

Por las razones anteriormente expuestas, es por lo tanto, un hallazgo sorprendente de la
presente invencién que el uso del antagonista M3 especifico (aclidinio} con un agonista 32
puede permitir; (a) broncodilatacién eficaz, lograda a través de dos receptores diferentes
(antagonismo de los receptores M3 y la activaciéon en los receptores 2) y (b) una
sorprendente mejora el perfil de efectos secundarios relacionados con la taquicardia.-

Se aclara que la anterioridad D1 revela un elevado numero de antagonistas M3,
incluyendo los Ejemplos 2 y 136, los cuales fueron ensayados en el Anexo V, tal como se
discutié arriba. Las combinaciones de los ejemplos 2 y 136 de D1 con un agonista B2 no
permiten las propiedades ventajosas en cuanto al ahorro cardiaco, que si son alcanzadas
con las combinaciones de aclidinio y un agonista B2. Por lo tanto, no existe sugerencia
alguna en D1 en cuanto a que el compuesto especifico alclidinio pueda ser de manera
ventajosa, combinado con un agonista B2. Asi, ninguna de las ensefianzas de D1
conducirian a una persona versada en la materia a elegir el aclidinio de las ensefanzas

generales de dicho documentos.

Por lo que respecta D2 y D3, estos documentos ni siquiera revelan el compuesto aclidinio
y ciertamente no contienen sugerencia alguna con respecto a las propiedades ventajosas
de ahorro cardiaco logradas cuando el aclidinio se combina con un agonista 2. El objeto

reivindicado en la presente solicitud implica por lo tanto nivel inventivo.
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Asi las cosas, es claro que la presente invencién resuelve un problema no antes resuelto
en el estado de la técnica y que proporciona un efecto sorprendente e inesperado, lo cual
no ha sido tenido en cuenta por el Examinador.

Solicitamos atentamente tener en cuenta los argumentos anteriores, los cuales
consideramos demuestran de manera suficiente que la presente solicitud es inventiva
sobre el arte previo de manera que [as objeciones formuladas a este respecto se ven

superadas.

Puesto que se han atendido a cabalidad las observaciones hechas por su Despacho
sobre la presente solicitud de patente, respetuosamente solicito se continde con su
tramitacion. Sin embargo, en el evento que el Despacho considere que una modificacion
adicional es necesaria, respetuosamente le solicito hacer uso de la facultad que le otorga
el articuio 45 inciso 2 de la Decision 486 de la Comisién de la Comunidad Andina a efecto

de requerir nuevamente de nuestra parte cualquier complementacién o aclaracion.

4. Anexos.

¢ Anexo I: Experimental Report 1.

s Anexo il: Goodman & Gilman, The Pharmacological Basis of Therapeutics.
o Anexo lll: Murray et al, Textbook of Respiratory Medicine.

e  Anexo IV.

e Anexo V: Experimental Report 2
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Experimental Report 1

ANEXO |

Time-course effects of aclidinium (100 uyg/kg) and tiotropium (10 pg/kg) combined
with indacaterol (10 pg/kg), administered by intravenous route, on heart rate in
conscious male Beagle dogs.
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MEAN SEM
Emax 164 12
1 hour 71 9
2 hours 66 17
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4 hours 49 12
5 hours 19 20

ANEXO V

Tiotropium +
Indacaterol
MEAN SEM
150 9
117 12
91 10
62 6
39 17
35 10



oocuf.'::?:&;i‘zé?;;m Tenth Edltlon

mB1/.32483

‘McGraw-Hill

. S
MEDICAL PUBLsHING Drvision ) .

New York  Chicago  San Francisco  Lisbon  London Madrid  Mexico City
Milan New Delhj San Juan

Seoul  Singapore Sydney Toronto

omar .




McGraw-Hill &7

.
o

A Division ofTﬁcMchwHiﬂCompmﬁa

Goodmen and Gilman's THE PHARMACOLOGICAL BASIS OF THERAPEUTICS, 10/e

Copyriglit © 2001, 1996, 1990, 1985, 1980, 1975, 1970, 1965, 1955, 1941 by The MeGraw-Hil
~ompanies, Inc. All rights reserved. Printed in the United States of America, Bxcept as

permitted under the United States Copyright Act of 1976, no part of this publication may be

- reproduced or distributed in any foim or by any means, or stored in a data basc or retieval

. Library of Congress Cataloging-in-Publication Data

: :

systcm, without the prior wrirten perraission of the publisher.
1234567890 DOWDOW 0987654321
ISBN 0-07-135469-7

This book was set in Times Roman by York Graphic Scrvices, Inc. The editors were Martin J.

This book is printed on acid-free paper.

Goodman and Gilman'’s: the pharmiacological basis of therapeutics.—10th ed. / [edited byl
Joel G. Hardman, Lee E, Limbird, Alfred Goodman Gilman,
p.;cm. -

Includes bibliographical references ang index.

ISBN 0-07-13546D-7 ' ) .

1. Pharmacology. 2. Chemotherapy. 1. Tite: Pharmacological basis of therapeutics.
I. Goodman, Louis Senford T, Gilman, Alfred 1V. Hardman, Joel G. ‘
V. Limbird, Lee B. VL Gilman, Alfred Goodman ‘

(DNLM: 1. Pharmicology. 2. Dtug Therapy.  QV 4 G6532 2002]

RM300 G644 2001 -
615.7—de21 . : 2001030728

INTERNATIONAL EDITION ISBN 0-07-112432-2 ' ' .
Copyright © 2001. Exclusive rights by The McGraw-Hill Companies, Inc., for manufactore and expert.
This book cannot be re-exported from the country to which it is consigned by McGraw-Hill. The
International Bdition is not available in North America.




CHAPTEHR 10

CATECHOLAMINES,
SYMPATHOMIMETIC DRUGS,
AND ADRENERGIC RECEPTOR
'ANTAGONISTS

Brian B. Hoffman

Catecholamines released by the sympathetic nervous system and adrenal medulla are
involved in regulating @ host of physiological functions, particularly in integrating re-
sponses to a range of stresses that would otherwise threaten homeostatic mechanisms.
Norepinephrine is the major neurotransmitier in the peripheral sympathetic nervous sys-
tem, whereas epinephrine is the primary hormone secreted by the adrenal medulla in
mammals. Activation of the sympathetic nervous system vccurs in response to diverse
stimuli, including physical activity, psychological stress, blood loss, and many other nor-
mal or disease-related provocations. Because the functions mediated or modified by the
sympathetic nervous system are diverse, drugs that mimic, alter, or antagonize its activity
are useful in the treatment of many clinical disorders, including hypertension, cardiovas-
cular shock, arrhythmias, asthma, and anaphylactic reactions. Some of these indications
are discussed elsewhere (see Chapters 28, 32, 33, 34, and 33).

The physiological and metabolic responses that follow stimulation of sympathetic
rerves in mammals usually are mediated by the neurotransmitter norepinephrine, although
cotransmitters such as peptides potentially may contribute to sympathetic effects. As part
of the response 1o stress, the adrenal medulla also is stimulated, resulting in elevation of
the concentration of epinephrine in the circulation; epinephrine functions as a hormone,
acting at distant sites in the circulation. The actions of these rwo catecholamines are
very similar at some sites but differ significantly at others. For example, both compounds
stimulate the myocardium; however, epinephrine dilates blood vessels to skeletal muscle,
whereas norepinephrine causes constriction of blood vessels in skin, mucosa, and kidney.

Dopamine is a third naturally occurring catecholamine. Although it is found pre-
dominantly in the basal ganglia of the central nervous system (CNS), dopaminergic nerve
endings and specific receptors for this catecholamine have been identified elsewhere in
the CNS and in the periphery. The role of catecholamines in the CNS is detailed in
Chapter 12 and elsewhere. As might be expected, sympathomimétic: amines=—naturally
occurring catecholamines and drugs thar mimic their actions—and adrenergic receptor
antagonists—drugs that block the effects of sympathetic stimulation—constitute two of the
more extensively studied groups of pharmacological agents.

Many of the actions of agonists or antagonists that activate or inhibit adrenergic re-
ceplors are understandable in terms of the known physiological effects of catecholamines.
Whereas endogenous catecholamines such as epinephrine are sometimes used as drugs,
most of the available agonists are structural analogs of epinephrine or norepinephrine.
These synthetic compounds have a variety of advantages as therapeutic agents—such as
oral bioavailability, prolonged duration of action, and specificity for particular subtypes
?f adrenergic receptors—which serve to enhance their therapeutic actions and to dimin-
ish potential adverse effects. The structure, cellular function, and physiological effects of
adrenergic agonists and antagonisis are outlined in this chapter.
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1. CATECHOLAMINES AND
SYMPATHOMIMETIC DRUGS

Most of the actions of catecholamines and sympathomi-
metic agents can be classified into seven broad types: (1) a
peripheral excitatory action on certain types of smooth
muscle, such as those in blood vessels supplying skin,
kidney, and mucous membranes, and on gland cells, such
as those in salivary and sweat glands; (2) a peripheral in-
hibitory action on certain other types of smooth muscle,
such as those in the wall of the gut, in the bronchial tree,
and in blood vessels supplying skeletal muscle; (3) a car-
diac excitatory action, responsible for an increase in heart
rate and force of contraction; (4) metabolic actions, such
as an increase in rate of glycogenolysis in liver and mus-
cle and liberation of free fatty acids from adipose tissue;
(5) endocrine actions, such as modulation (increasing or
decreasing) of the secretion of insulin, renin, and pituitary
hormones; (6) central nervous system (CNS) actions, such
as respiratory stimulation and, with some of the drugs, an
increase in wakefulness and psychomotor activity and are-
duction in appetite; and (7) presynaptic actions that result
in either inhibition or facilitation of the release of nen-
rotransmitters such as norepinephrine and acetylcholine;
physiologically, the inhibitory action is more important
than the excitatory action. Many of these actions and the
receptors that mediate them are summarized in Tables 6-1
and 6--3. Not all sympathomimetic drugs show each of the
above types of action to the same degree. However, many
of the differences in their effects are only quantitative,
and descriptions of the effects of each compound would
be unnecessarily repetitive. Therefore, the pharmacologi-
cal properties of these drugs as a class are described in
detail for the prototypical agent, epinephrine.

Appreciation of the pharmacological properties of the
drugs that are described in this chapter is critically depen-
dent on understanding the classification, distribution, and
mechanism of action of the various subtypes of adrener-
gic receptors (2, B) (Figure 10-1). This information is
presented in Chapter 6.

History. The pressor effect of adrenal extracts was first shown
by Oliver and Schiifer in 1895. The active principle was named
epinephrine by Abcl in 1899 and synthesized independently by
Stolz and Dakin (see Hartung, 1931). The development of our
knowledge of epinephrine and norepinephrine as netrohumoral
transmitters is outlined in Chapter 6. Barger and Dale (1910)
studied the pharmacological activity of a large series of syn-
thetic amines related to epinephrine and termed their action
sympathomimetic. This important study determined the basic
structural requirements for activity. When it was later found
that cocaine or chronic denervation of effector organs rednced
the responses to ephedrine and tyramine but enhanced the ef-

SECTIONII DRUGS ACTING AT SYNAPTIC AND NEUROEFFECTOR JUNCTIONAL SITES

fects of epinephrine, it became clear that the differences be-
tween sympathomimetic amines were not simply guantitative.
It was suggested that epinephrine acted directly on the effec-
tor cell, whereas ephedrine and tyramine had an indirect effect
by acting on the nerve endings. The discovery that reserpine
depletes tissues of norépinephrine (Bertler ef al, 1956) was
followed by evidence that tyramine and certain other sympa-
thomimetic amines do not act on tissues from animals that
have been treated with reserpine; this, too, indicated that they
act by releasing endogenous norepinephrine (Bum and Rand,
1958).

Chemistry and Structure-Activity Relationship of Sympath-
omimetic Armines. S-Phenylethylamine (Table 10-1) can be
viewed as the parent compound of the sympathomimetic amines,
consisting of a benzene ring and an ethylamire side chain.
The structure permits substitutions to be made on the arornatic
ring, the - and B-carbon atoms, and the terminal amino group
to yield a vardety of compounds with sympathomimetic activ-
ity. Norepinephrine, epinephrine, dopamine, isoproterenol, and
a few other agents have hydroxyl groups substituted at po-
sitions 3 and 4 of the benzene ring. Since o-dihydroxybenzene
also is known as catechol, sympathomimetic amines with
these hydroxyl substitutions in the aromatic ring are termed
catecholamines.
Many dircctly acting sympathomimetic drugs influence both
@ and B receptors, but the ratio of activities varies among
drugs in a continnous spectrum from predominantly o activity
(phenylephrine) to predominantly f activity (isoproterenol). De-
spite the multiplicity of the sites of action of sympathomimetic
amines, several generalizations can be made (see Table 10-1).
Separation of Aromatic Ring and Amino Group. By far the
greatest sympathomimetic activity occurs when two carbon atoms
scparate the ring from the amino group. This rule applies with
few exceptions to all types of action.
Substitution an the Amino Group. The effects of amino sub-
stitution are most readily seen in the actions of catecholamines
on o and B receptors. Increase in the size of the alkyl sub-
stituent increases f-receptor activity (e.g., isoproterenol). Nor-
epinephrine has, in general, rather feeble 8; activity; this activity
is greatly increased in epinephrine with the addition of a methyl
group. A notable exception is phenylephrine, which has an
N-methy] sobstituent but is an a-selective agonist. >-Sclective
“ compounds require a large amino substituent, but depend on
other substitutions to define selectivity for B; rather than for
B receptors. In general, the smalier the substitution on the
amino group the greater the selectivity for @ activity, aithough
N-methylation increases the potency of primary amines. Thus,
@ activity is maximal in epincphrine, less in norepinephrine,
and almost absent in isoproterencl.
Substitution on the Aromatic Nucleus, Maximal & and § ac-
tivity depends on the presence of hydroxyl groups on positions
3 and 4. When on¢ or both of these groups are absent, with
no other aromatic substitution, the overall potency is reduced.
Phenylephrine is thus less potent than epinephrine at both o and
B receptors, with S, activity almost completely absent. Studics
of the B-adrenergic receptor suggest that the hydroxyl groups
on scrine residues 204 and 207 probably form hydrogen bonds
with the catechol hydroxyl groups at positions 3 and 4, respec-
tively (Strader et af., 1989). It also appears that aspartate 113
is a point of electrostatic interaction with the amipe group oo




the‘_ ligand. Since the serines are in the fifth membrane-spanning
Eim and the aspartate is in the third (see Chapter 6), it is likely
Py m;'i:atcchol:}mmes bind paraliel to the plane of the membrane,
mo deﬁsgi:\rg?qge getwcc_n the two membrane spans. However,
bilitie Giutc‘lrlligi, g:;ilfne receptors suggest alternative possi-
%I&f}l\ﬁ?oxy} groups in po;itions 3 and 5 confer B;-receptor
memprotz on lcompounq.s with large amin.o substituents. Thus,
the bropg I?ario y terl:rutahnel. a.nd_ other similar compounds relax
direct cargi musculature in patients with asthma but cause less
esponse o &C stimulation _tha.n.do the nonselective drugs. The
pacity 1g 1'e]nnm:.atec:hc.nlamm_es is in part determined by their ca-
thus cayss :ﬁi;se norepinephrine from storage sites. These agents
1015, sinc ects that are mostly mediated by o and B, recep-

» *HI¢€ Dorepinephrine is a weak B, agonist. Phenylethyl-
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Figure 10-1. Subtypes of ad-
renergic recepltors.

