Effect of }-agonists on inflammatory cells
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Although the major action of racemicf3,-agonists on the air-

ways is relaxation of airway smooth muscle, these drugs have Abbreviations used

several other effects mediated througlf,-adrenergic receptors AP-1: Activator protein-1

expressed on other cell types. These additional actions B-ARK: B-adrenergic receptor kinase

agonists may contribute to the efficacy oB,-agonists in reliev- CREB: cyclic AMP response element binding protein
ing asthma symptoms,-agonists inhibit plasma exudation in fMLP:  formyl-methionine-leucine-phenylalanine

the airways by acting on@,-receptors on postcapillary venule NANC: nonadrenergic, noncholinergic

cells. They inhibit the secretion of bronchoconstrictor media- RT-PCR: reverse-transcription polymerase chain reactio
tors from airway mast cells and inhibit effects on release of

mediators from eosinophils, macrophages, T-lymphocytes, and
neutrophils. In addition, B,-agonists may have an inhibitory
effect on the release of neuropeptides from sensory nerves. The

X : ing sites? In situ hybridization has demonstrated a simi-
effect of B,-agonists on mediator release from structural cells

. ) - ) ) ; lar localization ofB,-receptor subtype mRNA?-11
in the airways such as epithelial cells is uncertain. Despite all H th di . bet th lati
of these inhibitory effects on inflammatory cells in vitro,(3,- owever, there are discrepancies between the relative

agonists do not appear to reduce the chronic inflammation of ~ d€nsity of mRNA and oB-receptors in certain cells.
asthma. Desensitization is more readily seen in inflammatory Thus in airway smooth muscle there is a very high den-
cells than in airway smooth muscle cells and may account for ~ Sity of B-receptor mRNA, whereas the density of flie
this discrepancy. Corticosteroids may increase expression of receptors is relatively low; this suggests either that the
By-receptors in inflammatory cells to overcome the desensitiza-  rate of receptor synthesis is high, and there is a rapid
tion in response to chronicg3,-agonist exposure. (J Allergy Clin turnover of receptors, or that the stability of mRNA is
Immunol 1999;104:510-17.) high. This may explain why it is difficult to downregulate
Key words: B,-adrenergic receptors, mast cell, eosinophil, T-lym- B-receptors in airway smooth muscle and therefore to
phocyte, neutrophil, plasma exudation, sensory nerve demonstrate desensitization to the bronchodilator action
of B,-agonists. By contrast, in the alveolar walls there is
B,-agonists improve airway function largely by a a low level of mMRNA but a very high receptor density,
direct relaxant effect of airway smooth muscle. Howeverwhich may indicate a low receptor turnover, and this
,-adrenergic receptors are also expressed on many othwould be consistent with the fact that downregulation is
cell types in the airways, including inflammatory cells readily produced in lung parenchyma.
and cells that take part in the inflammatory response it  (3;-Receptor mRNA is also detected in animal and
asthma (Fig 1}.Whether the effects of inhaléd)-ago-  human lung tissue, although it is less abundant f3an
nists on these other cells contribute to their beneficiareceptor mMRNAL2 (3;-Receptor mRNA is localized to
effects in asthma is uncertain, however. Although severesubmucosal glands and alveolar walls, as predicted by
inhibitory effects off3,-agonists on inflammatory cells autoradiographic receptor mappifi¢2 ;-Receptor
have been described in vitro, these are often not reflectemRNA has not been detected in human or animal lung by
by similar effects in vivo, possibly because of the rapidNorthern blotting or in situ hybridizatiéa13nor by the
desensitization of,-receptors on these cells. more sensitive technique of reverse transcription poly-
There is a high level dB-receptor expression in ani- merase chain reaction (RT-PCR).
mal and human lung, with a high density of receptors
detected on radioligand binding and of messenger RN/PLASMA EXUDATION
(mRNA) by Northern blotting:3 Autoradiographic map-
ping techniques with radiolabeled antagonists ha¢ Exudation of plasma from postcapillary venules is an
demonstrated the widespread distributiof.gfeceptors  important component of inflammatiofl,-receptors are
in animal and human lundgs’ Studies with $H]for- present on postcapillary venular endothelial cells, and
moterol have demonstrated that high-affifiyrecep-  racemicB,-agonists inhibit plasma exudation by prevent-
tors have a distribution similar to that in antagonist bind-ing separation of endothelial cells in postcapillary
venulest® In this wayp,-agonists may exert anti-inflam-
matory and anti-edema effects in the airways. In addi-
tion, the long-actind3,-agonist formoterol reduces the
adhesion of neutrophils and eosinophils to venular
From the Department of Thoracic Medicine, National Heart and Lung Insti-endothelial cells and thus inhibits the trafficking of gran-
Returtii'tIrrgpjgi:tls?glrlgfgs‘\ll_g::gzysU;é artment of Thoracic Medicine NationUIOCyteS into the airway walP Although intravenOUS|y
e’:I Hear?and Lung Inslti.tute, DO\;ehorste St, London SW3 6LY, UK.’ admInIStere.qs-a.gomst are |r_1effect|ve In Inhlbltm.g pl.as-
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when given by the aerosol route, indicating that highalthough the density is relatively I6#%,-Agonists have
local concentrations may be useful in inhibiting exuda-an inhibitory effect on the oxidative burst and the release
tion of plasma from postcapillary venufs?21 Whether  of thromboxane and LTf37-40 R-Albuterol has an
these effects of inhale@-agonists are relevant to their inhibitory effect similar to RS-albuterol, and S-albuterol
anti-asthma actions is not yet certain because studies is inactive41 In human eosinophils, RS- and R-albuterol
plasma exudation in the lower airways is difficult to mea-inhibit IL-5—-induced superoxide anion release, whereas
sure in human beings. Terbutaline applied topically to theS-albuterol significantly enhances superoxide produc-
nose significantly reduces albumin concentrations irtion.42 No effects on eosinophil degranulation (measured
nasal lavage fluid after allergen challenge, suggesting aby eosinophil-derived neurotoxin) are seen. The inhibito-
inhibitory effect on plasma exudation, although thisry effect of formoterol and procaterol is greater than for
could also be explained by an inhibitory effect on masthe albuterol, possibly because the former are fuller ago-

