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INTRODUCTION

Because of its subject, this monograph is unique among the more than 150 vol-
umes that have been published in the Lung Biology in Health and Disease series.
The reason is that it focuses on a single class of medications, i.e., the steroids in
asthma.

Of course, appreciation of the role that glucocorticosteroids can play in the
treatment of asthma is not new, but their introduction into the practice of medicine
and the reception they have received from physicians has been relatively slow and
cautious.

Just think! In January 1971, the Ciba Foundation convened a “Study Group
on Identification of Asthma.” Its aim was to “define asthma”; yet, in one of the
chapters of the report on the pharmacology of asthma, one finds mention of
“the need to prevent or minimize damage to cells, and this can be done by stabiliz-
ing cell membranes and reducing the activity of destructive enzymes. Such pro-
tection results from the use of glucocorticoids and some acidic anti-inflammatory
drugs” (1).

Two years later, in 1973, the report of an international conference on 
asthma held in late 1972 was published. One of the contributors reported that 
“one function of steroids in phagocytic cells may be stabilization of the mem-
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branes, both the plasma membrane and lysozomes themselves.” He later con-
cluded: “If inflammation in acute or chronic disease (i.e., asthma) is due to the re-
lease of mediators of inflammation from intercellular organelles or granules, then
cortisone may be an effective anti-inflammatory agent” (2).

We all know that since then the field of asthma research has progressed in a
remarkable manner. Scientists have shown definitively that inflammation in re-
sponse to the injurious event is the culprit, and among the various therapeutic
agents, steroids have emerged as a powerful and effective regimen—perhaps not
in all cases, but certainly in many. Today, it is an accepted belief that asthma, al-
beit a serious disease, can be controlled and that very few patients, if any at all,
will die of it if they are carefully monitored and treated.

Research in academia has played a great role in all these advances. However,
as the editors of this volume point out, the role that the pharmaceutical industry
agreed to take on has been pivotal in bringing to patients the full benefit of all the
research done in academia and in its own laboratories.

This volume is a major contribution to this series. It assembles what we
know today about steroids and the most common mode of administration in
asthma, i.e., inhalation. Undoubtedly, it is one more step toward improving the
treatment of asthma patients. The reader need only take note of the editors and 
authors of this monograph to be sure of the excellence and utility of this publica-
tion. As the executive editor of the Lung Biology in Health and Disease series, I
am grateful to them for giving me the opportunity to present it to our readership.

Claude Lenfant, M.D.
Bethesda, Maryland
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PREFACE

In the era that has witnessed the sequencing of the human genome, asthma remains
a debilitating and sometimes fatal disease for those unfortunate enough to suffer
from the inability to breathe inflicted by this condition. Now recognized as a dis-
ease that flourishes in association with the increases in standard of living in the
twentieth century, asthma continues to defy all efforts of modern science and med-
icine to develop a cure. Although a number of exciting new strategies to treat the
disorder have emerged over the last two decades, none has yet succeeded in man-
aging the symptoms or diminishing the profound exacerbations of asthma as ef-
fectively as glucocorticoids. While we harbor great hope that new strategies for
treating asthma will succeed, we must accept for the time being that glucocorti-
coids remain the most effective asthma medications and acknowledge that this
may be true for decades to come.

Probably the biggest advances in inhaled glucocorticoid medications have
resulted from efforts to improve targeting of these drugs to the lungs. This evolved
from concerted and inspired scientific investigations in both industry and acade-
mia. It is extraordinarily important for the field of asthma—as well as for any
other field of medicine that endeavors to utilize pulmonary drug delivery—that
the accomplishments of the numerous individuals involved in these efforts be doc-

v
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umented, chronicled, and evaluated. The intent of this volume is to gather the
available information on inhaled glucocorticoid targeting in the lungs, based on
the expertise and experience of leading asthma researchers and clinician–investi-
gators. We hope that readers of this volume find it useful as a source of ideas, as a
wellspring for future studies, and as an essential reference for the scientific litera-
ture on inhaled glucocorticoids.

The production of this volume would not have occurred without the impor-
tant efforts of a number of individuals. We would like to express our gratitude to
Dean Phizacklea of AstraZeneca for his generous support of this project. We also
acknowledge the invaluable assistance of Mrs. Nicola Heller and Dr. Syed Sha-
habuddin, who were instrumental in documenting the discussion sessions of the
volume. We also thank Christina Max for her help with the subject index. Our
thanks also go to the staff of Marcel Dekker, Inc., and to Dr. Claude Lenfant, who
provided the medium for this communication. Special thanks go to Ms. Bonnie
Hebden for tackling the monumental task of assembling this volume with cheer-
fulness and great competence.