There are three known sub-
types ofeach of the e;-, ¢3-,and
B-adrenergic receptor popula-
tions. All B-adrenergic receptor
subtypes are coupled to stim-
ulation of adenylyl cyclase ac-
tivity; similarly, all ap-adrenergic
receptor subtypes affect the same
effector systems, i.e., inhibition of
adenylyl cyclase, activation of
receptor-operated Kt channels,
and inhibition of voltage-sensitive
Ca®* channels. In contrast, there is
evidence that different o -adren-
ergic receptor subpopulations
couple to different effector sys-
tems. W indicates a site for
N:glycosylation; whany indicates
a site for thio-acylation.

amines that lack hydroxyl! groups on the ring and the S-
hydroxy) group on the side chain act almost exclusively by
causing the release of norepinephrine from adrenergic nerve
terminais.

Since substitution of polar groups on the phenylethylaniine
stmcture makes the resultant compounds less lipophilic, un-
substituted or alkyl-substituted compounds cross the blood-
brain barrier more readily and have more central activity. Thus,
ephedrine, amphetamine, and methamphetamine exhibit consid-
erable CNS activity. In addition, as noted above, the absence
of polar hydroxyl groups results in a loss of dircet sympatho-
mimetic activity.

Catecholamines have only a brief duration of action and are
ineffective when administered orally, because they are rapidly
inactivated in the intestinal mucosa and in the liver before
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Table 10--1

Chemical Structures and Main Clinical Uses of Important Sympathomimetic Drugst

SECTIONT DRUGS ACTING AT SYNAPTIC AND NEUROEFFECTOR JUNCTIONAL SITES

5 5
[+ 4
. @LgH—-CH NH MR SN
o Receptor 8 Receptor
8 ‘ ’ J ANPYV BCU CNS, 0
Pheaylethylamine H H H
Epinephrine 3-0H,4-0H OH H CH, A PV . B,C
Norepinephrine 3-0H,4-0H OH H H F
Dopamine 3-0OH,4-OH H H H P
Dobutamine 3-0H,4-OH H H 1* C
Colterol 3-OH,4-0H OH H C(CH,), B
Ethylnorepinephrine 3.0H,4-0H OH | CHCH, |- H B
Isoproterenoi 3-0H,4-0H OH H CH(CH,), B,C
Tsoetharine 3-OH,4-0H OH | CHCH, | CH(CH,), B
Metaproterenol 3.0HSOH _ GH H CHICH,), B
Terbutaline 3-OH,5-CH OH H C(CHy)s B, U
Metaraminol 3-OH CH CH; H P
Phenylephrine 3-CH OH H CH, NP
Tyramine 4-0H H H H
Hydroxyamphetamine 4-0H H CH, H
Ritodrine 40H OH CH, 2* U
Prenatterol 4-0H OHY H —CH(CH,), c
Methoxamine 2-0CH3,50CH, oH | cH, H p
Albaterol 3-CH,OH40H 7~ OH H C{CHa)a B, U
Amphetamine H CH, H CNS, 0
Methamphetamine H CHs CHy CNS, 0
Benzphetamine H CHs, 3* 0
Ephedrine oM | cHy CHa NP B.C
Phenylpropanclaminc OH CH, H N 0
Mephentermine H 4* CHy NP
Phentermine H 4+ H Y
Propythexedrine 5* H CHy CHs N
Diethylpropion 6" 0
Phenmetrazine 7* 0
Phendimetrazine 8* 4]
2 3 4
: ?Hs (]:H3
""(le —(CHZ}Z_@OH “*CHz""CHE QOH “""ri'[ —_C—
CH, CHa@ c]:H3
5 6 7 B
0——CH, 0O—CH,
O —G—CH—N—CH "'06 EGHZ ‘“Cﬁ o,
O CHy GoHs GH=N CH—N
CH, CH; CH,
o Activity B Activiry
A= Allergic reactions (includes 8 action) B == Bronchodilator CNE = Central nervous system
N = Nasal decongestion C = Candiac 0 = Anorectic
P = Pressor(may include 8 action) 1J = Uterus

V== Qther local vasoconstriction

(e.g., in local anesthesia)

"Numbers bearing an asterisk refer to the substituents numbered in the bottom rows of the table; substitrent 3 replaces the N atom, substiment 5 replaces the phenyl
ring, and 6, 7, and 8 are attached directly ¢o the phenyl ring, replacing the cthylamine side chain.
TThe o and § in the prototypical formula refer to positions of the € mtoms in the ethylamine side chain.
Prenalterol has —OCH;— between the aromatic ring and the carbon atom designated as g in the prototypical formula




: emic circulation (see Chapter 6). Compounds
red Chmtggt;'l: ;3{ sltzoth hydroxyl substituentsapare not acted upon
thjocho]-o_memylu-ansferase {COMT), and their oral effec-
l?y Egss and duration of action are enhanced. )
tive Groups other than hydroxyls have been substituted on the
aromatic ring. In general, potency at & receptors is reduced and
pB-receptor activity is miniroal; the compounds may even b_lock B
receptors. For example, methoxamine, with mer.hoxy §ubsutqe1}ts
at positions 2 and 5, has highly selective a-stimulating activity
and, in large doses, blocks § receptors. Albuterol, a Ba-selective
agonist, has a substituent at position 3 and is an important
exception to the general rule of low f-receptor activity. The

structure of albuterol is as follows:

GH,OH

HO@—CHOHCHENHC(CHa)a

ALBUT}':;HOL

Substitution on the a-Carbon Atom. This substitution blocks
oxidation by monoamine oxidase (MAQ), greatly prolonging the
duration of action of noncatecholamines because their degrada-
tion depends largely on the action of MAO. The duration of
ection of drugs such as ephedrine or amphetamine is thus mea-
sured in hours rather than in minutes. Similarly, compounds
with an e-methyl substituent persist in the nerve terminal and
are more likely to release norepinephrine from storage sites.
Agents such as metaraminol exhibit a greater degree of indirect
sympathomimetic activity, '
Substitution on the B Carbon. Substitution of a hydroxyl
group on the B carbon generally decreases actions within the
CNS, largely because of the lawer lipid solubility of such com-
pounds. However, such substitution greatly enhances agonist
acuvity at both & and 8 receptors. Although ephedrine is less
potent than methamphetamine as a central stirnulant, it is more
powerful in dilating bronchioles and increasing blood pressure
and heart rate.

: Op!_‘lcal.Isomen’sm. Substitution on either o or 8 carbon yields
optical isomers. Levorotatory substitution on the B carbon con-

ﬂnt.i lfpinepl_l:ine and [-norcpinephrine are at Jeast ten times as
lo}: l;ll as their unnatural d-isomers. Dextrorotatory substitution
¢ & carbon generally results in"a more potent compound.

5 g;ﬂmpheta{nine is more potent than -amphetamine in central
t not peripheral activity,

Phy§I°I°gica’ Basis of Adrenergic Receptor Function.
gan t’;‘i’s’;ﬁntﬁfactgr m the Tesponse of any cell or or-
Portion of Paomimetic amines is the density and pro-
norepine hgl; and B-adrenergic receptors. For example,
l::ronc:l'u';ﬂpa,'l-ﬂE has. relatively litfle capacity to increase
uscle are 1310‘;' smce the receptors in bronchial smooth
terenol and ign Y of the B, subtype. In contrast, isopro-
neous blood fe c};hnne are potent bronchodilators. Cuta-
sively o tece tss:e-s PhYSlolog]ca]ly express almost exclu-
Cause COnsujP-om’ thus, norepinephrine and epinephrine

cion of such vessels, whereas isoprotereno)

%

fers the greater peripheral activity, so that the naturally occur-
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has little effect. The smooth muscle of blood vessels that
supply skeletal muscles has both 8, and a receptors; acti-
vation of B, receptors causes vasodilation, and stimulation
of « receptors constricts these vessels. In such vessels, the
threshold corcentration for activation of f, receptors by
epinephrine is lower than that for & receptors, but when
both types of receptors are activated at high concentrations
of epinephrine, the response to « receptors predominates.
Physiological concentrations of epinephrine cause primar-
ily vasodilation.

The ultimate response of a target organ to sympath-
omimetic amines is dictated not only by the direct effects
of the agents but also by the reflex homeostatic adjust-
ments of the organism. One of the most striking effects of
many sympathomimetic amines is a rise in arterial blood
pressure caused by stimulation of vascular o receptors.
This stimulation elicits compensatory refiexes which are
mediated by the carotid aortic baroreceptor system. As
a result, sympathetic tone is diminished and vagal tone
is enhanced; each of these responses leads to slowing of
the heart rate. This reflex effect is of special importance
for drugs that have little capacity to activate S-adrenergic
receptors directly. With diseases such as atherosclerosis,
which may impair baroreceptor mechanisms, the effects
of sympathomimetic drugs may be magnified (Chapleau
et al., 1995).

Indirectly Acting Sympathomimetic Drugs. For many
years, it was presumed that sympathomimetic amines pro-
duced their effects by acting directly on adrenergic recep-
tors. However, this notion was dispelled by the finding that
the effects of tyramine and many other noncatecholamines
werc reduced or abolished after chronic postganglionic
denervation or treatfent with cocaine or reserpine. Under
these circumstances, the effects of exogenously admin-
istered epinephrine, and especially norepinephrine, often
were enhanced. These observations led to the proposal
that tyramine and related amines act indirectly, following
uptake into the adrenergic nerve terminal, by displacing
norepinephrine from storage sites in the synaptic vesi-
cles or from extravesicular binding sites. Norepinephrine
conld then exit from the adrenergic nerve terminal and in-
teract with receptors to produce sympathomimetic effects.
The depletion of tissue stores of catecholamines that fol-
lows treatment with reserpine or degeneration of adren-
ergic nerve terminals wounld explain the lack of effect of
tyramine under these conditions. In the presence of co-
caine, the high-affinity neuronal transport system for cat-
echolamines and certain congeners is inhibited, and tyra-
mine and related amines are unable to enter the adrenergic
nerve terminal. In this manner, cocaine inhibits the actions
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of indirectly acting sympathomimetic amines while poten-
tiating the effects of directly acting agents that are nor-
mally removed from the gynaptic cleft by this transport
system (see Chapter ).

In assessing the proportion of direct and indirect ac-
tions of a sympathomimetic amine, the most common
experimental procedure is to compare the dose-response
curves for the agent on a particular target tissue before
and after treatment with reserpine (Trendelenburg, 1972).
Those drugs whose actions are essentially unaltered after
treatment with reserpine are classified as directly acting
sympathomimetic amines (e.g., norepinephrine, phenyl-
ephrine), whereas those whose-actions are abolished are
termed indirectly acting (e.g., tyramine). Many agents ex-
hibit some degree of residual sympathomimetic activity
afier the administration of reserpine, but higher doses of
these amines are required to produce comparable effects.
These are classified as mixed-acting sympathomimetic
amines; that is, they have both direct and indirect ac-
tions. The proportion of direct and indirect actions can
vary considerably among different tissues and species. In
some cases, relatively little is known about these proper-
ties in human beings.

Since the actions of norepinephrine are more marked
on o and §; receptors than on Bz receptors, many non-
catecholamines that release norepinephrine have predomi-
nantly e-receptor~mediated and cardiac effects. However,
certain noncatecholamines with both direct and indirect ef-
fects on adrepergic receptors show significant B2 activity
and are used clinically for these effects. Thus, ephedrine,
although dependent on release of norepinephrine for some
of its effects, relieves bronchospasm by its action on
B3 receptors in bronchial muscle, an effect not seen with
norepinephrine. It also must be recalled that some noncate-
cholamines—phenylephrine, for example—act prirarily
and directly on effector cells. It is thercfore impossible
to predict precisely the characteristic effects of noncate-
cholamines simply on the basis that they may provoke the
release of at least some norepinephrine.

False-Trapsmitter Concept. As indicated above, indirectly
acting amines are taken up into adrenergic nerve terminals and
storage vesicles, where they replace norepinephrine in the stor-
age complex. Phenylethylamines that lack a $-hydroxyl group
are retzined there poorly, but B-hydroxylated phenylethylamines
and compounds that subsequently become hydroxylated in the

synaptic vesicle by dopamine B-hydroxylase are retained in the
synaptic vesicle for relatively long periods of time. Such sub-
stances can produce a persistent diminution in the content of
norepinephrine at functionally criticat sites. When the nerve
is stimulated, the contents of a relatively constant number of
sypaptic vesicles are apparently released by exocytosis. If these
vesicles contain phenylethylamines that are much less potent
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than norepinephrine, activation of postsynaptic adrenergic re-
ceptors will be diminished.

This hypothesis, known as the false-transmitter concept,
is a possible explanation for some of the effects of inhibitors
of MAO, Phenylethylamines normally are synthesized in the
gastroinestinal tract as a result of the action of bacterial tyro-
sine decarboxylase. The tyramine formed in this fashion usu-
ally is oxidatively deaminated in the gastrointestinal tract and
the liver, and the amine does not reach the systemic circu-
\ation in significant concentrations. However, when a MAO
inhibitor is administered, tyramine may be absorbed system-
jcally and is transported into adrenesgic nerve terminals, where
its catabolism is again prevented because of the inhibition of
MAO at this site; it is then S-hydroxylated to octopamine and
stored in the vesicles in this form. As a consequence, nor-
epinephrine gradually is displaced, and stimulation of the nerve
terminal results in the release of a relatively small amount of
porepinephrine along with & fraction of octopamine. The lat-
ter amine has relatively littie ability to activate either - or
S-adrenergic receptors. Thus, a functional impairment of sym-
pathetic transmission parallels fong-term administration of MAC
inhibitors.

Despite such functional impairment, patients who have
received MAQ inhibitors may cxperience severe hypertensive
crises if they ingest cheese, beer, or red wine. These and re-
lated foods, which are produced by fermentation, contain a large
quantity of tyramine and, to a lesser degrec, other phenylethyl-
amines. When gastrointestinal and hepatic MAO are inhibited,
the large quantity of tyramine that is ingested is absorbed rapidly
and reaches the systemic circulation in high concentration. A
massive and precipitous release of norepinephrine can resuit,
with consequent hypertension that can be severe enough 10 cause
myocardial infarction or a stroke. The properties of various
MAQ inhibitors (reversible or irreversible; selective or nonse-
lective at MAO-A and MAQ-B) are discussed in Chapter 19.