cell mediator releas®. nists. Salmeterol, which has even less agonist activity
than albuterol, even acts as a competitive antagonist in
MAST CELLS guinea pig and human eosinopH#st4 B-Agonists also

Racemicp-agonists inhibit the release of histamine _have a weak inhibitory effect on immunoglobulin-

from chopped human lung and dispersed human Iun"nduced degranulation of human eosinophils, but only in
mast cells througlf8,-receptors, but this effect is often the presence ofa phosphpdlgsterase |nh|{=ﬁmllthough
variable between preparatiotis26Both short-acting and fMLP-induced degranulatlon.|s more po'gently inhibited
long-actingP,-agonists are effective in vitro, and the by albuterol3.? The nonselecyvg an.tagonlst propranolol
release of histamine and cysteinyl-leukotrienes is inhibit-haS a low af_nmty, _however, '“d'ca".”g that tBaeceg-
ed27.28 The inhibitory effect of3,-agonists is mediated tors on eosinophils may be atypicgz{eceptors?).
by a sustained increase in CARfIN some human mast Longer incubation witi-agonists results in a loss of

: ; : inhibitory effect, indicating the rapid development of
Il preparations al rol act rtial nist, hay . .
cell preparations albuterol acts as a partial agonist, atachyphylaxu:ﬁ7 Recent studies have demonstrated that

ing less effect than the full agonist isoproterenol, and iralthou hp,-agonists do not directly affect eosinophil
these preparations there is evidence for receptor reserv UgNP2-ag S y op
survival, they block the inhibitory effects of corticos-

whereas in other preparations there appears to be r

receptor reservéd The reasons for these differences areterOIOIS on survival and may thus perpetuate eosinophil

> ; 6

not yet understood, but it may indicate that there are difsgrv'val in the airwayd® Although regular treatment.

ferent effects among patients. yvrgh albuterol has no effect on.the nymber of gogmophlls
in induced sputum of asthmatic patieftshere is in an

Inhaled albuterol inhibits the increase in plasma hista-increasecl number of activated eosinophils in induced
mine induced by allergen exposure in asthmatic P

patients30 but there are some doubts about the interpres'outum after_ a_IIerge_n challengb._‘lbute_r ol_pretreatment
tation of plasma histamine measurements. Urinary,LTE does not inhibit the influx of eosinophils induced by_seg-
excretion may be a more accurate reflection of airwa;me.ntal aIIer_gen_ ch_allengé.ln contrast to these ;tuo_he_s,
mediator release after allergen exposure, but the effecan'mal studies indicate that salmeterol has an inhibitory

of inhaledB-agonists are relatively small and transi&nt. effect on eosinophil recruitment into the ski.
Functional evidence suggests that _mha(Bedgonlsts MACROPHAGES

may have an effect on mast cells in vivo because a nebi
lized B-agonist has a significantly greater effect on AMP-

induced bronchoconstriction than on histamine- or L L .

