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Racemic albuterol is composed of an equimolar mixture of
stereoisomers. For asthma therapy, (R)-albuterol is the
eutomer and (S)-albuterol is the distomer. By interacting with
B,-adrenoceptors, (R)-albuterol has bronchodilator, bron-
choprotective, anti-edematous properties and inhibits activa-
tion of mast cells and eosinophils. (S)-albuterol does not acti-
vate 3,-adrenoceptors and does not modify activation d,-
adrenoceptors by (R)-albuterol so that for many years it was
presumed to be biologically inert. Recently, it has been estab-
lished that regular and excessive use of racemic albuterol
induces paradoxical reactions in some subjects with asthma.
Because such effects cannot be accounted for by activation of
B,-adrenoceptors, the pharmacologic profile of (S)-albuterol
has been more carefully defined. (S)-albuterol has distinctive
pharmacologic properties that are unrelated to activation of
,-adrenoceptors. Thus, (S)-albuterol intensifies bronchocon-
strictor responses of sensitized guinea pigs and induces hyper-
sensitivity of asthmatic airways; it also promotes the activation
of human eosinophils in vitro. These actions of (S)-albuterol
may explain why racemic albuterol can intensify allergic bron-
chospasm and promote eosinophil activation in asthmatic air-
ways. The capacity of (S)-albuterol to elevate intracellular
Ca?* would account for the paradox because this action will
oppose, or even nullify, the consequences of adenylyl cyclase
activation by (R)-albuterol. Because (S)-albuterol is metabo-
lized more slowly than (R)-albuterol and is retained preferen-
tially within the airways, paradoxical effects become more
prominent during regular and excessive use of racemic
albuterol. Because (S)-albuterol has detrimental effects in asth-
matic airways, levalbuterol [homochiral (R)-albuterol] should
have advantages over racemic albuterol in therapy for asthma.
(J Allergy Clin Immunol 1999;104:S31-41.)
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adrenoceptors contributes to the resolution of airway
obstruction (eg, by reducing mucosal edema), the conse-
quences of activation of these receptors elsewhere (eg,
cardiac tissues) are too pronounced to be acceptable. For
this reason, bronchodilator sympathomimetics have been
selected for the singular property of activatfiigdreno-
ceptors and, as such, have proved especially effective in
asthma therapy.

Like (R)-epinephrine, synthetig-sympathomimetics
activate adenylyl cyclase and thereby elevate intracellular
concentrations of 3’,5’-cyclic adenosine monophosphate
(cAMP). In the airways, increased concentrations of
cAMP relax bronchial smooth muscle and preempt con-
traction of hyperresponsive airways; increased concentra-
tions of CAMP also inhibits the release of inflammatory
mediators from mast cells and eosinophils. In heart tissue,
increased concentrations of CAMP will have chronotropic
and inotropic actions. In part, these cardiac effect3- of
sympathomimetics are the result of activationf3ef
adrenoceptors. Hence, because activatiofi;eidreno-
ceptors does not contribute to resolution of airway
obstruction in asthma, selective activationBgfadreno-
ceptors has been preferred when sympathomimetics have
been chosen for development as bronchodilator therapies.

Stereoisomerism and 3,-adrenoceptor

In human airways, bronchoconstrictor responses aractivation

countered by (R)-epinephrine, which is released from
storage sites within the suprarenal glands. Endogenot In common with many other neurohormones and neu-
(R)-epinephrine resolves airway obstruction by acting orrotransmitters, (R)-epinephrine (Fig 1) activates cells by
both a-adrenoceptors an@-adrenoceptors. Hence syn- binding to a specific protein that spans the plasmalemma.
thetic compounds that mimic these actions of (R)-epi-For bronchodilator effects, (R)-epinephrine interacts
nephrine might be expected to resolve obstruction of diswith the B,-adrenoceptor, a protein whose 413 amino
eased airways. However, although activationoef acid residues fold inta-helixes that traverse back and
forth across the cell membrane. By use of site-directed
mutagenesis, it has been established that particular amino
acid residues are critical for binding between e
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theB-carbon (the chiral center of epinephrif®ecause

the enantiomers of epinephrine are not congruenf3the
hydroxyl group of (S)-epinephrine cannot appose to this
serine site when the phenyl ring of the ligand is being
held between the paired phenyl rings (Phe 517 and Phe
508) of theB,-adrenoceptor in helix 5 (Fig 2). Analogous
considerations apply to other synthetic sympatho-
mimetics, including racemic albuterol.

B,-Adrenoceptor activation by (R)-albuterol

As predicted by the Easson-Stedman hypothesis,
effects of (R)-albuterol may be readily distinguished
from effects of (S)-albuterol in assays that depend on
selective binding t@,-adrenoceptors. In early studies of
these enantiomers, distinction was achieved by measur-
ing mechanical responses of tissues, as when defining
dose-effect relations of individual enantiomers on isolat-
ed heart or airway smooth muséleéMore recently, dis-
placement of §,-selective ligand §H] ICI 118,551) has
been used to reveal that binding of racemic albuterol to
FIG 1. The three-dimentional molecular conformation of (R)-epi- adrenoceptors on membrane preparations from guinea
nephrine. pig lung is accounted for predominantly by (R)-

albuterol? This finding has now been extended to intact
be aligned with complementary sites on the epinephrinecells, which have been transfected to express cloned
molecule (Fig 2). For this reason, high-affinity binding to adrenoceptors of human origin. In such cells, (R)-
(R)-epinephrine will have an absolute requirement for aalbuterol exhibited greater affinity (90 to 100-fold) than
particular three-dimensional conformation of g did (S)-albuterol for eitheB,- or 3,-adrenoceptors; also,
adrenoceptor protein. In accord with this conclusion, dis-it increased intracellular cAMP to an extent (23-fold) that
ruption of cysteine bonds effectively eliminates high- was indistinguishable from the racemate (24-fold) and
affinity binding by thef3,-adrenoceptor proteih. demonstrated a degree of intrinsic activity (45%) that