ENDOGENOUS
CATECHOLAMINES

Epinephrine

Epinephrine (édrena]ine) is a potent stimulant of both a

and B-adrenergic receptors, and its effects on target organs,

are thus complex. Most of the responses kisted in Table 6-1
are seen after injection of epinephrine, aithough the otcur
rence of sweating, piloerection, and mydriasis depends 0

the physiological state of the subject. Particularly promj

nent are the actions on the heart and on vascular and othe!
smooth muscle.

Blood Pressure. Epinephrine is one of the most poten
vasopressor drugs known. If a pharmacological dose i
given rapidly by an intravenous route, it evokes a chat
acteristic effect on blood pressure, which rises rapidly

a peak that is proportional to the dose. The increase i
systolic pressure is greater than the increase in diastoli

i
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pressure, SO that the pulse pressure increases. As the re-
sponse wanes, the mean pressure may fall below normal
before returning to contral levels.

The mechanism of the rise in blood pressure due to
epinephrine is threefold: (1) a direct myocardial stimu-
jation that increases the strength of ventricular contrac-
tion (positive inotropic action); (2) an increased heart rate
(positive chronotropic action); and (3) vasoconstriction in
many vascular beds—especially in the precapillary resis-
tance vessels of skin, mmucosa, and kidney—along with
marked constriction of the veins. The pulse rate, at first
accelerated, may be slowed markedly at the height of the
rise of blood pressure by compensatory vagal discharge.
Small doses of epinephrine (0.1 pg/kg) may cause the
blood pressure to fall. The depressor effect of small doses
and the biphasic response to larger doscs are due to greater
sensitivity to epinephrine of vasodilator 8, receptors than
of constrictor o receptors.

The effects are somewhat different when the drug is
given by slow intravenous infusion or by subcutaneous
injection. Absorption of epinephrine after subcutaneous
injection is slow due to local vasoconstrictor action; the
effects of doses as large as 0.5 to 1.5 mg can be dupli-
caied by intravenous infusion at a rate of 10 to 30 ug per
minute. There is a moderate increase in systolic pressure
due to increased cardiac contractile force and a rise in car-
diac output (Figure 10-2). Peripheral resistance decreases,
owing to 2 dorninant action on 8, receptors of vessels in
skeletal muscle, where blood flow is enhanced; as a con-
sequence, diastolic pressure nsually fails. Since the mean
blood pressure is not, as a rule, greatly elevated, compen-
satory baroreceptor reflexes do not appreciably antagonize
the direct cardiac actions. Heart rate, cardiac output, stroke

volume, and left ventricular work per beat are increased
as a result of direct cardiac stimulation and increased ve-
nous return to the heart, which is reflected by an increase
in right atrial pressure. At slightly higher rates of infu-
sion, there may be no change or a slight rise in peripheral
resistance and diastolic pressure, depending on the dose
and the resultant ratio of & to 8 responses in the various
vascular beds; compensatory reflexes also may come into
play. The details of the effects of intravenous infusion of -
epinephrine, norepinephrine, and isoproterenol in human
beings are compared in Table 10-2 and Figure 10-2.

Vascular Effects. The chief vascular action of epineph-
rine is exerted on the smaller arterioles and precapillary
sphincters, although veins and large arteries also respond
to the drug. Various vascular beds react differently, which
results in a substantial redistribution of blood flow.
Injected epinephrine markedly decreases cutaneous
blood flow, constricting precapillary vessels and small
venules. Cutaneous vasoconstriction accounts for a marked
decrease in blood flow in the hands and feet. The “after-
congestion” of mucosae following the vasoconstriction
from locally applied epinephrine probably is due to changes
in vascular reactivity as a result of tissue hypoxia rather
than to B-receptor activity of the drug on mucosal vessels.
Blood flow to skeletal muscles is increased by ther-
apeutic doses in human beings. This is due in part to a
powerful B;-receptor vasodilator action that is only par-
tially counterbalanced by a vasoconstrictor action on the
¢ receptors that also are present in the vascular bed. If
an o-adrenergic receptor antagonist is given, the vasodi-
lation in muscle is more pronounced, the total peripheral
resistance is decreased, and the mean blood pressure falls

IS

Fipure 10;2. Effects of intravenous infusion of

Norepinephring Epinephrine Isoproteranci
PULSE 100 2 3 L} H 8 8 norepineplirine, epinephrine, or isoproterenol in
RATE t i H 4 : " .+ human beings. (Modified from Allwaod et 4l., 1963,
{min) 50 5‘———; : p ; " with permission.)
180 § ¥ 5 E B H
BLOOD E F 2 i 3
PRESSURE 120 2
(mm Hg) : )
60 ¥ 5 i : i
€ 10 pg/min I § 10 pg/min & 410 pg/min #
2 B : ¥ B
1 H i H ] F
PERIPHERAL E z 5 2 H ¢
RESISTANGE 3 : t
H 7 ¥ [ B
3 £ A 4 2 £l
0 15 ¢ 15 0 19
TIME
{min)
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Table 10-2
Comparison of the Effects of Intravenons Infusion of
Epinephrine and Norepinephrine in Human Beings*

EPINEPH- NOREPINEPH-
EFFECT RINE RINE
Cardiac
Heart rate + ~t
Stroke volume ++ ++
Cardiac output +4++ 0,—
Arrhythmias i 44+ 4+
Coronary blood flow T4 4+
Blood pressure
Systolic arterial +++ o
Mean arterial + ++
Diastolic arterial +.0,— ++
Mean puimonary ++ 4+
Peripheral circulation
Total peripheral
resistance - 4
Cerebral blood flow + 0,—
Muscle blood flow 4 0,—
Cutaneous blood flow — _
Renal blood fiow - -
Splanchnic blood flow +++ 0,+
Metabolic effects
Oxygen consumption 4+ 0,+
Blood glucose +++ 0,+
Blood lactic acid +++ 0,4+
Eosinopenic response + 0
Central nervous system
Respiration + +
Subjective sensations + +

*0.1 to 04 pp/kg per minute.

Abbreviations: + = increase; 0 = no change; — = decrease; t = after
alropine, +

SOURCE: Afier Goldenbery, et al., 1950. Courtesy of Archives of Internal
Medicine.

(epinephrine reversal). After the administration of a non-
selective B-adrenergic receptor antagonist, only vasocon-
striction occuss, and the administration of epinephrine is
assoctated with a considerable pressor effect.

The effect of epinephrine on cerebral circulation is re-
lated to systemic blood pressure. In vsual therapeutic doses, the
drug has relatively little constrictor action on cerebral arterioles.
It is physiologically advantageous thar the cerebral circula-
tion does not constrict in response to activation of the sym-
pathetic nervous system by stressful stimuli. Indeed, autoregu-
latory mechanisms tend to limit the increase in cerebral blood
flow caused by increased blood pressure.

Doscs of epinephrine that have little effect on mean arterial
pressure consistently increase renal vascular resistance and re-
duce renal blood flow by as much as 40%. All segments of the
renal vascular bed contribute to the increased resistance. Since
the glomerular filtration rate is only slightly and variably al-
tered, the filtration fraction is consistently increased. Excretion
of Nat, K*, and Cl~ is decreased; urine volume may be in-
creased, decreased, or unchanged. Maximal tubular reabsorptive
and excretory capacities are unchanged. The secretion of renin
is increased as a consequence of a direct action of epinephrine
on f, receptors in the juxtaglomerular apparatus.

Arterigl and venous pulmonary pressures are raised. Al-
though direct pulmonary vasoconstriction occurs, redistribution
of blood from the systemic to the pulmonary circulation, due to
constriction of the more powerful musculature in the systemic
great veins, doubtless plays an important part in the increase
in pulmonary pressure. Very high concentrations of epinephrine
may cause pulmonary edema precipitated by elevated pulmonary
capillary filtration pressure and possibly by “leaky” capillaries.

Coronary blood flow is enhanced by epinephrine or by
cardiac sympathetic stimulation under physiological conditions.
The increased flow occurs even ‘with doses that do not in-
crease the aortic blood pressure and is the result of two fac-
tors. The first is the increased relative duration of diastole at
higher heart rates (see below); this is partially offset by de-
creased blood flow during systole becausc of more forceful
contraction of the surrounding myocardium and an increase in
mechanical compression of the coronary vessels. The increased
flow during diastole is further enhanced if aortic blood pressure
is elevated by epinephrine, and, as a consequence, total coro-
nary flow may be increased. The second factor is a metabolic
dilator effect that results from the increased strength of con-
traction and myocardial oxygen consumption due to the direct
effects of epinephrine on cardiac myocytes. This vasodilation
is mediated in part by adcnosine released from cardiac myo-
cytes, which tends to override a direct vasoconstrictor effect
of epinephrine that results from activation of « receptors in
coronary vessels.

Cardiac Effects. Epinephrine is a powerful cardiac stim-

ulant. Ir acts directly on the predominant 8; receptors of °

the myocardivm and of the cells of the pacemaker and
conducting tissues; B> and a receptors also are present
in the heart, although there are considerable species dif-
ferences. Considerable recent interest has focused on the
role of B and B, receptors in the human heart, especially
in heart failure. The heart rate increases, and the rhythm
often is altered. Cardiac systole is shorter and more pow-
erful, cardiac output is enhanced, and the work of the heart
and its oxygen consumption are markedly increased. Car-
diac efficiency (work done relative to oxygen consump-

tion) is lessened. Direct responses to epinephrine include-
increases in contraciile force, accelerated rate of rise of
isometric tension, enhanced rate of relaxation, decreased:

time to peak tension, increased excitability, acceleratio

of the rate of spontaneous beating, and induction of auto- Fiag:

maticity in specialized regions of the heart.
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In accelerating the heart, epinephrine preferentially short-
ens systole so that the duration of diastole usually is not re-
duced. Indeed, activation of g receptors increases the rate of
relaxation of ventricular muscle. Epinephrine speeds the heart
by accelerating the slow depolarization of sinoatrial (SA) nodal
cells that takes place during diastole, i.e., during phase 4 of the
action potential (see Chapter 35). Consequently, the transmem-
brane potential of the pacemaker cells rises more rapidly to the
threshold level at which the action potential is initiated. The
amplilude of the action potential and the maximal rate of depo-
larization (phase 0) also are increased. A shift in the location of
the pacemaker within the SA node often occurs, owing 1o acti-
vation of latent pacemaker cells. In Purkinje fibers, epinephrine
also accelerates diastolic depolarization and may cause activa-
tion of latent pacemaker cells. These changes do not occur in
atrial and ventricular muscle fibers, where epinephrine has linfe
effect on the stable, phase 4 membrane potential after repo-
larization. If large doses of epinephrine are given, premature
ventricular systoles occur and may herald more serious ventric-
vlar archythrnias. This rarely is seen with conventional doses
in humman beings, but ventricular extrasystoles, tachycardia, or
even fibrillation may be precipitated by release of endogenous
epinephrine when the heart has been sensitized to this action
of epinephrine by certain aresthetics or in cases of myocar-
dial infarction. The mechanism of induction of these cardjac
arrhythmias is not clear.

Some effects of epinephrine on cardiac tissues are largely
secondary to the increase in heart rate, and are small or incon-
sistent when the heart rate is kept constant. For example, the
effect of epinephrine on repolarization of atrial muscle, Pur-
kinje fibers, or ventricular muscle is small if the heart rate is
unchanged. When the heart rate is increased, the duration of
the action potential is consistently shortened, and the refractory
period is correspondingly decreased.

Conduction through the Purkinje system depends on the
level of membrane potential at the time of excitation. Excessive
reduction of this potential results in conduction disturbances,
ranging from slowed conduction to complete block. Bpinephrine
often increases the membrane potential and improves conduction
in Purkinje fibers that have been excessively depolarized.

Epinephrine normally shortens the refractory period of the
human atrioventricular (AV) node by direct effects on the heart,
although doses of epinephrine that slow the heart through reflex

vagal discharge may indirectly tend to prolong it. Epincphrine .

a]_so decreases the grade of AV block that occurs as a result of
disease, drugs, or vagai stimulation, Supraventricular arrhyth-
Duas are apt to occur from the combinatjon of epinephrine and
cholinergic stimulation. Depression of sinus rate and AV con-
duction by vagal discharge probably plays a part in epincphrine-
induced ventricuiar arrhythmias, since various drugs that block
the vagal effect confer some protection. The action of epinephrine
in cnhapcing cardiac automaticity and its action in causing ar-
ythmias are effectively antagonized by B-adrenergic receptor
antagonists such ag propranolol. However, o receptors exist
' most regions of the heart, and their activation prolongs the
“‘fm‘mry‘peﬁod and strengthens myocardial contractions,
rdiac arrhythmias have been seep in patients after inad-
vertent intravenous administration of conventional subcutaneous
doses of epinephrine. Ventricular premature systoles can appear,
Which may be followed by muitifocal ventricular tachycardia or
Ventricular fibrillagion, Pulmonary edema also may occar.

Epinephrine decreases the amplitude of the T wave of the
electrocardiogram (ECG) in mormal persons. In animals given
relatively larger doses, additional effects are seen on the T wave
and the ST segment, After decreasing in amplitude, the T wave
may become biphasic, and the ST segment can deviate cither
above or below the isoelectric line. Such ST-segment changes
are similar to those seen in patients with angina pectoris during
spontanecus or epinephrine-induced attacks of pain, These elec-
trical changes therefore have been attributed to myocardial isch-
emia. Also, epinephrine as well as other catecholamines may
cause myocardial cell death, particularly after intravenous infu-
sions. Acute toxicity is associated with contraction band necro-
sis and other pathological changes. Recent interest has focused
on the possiblilty that prolonged sympathetic stimulation of the
heart, such as in congestive cardiomyopathy, may promote apo-
ptosis of cardiomyocytes.

Effects on Smooth Muscles. The effects of epinephrine
on the smooth muscles of different organs and systems
depend on the type of adrenergic receptor in the muscle
(see Table 6-1). The effects on vascular smooth muscle
are of major physiological importance, whereas those on
gastrointestinal smooth. muscle are relatively minor.
Gastrointestinal smooth muscle is, in general, relaxed by
epinephrine. This effect is due to activation of both o- and
B-adrenergic receptors. Intestinal tone and the frequency
and amplitude of spontaneous contractions are reduced,
The stomach usually is relaxed and the pyloric and ileo-
cecal sphincters are coniracted, but these effects depend
on the preexisting tone of the muscle. If tone already is
high, epinephrine causes relaxation; if low, contraction.
The responses of uterine muscle to epinephrine vary
with species, phase of the sexual cycle, state of gestation,
and dose given. Epinephrine contracts strips of pregnant
or nonpregnant human uterus in vitro by interaction with o
receptors. The effects of epinephrine on the human uterus
in situ, however, differ. During the last month of preg-
nancy and at parturition, epinephrine inhibits nterine tone
and contractions. 8,-Sélective agonists, such as ritodgine
or terbutaline, have been used to delay premature labor, al-
though their cfficacy is limited. Effects of these and other
drugs on the uterus are discussed later in this chapter,
Epinephrine relaxes the detrusor muscle of the blad-
der as a result of activation of B receptors and contracts
the trigone and sphincter muscles owing to its o-agomnist
activity. This can result in hesitancy in urination and may
contribute to retention of urine in the bladder. Activation
of smooth muscle contraction in the prostate promotes

urinary retention.