methacholine-induced bronchoconstricti@®3 This alveolar_mac_rophages by radioligand bmdmg a.nd.racemlc

increased protective effect is also seen after the norm;BZ"’jlgoms'[S increase CAMP conpentra'uons in isolated
macrophages in vitre}.52 B,-agonists do not appear to

therapeutic dose of-agonist from a metered-dose | . " sionideant inhibitory effect on macrophage media-
inhaler33 The increased protection against AMP chal-toIr secret?on in vitr§3 andZo effect on pha gc ?)éi”slt
lenge compared with the directly acting constrictors may. : . phagocytosts

is possible tha-agonists may have some other action on

reflect an additional effect on airway mast cells becausmacro hage function. however. There is some evidence
AMP-induced bronchoconstriction in asthmatic subjects phag ’ )

is reduced by an antihistamidend adenosine-induced that alveolar macrophages from patients with asthma have
constriction of asthmatic bronchi in vitro is inhibited by ggﬁgggﬁg Cg\M;trr?C%OTgf%i%ﬂﬁ%gﬁwfg ig'rssrgﬁy
histamine and leukotriene antagonitSalmeterol does P p 2 P

not have an additional protective effect against AIVIF,aIveoIar macrophages are markedly desensitized by oral

S i ; and inhaled3,-agonist treatmer¥€:57 and this is not pre-
challenge compared with histamine challenge, sugges, . o by inhaled corticosteroid theray:

ing that this partial agonist does not have a mast cell st¢ :
bilizing effect in vivo3s By contrast, perlpheral b!ood monocytes appear to
respond t@@-agonists, suggesting tHaadrenergic respon-
EOSINOPHILS siveness may be lost as monocytes mature into macro-
phages in the lung. Th3sagonists have an inhibitory effect
Radioligand binding studies demonstrate the presencon the secretion of the cytokines TFnd GM-CSF from
of B,-receptors on human and guinea pig eosinophilshuman peripheral blood monocyf8$?°

Although-receptors have been demonstrated on human



S$12 Barnes

J ALLERGY CLIN IMMUNOL
AUGUST 1999

Sensory nerve

Post-capillary
venule
f yNeuropeptide
release
Plasma. Epithelial cell
exudation 11/
Mast cell Neutrophil T-lymphocyte
5e Eosinophil
00 - Mediator
\ release ?
Mediator - Mediator ¥Cytokine
release *m?g alggor A/ e release
#survival ?

FIG 1. Anti-inflammatory effects of 3,-agonists.

LYMPHOCYTES

Peripheral blood lymphocytes expr@sseceptors, and
B-agonists increase cAMP concentratiés and are
expressed equally on both B- and T-lymphoc§#eselper
(CD4") T cells are reported to have a lower densit@ef
receptors than suppressor (CD& cells3 B,-Agonists
inhibit synthesis of IL-2 and IL-2 receptor expres&idi¥
and the release of GM-CSF, IFNand IL-3 but have no
effect on expression of IL2P The B-receptor on lympho-

cytes is rapidly tachyphylactic, however, and therefore an
effect on lymphocyte function may not be relevant in

vivo.60 There is some evidence tiflateceptor function in

circulating lymphocytes may be impaired in asthmatic Ulatory effect is mediated bf,-

patients after allergen challen@gfepossibly as a result of
inflammatory mediator or cytokine release.

NEUTROPHILS

ever. Formoterol has been shown to inhibit the expres-
sion of IFNy—induced ICAM-1 in human airway epithe-
lial cells’7 B,-Receptors on human airway epithelial
cells are rapidly desensitized in vitt@and in vivo>’

NEUROGENIC INFLAMMATION

B-Agonists may also have effects on sensory nerves.
B-Agonists inhibit excitatory nonadrenergic noncholiner-

ygic (NANC) bronchoconstrictor responses in guinea pig

bronchi in vitro at concentrations that do not block
equivalent tachykinin-induced respong®&80 This mod-
receptors on capsaicin-
sensitive sensory nerves in the airw8§/3here is also
evidence for an inhibitory effect @-receptor agonists,
suggesting the presence of modulaf@preceptor$1.82
Whetherf-receptors modulate sensory nerves in human
airways is not certain. Some evidence that suggests that

B-Receptors have been detected on circulating neug,-receptors may be modulatory is provided by the
trophils, and their stimulation results in a rise in intracel- jnhibitory action of albuterol on cough respon§eés.

lular cAMP concentratiof® Functionally racemid,-

However, an inhalefl,-agonist, even in a high dose, has

agonists have an inhibitory effect on mediator releaseng additional protective effect on inhaled metabisulfite

although relatively high concentrations are requfi®d.