It has long been recognized that multiple points ofwas indistinguishable from the racemate (46%)om
attachment between drug molecules and receptor sitethese observations, it may be concluded that activation of
could provide a basis for specificity of drug-receptor (3,-adrenoceptors is largely determined by (R)-albuterol.
interaction. Stereochemistry is implicit in such interac- As a corollary, any contribution to activation B%-
tion and came to the fore when a three-point attachmeradrenoceptors from (S)-albuterol must be insubstantial.
between ligand and acceptor molecules was proposed findeed, because of the high eudismic ratio, it is uncertain
explain drug specificity.Although this hypothesis ante- whether (S)-albuterol makes any direct contribution to
ceded precise chemical definition of receptor structure bythe activation off3,-adrenoceptors. Activation ¢3,-
more than 50 years, it adequately accounts for theadrenoceptors by preparations of (S)-albuterol achieves
marked stereoselectivity @#-adrenoceptor activation. no more than 0.1% to 1% of responses to corresponding
Involvement of a chiral center to facilitate binding is crit- concentrations of (R)-albuterol. Because preparations of
ical to the proposal of Easson and Stedhaamd accom-  (S)-albuterol may be composed of up to 1% of (R)-
modates all agonists or antagonists that are structurealbuterol, estimation of the contribution of (R)-albuterol
analogues of epinephriddy suggesting that orientation to the eudismic ratio is impracticaln this respect, find-
of the benzylic3-hydroxyl group ensures close interac- ings from studies of receptor binding are in close agree-
tion between (R)-epinephrine afig-adrenoceptors, an ment with results from studies with isolated airway
equivalent interaction between that group and (S)-epismooth musclé?
nephrine is automatically precluded, leaving only two of The Easson-Stedman hypothesis explains how ana-
the three points of attachment available for (S)-epinephlogues of (R)-epinephrine can bind selectivelyBto
rine. The biological consequence of this restriction is aadrenoceptors and why eutomers of sympathomimetics
high eudismic ratio fop-sympathomimetics [ie, biolog- [eg, (R)-albuterol] will be far more potent in promoting
ical activities of (R)- or (R,R)-enantiomers exceeding receptor activation than distomers [eg, (S)-albuterol].
those of (S)- or (S,S)-enantiomers by >100-fold]. The consequences of activatiorfgfadrenoceptors have

More recently, x-ray crystallography has verified the been documented extensively. Interaction between (R)-
interpretation of Easson and Stedman. Whenfyie  albuterol and3,-adrenoceptors promotes activation of
adrenoceptor is occupied by (R)-epinephrine, sites o'membrane-bound adenylyl cyclase to cause an increased
close apposition include a serine residue (Ser 413) oconcentration of intracellular cAMP. Binding of cAMP
helix 4 that interacts closely with the hydroxyl group of to the regulatory subunit of CAMP-dependent protein
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FIG 2. Schematic representation of the relation between key amino acid residues of the B,-adrenoceptor and
(R)-epinephrine. (From Anderson GP, Linden A, Rabe KF. Why are long-acting beta-adrenoceptor agonists
long acting? Eur Respir J 1994;7:569-78. Copyright European Respiratory Society Journals Ltd.)

kinase activates the catalytic subunit of this enzymesubstantial loss of protective efficacy becomesient
which phosphorylates substrates that regulate intracelllwhen racemic albuterol is used regularly to control the
lar C&* ions. The net effect of this intracellular bio- symptoms of asthma. For ambulant subjects with asthma
chemical cascade is a reduced concentration of intracewho use racemic albuterol regularly, this phenomenon
lular C&* [Ca?*];. Mechanisms that are susceptible toleads inevitably to a foreshortening of the interval
cAMP when determining [Cd]; include extrusion of between metered-dose inhaler (MDI) actuafiérit

Ca&* (Na'/K+ ATPase, N&/Ca2+ antiporter), intracellular  seems likely that doses of racemic albuterol have been
sequestration of Ga (Ca* ATPase, phosphoinositide selected for regular use from the plateau of the dose-
metabolism), and influx of Ga (Ca* ion channel, volt-  effect relations for bronchodilation and bronchoprotec-
age-dependent ion chann&hin smooth muscle cells, tion to circumvent this limitation. It is usual to recom-
reduced [C&]; will promote relaxation of contracted mend inhalation from MDlIs of two dosesX200ug per
cells; additionally, it will oppose activation of these cells actuation) in close succession or to use nebulized
by contractile stimuli. In neurons, it will diminish extru- albuterol (2.5 mg) at hourly intervals. Hence supramaxi-
sion of neurotransmitters. In vascular endothelium, it willmal doses in clinical settings are not exceptional, and
reduce the frequency of separation of vascular endoth«excessive use of racemic albuterol is widespread. For a
lial cells and thereby diminish vascular permeability. Indrug that provides a mainstay of therapy for one of the
mast cells, it will impair release or generation of smoothmost common diseases in industrialized societies, rou-
muscle spasmogens, and in eosinophils, it will impair thetine overdose should be viewed as a misuse of health care
release of reactive oxygen. Consequently, there is corresources. This analysis is justified by clinical experience
sensus that interaction between (R)-albuterol sid  because the empirical procedure of halving the dose of
adrenoceptors adequately explains the ability of racemiracemic albuterol per MDI actuation did not diminish

albuterol to reduce airway obstruction in asthma. control of asthma in an outpatient populatiéise of
racemic albuterol in amounts that exceed the maximally
Anomalous effects of racemic albuterol effective dose is not merely an issue of health economics.