Respiratory Effects. Epinephrine affects respiration pri-
marily by relaxing bronchial muscle. It has a powerful
bronchodilator action, most evident when bronchial muscle
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is contracted because of disease, as in bronchial asthma,
or in response to drugs or various autacoids. In such sit-
uations, epinephrine has a striking therapeutic effect as
a physiological antagonist to substances that cause bron-
choconstriction.

The beneficial effects of epinephrine in asthma also may
arise from inhibition of antigen-induced release of inflammatory
mediators from mast cells, and 10 2 lesser extent from dimin-
tion of bronchial secretions and congestion within the mucosa.
Inhibition of mast cell secretion is mediated by By-adrenergic
receptors, while the cffects on the mucosa are mediated by o
receptors; however, other drugs, such as glucocorticoids and
lenkotriene antagonists, have much mare profound antiinflam-
matory effects in asthma (see Chaptel;;:28).

Effects on ¢he Central Nervous System. Because of the in-
ability of this rather polar compound to enter the CNS, epinephrine
in conventional therapeutic doses is not a powerful CNS stim-
ulant, While the drug may cause restlessness, apprehension,
headache, and tremor in many persons, these effects in part
may be secondary to the effects of epinephrine on the cardio-
vascular system, skcletal muscles, and intermediary metabolism;
that is, they may be the result of somatic manifestations of anx-
iety. Some other sympathomimetic drugs more readily cross the
blood-brain barrier.

Metabolic Effects. Epinephrine has a number of im-
portant influences on metabolic processes. It elevates the
concentrations of glucose and lactate in blood by mecha-
nisms described in Chapter 6. Insulin secretion is inhibited
through an interaction with o, receptors and is enhanced
by activation of 8 receptors; the predominant effect seen
with epinephrine is inhibition. Glucagon secretion is en-
hanced by an action on the § receptors of the o cells of
pancreatic islets. Epinephrine also decreases the uptake of
glucose by peripheral tissues, at least in part because of its
effects on the secretion of insulin, but also possibly due to
direct effects on skeletal muscle. Glycosuria rarely occurs.
The effect of epinephrine to stimulate glycogenolysis in
most tissues and in most species involves 8 receptors (see
Chapter 6).

Epinephrine raises the concentration of free fatty acids
in blood by stimulating 8 receptors in adipocytes. The re-
sult is activation of triglyceride lipase, which accelerates
the breakdown of triglycerides to form free fatty acids and
glycerol. The calorigenic action of epinephrine (increase
in metabolism) is reflected in human beings by an increase
of 20% to 30% in oxygen consumption after conventional
doses. This effect is mainly due to enhanced breakdown
of triglycerides in brown adipose tissue, providing an in-
crease in oxidizable substrate (see Chapter 6).

Miscellaneous Effects. Epinephrine reduces circulating plasma
volume by loss of protein-free fluid to the extracellular space,

thereby increasing erythrocyte and plasma protein concentra-
tions. However, conventional doses of epinephrine do not sig.
nificantly alter plasma volume or packed red-cell volume under
normal conditions, although such doses are reported to have
variable effects in the presence of shock, hemorthage, hypoten.
sion, and anesthesia. Epinephrine rapidly increases the nump- -
ber of circulating polymorphonuclear leukocytes, likely due to !
B-receptor-mediated demargination of these cells. Epinephrine E
accelerates blood coagulation in laboratory animals and human
beings and promotes fibrinolysis.

The effects of epinephrine on sccretory glands are not
marked; in most glands sccretion usually is inhibited, pardy
owing ta the reduced blood flow caused by vasoconstriction,
Epinephrine stimulates lacrimation and a scanty mucous secre-
tion from safivary glands. Sweating and pilomotor activity are
minimal after systemic administration of epinephrine, but oc-
cur after intradermal injection of very dilute solutions of either ¥
epinephrine or norepinephrine. Such effects are inhibited by .
a-teceplor antagonists.

Mydriasis is readily seen during physiological sympathetic
stimulation but not when epinephrine is instiiled into the con-
junctival sac of normal eyes. However, epinephrine usually low-
ers intraocular pressure from normal levels and in wide-angle
glancoma; the mechanism of this effect is not clear, but hoth
reduced production of agueous hurnor due to vasoconstriction
and enhanced outflow probably oceur (see Chapter 66).

Although epinephrine does not directly excite skeletal mus-
cle, it facilitates neuromuscular transtmission, particularly that
following prolonged rapid stimulation of motor nerves. In ap-
parent contrast to the effects of a-receptor activation at presyn-
aptc nerve terminals in the automomic nervous system (o re-
ceptors), stimwaton of @ receptors causes a more rapid increase
in transmitter release from the somatic motor neuron, perhaps
as a result of enhanced influx of Ca®**. These rcsponses likely
are mediated by &, receptors. These actions ‘may explain in
part the ability of epinephrine {given intraarterially) to cause
a brief increase in motor power of the injected limb of pe-
tients with myasthenia gravis. Epinephrine also acts directly
on white, fast-contracting muscle fibers to prolong the active
state, thereby increasing peak tension. Of greater physiological
and clinical importance is the capacity of epinephrine and se-
lective B;-agonists to increase physiological tremor, at Jeast in
part due to f-receptor-mediated enhancement of discharge of
muscle spindles.

Epinephrine promotes a fali in plasma KT largely due ©
stimulation of K* uptake into cells, particularly skeletal mas- 3
cle, due to activation of 8, receptors. This is associated with
decreased renal K* excretion. These receptors have been ex-
ploited in the management of hyperkalemic familial periodic
paralysis, which is characterized by episodic flaccid paraly-
sis, hyperkalemia, and depolarization of skeletal muscle. The
Ba-sclective agonist albuterol apparently is able to ameliorate
the impairment in the ability of the muscle to accumulate and
retain X*.

Large or repeated doses of epinephrine or other sympatho-
mimetic amities given 10 experimental animals lead to damage
to arterial walls and myocardium, which is so severe as to causé
the appearance of necrotic areas in the heart indistinguishable
from myocardial infarcts. The mechanism of this injury is 00t it§.
yet clear, but ¢~ and B-receptor antagonists and Ca®t channel
blockers may afford substantial protection against the damage-
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Similar lesions occur in many patients with pheochromocytoma
or after prolonged infusions of norepinephrine.

Absorption, Fate, and Excretion. As indicated above,
epinephrine is not effective after oral administration, be-
cause it i§ rapidly conjugated and oxidized in the gastroin-
testinal mucosa and liver. Absorption from subcutaneous
tissues occurs relatively slowly because of local vasocon-
striction and the rate may be further decreased by systemic
hypotension, for example in a patient with shock. Absorp-
tion is more rapid after intramuscular injection. In emer-
gencies, it may be necessary in some cases to administer
epinephrine intravenously. When relatively concentrated
solutions (1%) are nebulized and inhaled, the actions of
the drug largely are restricted to the respiratory tract; how-
ever, systemic reactions such as arrhythmias may occur,
particularly if larger amounts are used.

Epinephrine is rapidly inactivated in the body. The
liver, which is rich in both of the enzymes responsible
for destroying circulating epinephrine (COMT and MAO),
is particularly important in this regard (see Figure 6-5).
Although only small amounts appear in the urine of nor-
mal persons, the urine of patients with pheochromocytoma
may contain relatively large amounts of epinephrine, nor-
epinephrine, and their metabolites.

Epinephrine is available in a variety of formulations
geared for different clinical indications and routes of ad-
ministration, such as by injection (usvally subcutanecusly
but sometimes intravenously), by inhalation, or topically.
Several practical points are worth noting. First, epinephrine
is unstable in alkaline solution; when exposed to air or
light, it turns pink from oxidation to adrenochrome and
then brown from formation of polymers. Epinephrine in-
Jection 1s available in 1:1,000, 1:10,000, and 1:100,000 so-
lutions. The usual adult dose given subcutaneously ranges
from 0.3 mg to 0.5 mg. The intravenous route is used cau-
tiously if an immediate and reliable effect is mandatory. If
the solution is given by vein, it must be adequately diluted
and injected very slowly. The dose is seldom as. much as
0.25 mg, except for cardiac arrest, when Jarger doses may
be required. Epinephrine suspensions (e.g., SUS-PHRINE)
are used to slow subcutaneous absorption and must never
be injected intravenously. Alss, a 1% (1:100) formulation
is available for administration via inhalation, every pre-
caution must be 1aken not to confuse this 1:100 solution
with the 1:1000 solution designed for parenteral adminis-
fration, because inadverient injection of the 1:100 solution
can be fatal. -

TﬂfﬁCity, Adverse Effects, and Contraindications.
Epmephrine may causc disturbing reactions, such as rest-

lessness, throbbing headache, tremor, and palpitations. The
effects rapidly subside with rest, quiet, recumbency, and
Tcassurance.

More serious reactions include cerebral hemorrhage
and cardiac arrhythmias. The use of large doses or the ac-
cidental, rapid intravenous injection of epinephrine may
result in cerebral hemorrhage from the sharp rise in blood
pressure. Ventricular arrhythmias may follow the admimis-
tration of epinephrine. Angina may be induced by epineph-
rin¢ in patients with coronary artery disease. ‘

The use of epinephrine generally is contraindicated
in patients who are receiving nonselective S-adrenergic
receptor blocking drugs, since its unopposed actions on
vascular o -adrenergic receptors may lead to severe hy-
pertension and cerebral hemomhage.

Therapeutic Uses. Epinephrine has limited clinical uses.
In general, these are based on the actions of the drug on
blood vessels, heart, and bronchial muscle. In the past, the
most common use of epinephrine was to relieve respira-
tory distress due to bronchospasm; however, 8y-selective
agonists now are preferred. A major use is to provide
rapid relief of hypersensitivity reactions, including ana-
phylaxis, to drugs and other allergens. Also, epinephrine
may be used to prolong the action of local anesthetics,
presumably by decreasing local blood flow. Its cardiac ef-
fects may be of use in restoring cardiac rhythm in patients
with cardiac arrest due to various causes. It also is used
as a topical hemostatic agent on bleeding surfaces such
as in the mouth or in bleeding peptic ulcers during en-
doscopy of the stomach/ducdenum. Systemic absorption
of the drug can occur with dental application. In addition,
inhalation of epinephrine may be useful in the treatment
of postintubation and infectious croup. The therapeutic
uses of epinephring are discussed later in this chapter, in
relation to other syfhpathomimetic drugs.

Norepinephrine

Norepinephrine (levarterenol, I-noradrenaline, {-8-[3,4-
dihydroxyphenyl]-¢-aminocethanol) is the major chemijcal
mediator liberated by mammalian postganglionic adren-
ergic nerves, It differs from epinephrine only by lacking
the methyl substitution in the amino group (see Table 10-1).
Norepinephrine constitutes 10% to 20% of the catechol-
amine content of human adrenal medulla and as much as
97% in some pheochromocytomas, which may not express
the enzyme phenylethanolamine-N-methyltransferase. The
history of its discovery and its role as a neurohumoral

~mediator arc discussed in Chapter 6.
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Pharmacologxcal Properties. The pharmacological ac-
-tions of;norcpmephrme and epinephrine have been exten-

sively oompared in vivo and in vitro (see Table 10-2).
Both drugs are direct agonists on effector cells, and their
actions dlfferjx_namly in the ratio of their effectiveness in
stimulating .o and 8, receptors. They are approximately
equipotent-in sﬁmulaung B1 receptors, Norepinephrine is
a potent agomst at o receptors and has relatively little ac-
tion on B3 receptors however, it is somewhat less potent
thae epinephrine on the « receptors of most organs.
Cardiovascular Eﬁects The cardioVascular effects of an
intravenous mfuston of 10 g of norepinephrine per minute
in human bemgs are shown in Figure 10-2. Systolic and
diastolic pressures and, usually, pulse pressure are in-
creased. Cardlac output js unchanged or decreased, and
total peripheral ,rcs1stance is raised. Compensatory va-
gal reflex actmty slows the heart, overcoming a direct
cardioaccelerator action, and stroke volume is increased.
The peripheral vascular resistance increases in most vas-
cular beds, andiblood flow is reduced to the kidneys.
Norepinephrine consmcts mesenteric vessels and reduces
splanchnic and hepatu: blood flow. Coronary flow usually
is increased, probably owing both to indirectly induced
coronary dilation, as with epinephrine, and to elevated
blood pressure. However patients with Prinzmetal’s vari-
ant angina may. be supersensitive to the a-adrenergic vaso-
consmctor‘effccts of norepinephrine (see Chapter 32).

3 Unhke epmcphnne small doses of norepinephrine do
not cause vasodﬂanon or lower blood pressure, since the
blood ve cIs of skeletal muscle constrict rather than di-
iate o gﬂdmncrglc receptor blocking agents therefore abol-
1sh the pressor effects but do not cause significant reversal,
:'% hypotensmn:

. Other Effects. Other responses to norepinephrine are not

prominent in human beings. The drug causes hyperglycemia
and other rnetabohc effects simnilar to those produced by
epinephrine, but these are observed only when large doses
are gzven that 1s,Fnorepmephnne 15 not as effective a “hor-
mone™ as epmephrme Intradermal injection of suitable
doses causes sweaung that is not blocked by atropine.

Absorptmn, Fate,jand Excretion, Norepmephnne like epi-
nephnne l.S mcﬂ'ccnve when given orally and is absorbed poorly
from sifés of, subcutaneous injection, Tt is rapidly inactivated in
thmbod hEng‘.hc same enzymes that methylate and oxidatively
deammate epmephnne (see above). Small amounts normally are
found in’the Uriné {The excretion rate may be greatly increased
in patients with phcochmmocytoma.

=

Toxicity, AdversciE[‘fects, and Precautions. The untoward

effects of morepinephrine are similar to those of epinephrine,
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although there is typically greater clevation of blood pressure
with norepinephrine. Excessive doses can cause severe hyperten-
sion, so careful blood pressure monitoring generally is indicated
during systemic administration of this agent.