(which is believed to act on airway sensory nerves) than

B2-Agonists decrease adhesion of neutrophils to humaron methacholine challengé.

airway epithelial cells through an increase in intracellu-

lar cAMP, resulting in reduced expression of the adhe-EFFECTS ON AIRWAY INFLAMMATION

sion molecule Mac-19 B-Receptors on human neu-

trophils are rapidly downregulatéd.Salmeterol has

The effect off3-agonists on airway inflammation is

inhibitory effects on the oxidative burst on neutrophils controversial, partly because of the differing understand-
that are not blocked by propranolol and appear to be thing of what inflammation involves. BecauBeagonists

result of a membrane-stabilizing efféét.

AIRWAY EPITHELIAL CELLS

There is a very high density p$-receptors on human
airway epithelial cell§;72.73and althoughB3,-agonists
increase ciliary beatin@7>it is not certain whether

are clearly capable of inhibiting plasma exudation in the
airways in response to inflammatory mediators they must
be considered to be anti-inflammatory ageft#\go-

nists also inhibit the release of histamine and
leukotrienes from mast cells, which participate in the
acute allergic inflammatory response. The fact that clini-

other functions are affected. Airway epithelial cells are cally used doses of terbutaline have a greater inhibitory
able to secrete many inflammatory mediators in asthmaeffect on AMP-induced bronchoconstriction than on

including nitric oxide, cytokines (IL-6, TN, GM-
CSF, IL-11), chemokines (IL-8, MIPel, RANTES,
eotaxin), and growth factor8.1t is not certain whether

methacholine-induced bronchoconstriction provides
indirect evidence for a mast cell-stabilizing effétt,
although the long-actinf,-agonist salmeterol has little

B,-agonists affect the secretion of these mediators, howeffect on the urinary excretion of L Efter allergen
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FIG 2. Interaction between B,-agonists and glucocorticoids. High concentrations of B,-agonists activate the
transcription factor CREB (cyclic AMP response element binding protein), which interacts with activated glu-
cocorticoid receptors (GR), thus potentially interfering with the anti-inflammatory actions of corticosteroids.

challenge, indicating a small effeét3-Agonists have nists. A similar loss of protection by albuterol on allergen
little or no effect on the chronic inflammatory responsechallenge has also been repofgdiiggesting that desen-
that underlies airway hyperresponsiveness and chronisitization of mast cells occurs more readily than in airway
asthma. This is most clearly demonstrated by biops'smooth muscle cells. Desensitization is readily produced
studies that show that regular treatment with racgdmic in human mast cells in viti®,although there is variabil-
agonists, including salmeterol, fail to resolve the inflam-ity between different preparations that appears to corre-
matory process, as judged by the presence of activatespond to differences in receptor resetf®¥éfter regular

mast cells, eosinophils, and macropha®e®. treatment with the long-acting partial agonist salmeterol,
there is no loss of protective effect against AMP chal-
DESENSITIZATION lenge, whereas there is a reduction of protection against

methacholine, suggesting that salmeterol may not desen-

Desensitization or loss of responsiveness to racemisitize B,-receptors on mast cefs.Similarly, eosinophils
B,-agonists after repeated dosing may occur rapidlyand T-lymphocytes are also rapidly desensitized, so that
(tachyphylaxis) or over a long-term period (tolerance).any anti-inflammatory effect d¥,-agonists may be lost.
Becausd,-agonists, and particularly long-acting inhaled In animal studies the inhibitory effect B§-agonists on
[,-agonists, are used repeatedly in asthma treatment, thplasma exudation is also desensitized, although this
is an important clinical issue. Although there is little evi- response is not completely 183t.
dence for loss of bronchodilator responses to inhged Several molecular mechanisms are involved in desen-
agonists, there is some loss of their protective effecsitization of B-receptors$?3 Short-term desensitization
against bronchoconstrictor challenges. Inhglgdgo-  involves phosphorylation of the receptor, which results in
nists have a greater protective effect against AMP-uncoupling from the stimulatory G-protein, 8y two
induced bronchoconstriction than against methacholinekinases, protein kinase A arf$tadrenergic receptor
induced constriction, suggesting that there is some extrkinase BARK)/G-protein receptor kinase-2 (GRK®).
protective effect on mast cell mediator release, as disLonger-term mechanisms include downregulation of sur-
cussec?3 After 1 week of regular inhale8h-agonist (500  face receptor number, a process that involves internaliza-
Kg terbutaline gid) in mildly asthmatic subjects, there istion of the receptor and its subsequent degradation. The
no evidence for tachyphylaxis of the bronchodilatoruncoupled internalized receptor may return to the cell
response to terbutaline, a slight reduction in protectiormembrane once th@-agonist is removed (resensitiza-
against methacholine, and a marked reduction in protection). More long-term effects of-agonists involve
tive effect against AMP2? This indicates preferential changes iB-receptor synthesis with increased degrada-
desensitization of the mast cell-inhibitory effecBaigo-  tion of B,-receptor mRNA that may involve a specific
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TABLE I. B-Adrenoceptors on inflammatory cells