Overdose will favor the emergence of effects that are
Despite an attractive preclinical pharmacologic pro-associated with activation of extrathora@icadrenocep-
file, racemic albuterol (Fig 3) has distinctive shortcom-tors and more ominously with loss of efficacy as an asth-
ings. Resolution of airway obstruction and suppressiorma medication. It is not especially surprising, therefore,
of hyperresponsiveness are impressive. By way of corthat epidemiologic studies should have detected an asso-
trast, anti-inflammatory and anti-allergic actions haveciation between death or near death from asthma and the
proved modest, so that contributions from these pharmeexcessive use of racemic albutei®Viewed in isolation,
cologic properties are usually discounted when accountincorrelation between death and increased use of racemic
for therapeutic efficacy of racemic albuterol. Furthermore albuterol cannot establish whether excessive use of the
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FIG 3. Three-dimensional molecular conformation of (S)-albuterol and (R)-albuterol (also called levalbuterol).

drug is a cause or a consequence of disease exacerbatidate, especially as it is well known that facan be
It is therefore particularly significant that when apparent- increased by racemic isoprotered®More recently, this
ly trivial asthma has led to death in children, this too canfinding has been extended by the recognition tha#jCa
be associated with the use®agoniststs.16 of smooth muscle cells can be elevated by (S)-isopro-

In laboratory studies of isolated cells, the phenomenorterenot® and by demonstration that this pharmacologic
of B,-adrenoceptor desensitization is a well-defined con-activity is expressed also by (S)-albutef®lt would
sequence of excessive exposur@4adrenoceptor ago- seem prudent, therefore, to recognize that the pharmaco-
nists. Because there is a trend toward excessive (ise of logic effects of racemic albuterol may reflect the sum of
adrenoceptor agonists during disease exacerbation, it iopposing actions of the constituent stereocisomers on
understandable that tachyphylaxis or desensitizatior[Ca2*];. During acute exposure to racemic albuterol,
(downregulation) of3,-adrenoceptors has been promul- effects off3,-adrenoceptor activation must predominate;
gated as an explanation for diminished protective effica-otherwise, racemic albuterol would not be spasmolytic
cy. However, more detailed consideration of the proper-and would not have been developed as a bronchodilator.
ties of racemic albuterol reveal that other processes mighOn acute administration, any attenuation of the fall of
equally contribute to or even exclusively determine this[Ca2*]; caused by actions of (S)-albuterol could not read-
phenomenon. For instance, in addition to impaired activa-ily be distinguished from attenuation that would result
tion of B,-adrenoceptors as a result of tachyphylaxis orfrom receptor desensitization. Similarly, during regular
desensitization, reduced efficacy may simply reflect ause of racemic albuterol, any progressive reduction of
diminished concentration of (R)-albuterol. Additionally [Ca?*]; could be attributed to receptor desensitization. On
or alternatively, it may reflect loss of activation efficiency the other hand, when [€4; becomes elevated, this can-
if (S)-albuterol were to oppose signal transduction by thenot be accounted for H§,-adrenoceptor activation, and
ligand/receptor complex or intracellular consequences othe activation of neurons and inflammatory and smooth
,-adrenoceptor activation. A number of processes mighimuscle cells is therefore paradoxical. Because elevation
contribute to a reduced concentration of (R)-albuterol,of [Ca2*]; cannot arise as a consequence of tachyphylax-
including chiral inversion, interaction between (R)- is or desensitization, an action of the distomer (S)-
albuterol and (S)-albuterol during binding to functional albuterol becomes the only plausible mechanism that
B,-adrenoceptors, and competition between these twaight account for this anomalous effect of racemic
enantiomers at sites of metabolic breakdown. albuterol.