Finally, we are pleased to note that another important goal both of the meet-
ing from which this volume evolved and of this book has been the desire of three
of us (Robert P. Schleimer, Paul M. O’Byrne, and Stanley J. Szefler) to honor our
beloved coeditor and colleague, Dr. Ralph Brattsand, and to recognize his inspired
and outstanding contributions to the field of inhaled glucocorticoid treatment for
asthma.

Robert P. Schleimer
Paul M. O’Byrne
Stanley J. Szefler
Ralph Brattsand
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I. Introduction

The introduction of inhaled steroids (IS) has been successful for asthma therapy
from the viewpoints of the patient and the medical community, as well as from
the health care cost of society (see Chap. 2). The special steroids required for that
development were selected and documented more by combining rational thought
and functional in vivo testing than upon solid mechanistic knowledge about ste-
roid kinetics and dynamics in airways/lung tissue. The IS budesonide (BUD) has
played an important role in that development, and during the 1980s and 1990s
BUD became the major tool for extending the clinical documentation of IS ther-
apy. This introductory chapter gives me the chance to sum up some pharmaco-
logical considerations and personal thoughts after three decades of work with topi-
cal steroids. Even if these experiences are based mainly upon the BUD project,
these considerations may exemplify motivations behind IS development and point
out common problems for the preclinical and clinical documentation of IS. The
present chapter comprises a short background of topical steroids, the structure-
activity work behind budesonide, a discussion of the resulting clinical profile,
mechanisms behind its airways selectivity, a list of still open pharmacological
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issues concerning IS therapy and, finally, comments on the animal models used
during the selection and documentation of BUD.

The success of the early phases of the BUD project (on which I concentrate
here) seems in retrospect to have depended on the dedication and competence of
a small internal research organization, which then was cross-fertilized with com-
plementary knowledge and resources by a company deal happening at the best
time for the project. The initial qualifications of the internal organization were
some knowledge about steroid synthesis (not discussed here) and animal testing,
clear aims for a topical steroid project, and importantly a desire to test new me-
dicinal chemistry, pharmacological and medical approaches forward that goal.
The only mode to drive the project at that time was via empericism, based on
chemistry and determination of the resulting in vivo profile. How completely that
strategy contradicts the sacred drug development strategy of today! The present
strategy starts from new, validated molecular mechanisms, proceeds with estab-
lishment of high through screening methods for those mechanisms, followed by
the testing of huge chemical libraries, and then ideally results in a preproject with
structural optimization based on in vivo animal work. For the BUD project it can
be concluded in retrospect that the major pharmacological preferences of BUD
would never have been detected by the present strategy, as its rapid hepatic inac-
tivation and its effect-prolonging esterification were unraveled first nearly one and
more than two decades, respectively, after the project start. However, the impact
of these mechanisms directed us during the in vivo selection procedures so that the
functional preferences of BUD appeared well before the kinetic background could
be clarified!

II. Skin Steroids: The Forerunners of IS

Local/topical drug therapy of a delimited target area offers two theoretical advan-
tages over systemic treatment. By such administration a much higher local drug
concentration can be achieved, better exploiting upper parts of the dose-response
curve of efficacy. Second, local administration reduces the total dose, diminishing
the risk of adverse systemic reactions when this lower dose is distributed into the
general circulation. Together these advantages increase the therapeutic ratio of a
drug. However, such therapy may also shorten rather than extend the duration of
local efficacy (1), as the higher local concentration enhances the diffusion gradi-
ent away from the site of action, and plasma does not reconstitute the local site
with new drug over prolonged periods as is it does in systemic therapy. Topical
skin therapy is a special case of local treatment, since the stratum corneum barrier
strongly impairs and retards topical uptake of drugs. In this therapy a very small
percentage of the applied steroid reaches the epidermal/dermal drug targets (2),
and this delivery is spread over a number of hours from the reservoir formed by
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drug dissolution into the hornified layer. When the absorbed steroid leaves its tar-
gets via the dermal vessels and enters the systemic circulation, there is a strong di-
lution diminishing the plasma steroid level below the threshold level for systemic
efficacy. Therefore, during normal topical therapy steroids attain selectivity for
their epidermal and dermal skin targets due to this combination of low and re-
tarded uptake followed by strong dilution in blood.