Care must be taken that necrosis and sloughing do not oc-
cur at the site of intravenocus injection owing to extravasation
of the drug. The infusion should be made high in the limb,
preferably through a long plastic cannula extending centrally,
Impaired circulation at injection sites, with or without extrava-
sation of norepinephrine, may be relieved by infiltrating the
arca with phentolamine, an a-receptor antegonist. Blood pres-
sure must be determined frequently during the infusion and
particulazly during adjustment of the rate of the infusion. Re-
duced blood flow to organs such as kidney and intestines is a
constant danger with the use of norepinephrine.

Therapeutic Uses and Status. Norepinephrine (norepinephrine
bitartrate, LEVOPHED} has only limited therapeutic value. The
usc of it and other sympathomimetic amines in shock is dis-
cussed later in this chapter. In the treatment of low blood pres-
sure, the dosc is tirated to the desired pressor response.

Dopamine

Dopamine (34-dihydroxyphenylethylamine) (see Table
10-1) is the immediate metabolic precursor of norepineph-
rine and epinephrine; it is a central neurotransmitter par-
ticularly important in the regulation of movement
(Chapters 12, 20, and 22} and possesses important intrin-
sic pharmacological properties. Dopamine is a substrate
for both MAO and COMT and thus is ineffective when
administered orally. Classification of dopamine receptors
is described in Chapter 22.

Pharmacological Properties. Cardiovascular Effects.
The cardiovascular effects of dopamine are mediated by
several distinct types of receptors that vary in their affin-
ity for dopamine (Goldberg and Rajfer, 1985). At low
concentrations, the primary interaction of dopamine is
with vascular D,-dopaminergic receptors, especially in
the renal, mesenteric, and coronary beds. By activating
adenylyl cyclase and raising intracellular concentrations
of cyclic AMP, Dy-receptor stimulaticn leads to vasodi-

lation (Missale e al, 1998). Infusion of low doses of .

dopamine causes an increase in glomerular filtration rate,
renal blood flow, and Na® excretion. As a consequence,
dopamine has pharmacologically appropriate effects in the
management of states of low cardiac output associated
with compromised renal function, such as severe conges
tive heart failure.

At somewhat higher concentrations, dopamine exerts
a positive inotropic effect on the myocardium, acting on -
B1-adrenergic receptors. Dopamine also causes the release ;
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of norepinephrine from nerve terminals, which contributes
to its effects on the heart. Tachycardia is less prominent
during infusion of dopamine than of isoproterenol (see be-
low). Dopamine usually increases systolic blood pressure
and pulse pressure and either has no effect on diastolic
blood pressure or increases it slighrly. Total pernipheral
resistance usually is unchanged when low or intermedi-
ate doses of dopamine are given, probably because of
the ability of dopamine to reduce regional arterial resis-
tance In some vascular beds, such as mesenteric and re-
nal, while causing only minor increases in other vascular
beds. At high concentrations, dopamine activates vascular
a-adrenergic receptors, leading 10 morc general vasocon-
striction.

Other Effects. Although there are specific dopamine receptors
in the CNS, injected dopamine usually has no central cffects
because it does not readily cross the blood—brain barricr,

Precautions, Adverse Reactions, and Contraindications.
Before dopamine is administered to patients in shock,
hypovolemia should be corrected by transfusion of whole
blood, plasma, or other appropriate fluid. Untoward ef-
fects due to-overdosage generally are attributable to ex-
cessive sympathomimetic activity (although this also may
be the response to worsening shock). Nausea, vomiting,
tachycardia, anginal paip, arrhythmias, headache, hyper-
tension, and peripheral vasoconstriction may be encoun-
tered during an infusion of dopamine. Extravasation of
large amounts of dopamine during infusion may cause
ischemic necrosis and sloughing. Rarely, gangrene of the
fingers or toes has followed the prolonged infusion of
the drug, .

Dopamine should be avoided or used at a much re-
duced dosage (one-tenth or less) if the patient has received
2 MAO inhibitor. Carefu) adjustment of dosage also is
Decessary for the patient who is taking tricyclic antide-
pressants, as responses may be particularly variable.

Therapentie Uses,
INTROPIN) is used in the treatment of severe congestive
faiture, particularly in patients with oliguria and with low
Or normal peripheral vascular resistance. The drug also
May improve physiological parameters in the treatment
of cardiogenic angd septic shock. While dopamine may
acutely improve cardiac and renal function in severely i}
Paﬁenw with chronic heart disease or renal faflure, there
Is relatively little evidence supporting long-term changes
I clinical outcome (Marik and Iglesias, 1999). The man-
agement of shock is discussed later in this chapter,

Dopamine (dopamine hydrochloride:

Dopamine hydrochloride is used only intravenously. The
drug is initially administered at a rate of 2 to 5 ug/kg per
minute; this rate may be increased gradually up to 20 to 50 nglkg
per minute or more as the clinical situation dictates. During
the infusion, patients require clinical assessment of myocardial
function, perfusion of vital organs such as the brain, and the
production of urine. Most patients should receive intensive care,
with monitoring of arterial and venous pressures and the ECG,
Reduction in urine flow, tachycardia, and the development of ar-’
thythmias may be indications to slow or terrinate the infusion.
The duration of action of dopamine is brief, and hence the rate
of administration can be used to control the intensity of effect.

Related drugs include fenoldopam and dopexamine.
Fenoldopam (CORLOPAM) is a Dy-receptor-selective ago-
nist, which lowers blood pressure in severe hypertension
(Elliott et al., 1990; Nichols e al., 1990). Fenoldopam
does not appear to activate - or B-adrenergic receptors.
Intravenous infusions of fencldopam dilate a varicty of
blood vessels including coronary, renal (both afferent and
efferent arterioles), and mesenteric arteries (Brogden and
Markham, 1997). The drug is indicated for short-term
Mmanagement of severe hypertension where rapid reduc-
tion of blood pressure is clinically indicated, Dopexamine
(DOPACARD) is a synthetic analog related to dopamine
with intrinsic activity at dopamine receptors as well as
at f-adrenergic receptors; it may have other effects such
as inhibition of catecholamijne uptake (Fitton and Benficld,
1990). It appears to have favorable hemodynamic actions
in patients with severe congestive heart failure, sepsis, and
shock. Dopexamine is not available in the United States.

B-ADRENERGIC AGONISTS

B-Adrenergic receptor agonists have been utilized in many
clinical settings but now play a major role only in the
treatment of bronchoconstriction in patients with asthma
{reversible airway obstruction) or chronic obstructive pul-
monary disease.

Epinephrine was. first used as a bronchodilator at the
beginning of this century, and ephedrine was introduced
into western medicine in 1924, although it had been used
in China for thousands of years (Chen and Schmidt, 1930).
The next major advance was the development in the 1940s
of isoproterenol, a B-teceptor-selective agonist; this pro-
vided a drug for asthma that lacked a-adrencrgic activity.
The recent development of f-selective agonists has re-
sulted in drugs with even more valuable characteristics, in-
cluding adequate oral bicavailability, Jack of w-adrenergic
activity, and diminished likelihood of adverse cardiovas-
cular effects.
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B-Adrenergic agonists may be used to stimulate the
rate and force of cardiac contraction. The chronotropic ef-
fect is useful in the cmergency treatment of arthythmias
such as rorsades de pointes, bradycardia, or heart block
(Chapter 35), whereas the inotropic effect is useful when
it is desirable to augment myocardial contractility. The
various therapeutic uses of B-adrenergic agonists arc dis-
cussed later in the chapter.

Isoproterenol . —

Isoproterenol (isopropylarterencl, isopropylnorepinephrine,
isoprenaline, isopropylnoradrenaline, d, I-B-[3,4-dihydroxy-
phenyl]-a-isopropylam.inoethanol) (see Table 10-1) is a
potent, nonselective f-adrenergic agonist with very low
affinity for a-adrenergic receptors. Consequently, isopro-
terenol has powerful effects on all B receptors and almost
1o action at o receptors.

Pharmdcological Actions. The major cardiovascular ef-
fects of isoproterenol {compared with cpinephrine and
norepinephrine) are illustrated in Figure 10-2. Intravenous
infusion of isoproterenot lowers peripheral vascular resis-
tance, primarily in skeletal muscle but also in renal and
mesenteric vascular beds. Diastolic pressure falls. Systolic
blood pressure may remain unchanged or rise, although
mean arterial pressure typically fails. Cardiac output is in-
creased because of the positive inotropic and chronotropic
effects of the drug in the face of diminished peripheral
vascular resistance. The cardiac effects of isoproterenol
may lead to palpitations, sinus tachycardia, and more se-
rious arrhythrnias; large doses of isoproterenol may cause
myocardial necrosis in animais.

Isoproterenol relaxes almost all varieties of smooth
muscle when the tone is high, but this action is most pro-
nounced on bronchial and gastrointestinal smooth muscle.
It prevents or relieves bronchoconstriction. Its effect in
asthma may be due in part to an additional action to inhibit
antigen-induced release of histamine and other mediators
of inflammation; this action is shared by pBi-receptor-
selective stimulants.

Absorption, Fate, and Excretion. Isoproterenol is readily ab-
sorbed when given parenterally or as an aerosol. It is metab-
olized primarily in the liver and other tissues by COMT. Iso-
proterenol is a relatively poor substrate for MAO and is not
taken up by sympathctic neurons to the same exient as are
epinephrine and norepinephrine. The duration of action of iso-
proterenol therefore may be longer than that of epinephrine, but
it still is brief.
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. arc due to direct interactions with a- and B-adrenergic re-
. ceptors; its actions do not appear to be a result of rclease

Toxicity and Adverse Effects, Palpitations, tachycardia,

headache, and flushed skin are common. Cardiac ischemia and -
arrhythmias may occur, particularly in patients with underlying
coronary artery disease,

Therapentic Uses. Isoproterenol (isoproterenol hydrochloride;
ISUPREL) may be used in emergencies to stimulate heart rate in
patients with bradycardia or heart block, particularly in antic-
ipation of inserting an artificial cardiac pacemaker or in pa-
tients with the ventricular archythmia forsades de pointes. In
disorders such as asthma and shock, isoproterenol largely has
been replaced by other sympathomimetic drgs (see below and
Chapter 28).

Dobutamine

Dobutamine resembles dopamine structurally but possesses
a bulky aromatic substituent on the amino group (see’
Table 10~1). The pharmacological effects of dobutamine

of norepinephrine from sympathetic nerve endings, nor are
they exerted via dopaminergic receptors. Although dobu-
tamine originally was thought to be a relatively selective
B1-adrenergic agonist, it is now clear that its pharmacolog-
ical cffects are complex. Dobutamine possesses a center
of asymmetry; the two enantiomeric forms are present
in the racemic mixture that is used clinically (Ruffolo
et al, 1981). The (-} isomer of dobutamine is a po-
tent agonist at oy receptors and is capable of causing
marked pressor responses (Ruffolo and Yaden, 1983). In
contrast, (+)-dobutamine iz a potent o -adrenergic re- -
ceptor antagonist, which can block the effects of (-)- :
dobutamine. The effects of these two isomers are medi-
ated via f-adrenergic receptors. The (+) isomer is about
ten times more potent-as a f-adrenergic receptor agonist
than is the (—) isomer. Both isomers appear to be full
agonists.

Cardiovascular Effects. The cardiovascular effects of-

clear. It may be due in part to the fact that peripheral
sistance is relatively unchanged. Alternatively, cardiac o
receptors may contribute to the inotropic effect. At equi
lent inotropic doses, dobutamine ephances automaticity
the sinus node to a lesser extent than does isoproteren

however, enhancement of atrioventricular and intraventric:
ular conduction is similar for the two drugs.
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In animals, administration of dobutamine at a rate
of 2.5 to 15 uglhkg per minute increases cardiac con-
tractility and cardiac output. Total peripheral resistance
is not greatly affected. The relative constancy of periph-
eral resisiance presumably reflects counterbalancing of
o -adrenergic  receptor-mediated vasoconstriction and
Ba-receptor-mediated vasodilation (Ruffolo, 1987). The
heart rate increases only modestly when the rate of admin-
istration of dobutamine is maintained at less than 20 jg/kg
per minute. After administration of $-adrenergic biocking
agents, infusion of dobutamine fails to increase cardiac
output, but total peripheral resistance increases, confirm-
ing that dobutamine does have modest direct effects on &
receptors in the vasculature,

Adverse Effects. In some patients, blood pressure and
heart rate may increase significantly during administra-
tion of dobutamine; this may require reduction of the
rate of infusion. Patients with a history of hypertension
may be at greater risk of developing an exaggerated pres-
sor response. Since dobutamine facilitates atrioventricular
conduction, patients with atrial fibrillation arc at risk of
marked increases in ventricular response 1ates: digoxin or
other mcasures may be required to prevent this from oc-
curring. Some patients may develop ventricular ectopic
activity. As with any inotropic agent, dobutamine poten-
tially may increase the size of a myocardial infarct by
increasing myocardial oxygen demand. This risk must be
balanced against the patient’s overall clinical status. The
efficacy of dobutamine over a period of more than a few
days is uncertain; there is evidence for the development
of tolerance (Unverferth et al., 1980).

Therapeutic Uses. Dobutamine (dobutamine hydrochloride;
DOBUTREX) is indicated for the short-term treatment of car-
diaf: decompensation that may occur after cardiac surgery or in
patents with congestive heart failure or acute myocardial infare-
fion. Dobutamine increases cardiac output and strake volume in
sich patients, usnally without a marked increase in heart rate.
Alterations in blood pressure or peripheral resistance usually
re minor, although some patients may have marked increases
in blood pressure or heart rate. Clinical evidence of longer-term
efficacy remains uncertain, Interestingly, an infusion of dobu-
tamine in combination with echocardiography is useful in the
Nomnvasive assessment of patients with coronary artery disease
(Madu er g1, 1994). Stressing of the heart with dobutamine may
reveal cardiac abnormalities in carefolly selected patients,

_ Dobutamine has a half-life of about 2 minutes; the ma-
J0r metabolites are conjugates of dobutamine and 3-0-methyl-
dubutgmmc. The onset of effect is rapid. Consequently, a loading
dose s not required, and steady-state concentrations generally
a achieved within 10 minutes of initiation of an infusion. The
Tate of infusion required to increase cardiac output is typically

between 2.5 and 10 ug/kg per minute, although higher infu-
sion rates occasionally are required. The rate and duration of
the infusion arc determinced by the clinical and hemodynamic
responses of the patient.

32-Selective Adrenergic Agonists

Some of the major adverse effects of B-adrenergic ago-
nists in the treatment of asthma are caused by stimulation
of B1-adrenergic receptors in the heart. Accordingly, drugs
with preferential affinity for 8, receptors compared with
B1 receptors have been developed. However, this selec-
tivity is not absolute, and it is lost at sufficiently high
concentrations of these drugs.