As an alternative to reduced activationfgfadreno-
ceptors, diminished therapeutic efficacy of racemic Mechanisms contributing to loss of efficacy
albuterol during regular use might stem from unrelatedDesensitization
pharmacologic actions that oppose the consequences ¢
B,-adrenoceptor activatioff. Opposing actions are man- Reduced responsiveness can arise when tissues are
ifest in cells as diverse as neurons, smooth muscle cellsexposed disproportionately to an agonist, an effect
and inflammatory leukocytes and hence may reflect artermed tachyphylaxis (after acute exposure) or desensiti-
intracellular action common to these cell types. Intracel-zation (after repetitive exposur&)Whether caused by
lular concentration of calcium ions is an obvious candi- excessive concentrations or by excessive exposure, the
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outcome is the same: diminished protection from inflam-gated experimentally, it may be prudent to reserve judg-
matory or spasmogenic stimuli. Loss of protection mightment until experimental data become available.
be determined by a reduced incidence of receptors attr . . .
cell surface or by an impaired transduction of the activaChiral inversion
tion signal. Either effect would be revealed as a reduce Chiral inversion is the interconversion of enantiomers.
level of intracellular cAMP and less effective opposition Obviously, if (R)-albuterol were to be transformed into
of [Ca2*]; elevation when cells are activated by spasmo-(S)-albuterol, the concentration of (R)-albuterol would
genic or other stimuli. fall and B,-adrenoceptor activation would be diminished
For racemic albuterol, as for other sympathomimeticsaccordingly. However, both enantiomers of albuterol are
it has long been recognized that desensitization of airwahighly stable in physiologic solution, making intercon-
smooth muscle is difficult to achieve in vitro. Consistentversion improbable, and there has been no gross indica-
with this experience is the clinical finding that the ampli- tion of chiral inversion [eg, loss of activity of (R)-
tude of bronchodilator responses does not decline whealbuterol with time] from in vitro studies. More recently,
asthmatic subjects use racemic albuterol regularly (4 it has become possible to exclude chiral inversion in vivo
200 ug/d)22 In animals that have been exposed to sub-because highly sensitive assays are now available for
stantially higher doses of racemic albuterol (2@@kg detection of individual enantiomers of albuterol in body
per day by continuous infusion), sensitivity and respon-fluids. Such assays have not detected chiral inversion
sivity of the airways to bronchodilator actions of racemiceither in animals or human beings31 Implicit in the
albuterol remain unchanged, prominent hyperresponsiveperception of biological effects of racemic albuterol as
ness notwithstanding® Resistance of airway smooth being exclusive to the eutomer is an absence of chiral
muscle to desensitization is now widely accepted and heconversiorit0.32This presumption is valid, for there is no
been attributed to a high receptor resériresupport of  evidence that suggests chiral inversion as being contrib-
this opinion, maximal relaxation of airway smooth mus-utory to the pharmacologic activity of either enantiomer
cle can be demonstrated in vitro in the absence oof albuterol.
detectable elevation of CAMP or receptor occup&Adiy. Physiologic interactions and metabolism(R)-
is unlikely, therefore, that desensitization to the bron-albuterol and (S)-albuterol share chemical identity and,
chorelaxant effects of racemic albuterol will contribute with the exception of the —OH group of the chpatar-
appreciably to loss of bronchoprotection. bon, binding sites to acceptor molecules involved in cel-
Leukocytes, on the other hand, readily revBa lular activation or metabolism are common to both enan-
adrenoceptor desensitization. This was recognizetiomers. The possibility arises, therefore, that (S)-
because of the proposal tifigtadrenoceptor subsensitiv- albuterol might influence binding of (R)-albuterol to spe-
ity is pathognomonic in asthma. With the use of leuko-cific acceptor sites, as when (R)-albuterol bind$je
cytes to test this proposition, it became necessary tadrenoceptors during cell activation or to enzymatic sites
exclude the possibility that subsensitivity in these cellsduring catabolism.
might have resulted from sympathomimetic therapy. Closely similar binding affinities and intrinsic efficacy
Such studies established that elevation of cAMP irhave been observed when (R)-albuterol has been com-
response to racemic isoproterenol was markedly diminpared with racemic albuterdlOn this basis, it may be
ished in lymphocytes collected from the peripheral bloocconcluded that equimolar concentrations of (S)-albuterol
of asthmatic subjects during regular treatment bydo not appreciably influend®,-adrenoceptor activation
racemic albutero?® Diminishedp,-adrenoceptor activa- by (R)-albuterol. Whether this conclusion holds when
tion has also been reported for polymorphonucleal(S)-albuterol is in substantial excess is less well docu-
leukocytes® and eosinophild? It seems likely that a cor- mented. Studies of isolated airway smooth muscle have
responding loss of responsiveness may be manifest irevealed that preparations in which (S)-albuterol pre-