IS originate directly or indirectly from topical skin steroids; their develop-
ment has been lengthy and laborious (3). Due to the above kinetic properties, a
topically selective therapy for skin was available in the early 1950s, while it took
20 years more until steroids attaining a topical selectivity for airways tissue were
reported. Because airways/lung mucosa lacks a barrier like the stratum corneum,
lipophilic steroids are nearly fully absorbed into airway tissue and proceed then
rapidly into systemic circulation. This impairs selectivity in two ways: by shorten-
ing the local anti-inflammatory efficacy and by reinforcing the unwanted systemic
actions. While the steroid reservoir in the horny layer extends dermal efficacy
markedly, it is not possible to achieve a similar retardation at the airway surface,
as the mucociliary clearance sweeps away undissolved drug particles from cen-
tral airways within a few hours. Furthermore, a large part of the inhaled dose is
orally deposited and swallowed and will, if anything, just add to unwanted sys-
temic activity.

Thus, IS need special properties to overcome these obstacles. First, they
need some form of binding to airways/lung tissue to extend the local efficacy and
with that reduce the number of daily inhalations. This is especially true consider-
ing that the compliance of prophylactic asthma therapy is poor (see Chap. 20).
Second, IS must rapidly undergo an effective first-pass inactivation in the systemic
compartment.

III. Early Failures and Successes of IS Therapy

Cortisone, hydrocortisone, and prednisolone were tested early by the inhalation
route, but with a poor clinical outcome (for overview see Ref. 4) (Fig. 1). With
today’s knowledge we understand that topical therapy with cortisone and predni-
sone lacks efficacy, as they are prodrugs that gain affinity for the glucocorticoid
receptor only after the liver-mediated reduction to hydrocortisone and predniso-
lone, respectively. When inhaled at daily doses of 7.5–18 mg, hydrocortisone and
prednisolone achieved antiasthmatic efficacy only in some patients, but could still
reduce urinary secretion of 17-hydroxysteroids (4). Their poor topical efficacy de-
pends on a combination of the low receptor affinity (5) and the action of the en-
zyme 11b-hydroxy-steroid dehydrogenase (11b-HSD), which in lung favors their
oxidation to cortisone and prednisone, respectively (6). The importance of that
enzyme was confirmed by Schleimer and Kato, who in in vitro studies found that
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the conversion of hydrocortisone to cortisone in human lung and tracheal tissue
was effectively blocked by 11b-HSD inhibitors (7). The orally deposited part of
inhaled hydrocortisone and prednisolone has more than 50% bioavailability (5),
mediating systemic activity.

Dexamethasone was the first steroid to show a clear antiasthmatic and anti-
rhinitic efficacy by inhalation (4). It was clinically introduced in the 1960s in
the United States as aerosol formulations of the water-soluble dexamethasone
21-phosphate ester. However, controlled clinical trials revealed soon that inhaled
dexamethasone has a very poor topical selectivity, as a similar efficacy was
achieved by the oral as by the inhaled route (8–10). Its low topical selectivity
depends on a poor uptake and binding to airway tissue (11), probably due to its
rather low lipophilicity (12), while on the other hand the orally deposited fraction
has a bioavailability of 65% or more (5). During the 1960s new skin gluco-
corticosteroids were gradually developed, gaining topical efficacy also on more
resistant dermatoses like psoriasis and stubborn eczema. The chemical approach
of that development was the introduction of lipophilic substituents at the 17a- or
16a,17a-positions of the steroidal D-ring (Fig. 2), with the idea that this enhanced
their intrinsic activity as well as their topical uptake (2). At the end of that decade
the topical efficacy of a couple of these lipophilic steroids was tested on respira-
tory disorders. The first positive results were published in 1968 by Czech studies
with betamethasone 17a-valerate (Fig. 2) on rhinitis, reporting both topical ef-
ficacy and selectivity (13,14), but this finding was not commercially developed.
The asthma breakthrough came from work within the Allen & Hanbury Company
with the skin steroid beclomethasone-17a,21-dipropionate (BDP) (Fig. 2) (for
overview, see Ref. 4). The novel medical outcome was that steroidal antiasthmatic
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Figure 1 Scheme for the early development of topical glucocorticosteroid therapy.
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efficacy was attained without clear concomitant indices of systemic steroidal ac-
tivity. The pioneering clinical trial with inhaled BDP was performed by Morrow-
Brown using asthmatic subjects with eosinophilic sputa. The trials started in June
1970, and the first full publication appeared in April 1972 (15), soon followed by
confirmatory reports from other groups (3). The treatment regimen was standard-
ized to four daily inhalations of 100 mg BDP or betamethasone 17a-valerate. Only
patients with moderate to severe asthma were treated with steroids, as the symp-
toms of mild asthmatics were not at that time considered to be related to ongoing
airway inflammation.