A second strategy that has increased the usefulness
of several B2-selective agonists in the treatment of asthma
has been structural modification that results in lower rates
of metabolism and enhanced oral bioavailability (com-
pared with catecholamines). Modifications have included
placing the hydroxyl groups at positions 3 and 5 of the
phenyl ring or substituting another motety for the hydroxyl
group at position 3. This has yielded drugs such as metapro-
terenol, terbutaline, and albuterol, which are not substrates
for COMT. Bulky substituents on the amino group of cat-
echolamines contribute to potency at B-adrenergic recep-
tors with decreased activity at e-adrenergic receptors and
decreased metaholism by MAQ (Nelson, 1982).

A final strategy to enhance preferential activation of
pulmonary 8 receptors is the administration by inhalation
of small doses of the drug in aerosol form. This approach
typically leads to effective activation of B2 receptors in
the bronchi but very low systemic drug concentrations
(Newhouse and Dolovich, 1986). Consequently, there is
less potential to activate cardiac 8, receptors or to stim-
ulate B> receptors in skeletal muscle, which can cause
tremor and thereby limit oral therapy.

Administration of S-adrenergic agonists by aerosol
(see Chapter 28) typically leads to a very rapid therapeu-
tic response, generdlly within Iminutes, aithough some ag-
onists such as salmeterol have a delayed onset of action.
While subcutaneous injection also causes prompt bron-
chodilation, the peak effect of a drug given orally may
be delayed for several hours. Aerosol therapy depends on
the delivery of drug to the distal airways. This, in turn,
depends on the size of the particles in the aerosol and res-
piratory parameters such as inspiratory flow rate, tidal vol-
ume, breath-holding time, and airway diameter (Newhouse
and Dolovich, 1986). Only about 10% of an inhaled dose
actually enters the lungs; much of the remainder is swal-
lowed and ultimately may be absorbed. Successful aerosol
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therapy requires that each patient master the technique of
drug administration. Many patients, particularly children
and the elderly, do not use optimal techniques, often be-
cause of inadequate instructions (Kelly, 1985; Newhouse
and Dolovich, 1986). In these patients, spacer devices may
cnhance the efficacy of inhalation therapy (see Chapter 28).

In the treatment of asthma, B-adrenergic agonists are
used to activate pulmonary receptors that relax bronchial
smooth muscle and decrease airway resistance. Although
this action appears to be a major therapeutic effect of
these drugs in patients with asthma, evidence suggests
that B-adrenergic agonists also may"é'uppress the release
of leukotrienes and histamine from mast cells in lung ts-
sue (Hughes et al, 1983), enhance mucociliary function,
decrease microvascular permeability, and possibly inhibit
phospholipase A; (Seale, 1988). The relative importance
of these actions in the treatment of human asthma re-
mains to be determined. However, it is becoming increas-
ingly clear that airway inflammation is directly involved
in airway hyperresponsiveness (see Chapter 28); conse-
quently, the use of antiinflammatory drugs such as in-
haled steroids may have primary importance. The use of
B-adrenergic agonists for the treatment of asthma is dis-
cussed in Chapter 28.

Metaproterenol. Metaproterenol (called orciprenaline in
Europe), along with terbutaline and fenoterol, belongs to
the structural class of resorcinol bronchodilators that have
hydroxyl groups at positions 3 and 5 of the phenyl ring
(rather than at positions 3 and 4 as in catechols) (see
Table 10-1). Consequently, metaproterenol is resistant to
methylation by COMT, and a substantial fraction (40%) is
absorbed in active form after oral administration, It is ex-
creted primarily as glucuronic acid conjugates. Metapro-
terenol is considered 10 be B8,-selective, although it prob-
ably is less selective than albuterol or terbutaline. Effects
occur within minutes of inhalation and persist for several
hours, After oral administration, onset of action is slower,
but effects last 3 to 4 hours. Metaproterenol (metapro-
terenol sulfate; ALUPENT) is used for the long-term treat-
ment of obstructive airway diseases and for treatments of
acute bronchospasm (see Chapter 28).

Terbutaline. 7Zerbutaline is a Ba-selective bronchodila-
tor. It contains a resorcinol ting and thus is not a sub-
strate for methylation by COMT. Tt is effective when taken
orally, subcutaneously, or by inhalation. Effects are ob-
served rapidly after inhalation or parenteral administra-
tion; after inhalation its action may persist for 3 to 6 hours.
With oral administration, the onset of effect may be de-
layed for 1 t 2 hours. Terbutaline {terbutaline sulfate;

BRETHINE, others) is used for the long-term treatment of
obstructive airway diseases and for treatment of acute
bronchospasm; furthermore, it is available for parenteral
use for the emergency treatment of status asthmaticus (see
Chapter 28). .

Albuterol. Albuterol (salbutamol: VENTOLIN, PROVENTIL,
others) is a selective Bz-adrencigic agonist with pharma-
cological properties and therapeutic indications similar to
those of terbutaline. Tt is administered cither by inhaja-
tion or orally for the symptomatic relief of bronchospasm.
When administered by inhalation, it produces significant
bronchodilation within 15 minutes, and effects are demon-
strable for 3 to 4 hours. The cardiovascular cffects of
albuterol are considerably weaker than those of 180pro-
terenol when doses that produce comparable bronchodi-
latation are administered by inhalation.

Isoetharine, Isoetharire was the first drug with B selectivity
widely used for the meatment of airway obstruction. However,
its degree of selectivity for Bz-adrenergic receptors may not
approach that of some of the other agents, Although resistant
to metabolism by MAO, it is a catecholamine and thus is a
good substrate for COMT (see Table 10-1). Consequently, it is
used only by ighalation for the treatment of acute episodes of
bronchoconstriction.

Pirbuterol. Pirbuterol is a relatively selective 8; agonist. It is
structurally identical to albuterol except for the substitution of
4 pynidine ring for the benzene ring (Richards and Brogden,
1983). Pirbaterol acetate (MAXATR) is available for inhalation
therapy; dosing is typically every 4 to 6 hours.

Bitolterol. Bitoltero! (bitolterol mesylate; TORNALATE) is a
novel B, agonist in which the bydroxyl groups in the catechol
moiety are protected by esterification with 4-methylbenzoate.
Esterases in the lung and other tissues hydrolyze this pre-
drug to the active form, colterol, or terbutylnorepinephrine (see
Table 10-1). Results of animal studies have suggested that these
eslcrases are present in higher concentration in lung than in
tissues such as the heart (Nelson, 1986; Friedel and Brogden,
1988). The duration of effect of bitolterol after inhalation ranges
fram 3 to 6 hours.

Fenoterol. Fenotero! (BEROTEC) is a 8;-selective adrenergic re-
ceptor agonist. After inhalation, it has a prompt onset of action,
and its effect typically is sustained for 4 to 6 hours. Fenoterol
is not available in the United States. The possible association of
fenoterol use with increased deaths from asthma in New Zcaland
is controversial (Pearce et al,, 1995; Suissa and Ernst, 1997).

Formoterol. Formoterol (FORADIL) is & long-acting B8,-selective
adrenergic receptor agonist. Significant bronchodilation occurs
within minutes of inhalation of a therapeutic dose, and this
action may persist for up to 12 hours (Faulds er al, 1991).
Its major advantage over many other Br-selective agonists is
this prolonged duration of action, which may be particularly
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advantageous in senings such as nocturnal asthma. Formoterol
is not availeble in the Unjted States.

Procaterol. Procaterol (MASCACIN, others) is a f8-selective
adrenergic receptor agonist. After inhalation, it has a prompt
onset of action, and action is sustained for about 5 hours. Pro-
caterpl is not available in the United States.

Salmeterol. Salmeterol (SEREVENT) is a fSo-selective adrener-
gic receptor agonist with a prolonged duration of action, about
12 hours. However, it has a relatively slow onset of action after
inhalation, so is pot suitable alone for prompt relief of break-
through attacks of bronchospasm (Létvall and Svedmyr, 1993;
Brogden and Fanlds, 1991).

Ritodrine. Ritodrine is a selective 8,-adrenergic agonist
that was developed specifically for use as a uterine relax-
ant. Nevertheless, its pharmacological properties closely
resemble those of the other agents in this group. Rito-
drine is rapidly but incompletely (30%) absorbed follow-
ing oral administration, and 90% of the drug is excreted in
the urine as inactive conjugates; about 50% of ritodrine is
excreted unchanged after intravenous administration, The
pharmacokinetic properties of ritodrine are complex and
incompletely defined, especially in pregnant women.

Therapentic Uses. Ritodrine may be administered intra-
venously to selected patients to arrest premature labar.
Ritodrine and related drugs can prolong pregnancy (King
et al.,, 1988). However, 8;-sclective agonists may not have
citnically significant benefits on perinatal mortality and
may actually increase maternal morbidity (The Canadian
Preterm Labor Investigators Group, 1992; Higby et al,
1993; Johnson, 1993). Given modern improvements in the
care of premature babies, it is possible that existing clin-
ical trials may not have had sufficient statistical power 1o
demonstrate subtle, but potentially important, clinical ef-
fects. Many other drugs are used to delay labor (Bossmar,
1998; Norwitz er al,, 1999). Magnesium therapy may pro-
long labor in preterm women, There is some evidence sug-

gesting that indomethacin may prolong preterm labor, but-

a favorable risk-to-benefit ratio has not been established
(Panter er al., 1999). Also, while calcium channel blockers
prolong preterm labor, their long-term benefits are unclear
(see Chapter 32; Carr er al, 1999). '

Adverse Effects of B2-Selective Agonists. The major
adverse effects of B-adrenergic agonists occur as a result
of excessive. activation of B-adrenergic receptors. Patients
With underlying cardiovascular disease are particularly at
Isk for significant reactions. However, the likelihood of
adverse effects can be greatly decreased in patients with
lung disease by administering the drug by inhalation rather
than orally or parenterally.

Skeletal muscle tremor is a refatively common ad-
verse effect of the f;-selective adrenergic agonists. Tol-
crance generally develops to this effect; it is not clear
whether tolerance reflects desensitization of the B recep-
tors of skeletal muscle or adaptation within the CNS. This
adverse effect can.be minimized by starting oral therapy
with a low dose of drug and progressively increasing the
dose as tolerance to the tremor develops. Feelings of rest-
lessness, apprehension, and anxiety may limit therapy with
these drugs, particularly after oral or parenteral treatment.

Tachycardia is a common adverse effect of system-
ically administered S-adrenergic agonists. Stimulation of
heart rate occurs primarily via 8, receptors. It is uncer-
tain to what extent the increase in heart rate also is due to
activation of cardiac B, receptors or to reflex effects that
stem from f-receptor-mediated peripheral vasodilation.
However, during a severe asthmatic attack, heart rate may
actually decrease during therapy with a B-adrenergic ag-
onist, presumably because of improvement in pulmonary
function with consequent reduction in endogenous cardiag
sympathetic stimulation. In patients without cardiac dis-
ease, § agonists rarcly cause significant arrhythmias or

- myocardial ischemia; however, patients with underlying

coronary artery disease Or preexisting arthythmias are at
greater risk. The risk of adverse cardiovascular effects also
is increased in patients who are receiving MAQ inhibitors.

Arterial oxygen tension may fall when treatment of
patients with an acute exacerbation of asthma is begun;
this may be due to drug-induced pulmonary vascular dila-
tion, which leads to increased mismatching of ventilation
and perfusion. This effect usually is small and transient.
Supplemental oxygen should be given if necessary. Severe
pulmonary edema has been reported in women receiving
ritedrine or terbutaline for premature labor.

The results of 2 number of epidemiologic studies
have suggested a possible adverse connection between
prolonged use of B-adrenergic agonists and death or near-
+death from asthma-(Suissa et al,, 1994). While exact in-
terpretation of thesé results is difficult, these studies have
raised questions about the role of B-adrenergic agonists
in the treatment of chronic asthma. Tolerance to cffects of
B-adrenergic agonists has been studied extensively, both
in vitro and in vivo (see Chapter 6). Long-term systemic
administration of B-adrenergic agonists leads to down-
regulation of 8 receptors in some tissues and decreased
pharmacological responses. However, it appears likely that
tolerance to the pulmonary effects of these drugs is not
a major clinical problem for the majority of asthmatics
who do not exceed recommended dosages of B-adrenergic
agonists over prolonged periods (Jenne, 1982; Tattersfield,
1985).
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There is some evidence suggesting that regular use
of Bs-selective agonists may cause increased bronchial
hyperreactivity and deterioration in disease control
{(Lipworth and McDevitt, 1992: Hancox et al, 1999). To
what extent this potential adverse association may be even
more unfavorable for very long-acting # agonists or ex-
cess doses of medication is not yet known (Beasley er al.,
1999). However, for patients requiring regular use of these
drugs over prolonged periods, strong consideration should
be given to additional or alternative therapy, such as the
use of inhaled corticosteroids.

Large doses of B-adrenergic agonists cause myocar-
dial necrosis in laboratory animals. When given parenter-
ally, thesc drugs also may increase the concentrations of
glucose, lactate, and free fatty acids in plasma and de-
crease the concentration of K*. The decrease in K+ con-
centration may be especially important in patients with
cardiac disease, particularly those taking cardiac glyco~
sides and diuretics. In some diabetic patients, hypergly-
cemia may be worscned by these drugs, and higher doses
of insulin may be required. All these adverse effects are
far less likely with inhalation therapy than with parenteral
or oral therapy.

a-SELECTIVE ADRENERGIC
AGONISTS

The major clinical effects of a number of sympathomimetic
drugs are due to activation of w-adrenergic receptors in
vascular smooth muscle. As a result, peripheral vascu-
lar resistance is increased and blood pressure is main-
tained or elevated. Although the clinical utility of these
drugs is limited, they may be useful in the treatment of
some patients with hypotension or shock. Phenylephrine
and methoxamine are direct-acting vasoconstrictors and
arc selective activators of & receptors. Mephentermine
and metaramino! act both directly and indirectly; ie, a
portion of their effects is mediated through the release of
endogenous porepinephrine.

Methoxamine

Methoxamine (methoxamine hydrochloride; VASOXYL; see
Table 10-1) is a relatively specific @;-receptor—selective
adrenergic agonist; as such, it causes a dose-related in-
crease in peripheral vascular resistance. The drug may
have different intrinsic activities at a, receptors in dif-
ferent tissues (Garcia-Sainz er al, 1985). Methoxamine
does not activate S-adrenergic receptors, nor does it cause
stimulation of the CNS. However, at high concentrations,
methoxamine has some capacity to block B receptors. The

major cardiovascular response to the drug is a rise in blood
pressure, which is associated with sinus bradycardia be-
cause of activation of vagal reflexes; the slowing of the
heart rate is largely blocked by atropine. Methoxamine
may be used intravenously in the treatment of hypoten-
sive states.