mast cells and basophils, but direct evidence is lackincdominates (>100-fold excess) can mimic effects of (R)-
Because leukocytes are a major source of inflammatoralbuterol$:6.8 Whether this should be attributed exclu-
and allergic mediators, including smooth muscle spassively to undiminished effects of traces of (R)-albuterol
mogens, it seems likely thRj-adrenoceptor desensitiza- is not known. On the basis of available evidence, it seems
tion of leukocytes may contribute to the substantial loswunlikely that (S)-albuterol will substantially impair acti-
of protection from allergic bronchospasm that has beewation of f,-adrenoceptors by (R)-albuterol. Even so,
noted during regular use of racemic albuterol both in anistudies of enantiomer interaction when (S)-albuterol is in
mals and human being&2° substantial excess (ie, >10-fold) continue to be of inter-
Desensitization is common to all sympathomimeticsest because concentrations of (S)-albuterol may exceed
and may be a homeostatic respons@stadrenoceptor those of (R)-albuterol during regular use of racemic
activation. In the case of racemic albuterol, it has beeialbuterol in asthma by more than 10-fgkef3
established that activation @f-adrenoceptors is deter-  The chemical identity of (S)-albuterol and (R)-
mined exclusively by (R)-albuteré®® Hence stereoiso- albuterol ensures that both enantiomers follow the same
merism would not be expected to influence the varioupathways of metabolic elimination. This raises the possi-
processes that contribute to tachyphylaxis and desensibility of competitive interaction between stereoisomers
zation. However, because this topic has yet to be investduring biochemical transformation. Interaction between
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enantiomers of albuterol has been demonstrated durinumol) to increase [Cd]; was associated with increased
catabolism of racemic albuterol, a process whose initial(>200%) phospatidyl-inositol turnover, an effect blocked
step is sulfate conjugaticit. Sulfate conjugation of by nimodipine (an antagonist of L-type Tahannels)
albuterol has been detected in preparations of humaibut not by ICI 118,551 (f,-adrenoceptor antagonist).
liver, intestinal wall, platelets, and airway epithelium and, Because this response to (S)-albuterol was abolished by
as for activation of3,-adrenoceptors, is markedly enan- atropine or by 4-DAMP (a selective muscarinic receptor
tioselective35:36 In preparations of human liver cytosol, antagonist), it has been concluded that elevation Gf]Ca
the rate of sulfate conjugation of (R)-albuterol is marked-was determined by muscarinicsMeceptors at the cell
ly diminished when (S)-albuterol is preséhithe extent  surface?0 Increased [C&]; in response to (S)-albuterol
to which metabolic interaction between the two enan-could explain the occurrence, latency, and spasmogen
tiomers contributes to the asymmetrical pharmacokineticsspecificity of hyperresponsiveness of airways exposed
of racemic albuterol has yet to be determined. regularly to racemic albuterol. However, modulation of
Marked enantioselective metabolism of racemic responses to airway spasmogens would seem a more like-
albuterol by human tissue anticipates differences in enanly outcome than direct contraction of airway smooth mus-
tiomer disposition when racemic albuterol is administeredcle because overt contractile responses to (S)-albuterol
during asthma therapy. Differences in clearance rates arhave not previously been reported after exposure of intact
quite pronounced and can be expected to amplify interacairway smooth muscle to (S)-albuterol either in vitro or in
tions between (S)-albuterol and (R)-albuterol. Thus clear-vivo.5:8.38
ance of (R)-albuterol (0.62 + 0.18 L/h per kilogram) from  An alternative mechanism whereby albuterol may ele-
serum is rapid by comparison with (S)-albuterol (0.39 +vate [C&*]; is suggested from studies of dispersed
0.12 L/h per kilogram) in healthy human volunteers aftersmooth muscle cells from guinea pig teania caeci. In
intravenous or oral dosing with racemic albutéfdViore such cells, [C&]; increased substantially (by up to 60%)
recently, it has been shown that after administration ofwhen cells were depolarized in the presence of low con-
racemic albuterol (2.5 mg) or (R)-albuterol (1.25 mg) by centrations of racemic isoproterenol @0 nmol).
nebulization, maximal or cumulative (area under curve)This potentiation of voltage-dependent influx of2€a
concentrations of (R)-albuterol in peripheral blood werewas not determined by changes of cAMP/adenylyl
closely comparable after either single or repetitive admin-cyclase or protein kinase C and was not diminished by
istrations of either formulation. However, (R)-albuterol racemic propranoldl® The enantiomers of isoproterenol
(tmax Circa 1 ng/mL at 20 minutes) was more rapidly were equipotent in promoting such influx of €aas
absorbed and more rapidly eliminated than (S)-albuterowere enantiomers of epinephrine and norepinepHhfine.
(tnax Circa 1.8 ng/mL at 60 minutes). As a consequence Closely comparable potencies of L-dopa, dopamine, and
the proportion of the distomer, (S)-albuterol, increasescatechol justify suggestion that influx of €anto these
progressively until the concentration of (R)-albuterol in smooth muscle cells is determined by a receptor for the
peripheral blood is severalfold less than the concentratiorcatechol moiety that lacks stereoselectifftylevation