Very little effort had earlier been devoted to clarify the metabolic routes and
rates of elimination of skin steroids (including BDP) due to the lack of sensitive
analytical techniques and the perception that the very low steroid uptake made a
clarification of their systemic kinetics less important. However, the positive clini-
cal findings with inhaled BDP called for metabolic evaluation, and the first mech-
anistic explanation of its airway selectivity came within a couple of years when
kineticists at the Allen & Hanbury Company reported an unexpected, high hepatic
biotransformation rate of BDP into beclomethasone and polar metabolites with
reduced glucocorticoid (GC) activity (16). They showed that this metabolism re-
duced the systemic impact of the large orally deposited and swallowed fraction
(17,18). With that finding, one key mechanism behind airways/lung selectivity of
inhaled steroids was elucidated.

Drug Development of Inhaled Steroids 7

Figure 2 Structure of the 16a,17a-acetal glucocorticosteroid triamcinolone acetonide
(TAC) and the two 17a-ester glucocorticosteroids beclomethasone 17a,21-dipropionate
(BDP) and betamethasone 17a-valerate (B-17V).
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IV. The Budesonide Project

A. Medical and Biological Aims

Within the small Swedish pharmaceutical company Bofors Nobel-Pharma, a topi-
cal steroid project was started in the mid-1960s with the aim of enhancing the top-
ical potency of the 16a,17a-acetal glucocorticosteroids. The pioneering steroid of
that class was triamcinolone acetonide (TAC), the first steroid having efficacy on
psoriasis and stubborn eczemas (Fig. 2). After initial chemical failures the project
was reorientated in 1967, chemically by the medicinal chemist Arne Thalén and
pharmacologically by myself. In addition to the original medical goal—enhanced
topical efficacy for skin—we decided that the project should also aim for a gen-
erally improved topical selectivity (defined as an elevated ratio between the topi-
cal and systemic potencies compared to that of current topical steroids). Due to our
lack of proper bioanalytical techniques, it was decided to perform the selectivity
testing in vivo and include it as part of the primary screening. For that purpose a
new variant of the cotton pellet test was developed, allowing estimation of the
local anti-inflammatory as well as the resulting systemic GC actions. Two small
cotton pellets (weighing 6 mg each) were implanted subcutaneously (s.c.) into
adrenalectomized rats, and after one week a marked granuloma formation was
formed within and around the pellets. At that stage the granuloma was composed
of proliferating macrophages and fibroblasts, infiltrating and walling off the pel-
lets from surrounding tissue. The extent of this cellular inflammation was deter-
mined as the increase of dry weight of the dissected granulomas. Before implan-
tation the pellets were loaded with steroid microcrystals, formed by injecting a
small volume of an acetone solution of the steroid. By dose-response studies in
comparison with negative and positive controls, the local antigranuloma potency
of a steroid was estimated as its ED50, ranging from one to a few mg/pellet for po-
tent steroids. The resulting systemic potency was judged as the extent of thymus
involution and reduced body weight gain over the one-week study period. Based
on the ED50s for granuloma inhibition and thymus involution and the ED25 for re-
duced body weight gain, the local /systemic potency ratio was calculated as a mea-
sure of the local selectivity of the compound. These results were complemented
with determination of the topical potency in rodent ear edema models and in the
human skin blanching test.

B. Structure-Activity Work for Optimization of 16�,17�-Acetal
Glucocorticosteroids

By structure-activity (SA) studies it was found that the nonsymmetrical 16a,17a-
acetal of triamcinolone with acetaldehyde (Fig. 3, lower panel) gave a better local
potency and selectivity than for the corresponding symmetrical acetal with ace-
tone (TAC) (Fig. 2, upper panel). From this a stepwise optimization process was
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initiated in which the next aim was to determine the optimal size of the alkyl sub-
stituent for that improvement. Nonsymmetrical acetals substituted with straight
or branched alkyl chains from 1 up to 9 carbons were synthesized on 16a-
hydroxyprednisolone, triamcinolone, and fluocinolone (19). The uniform conclu-
sion (Fig. 4) was that an n-propyl group (3 carbons) mediated a 10-fold higher
local antigranuloma potency than was reached by TAAC, while the systemic ac-
tions were less potentiated so that the local /systemic activity ratio of the new ace-
tals was markedly improved (19). The optimal glucocorticoid potency of n-propyl
substitution was later confirmed in molecular biological models. In reporter
gene constructs for GC-induced upregulation (via GRE-triggering) and for GC-
induced downregulation (inhibition of the AP-1/TRE mediated pathway), the
n-propyl substituted acetal (Fig. 5) had the highest potency, with much lower ac-
tivity observed with shorter or longer acetals (12).