Phenylephrine

Phenylephrine is an «y-selective agomist; it activates B-
adrenergic receptors only at much higher concenirations, L
Chemically, phenylephrine differs from epinephrine only '3
in lacking a hydroxyl group at position 4 on the ben-
zene ring (see Table 10-1). The pharmacological effects
of phenylephrine are similar to those of methoxamine.
The drug causes marked arterial vasoconstriction during ;
intravenous infusion. Phenylephrine (phenylephrine hy- 1
drochloride; NEOSYNEPHRINE, others) also is used as a -
nasal decongestant and as a mydriatic in various nasal and
ophthalmic formulations (see Chapter 66 for ophthalmic
uses),

Mephentermine

Mephentermine (see Table 10-1) is a sympathomimetic drug
that acts both directly and indirectly; it has many similarities
to ephedrine (see below). After an intramuscular injection, the
onset of action is prompt (within 5 1o 15 minutes), and ef-
fects may last for several hours. Since the drug releases nor-
epinephrine, cardiac contraction is enhanced, and cardiac output
and systolic and diastolic pressures usually are increased. The
change in heart rate is variable, depending on the degree of
vagal tone. Adverse effects are related to CNS stimulation, ex-
cessive rises in blood pressure, and arthythmias. Mephentermine
(méphentermine sulfate; WYAMINE SULFATE) is used to prevent
hypotension, which frequently accompanies spinal anesthesia.

Metaraminol

Metaratninol (metaraminol bitartrate; ARAMINE) (see Table 10-1)
is a sympathomimetic drug with prominent direct effects on vas-
cular e-adrenergic receptors. Metaraminol also is an indirectly
acling agent that stimulates the release of norepinephrine. The
drug has been used in the trcatment of hypotensive states or
to relieve attacks of paroxysmal atrial tachycardia, particularly
those associated with hypotension (see Chapter 35 for preferable
treatments of this arrhythmia).

Midodrine

Midodrine (PROAMATINE) is an orally effective, o -adrenergic
agonist (Fouad-Tarazi ez al, 1995). It is a prodrug; its activity is
due to its conversion to an active metabolite, desglymidodrine,
which achieves peak concentrations about 1 hour after a dose of
midodrine. The half-life of desglymidodrine is about 3 hours.
Consequently, the duration of action is about 4 to 6 hours.
Midodrine-induced rises in blood pressure are associated with
both arterial and venous smooth muscle contraction. This is
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INTRODUCTION

The pharmacolbgy of the airways is Jargely concerned

with the treatment of airway obstruction, particularly -

asthma. Important advances in the understanding of
agthma as an inflammatory disease of the afrways have
resulted in a shift of emphasis from bronchodilator 1o
anti-inflammatory therapy. Chronic obstructive pulmonary
disease (COPD) has received less attention but appears
also to be an inflammatory disease, although the inflam-
matory response differs from that in asthma and is largely
unresponsive to currently available anti-inflammatory
treatments.! This chapter discusses the pharmacology .of
the drugs used in the teatment of obstructive airway
disease, including bronchodilators, which act mainly by
reversing airway smooth muscle contraction, and anti-
inflammatory drugs, which suppress inflammatory re-

" sponses in the airways. Drugs that play a less important

role include mediator antagonists, mucolytics, antitos-
sives, and respiratory stimulants. Antibiotics, antitubercu-
losis therapy, and oxygen are considered elsewhere.

BRONCHODILATORS

Bronchodilator drugs havé an *anti-bronchoconstrictor” °

effect, which may be demonstrated directly in vitro by a
relaxant effect on precontracted airways. Bronchodilators
cause rapid reversal of airway obstruction in asthma in
vivo, and this is believed to result from an effect on
airway smooth muscle, although additional pharmaco-
logic effects on other airway cells (such as reduced micro-
vascular Jeakage and reduced release of bronchoconstric-
tor mediators from inflammaltory cells) may conlribute to
the reduction in airway narrowing.

Three classes of brenchodilators are in current clinical
use: beta-adrenergic agonists (sympathomimetics), the-
ophylline (methyixanthines), and anticholinergic.drugs.

Drugs such as cromolyn sodium, which prevent bron-

choconstriction, have no direct bronchodildtoer action and
are ineffective once bronchoconstéiction has occumed,
Anti-leukotrienes (leukotriene receptor antagonists and 5-
lipoxygenase inhibitors) have a small bronchodilatar ef-
fect in some patients. Corticosteraids, although they grad-
ually improve airway obstruction, have no direct effect
on centraction of airway smooth muscle and therefore are
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Beta,-Adrenergic Agonists

Inhaled betay-agonists are the bronchodilator treatment of
choice in as because they ate the most effective

- ‘bronchodilators and. have winimal side effects when vsed

comrectly.? Thers is no place for short-acting and nonselec-
tive betz-agonists such as isoproterenol or metaproterenol,

Chemistry

Beta,-agonists were developed logically by substitutions

in the catetholamine structure of norepinephrine. The
catechol ring consists of hydroxyl groups in the 3 ahd 4
positions of the benzene ring (Fig. 11.1). Norepinephrine
differs from epinephrine only in the terminal amine
froup; which thercfore indicates that modification at this
site ‘confers beta-receptor sélectivity. Forther substittion
of the terminal amine resulted in betayréceptor selectivity,
as in albuterol znd texbutaline. Catecholainines are rapidly

metabolized by the enzyme catechol-o-methy! transferase

(COMT), which methylates in the 3-hydroxyl position
and accounts for the short duration of action of catechola-

. mines. Modification of the catechol ring, as in albuterol
_and terbutaline, prevents this degradation and therefore

Emlongs the drugs® effect. Catecholamines dre also bro-
en down by monoamine oxidase (MAO) in sympathelic
nerve terminals and in the gastrointestinal iract through
cleavage of the side chain of catecholamines. Isoprotere-
nol, which is a substrate for MAQ, is thercfore metabo-
lized in the gut, making absorption variable. Substitution
in the amine group confers resistance to MAO and en-
sures reliable absarption. Many other beta,-selective ago-
nists have now been introduced and, although there may
be differences in potency, there are no clinically signifi-
cant djfferences in selectivity.

Inhaled betap-selective drugs in current clinical use
{apart from rimiterol, which is broken down by COMT)
have a similar duration of action of 3 to 6 hours. Inhaled
beta,-selective drugs that have a much longer duration
of effect (more than 12 hours), such as salmeterol and
formoterol, have been developed. Formotero! has a bulky

Norepinephrine HO- 'CIH-CHi-N H.
HO oH

) HO - CH-CH,-NH
Epinephrine ©‘ H-CH,
, P HO OH ch,
Jsoproterenol ~Hg-©?'C”2'N‘H
H H CH(CH,),
c
Albuterol HOH};‘)@-C'H-CH,-I‘IIH
' OH  C(CH),
Salmetero)  HOM,C1Nrcp-on, NHCH,(CH-0CH, ) '
HO oH
Formolerol

2 OH.____ . CH,. .

HCDNH@-clH-cH,-NHgH-cH,—Q oCH,
HO

substitution in the allphatic chain and has a high lipophil-
icity, which keeps the drug within the membrane, close
ta the receptor” Salmeterol has 2 long aliphatic chain,
and its-long duration of action may be a result of binding
within the receptor binding cleft (“exosite™) that anchors
the drug in the binding cleft.*

Mode of Acﬂoh

. Beta-agonists produce bronchodilatation by directly stim-

ulating betayreceptors in airway smooth muscle, which
leads to relaxation® This ¢an be demonstrated in vitro by
the relixant effect of isoproterenol on himan bronchi and
lung strips {indicating an effect on peripheral airways)
and in vivo by a rapid decrease in airway resistance.
Beta-receplors have been demonstrated in ajrway smooth
muscle by direct receptor binding techniques, and avtora-
diographic studies indicate that beta-receptors are located
in smooth muscle of all airways from the lrachea to

. terminal bronchioles.? The molecular mechanisms by

which beta-agohists induce relaxation of airway smooth
muscle have been extensively investigated.

Occupation of betay-receptors by agonists resalts in the
activation of adenylyl cyclase via the stimulatory G pro-
tein (G,). This increases intracellular cyclic 3',5'-adeno-
sine monoptiosphate (cAMP), leading to activation of
a specific kinase (protein kinase A); this kinase then
phosphorylates several target profteins within the cell,
ledding to relaxation® (Fig. 11.2).

These processes include lowering of intracellular cal-
ctunz ion (Ca*) concentration by active removal of Ca**
from the cell and into intracellular stores; an inhibitory

effect on phosphoinositide hydrolysis; direct inhibition -

of myosin light chain kinase; and opening of a large-
conductance calcium-activated potassium channel (Ke,),
which repolarizes the simooth myscle cell"and may stimu-
late the sequestration of Ca®* into intracellular stores.™?
Beta,-receplors are directly coupled to K, via G,, so that
relaxation of airway smooth muscie may. occur indepen-
dently of ‘an increase in cAMP.?

Beta,-agonists act as functional antagonisis and reverse

Figura 11.1 ' Chemical structures of

some adrenergic agonists, showing de-

velopment from catecholamines, are
...presented




Figure 11.2 ] Molecular mechanism of action
of betaz-agonists an airway smooth muscle
cealls Is presented, Acfivation of betareceptors
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~-Agonist K+
S Blocked by
we==_charybdotoxin
- Maxi-K channel Iberiotoxin

(B:AR) results In activation of adenylyl cyclase
(AC) via q stimulatory G protein (G,) and in-
crease in cyclic 3'5'-adenosine monophos-
phate (AMP). This activates proteln kinass A,
which then phosphorylates several target pro-
teins, resulting in opening of calcium-activated
potassiurm channels (Ke.) or maxi-K channels,
decreased phospholnositide (P) hydrolysis, in-
creased sodium/calclum ion (Na+/Ca?+) ex-
change. increased sodium-potassium adenco-
sine tiphosphatase (Na+ /K+AlPase)

production, ‘and decreased myosin light chain
kinase (MLCK} activity. In addition, betarecep-
tors may be coupled directly vio G, to Ke.. :

bronchoconstriction regardless of the contractile agent.
This is an important property, because many bronchocon-
strictor mechanisms (newral and mediator) .are likely to
be contributory in asthma.

Beta,-agonists have additional effects on airways, and
beta-receptors are located in several different types of
airway cells (Table 11.1). Betay,-agonists can cause bron-
chodilatation by z direct action on airway smooth muscle,
but also indirectly by inhibiting the release of broncho-
constrictor mediators from inflammatory cells and of
bronchoconstrictor ncurotransmitters from airway nerves
(Fig. 11.3). Other effects of beta,-agonists include

* Prevention of mediator release from isolated human
lung mast cells (via beta;-receptors)

Prevention of microvascular leakage and thus the
development of bronchial mucosal edema after
exposure to mediators such as histamine and leuko-
triene D,

Increase in mucus secretion from submucosal glands
and {on transport across airway epithelium; these ef-
fects may enhance mucociliary clearance and there-
“ fore reverse the defect in clearance found in asthma.
Beta,-agonists appear to selectively stimulate mu-
cous rather than serous cells, which may result in a
more viscous mucus secretion, although the clinical
significance of this is uncertain.

Reduction in neurotransmission in buman airway
cholinergic nerves by an action at prejunctional
beta,-receptors to inhibit acetylcholine release, This

ATP  Cyclic ¥5AMP

BaAFIr; r“.\ Kc-

\/‘ K. activation

4 Pl hydrolysls

tNa‘/Ca™ exchange

+ + P
Proteln kinase A 1 Na*/K” ATPase

activation I MLCK

may contribute to their bronchodilator effect by re-
ducing cholinergic reflex bronchoconstriction. In ani-
ma] smdies, beta,-receptors act on sensory nerves to
inhibit the release of bronchoconstrictor and in-
flammatery peptides such as substance P.

Although these additional effects of beta,-agonists may
be relevant to the prophylactic use of these drugs against
various challenges, their rapid bronchodilator action can
probably be attributed to a dircct effect on airway
smooth muscle.

~ AntHinfliammatory Effects

Whether beta,-agonists have anti-inflammatory effects in
asthma has become an important issue, particularly with
their increasing use and the intreduction of long-acting
inhaled beta-agonists. The inhibitory effects of beta,
agonists on mast cell mediator release and microvascular
leakage are clearly anti-inflammatory, suggesting that
beta,-agonists may modify acitte inflammation. However
beta,-agonists do not appear to have a significant inhibi-
tory effect on the chronic inflammation of asthmatic air-
ways, which is controlled by corticosteroids, This has
been confirmed by biopsy and bronchoalveolar lavage
studies in patients with asthma who were taking beta,-
agonists regularly; no significant reduction in the number
or activation in inflammatory cells in the airways was
demonstrated, in contrast 1o resolution of the inflamma-
tion that occurs with inhaled corticosteroids *-t' This find-
ing is likely to be related to the fact that beta,-agonists do
not have an important inhibitory effect on macrophages,
eosinophils, or lymphocytes.!> 13 .

Clinical Use

Inhaled beta,-agonists are the most widely used and effec-
tive bronchodilators in the treatment of asthma.? When
inhaled as an acrosol from a metered-dose inhaler (MDI),
they are convenient, easy to use, rapid in onset, and
without significant side effects. In addition to having an
acute bronchodilator cffect, they are effective in pro-
tecting against various challenges, such as exercise, cold
air, and allergens. They are the bronchodilators of choice
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for the treatmént of acute sevére asthma when the nebu-
lized route of administration is as effective as and easier
than intravenous use. The inhaled route is preferable to
the oral route becawse side effects are less and also
because it may be more effective. Short-acting inhaled
beta,-agohists, such’ as albuterol and terbutaline, should
not be used on a regular basis in the treatment of mild
asthma but should be uséd “as required” by symptoms,
bécause increased uvsage serves as an indicator for the
need for more anti-inflammatory therapy. )
Oral betay-agonists are indicated as an additional bron-
chodilator. Slow-release preparations (such as slow-
release albuterol or bambuterol) may be indicated for
nocturnal asthma but are less usefil than inhaled beta,-
agonists because of an increased risk of side effects.

Therapeutic Choices

Several betay-selective agonists are now available. These
drugs are as effective as nonscleclive agonists in their
bronchodilator action, because beneficial airway effects
arc mediated only by beta,-receptors. However, they are
less likely to produce cardiac stimulation than isoproteré-
nol becavse bela,-receptors are stimulated relatively less.
With the exception of rimiterol (which retains the catechol
ring structure and is therefore susceptible to rapid enzy-
matic depradation), they have a longer duration of action
because they are resistant to uptake and enzymatic degra-
dation by COMT znd MAOQ. There is little to choose
among the various short-acting beta,-agonists cumently

available; all are usable by inhalition and orally, have a- -

similar duration of action (usually 3 to 4 hours but less
in severe asthma), and have similar side effects. Differ-
ences in beta;-selectivity have been claimed but are not
«clinically important. Drugs in clinical use include albu-
terol, terbutaline, fenoterol, tulobutergl, rimiterol, and
pirbuterol, It has been claimed that fenoterol is less beta;-
selective than albuterol and terbutaline, resulling in in-
creased cardiovascolar side effects,' but this evidence is
controversial, because all of these effects are mediated
via beta,-receptors.’* The increaséd incidence of cardio-
vascular effects is more likely to be related to the greater
effective dose of fenoterol that is used ond perhaps to
more rapid absorption into the circulation.