of (S)-albuteroB3 of [Ca*]; was not accompanied by increased tension of
isolated muscle strips, nor were spontaneous contrac-

Mechanisms contributing to paradoxical tions modified. Even so, it is possible that such elevation

effects of [Ca2*]; might facilitate responses to certain contractile

stimuli and thereby provide a basis for hyperresponsive-

Calcium ion influx. Relaxation of airway smooth ness in airway smooth muscle. For the guinea pig, a cat-
muscle by sympathomimetics is attributed to a reductionechol receptor on airway smooth muscle cells provides
of [C&1];; yet it has been recognized for some time thatan attractive rationale for hyperresponsiveness: It has
[Ca2*]; may be paradoxically increased by exposure tobeen shown that hyperresponsiveness of the guinea pig
sympathomimetic drugt More recently, the possible airways develops in reaction to infusion of either enan-
contribution of enantiomers to this anomaly has beentiomer of isoproterenol as well as to infusion of norepi-
investigated experimentally. Measurement of the fluores-nephrine or dopamir®. Enantiomers of albuterol have
cence of a Cd indicator within dispersed tracheal yet to be studied in preparations of guinea pig teania
smooth muscle cells has confirmed that (R)-albuterol (>5caeci. However, because potentiation of voltage-depen-
nmol) reduces [Cd];. Conversely, (S)-albuterol (g  dent influx of C&* into this tissue was unrelated fig-
3.3 nmol) and racemic albuterol (E£12.9 nmol)  adrenoceptor activation and because racemic albuterol
induced dose-related elevation of ffain these smooth  (ECsy 0.4 to 4pumol) caused potentiation of voltage-
muscle cells, whether at rest or during contractile dependent Ca influx, a capacity of (S)-albuterol to pro-
responsed? By increasing [C&];, (S)-albuterol would  mote C&* influx would not be unexpected.
not be expected to contribute to spasmolysis; on the con
trary, it might even induce contractile responses. Thus
higher concentrations of (S)-albuterol (1 to L@ol) In asthmatic subjects, the most prominent pharmaco-
induced oscillations of [Gd]; in a proportion (10% to logic effect of racemic albuterol is relaxation of airway
25%) of cells and caused a shortening (circa 10%) of alsmooth muscle, a property that underlies the extensive
smooth muscle cells. This capacity of (S)-albuterol (10use of racemic albuterol in asthma therapy. Even so, iso-