A practical drawback of nonsymmetrical acetals is that two diastereo-
isomers are formed (Fig. 4). The R-epimers had a somewhat higher local anti-
inflammatory potency than the S-epimers, but in the rodent models that was also
the case for their systemic activity (19–21). Accordingly, a difficult and expensive
stereoselective synthesis or isomer separation was not justified. The next opti-
mization step was to see how esterification of the 21-hydroxy group affected the
improved profile of the nonsymmetrical acetals. A number of ester types were

Drug Development of Inhaled Steroids 9

Figure 3 Overview of structural variations of 16a,17a-acetal glucocorticosteroids
tested in the budesonide project (upper panel). R1 � H, or alkyl chain; R2 � straight or
branched alkyl chain; X and Y � H or F. The first lead on nonsymmetrical acetal is shown
in the lower panel.
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Figure 4 Steps in the optimization of nonsymmetrical 16a,17a-acetals.

Figure 5 Influence of acetal chain length on glucocorticosteroid potency in a homolo-
gous series of nonsymmetrical 16a,17a-acetals. The potency was determined on reporter
genes transfected into a rat fibroblast line. Filled circles, GRE-mediated upregulation of
CAT (chloramphenicol acyl transferase). Open circles, inhibition of AP-1– controlled
b-galactosidase. (From Ref. 12.)
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synthesized on the new 16a,17a-acetal compounds. In the rat models used, es-
terification enhanced local as well as systemic potencies, while no potentiation of
the topical activity was seen in the human skin blanching tests (19,21). These
equivocal results, together with potential ester stability problems in formulations,
led us to concentrate on the 21-hydroxy nonesterified acetals. The final structural
evaluation of the new acetals was on the impact of fluorination in the steroid skele-
ton, preferably in the B-ring. In our rat models, fluoro substituents at the 9a- or the
6a,9a-positions enhanced the systemic more than the local activity (19,20), so that
the nonfluorinated compounds achieved the best local /systemic activity ratio
(Table 1). Based on this systematic structure-activity work performed over the
period 1969–1972 and comprising a large number of structures, a patent applica-
tion for novel, topical 16a,17a-acetals was filed in Sweden in May 1972, followed
one year later by international applications (22).

Drug Development of Inhaled Steroids 11

Table 1 Topical /Systemic Ratios in Rat, Calculated Between the Potenciesa to Inhibit
Ear Edema (Topical Effect) and to Involute the Thymus (Systemic Effect)

Fluoro 
substitution

X Y

Acetal substituent in 16a,17a- positions

Type A Type B

H H 0.11 1 (� budesonide)
H F 0.05 —
F H 0.05 0.88
F F 0.08 0.46

aAll potencies are calculated in relation to BUD. The table shows the importance of the 16a,17a-acetal
type and the extent of B-ring fluorination. The type A acetals are 6a-F � flunisolide; 9a-F � TAC;
6a-F,9a-F � fluocinolone acetonide.
Source: Adapted from Ref. 20.
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C. The Budesonide Inhalation Project

The budesonide project was strongly affected by two external events over 1972
and 1973. As described above, the first asthma publication on the successful use
of inhaled BDP appeared in the spring of 1972 (we never noted the preceding
Czech betametason 17a-valerate work on rhinitis), claiming that inhaled BDP dif-
ferentiated between local and systemic actions. We thought that this “skin” steroid
had neither been designed for, nor been specifically selected for, such differentia-
tion, whereas our clear objective over the preceding years had been to synthesize
and screen new steroids for an improved relation between their local and systemic
actions. By this directed work we reasoned that the new nonsymmetrical acetals
might reach an even better differentiation. Because systemic adverse actions are
not a major problem in topical skin therapy, it was thought that the medical pref-
erences of the new acetals would best be exploited in topical therapy of mucous
membrances, e.g., on airway or bowel mucosa. The second external event affect-
ing the project happened in spring 1973, when it was announced that the topical
steroid project was going to be taken over scientifically as well as commercially
by Astra, due to a strategic deal between the Astra and Bofors Groups. The key
part of the Bofors preclinical steroid group agreed to go along, and these eight
people moved in 1974 with the project to Lund, and merged there with the respi-
ratory, pharmaceutical, and medical expertise of Astra Draco.