Chollnerglc nerve

Figure 11.3 I Direct and Indliect effects of
beta,-agonists are shown. Betoragonists re-
lax alrway smocth muscle cells direcity but
may ¢lso cause bronchodiatation Indk
reclly by inhiblting the release of mediators
from Inflammatory. cells or neurciransmitters
from cholinergle nefves. tTD, = leukotriene
A

Lang-Acling Inhaled Beta,-Agonists

The long-acting inhaled beta,-agonists salmeterol and for-

moterol have been a major advance in asthma therapy.
Both drugs have a bronchodilator action of longer than
12 hours and also protect against bronchoconstriction for
a similar period.'s " They are particularly useful in treat-
ing noctumnal asthmz. Both improve asthma control (when
given twice daily), compared with regular treatment with
short-acting beta,-agonists four times daily. Both drugs
are well tolerated. Tolerance to the bronchodilator effect
of formoterol and to the bronchoprotective effects of
formeterol and selmeterol has been demonstrated, ' bug
this is not a loss of protection, does not appear to be

- progressive, and is of doubtfu} clinjeal significance. Al

though both drogs have a similar duration of effect in
clinical studies, there are some differences. Formotero]
has & more rapid anset of action and is a fuller agonist
than salmeterol. This might confer a theoretical advantage
in more severe asthma, but it might also make it more
likely to induce tolerance. Studies comparing the clinical
efficacy of both drugs in mild and severé asthmatic pa-
tients are now needed, )

Studies have suggested that an inhaled long-acting
beta,-agonist might be introduced earlier in therapy. In
palients with asthma not controlled by either 400 or 300
pg of inhaled corticosteroids, the addition of salmelerol
gave better contro! than did increasing the dose of inhaled
steroid.*® A similar result was found with formoterol,
which also reduces the frequency of asthma autacks.™
This suggests that a Jong-acting inhaled beta,-agonist may
be added lo Jow-dose inhaled steroids if asthma is not
controlled, as an alternative (and perhaps in preference)
to increasing the dosé of inhaled corticosteroids. Lang-
acting inhaled betay-agonists have also been shown to
help patients with COPD.»

At present it is recommended that long-acting inhaled
betay-agonists shoold be used only in patients who are
also prescribed inhaled steroids. In the future, long-acting
inhaled betay-agonists may be used in fixed-combination
inhalers (salmeterol + fluticasone, formoterol + bude-
sonide), to improve compliance and to reduce the risk of
paticnts’ using these drugs as sole fong-term \reatment.

e sy
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Slde Effects

Unwanted effects are dose-related and are caused by
stimulation of extrapulmonary beta-reccptors (Table
11.2). Side effects are not common with inhaled therapy
but arc more common with oral or intravenous admints-
tration.

* Muscle tremor is caused by stimulation of betay-re-
ceptors in skeletal muscle and is the most comumon
side effect. It may be more troublesome with elderly
patienis.

Tuachycardia and palpitations are caused by reflex
cardiac stimulation secondary to peripheral vasodila-
tation, by direct stimulation of atrial beta,-receptors
(the buman heart is unusual in having a relatively
high proportion of beta,-receptors), and possibly
also by stimulation of myocardial beta,-receptors as
the doses of betay-agonist are increased. These side
efffects tend to disappear with continued use of the
drug, reflecting the development of tolerance.
Metabolic cffects (increase in free fatty acids, insu-
lin, glucose, pyruvate, and lactate) are usually seen
only after large systemic doses. '
Hypokalemia is a potentially more serious side ef-
fect. It is caused by beta,-receptor stimulation of po-
tassium entry into skeletal muscle, which may be
secondary to a rise in insulin secretion. Hypoka-
lemia might be serious in the presence of hypoxia,
as in acute asthma, when there may be a predisposi-
tion to cardiac dyschythmias. However, in practice,
significant arrhythmias after use of nebulized beta,-
agonist have not been reported in acute asthma.
Ventilation-perfusion mismatching is caused by pul-
monary vascdilatation in blood vessels previously
constricted by hypoxia, resulting in the shunting of
blood to poorly ventilated areas and a fall in arterial
Po,. Although in practice the effect of beta,-agonists
on arterial Po, is usually very small (a fall of less
than 5 mm Hg), occasionally in severe chronic air-
way obstruction it is large, although it may be pre-
vented by giving additional inspired oxygen.

Desensitization

Continnous treatment with an agonist often leads to de-
sensitization (tolerance, subsensitivity), perhaps because
of down-regulation of the receptor. For this reason, there
have been many studies of bronchial beta-receptor func-
tion after prolonged therapy with beta-agonists.” Toler-
ance of nonairway beta,-receptor mediated responses,

such as tremor and cardiovascular and metabolic re-
sponses, is readily induced in normal and asthmatic sub-
jects. Tolerance of human airway smooth mugcle to beta,-
agonists has been demonstrated in vitro.* although the
concentration of agonist necessary is high and the degree
of desensitization is variable. Animal studies suggest that
airway smooth muscle beta,-receptors may be more resis-
tant to desensitization than betaj-receptors elscwhere ow-
ing to a high receptor reserve.’ In normal subjects, bron-
chodilator tolerance was demonstrated in some studies
after high-dose inhaled albutercl, but not in others. In
asthmatic patients, tolerance 1o the bronchedilator effects
of beta,-agonists bas not usually been found.® However,
tolerance develops to the bronchoprotective effects of
beta-agonists, and this is more marked with indirect
constrictors such as adenosine, allergen, and exercise
{which activate mast cells) than with direct constrictors
such as histamine and methacholine.?” 2* The reason for
the relative resistance of airway smooth muscle beta,-
receptors 1o desensitization remains uncertain, but it may
reflect the fact that there is a large receptor reserve, so
that more than 0% of beta,-receptors may be lost without
any reduction in the relaxation responsc. The high level of
beta;-receptor gene expression in airway smooth muscle
compared with peripheral lung® may also contribute to
the resistance to tolerance, because there is likely to be a
high rate of beta,-receptor synthesis. Another possibility
is that the expression of the enzyme beta-adrencrgic re-
ceptor kinase {BARK), which phosphorylates and inacti-
vates the occupied beta,-receptor, is very low in airway
smooth muscle.®® By contrast, there is no receptor reserve
in inflammmatory cells and BARK expression is high, so
that indirect effects of beta,-agonists are more readily
lost. However, tolerance to the bronchodilator effects of
the long-acting beta,-agonist formoterol has been re-
porled.'g' 1

Experimental studies have shown that corticosteroids
prevent the development of tolerance in airway smooth
rauscle and prevent and reverse the fall in pulmonary
beta-receplor density.*’ However, inhaled corticosteroids
do not appear to prevent the tolerance to the bronchopro-
tective effect of inhaled beta,-agonists, possibly because
they do not reach airway smooth muscle in a sufficient
concentration. %

Long-Term Safety

Because of a possible relationship between adrencrgic
drug therapy and the rise in asthma deaths in several
countries during the early 1960s, doubts were cast on the
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safety of beta-agonists. A causal relationship between
beta-agonist use and mortdlity has mever been firmly
established, although. in retrospective- studics this would
not be possible. A particular beta,-agonist, fenoterel, was
linked to the more rccent.rise in asthma deaths in New
Zealand, becanse significantly more of the patients who
died than case-matched control patients were prescribed
fenoterol. This association was strengthened by two sub-
sequent studies, and since fenoterol has not becn availabls
the asthma mortality has fallen dramatically™ An epide-
miologic study based in Saskatchewan, Canada, examined
the links between drugs prescribed for asthma and death
or near-death from asthma attacks, based on computerized
records of prescriptions. There was a marked increase in
the risk of death with high doses of.all inhaled beta,-
agonists.?® The risk was greater with fenoterol, but when
the dose was adjusted to the equivalent dose for albuterol
there was no significant difference in risk for these two
drugs. The link bétween high beta-agonist usage and
increased asthma mortality does not prove a cavsal associ-
ation, because palients with more severe and poorly con-
trolled asthma, who are more likely to have an increased
risk of fatal attacks, are also more likely to use higher
doses of betay-agonist inhalers and less likely to use
effective anti-inflanmatory treatment. Among the patients
who used regulat ichaled steroids, there was a significant
reduction in risk of death.

Repular use of inhaled betaragonists has also been
linked to increased asthma morbidity. In a study carried

out in New Zealand, the regular use of fenoterol was -

associated with poorer control and with a small increase
in airway responsivencss compared with patients using
fenoterol “on demand™ for symptom control over a 6-
month peried3® However, this association was not found
in studies with albutercl.’™ * There is some evidence that
regular use of inhaled albuterol may increase exercise-
induced asthma®® and increase inflammation in asthmatic
airways. One possible mechanism is that beta-agonists
may inhibit the anti-inflammatory action of glucocorti-
coids.*

Although it is unlikely that normally recommended
doses of beta;-agonists worsen asthima, it is possible that
this could occur with larger doses. Furthermore, some
patients may be more ‘susceptible if they have polymor-
phic forms of the beta,-receptor that more rapidly down-
regulate ¥ Shornt-acting inhaled beta,-agonists should be
used only “‘on demand” for symptom control; if they are
required frequently (more. than three times weekly), then
an inhaled anti-inflammatory drug is needed. There is an
association between increased risk of death from asthma
and use of high doses of inhaled beta,-agonists; although
this may reflect severity, it is also possible that high doses
of beta,-agonists have a dejeterious effect on asthma.
High concentrations of beta;-agonists interfere with the
anti-inflammatory action of sterojds.*? Paticnts recejving
high doses of beta,-agonists (more than 1 canister per
month) should be treated with effective anti-inflammatory

treaiments, and attempts should be made to reduce the,

daily dose of inhaled beta,-agonist.

Future Trends

Beta,-agonists will continue to be the bronchodilators of
choice for the foreseeable future, because they are effec-

tive in all patients and have few or no side effects when
used in low doses. It will be very difficult to find a
bronchodilator that improves on the efficacy and safety
of inhaled beta-agonists. Although some concems have
been expressed about the long-term effects of inbaled
beta;-aponists, the evidence suggests that they are safe
when used as required for symptom control. If patients

. are using large doses, their asthma shotld be asscssed; an

appropriate anti-irflammatory treatment shovld be given,
and atternpts should be made to reduce the dose. Long-
scting inhaled beta,-agonists are a-very useful addition
for long-term control in asthma and COPD. In the future,
these drups may also be useful for treatment of acute
exacerbations. Improvement in inhaled beta;-agonists
might include an increased selectivity for betareceptors
and a longer duration of action. There is little advaniage
to be gained by improving betasreceptor selectivity, be-

cause most of the side effects of beta-agonists are caused -

by beta,-receptor stimulation (muscle treriior, tachycardia,
hypokalemiia). It may be possible to develop once-daily
inhaled beta,-agonists in the future. R-albuierol is. the
active enantiomer of albuterol; it was developed because
of animal studjes showing that the S-albuterol in the

~pormal racemic (RS) mixwire that is used clinically could

induce airway hyperresponsiveness in guinea pigs.® In
single doses, inhaled R-albuterol has an equivalent effect

to RS-albnterol, whereas S-albuterol has a weak effeet, -
- providing little indication that the R-enantiomer wiil have

any clinical advantage.

Theophylline

Methylxanthines such as theophylline, which are related
to caffeine, bave been used in the keatment of asthma
since 1930. Theophylline is still the most widely used
antiasthrna therapy worldwide becauvse it is inexpensive.
Theophylline became more useful with the availability of
rapid plasma assays and the introduction of reliable slow-
release preparations.® However, the frequency of side
effects and the relatively low efficacy of theophylline
have led to reduced usage; inhaled beta;-agonists are far
more cffective as bronchodilators, and inhaled steroids
have a greater anti-inflammatory effect. However, in pa-
tients with severe asthma, theophylline still remains a
very useful drug. There is increasing evidence that the-
ophylline has an anti-inflammatory or immunomodula-
tory effect.*®

Chemistry

‘Theophylline is a methylxanthine similar in structure to
the common dietary xanthines caffeine and theobromine.
Several substituted derivatives have been synthesized, but
none has any advantage over thegphylline,* apart from
the 3-propyl derivative, enprofylline, which is more po-
tent as a hronchodilator and may have fewer toxic effects.
Many salts of theophylline have also becn marketed,
the most common being aminophylline, which is the
ethylenediamine salt used to increase solubility at neutral
pH. Other salls, such as choline theophyllinate, do net
have any advantage, and some, such as acepifylline, are
virtually idactive.
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Experimental Report 2

Using the same experimental mode! described in the patent, male Beagle dogs were

intravenously administered the following M3 antagonists disclosed in WO 01/04118.

e 100 pg/kg LAS 34273 (example 44, i.e. 3(R)-(2-Hydroxy-2,2-dithien-2-
ylacetoxy)-1-(3-phenoxypropyl)-1-azoniabicyclo[2.2.2] octane bromide).

e 100 pg/kg LAS 35318 (example 136, i.e. 3(R)-(9-Hydroxy-9[H]-xanthene-9-
carbonyloxy)-1-(3-phenoxypropyl}-1- azoniabicyclo[2.2.2]octane bromide).

* 100 pg/kg LAS 34675 (example 2, i.e. 3(R)~(2-Hydroxy-2,2-
diphenylacetoxy)-1-(3-phenoxypropy!)- 1-azoniabicyclo[2.2.2])octane bromide)

The M3 antagonists were administered in combination with the following 32-agonists:

s 3 pp/ke salmeterol.
¢ 0.3 pg/kg formoterrol

The heart rates of the Beagle dogs were measured at various time points over a period
of 5 hours. The results in Figures 1 and 2 below show that the increase in heart rate
produced by combinations of salmeterol or formoterol with LAS 34273 is smaller and
of shorter duration than the increase in heart rate produced by combinations of each of
the 32-agonists with LAS 35318 or LAS 34675. The differences in heart rate observed
with respect to LAS 34273 are highly significant at practically all time points.

This demonstrates that the peculiar functional properties of LAS 34273 are not shared
by compounds having very similar structural features and confirms the advantages of
combinations of LAS 34273, not only with respect to comimercial M3 antagonists like

tiotropium, but also with respect to other compounds disclosed in WO 01/04118

Figures 3 and 4 summarise these findings and compare all the combinations tested,
including also the data for tiotropium described in the patent. These figures show that
the time needed for the maximum increase in heart rate to decline to 50 % is

significantly shorter when the B2-agonists are combined with LAS 34273.
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FIGURE 1

Effect on heart rate of combinations of three M3 antagonists with formoterol (0.3 pg/kg)
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FIGURE 2
Effect on heart rate of combinations of three M3 antagonists with salmeterol (3 pg/kg)
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FIGURE 3
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FIGURE 4
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