Bronchoconstrictor responses
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lated human airway smooth muscle cannot be relaxechoconstrictor responses to acetylcholine, whereas (S)-
fully by racemic albuterol and is unresponsive to con-albuterol (112-fold) was considerably less effecfive.
centrations of racemic albuterol in vitro that are demon-Bronchodilator responses to (S)-albuterol resembled
strably bronchodilatory in vivo during asthma thera-those of (R)-albuterol in being sensitive to inhibition by
py42:43 Thus during intravenous infusion of racemic pronethalol and therefore most probably stem from
albuterol (0.5ug/kg per minute), substantial bronchodi- traces of (R)-albuterol in preparations of (S)-albuterol.
lation is achieved by serum concentrations of racemic An unexpected finding was made when the bron-
albuterol that are substantially less than 100 rfthdhe  chodilator potency of racemic albuterol was determined
low sensitivity of isolated human airway smooth musclein airways that had been made hyperresponsive by infu-
to racemic albuterol has yet to be explained. Insensitivision of platelet activating factor. In such animals, sensi-
ty is not a result of impairment @5-adrenoceptor acti- tivity to inhibitory effects of albuterol (IE) 0.44 ng/kg)
vation by (S)-albuterol. Racemic albuterol and (R)-was increased by 273-fold by comparison with equiva-
albuterol are effectively equipotent relaxants of isolatedent assay in normal animals @120 ng/kg)0 A simi-
strips of human airway smooth muscle. Preparations clar increased sensitivity to racemic albuterol has subse-
(S)-albuterol are without obvious effect, except at highquently been observed in animals whose hyperrespon-
concentrations when relaxation becomes evident, owinsiveness was induced by intravenous injection of immune
to the presence of traces of (R)-albutékdNo contrac- complexes. In this circumstance, bronchospasm caused
tile response is observed when either (R)-albuterol oby bombesin was 125-fold more sensitive to suppression
(S)-albuterol is applied to isolated strips of human airwayby racemic albuterol (IEy 8 ng/kg) than equivalent
smooth musclé> However, preincubation of human obstruction in normal animals (§p 1000 ng/kgp? It
bronchus with a relatively high concentration of (S)-might reasonably be presumed that these very high
albuterol (100umol) has been observed to exaggeratepotencies of racemic albuterol after an allergic reaction
contractile responses to increasing doses of histamine are manifestations ¢,-adrenoceptor activation by (R)-
LTC, (but not methacholine), whereas, after preincuba-albuterol. However, no experimental data are yet avail-
tion with (R)-albuterol (10Qumol), contractile responses able to test that presumption, and detailed experimental
to both histamine and methacholine were redd#ed. analysis would be instructive.
Other investigators have failed to detect pharmacologir, . ]
actions of sympathomimetic distomers when using isoAifWay hyperresponsiveness
lated airway smooth muscle preparatiéfBy reference In experimental animals that have been exposed
to this rather limited evidence, it has been asserted thirepeatedly to sympathomimetics, increased sensitivity of
these substances are inert, but such opinion disregarthe airways to spasmogens or antigen has been detected
the implications of in vivo evidence of spasmogen selecat regular intervals over the last 60 yet#r8eing both
tivity when animal or human airways develop hyperre-unexpected and inexplicable, these observations were
sponsiveness in reaction to regular racemic albutérol. discounted until it became apparent that airway obstruc-
Recent recognition that hyperresponsiveness is spasmtion and death in asthmatic patients could be associated
gen-selective accommodates the synergy between hypewith the use of racemic isoproterenol and possibly sec-
responsiveness produced by sympathomimetic drugs arondary to airway hyperresponsiveness. Observations of
allergic reactiond8 This interaction, which has been direct relevance to this clinical problem were reported
observed repeatedly, implies that allergic mediators mabut not understood or incorrectly interpret8dFor
be more sensitive indicators of altered sensitivity in iso-instance, although increased lethality of inhaled hista-
lated tissues, as has been demonstrated for intact airwamine was evident in animals after regular injection of
responding to racemic albutef§l. racemic albuterol, the possibility that death might have
In the guinea pig, intravenous injection of bombesinbeen caused by an effect on the airways was not contem-
produces a sustained bronchoconstrictor response, whigplated?2 This is a surprising omission because the lung is
facilitates detection and measurement of spasmolytithe target organ for lethal doses of histamine in this
effects of sympathomimetics in intact airways. In thisspecie$? Failure to recognize this property of racemic
preparation, racemic albuterol produced a near maximealbuterol was unfortunate because more than a decade
bronchodilation (78%) that was dose-relatedsglB85  was to lapse before hyperresponsiveness was recognized
ng/kg)23 Maximal bronchodilation (82%) and sensitivity as a direct consequence of regular exposure to racemic
(IDsg 363 ng/kg) were undiminished in animals that hadisoproterenol: Even then, the phenomenon was attributed
been exposed continuously to high bronchodilator dose(incorrectly) toB-adrenoceptor desensitizatigh.
of racemic albuterol (20Qg/kg per day¥3 Comparable The capacity of sympathomimetics to induce hyperre-
sensitivity (IDso 480 ng/kg) has been defined by use ofsponsiveness was rediscovered inadvertently during
histaminé? in confirmation of an earlier estimate ¢f  studies of platelet activating factor in the guineaig.
120 ng/kg)© This spasmolytic effect of racemic Stereoisomerism was implicated when studies to deter-
albuterol may be attributed exclusively to (R)-albuterolmine the roleg3-adrenoceptors in development of airway
because, by comparison with racemic isoproterenol, (R)hyperresponsiveness used (S)-isoproterenol as an appro-
albuterol (2.93-fold) and racemic albuterol (3.75-fold) priate control for (R)-isoproterenol and detected substan-
were only slightly less effective as inhibitors of bron- tial hyperresponsivenedsin these studies, the response
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TABLE I. Comparison of pharmacologic actions of enantiomers of albuterol
Pharmacologic activity (R)-albuterol (S)-albuterol Eudismic ratio Reference
Binding tof,- Binds with Binding is 90-100 7
adrenoceptors high affinity insignificant
Activation of 3,- Promotes adenylyl Marginal effect on 23 8
adrenoceptors cyclase activation adenylyl cyclase
Determination of Reduced Elevated <<1 20
intracellular C&*
Contraction of Suppressed Enhanced <<1 45
isolated human
bronchus
Bronchodilation Effective Ineffective >>100 74
Airway responsiveness Reduced Enhanced <<1 38, 66, 74
Eosinophil Diminished Promoted <<1 59
activation
Metabolic clearance (0.62 £0.18 (0.39£0.12 1.6 32,33
L/h per kilogram) L/h per kilogram)
Acute intravenous 75-100 mg/kg 25-50 mg/kg 2-3 75