Cell type Subtype Function

Mast cells B, Reduced mediator release

Macrophages By No effect?

Eosinophils By Reduced mediator release
Increased survival?

T-lymphocytes By Reduced cytokine release

Epithelium By Increased ion transport
Secretion of inhibitory factor?
Increased ciliary beating
Inhibition of mediator release?

Sensory nerves B,/B3 Reduced neuropeptide release
Reduced activation?

Endothelial cells By Reduced plasma extravasation

protein that selectively binds B3-receptor mRNA and is
upregulated by3,-agonist$2>.96 Long-term exposure to
B,-agonists results in decreased transcription offfthe
receptor gene as the result of decreased activity of th
transcription factor CREB (Fig 2, Table191! Inflam-
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INTERACTION BETWEEN (3,-RECEPTORS
AND CORTICOSTEROIDS

High concentrations of,-agonists activate the tran-
scription factor CREB (CAMP response element binding
protein), and there are interactions that have recently
been recognized between CREB and other transcription
factors, such as activator protein-1 (AP-1) and glucocor-
ticoid receptorg05.106 This has potentially important
clinical implications because activation of CREB by
exposure t3,-agonists may directly interact with acti-
vated glucocorticoid receptors and therefore inhibit the
anti-inflammatory actions of steroidd’ This blocking
effect of corticosteroids has been demonstrated in rat
lungl%8 and in human T-lymphocyté89 but this has not
been seen in human monocy®she final functional
outcome will depend on the net balance between the
number of glucocorticoid receptors, the amount of
CREB, the density oB,-receptors, and the presence of
other proinflammatory cytokines and will therefore differ
from cell to cell.

matory cells may be more susceptible to desensitizatiol
for several reasons. First, they may have a low rate OREFERENCES

transcription, so that resynthesisffreceptors is slow.

They may also have less receptor reserve, so that whe
receptors are lost or uncoupled there is a concomitar

loss of functional response. Finally, there may be
increased expression PARK, so that desensitization is

greater. Thus mast cells have a much greater expressic

of BARK than does airway smooth muséle.
Glucocorticoids increase the transcription of fize

receptor gene in rat and human lung and may prever

desensitizatiof8:99Corticosteroids also prevent desensi-
tization of human lung mast cells in vitéf In asthmat-

ic patients, desensitization to the protective effects of
terbutaline against AMP challenge were not reversed by

a single high dose of an inhaled corticoste#8id.
Inflammation itself may have effects ¥3-receptor
desensitization, and this may be more marked on inflam

matory cells than on airway smooth muscle cells. Proteir

kinase C is capable of phosphorylating btreceptors

and thex-subunit of G, resulting in either downregulation
or uncoupling of the recept#i2 This mechanism may be
contributory to the impairefi-adrenergic responsiveness

in circulating lymphocytes after allergen exposure in asth-

matic patientd92Whereas in more controlled asthma it is
unlikely thatB-receptors are dysfunctional, it is possible
that in the inflammatory milieu airway and inflammatory

cell B-receptors may be more susceptible to downregula

tion. Direct measurements of airw@yreceptors have
recently been made after an inhalBgagonist and

demonstrate substantial downregulation and uncoupling c 12.
[,-receptors in epithelial cells and macrophages in norma

subject” Desensitization of3,-receptors on airway

epithelial cells is also seen in asthmatic patients after trea 13-

ment with an inhale@,-agonistl93After segmental aller-

gen challenge in asthmatic patients there is a small bt ;,

insignificant reduction ir-agonist—induced cAMP pro-
duction104
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