During autumn 1974, BUD (Fig. 6) was selected as the single drug candi-
date from the preclinical project. Its high topical potency had at that time been
confirmed in further models (the rat and mouse ear edema models, and the human
skin blanching test), and its profile had been compared also to the 17a-esters BDP
(Fig. 2) and betamethasone 17a-valerate (Fig. 2). BUD had double the topical po-
tency of these esters (23,24, data in files of Astra Draco). When selectivity was
calculated as the topical-systemic potency ratio gained in the rodent models, BUD
achieved a 10-fold higher ratio than for the esters (23, data in files of Astra Draco),
as well as for the acetonides (Table 1).

The IND-work started in 1975 with documentary work on the kinetic, meta-
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Figure 6 Structure of the nonsymmetrical 16a,17a-acetal glucocorticosteroid budeso-
nide (BUD), selected for topical treatment of inflammatory and allergic disorders.
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bolic, toxicological, and pharmaceutical properties of BUD. In vitro work on hu-
man tissues (liver, blood, and lung) was included as soon as we had tritiated BUD
and bioanalytical methods for that work. Acute Phase I studies on the systemic tol-
erance were performed in collaboration with Professor Karl-Erik Andersson and
Associate Professor Pavo Hedner at Lund University Hospital. These volunteer
trials revealed a 3– 4 times lower systemic potency of oral BUD compared to oral
BDP, measured as reduction of morning plasma cortisol (24). When compared
by inhalation (in CFC-based pMDI-formulations) BUD had half the cortisol-
depressing potency of BDP (24).

The improved systemic tolerance of BUD was shown to depend on a rapid
and extensive hepatic metabolism (25,26). The BUD biotransformation appeared
to be rather stereospecific (Fig. 7). The R-diastereoisomer undergoes a splitting
of the 16a,17a-acetal (27), and this is a unique route compared to TAC and
flunisolide, which have metabolically stable acetonides. Following a CYP3A-
catalyzed oxygenation of the 22-carbon of the BUD-R epimer, the formed inter-
mediary hemiortho-ester is immediately hydrolyzed to 16a-OH-prednisolone and
butyric acid (Fig. 8). The BUD-S diastereoisomer is hydroxylated in 6b-position
(Fig. 7), which is a well-known metabolic pathway for steroids, and it can also
undergo hydroxylation of its acetal to form 23-OH-BUD (Fig. 7). These metabo-
lites have a 50 –100 times lower receptor affinity than does BUD (28), and their
potency is further reduced by glucuronidation and sulfation. These transforma-
tions explain the finding that BUD is several times more rapidly metabolized than
BMP (the rate-limiting step in BDP inactivation) and TAC (25,26). The bioavail-
ability of BUD was determined in volunteers (25), and its low oral bioavailability
(approximately 10%) was at that time a novel finding for IS (see Chaps. 9 and 10).
With the analytical techniques used in these early studies, there were no signs of
metabolic transformations of BUD within lung tissue or in blood (26).

Drug Development of Inhaled Steroids 13

Figure 7 Main metabolic pathways of BUD, mediated by hepatic CYP3A.
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Thus, the human pharmacological testing confirmed a profile preference for
BUD over BDP, as BUD had twice the topical potency in the skin blanching test,
while its cortisol-depressing potency after inhalation was just half that of inhaled
BDP (24). Based on these data, asthma trials with BUD were started around 1977,
using a conventional CFC pMDI aerosol.

14 Brattsand

Figure 8 Biochemical pathway for the 16a,17a-acetal splitting of (22R)-budesonide.
(Adapted from Ref. 27.)
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D. Some Highlights from the Clinical Documentation 
of Budesonide /Pulmicort

The early clinical trials comprised dose- and time-response studies on the anti-
asthmatic efficacy of Pulmicort. The trials were run in collaboration with, among
others, Roger Ellul-Micallef (acute effects) (29), Ronald Dahl (subacute trials on
clinical asthma) (30), and studies with allergic provocation (31) and John Togood
(subacute tests with various efficacy and adverse effects readouts, with or without
addition of spacer) (32–34). A dose-response relationship was found in the range
of 100 –1600 mg/day (29,30), and the efficacy was exerted locally as oral treat-
ment giving a similar plasma level of BUD mediated just marginal efficacy
(29,34). Depressed 8 a.m. cortisol was seen first at or above 1600 mg/day. A sur-
prisingly rapid onset (improved PEF within a few hours) was detected in the acute
testing of chronic mild asthmatics (29). Other novel findings were the full blunt-
ing of the immediate allergic reaction, when Pulmicort was inhaled for one month
(31), and that Pulmicort reached the same antiasthmatic efficacy as high dose oral
steroids (33). In the subacute studies the inhalation frequency was found to be
important for unstable but not for stable asthma (32), creating the possibility to
reduce the dosing frequency in proper prophylactic therapy. Based on these and
other experiences, Pulmicort got its first European marketing license in the early
1980s.