lethality in rat (LDyg)

Eudismic ratio is the geometric ratio between the activity of (R)-albuterol and of (S)-albuterol.

to racemic isoproterenol had been shown to have threhyperresponsiveness of the guinea pig airway therefore
distinctive characteristics that made it anomalous (ie, noimerits consideration, especially as both (R)-isopro-
attributable to activation d8-adrenoceptors). First, air- terenol and (S)-isoproterenol produced comparable
way hyperresponsiveness was neither preempted nchyperresponsiveness on intravenous infusion, with the
reversed by racemic propranolol at a dose that fully supeffect of (R)-isoproterenol becoming manifest when the
pressed bronchodilator actions of racemic isoproterenolbronchodilator action had wanéeBecause racemic
Second, such hyperresponsiveness did not follow infu-albuterol produces a bronchodilator response in the
sion of forskolin when used in amounts sufficient to guinea pig that is much more protracted than racemic iso-
evoke bronchodilation comparable to that evoked byproterenol, use of acute infusion of racemic albuterol
racemic isoproterenol. Third, hyperresponsiveness wamay obscure any hyperresponsiveness. Resolution of this
preempted by sectioning both vagal nerves before infuissue may depend on detection of indirect effects of (R)-
sion of racemic isoproterenol, even though bronchodila-albuterol, such as exaggeration of airway responsiveness
tor responses to racemic isoproterenol were unaffectecaused by racemic proprand®br intensification of
by this procedure. From these findings, it may be inferredallergic bronchospasi#.
that induction of airway hyperresponsiveness by racemic As well as producing hyperresponsiveness, racemic
albuterol is not determined I3radrenoceptor activation albuterol can mimic another aspect of the allergic
and might be determined by a pharmacologic action ofresponse that is equally unexpected. Thus regular treat-
(S)-isoproterenol. Infusion of (S)-isoproterenol con- ment with racemic albuterol not only increased the
firmed this prediction by producing an increased respon-amplitude of allergic bronchospasm in subjects with
siveness of guinea pig airways to intravenous histamineallergic asthma but also increased the incidence and
which, in the absence of confounding effects of bron-degree of activation of eosinophils in the lumen of asth-
chodilation, became evident within 15 to 30 mint#es.  matic airway<® This finding implies that, like antigen,
These properties of (S)-isoproterenol are shared byacemic albuterol may activate eosinophils. Such conclu-
(S)-albuterol, which also induces hyperresponsiveness osion is no longer surprising, given that (S)-albuterol has
guinea pig airways during intravenous infusion. The been shown to intensify superoxide production by human
capacity of (S)-albuterol to induce hyperresponsivenesseosinophils, in marked contrast to (R)-albuterol, whose
is also not blocked by infusion of racemic propranolol actions are inhibitor§? As noted for anomalous hyperre-
yet is preempted when both vagal nerves are sectionesponsiveness, the effect of (S)-albuterol may become
before infusion of (S)-albuter@B It is not known  predominant during regular administration of racemic
whether (R)-albuterol also has the capacity to inducealbuterol because of stereoselective elimination of (R)-
hyperresponsiveness. In the eye, topical application oalbuterol.
racemic albuterol will reduce intraocular pressure, and The guinea pig was selected for asthma research
this property is shared equally by both enantiorf@rs, because allergic reactions in this species were manifest
and both enantiomers of propranolol exhibit a capacity toprimarily as changed pulmonary function and showed
induce hyperresponsiveness in the airways of the guineclose similarity with allergic reactions of patients with
pig.57 The possibility that (R)-albuterol might induce asthma? Reaffirmation of this opinion after an interval
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of almost 50 years is grounds for considering that effecttion preceded the infusici¥. From this observation, it
of racemic albuterol in guinea pig airways might provemay be inferred that (S)-albuterol can modulate neural
predictive for asthmatic airway$.Of particular note has activities and thereby modify sensitivity of the airways to
been the finding that regular administration of racemiccontractile stimuli. Such interpretation is supported
albuterol induces changes in the airways that are alsdirectly by the recent demonstration that (S)-albuterol
elicited by allergic reactions. Thus continuous infusionpreferentially enhances responsiveness to brady#inin
of racemic albuterol produced pronounced hyperresporand indirectly by the finding that increased efflux3ef
siveness of the airways. The seven spasmogens that wenorepinephrine from rat brain slices caused by racemic
used to define changed airway responsiveness had diffeclenbuterol is determined solely by an action of the dis-
ent rank orders from those observed after an allergitomers” Some insight into this response pattern is provid-
reaction. Even so, in both circumstances, the most prced by other agencies of hyperresponsiveness in this
nounced increased responsiveness was detected whspecies. Thus both ozone and toluene di-isocyanate (TDI)
LTC, was the test spasmogen. Moreover, when increasehave been shown to produce hyperresponsiveness that
responsiveness to LT,Gvas produced by infusion of could be preempted but not reversed by vagal section. Use
racemic albuterol, hyperresponsiveness was intensifieof antagonists has revealed that development of hyperre-
further after an allergic reaction. In these studies, eponsiveness in reaction to these agents may be secondary
threshold dose of antigen was infused over 60 minutes tto release of sensory neuropeptides. Thus responses to
minimize the bronchoconstrictor reaction to antigen scozone were preempted but not reversed by CP99994 and
that lethal allergic bronchospasm was rare (<1%). Thiresponses to TDI were preempted but not reversed by
may be contrasted with the frequent (>30%) deaths thespantidineg8.69If release of neuropeptides determines the
occurred in those animals that had previously beeichanged airway responsiveness produced by ozone or
exposed to racemic albuterol and then exposure to thiTDI, this would accommodate the capacity of vagal sec-
low dose of antigen or to allergic mediaté?$?2 tion to preempt (but not reverse) the changed responsive-
Interaction between sympathomimetics and antigenness. Persistence may be conferred on this reaction if it is
were recognized by early investigators who studied allerdetermined by expression of the transcription factor and
gic bronchospasm to detect anomalous effects of sympimmediate early gene;fos as has been shown for cap-
thomimetics?® These early observations have been consaicin?? By analogy, similar changes may be induced by
firmed repeatedly, but no basis has been proposed th(,-sympathomimetics, although whether this reflects acti-
would explain how racemic albuterol might interact with vation of3,-adrenoceptors has yet to be investigdted.
allergic reactions to produce such severely increase Involvement of neural processes in the development of
responsiveness. In the guinea pig, it is noticeable theairway hyperresponsiveness caused by racemic albuterol
whereas responsiveness of the airways increases after recould contribute to the selectivity of increased respon-
ular exposure to racemic albuterol, there is no corresponcsiveness that characterizes this reaction. For instance, in
ing change of threshold sensitivity. One possibility thatguinea pigs that have received a continuous infusion of
merits consideration is that decreased airway elastanaacemic albuterol over 6 days, constrictor responses to
may determine this outcome by increasing the maximasome spasmogens (acetylcholine, histamine, serotonin,
degree of shortening. Such changed behavior of airwaprostaglandin k) were diminished by comparison with
smooth muscle follows either regular inhalation of control animals, whereas responses to other spasmogens
racemic albuterol or regular inhalation of antigen, so tha(bradykinin and peptidoleukotrienes, @nd E) were
additive or even synergistic interaction should not be conexaggerated 62 These differential effects have a coun-
sidered exception&P-65Detailed morphometric studies of terpart in the airways of asthmatic subjects, whose sensi-
airway smooth muscle after exposure to regular fenoterctivity to inhaled spasmogens is markedly heteroge-
revealed changes of the extracellular matrix, which coultneous?” Thus the increased airway responsiveness that
limit the extent of shortening Such a change might be results from regular use of racemic albuterol was selec-
initiated by infiltrating inflammatory cells and, once estab-tive, with significant increased sensitivity to bradykinin,
lished, this structural modification may be difficult to even though responsiveness to methacholine or hista-
reverse or even irreversible. In view of the recent evidencmine showed no increase over@if3Whether individual
that (S)-albuterol may promote activation of an inflamma-enantiomers determine these differential effects is cur-
tory leukocyte and thereby nullify the anti-inflammatory rently under investigation, and preliminary results are
action of (R)-albuterol, it becomes apparent that decreaseconsistent with such expectatiéh.
elastance may be a feature of asthmatic airways whose o
gin could be iatrogenic, in whole or in part. Whether CONCLUSIONS
racemic albuterol is capable of initiating or amplifying the
decreased elastance of asthmatic airways has not be Racemic albuterol is established as the most widely
contemplated, and experimental investigation of theused bronchodilator in asthma therapy. The predomi-
capacity of stereoisomers of albuterol to induce decreasenance of racemic albuterol is testament to its bron-
elastance merits urgent investigation. chodilator efficacy. Even so, it is well established that
The acute hyperresponsiveness that was produced lloss of protective efficacy is a deficiency that leads to
infusion of (S)-albuterol was abolished when vagal secincreased use of this drug, a practice that is in conflict
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with the recommendations of expert committees whozo.

have proposed strategies for treatment of asthma. Con
parison of the pharmacologic actions of enantiomers o

albuterol has proved enlightening by providing a ratio- 5y

nale for many of the anomalous actions of racemic
albuterol, which can now be attributed to unsuspectec
properties of the distomer (S)-albuterol (Tablé5IThis

extensive body of preclinical pharmacology anticipates

that formulation of albuterol as homochiral (R)-albuterol 5.

will offer the prospect of a major improvement in main-
tenance therapy for asthma. When albuterol has bee

used as a racemate, actions of (S)-albuterol may hav?>

limited the anti-inflammatory and anti-allergic potential

of (R)-albuterol. The possibility of using (R)-albuterol 2a.

both to treat symptoms (bronchodilation, bronchoprotec-
tion) and to preempt tissue modification (anti-allergic,
anti-inflammatory) may be an unexpected bonus of the
process of drug purification.
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