Efficacy comparisons among IS require special designs for showing mean-
ingful differences, and the designs and results of such drug comparisons are over-
viewed elsewhere in this volume (see Chaps. 14 and 16).

During the 1980s and 1990s, Pulmicort became the major tool for docu-
menting extended achievements of IS therapy, and some of these findings are
listed below:

The good safety profile of Pulmicort was exploited by giving higher doses,
resulting in better disease control in patients with severe asthma and re-
ducing the need for oral steroids (35,36). In addition to improved respira-
tory function and QoL, such treatment was shown to cut the total health
care costs (37–39), especially for acute visits and hospitalization.

The safety profile allowed a more variable dosing (level and frequency) de-
pending on current asthma severity, improving the patient’s involvement
and compliance (40).

Another use of the good, long-term safety data of Pulmicort was to intro-
duce steroid inhalation therapy earlier in mild asthma. This led to a pio-
neering study where patients with newly detected asthma were treated for
two years either with Pulmicort or Bricanyl (41). The marked improve-
ment in patients using Pulmicort during the first months could not be re-
produced by a later switch from bronchodilating to steroid therapy (42),
showing that anti-inflammatory treatment has the best outcome when it is
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introduced before airways remodelling has started. The results of these
(41,42) and other BUD studies (43– 45) have had a great impact on cur-
rent guidelines for early asthma treatment.

Pulmicort has been the pioneer of efficacious once-daily inhalation ther-
apy of mild asthma (46 – 48), with the potential to enhance the poor com-
pliance of prophylactic asthma therapy (see. Chap. 20). The reversible
esterification of BUD within airways/lung tissue (see below) may con-
tribute to this property.

Improved inhalation devices have markedly contributed to these advances.
The first steps were taken 20 years ago with extensible plastic tubes and
spacers attached to the CFC-arerosols, which reduced the oral and im-
proved the airways deposition (32). A real advance was reached in the late
1980s, when Pulmicort was introduced in the first multidose dry powder
inhaler, the Turbuhaler, further improving Pulmicort’s topical efficacy
and selectivity by enhancing the airways/lung deposition (49) and by the
ease of use of this device.

Due to its moderate water solubility, BUD is the first IS that can be effec-
tively delivered by nebulization to severely ill adults or infants (50,51).
This is not in the same way possible with less water soluble IS (e.g., the
solubility of BDP and FP is 100 times lower than that of BUD).

Pulmicort today has a very extensive safety record, based on its estimated
use over 25 million patient years. The rate of recorded severe adverse
events is approximately one case per nearly 100,000 patient years (data
on file at AstraZeneca), and the few cases recorded comprise primarily
occasional bronchoconstriction and skin allergic reactions rather than
systemic steroid actions. The safety data are excellent also in long-term
trials (52). In a unique study on the final height of asthmatic children
treated long-term (53) (see Chap. 15), Pedersen et al. showed minimal ef-
fects of inhaled Pulmicort. In another unique study on use during preg-
nancy, Pulmicort did not affect the malformation rate in a large cohort of
Swedish infants (54).

V. The Difficulty of Forecasting a Market Potential

Astra’s goal in the 1970s for the takeover of the BUD-project was to complement
its sprouting respiratory business, based on terbutaline and a theophylline formu-
lation, with a steroid for the more severe asthmatics. The motivation was more to
get a full line for asthma therapy, than for economic revenue of the steroid project
itself. Bronchodilators were at that time considered to be the cornerstone of acute
as well as prophylactic asthma treatment, and based on this view and early figures
from the BDP and betamethasone 17a-valerate marketing, the worldwide turn-

16 Brattsand

01-M1775-P1  10/11/2001  12:23 PM  Page 16



over of a BUD product for asthma was in the mid-1970s roughly estimated to be
$15 million per year. Due to the elucidation in the 1980s of airway inflammation
as a central pathophysiological factor for all forms of asthma, the novel effects of
IS on asthmatic hyperresponsiveness and the emerging excellent safety records, IS
became the cornerstone of prophylactic asthma therapy. This therapeutic shift
enhanced the market potential of IS drastically, so that the worldwide turnover of
Pulmicort today is nearly 50 times higher than the first market estimation. How-
ever, it should be pointed out that the clinical success of Pulmicort and its devices
has strongly contributed to that therapy shift.

VI. Budesonide as a Tool for Elucidating Mechanisms 
Behind Airways /Lung Selectivity of IS: Personal Views

Current IS are either steroid 16a,17a-acetals (BUD, TAC, flunisolide) or deriva-
tives of steroid 17a-esters (BDP,FP) (Fig. 2), and these extra substituents make IS
more lipophilic than the parent steroids (12,55,56). Their enhanced lipophilicity
affects several pharmacological properties (Fig. 9), and it seems to be the combi-
nation of these properties that mediates the topical efficacy and selectivity of IS.
While the high receptor affinity and the extended binding to airways tissue are cru-
cial for efficacy, their selectivity depends mainly on the airways/lung binding
combined with the hepatic first-pass inactivation of systemically absorbed sub-
stance. The optimum extent of lipophilicity for each of these properties is not yet
known. (For broader pharmacological overviews of IS activity and selectivity, see
Chapters 9, 10, and 12.)
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Figure 9 Properties conferred by introduction of lipophilic substituents in the 17a or
16a,17a positions. �, Positive impact on the IS profile; �, negative impact.
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A. Basis of High Prolonged Efficacy at Airways /Lung Target

Up to a certain level, lipophilicity correlates positively with an increased affinity
for the GC-receptor (GC-R) (12,28). The high affinity of IS compensates for the
dilution occurring over the vast airways/lung surface and mediates steroid effi-
cacy to the mucosal and submucosal targets. However, due to the uniformity of
the GC-R, a raised receptor affinity also potentiates the systemic activity, which
means that selectivity is not improved by high affinity in the same way as for effi-
cacy (see Chap. 12).

It seems reasonable that glucocorticoid receptors within the airways/lung
compartment can be triggered by just a minute part of the inhaled dose, due to the
high-affinity–low-capacity character of that binding. Based on the KD of BUD
(0.5 nmol/L) (28) and the volume of human airways/lung, just 1 mg would theo-
retically be sufficient for initially liganding these receptors. Animal and human
kinetic data suggest that topical application of relevant doses gives initial BUD
concentrations within airways/lung tissue 10- to 100-fold higher than for its KD

(11,57–59). This indicates that the main obstacle for achieving anti-inflammatory
activity at airways/lung level is not the initial triggering, but rather the difficulty
to maintain the trigger long enough, since most of the deposited steroid is rapidly
absorbed into the systemic circulation. Figure 10 shows the turnover cycle of
triggered GC-R. Liganded receptors have been shown in vivo to have a half-life
of several hours (see Chap. 5). After the ligand dissociation, the receptor has to be
phosphorylated and associated with heat-shock proteins (HSP) in order to be able
to bind new GC molecules. Thus, some hours after the initial triggering there is a
need for GC to remain in local tissue in order to maintain the triggering of re-
cycled and de novo synthesized receptors and achieve anti-inflammatory efficacy.

When the mucosal uptake and retention was studied in a tracheal perfusion
model, IS were found to be both better absorbed and retained than was the case for

18 Brattsand

Figure 10 Scheme of the turnover of triggered glucocorticoid receptor (GC-R).
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the less lipophilic systemic steroids (11). This enhanced and prolonged binding of
IS to airways tissue is another reflection of their high lipophilicity (Fig. 9) and de-
pends probably on enrichment of IS in lipophilic cellular compartments. Table 2
lists the lipophilicity and receptor affinitity of current IS. While they all differ from
systemic steroids, there is a variation among IS contributing to their individual
dose requirements, differing severalfold from, e.g., flunisolide to FP. None of these
IS is inactivated within the target tissue, which means that the retained steroid pool
has the propensity to extend receptor triggering as long as the tissue concentration
of free IS is above a certain threshold. The neccessity of having a pool of tissue-
bound, stable steroid is supported by the poor clinical outcome of soft steroids
sensitive to tissue or plasma esterases (see Chap. 21). Even if such soft drugs
would give the same initial receptor trigger (due to equipotent receptor affinity),
they seem to be broken down within the target tissue over time, limiting their pos-
sibility to extend local receptor triggering.

During the 1990s a special kind of tissue binding was discovered for bu-
desonide, which seems to contribute to its extended topical efficacy and high se-
lectivity. During investigations in the tracheal superfusion model, it was revealed
that budesonide stayed longer in large airways tissue than was anticipated from its
own lipophilicity (11). Kinetic investigations clarified that BUD within cells can
undergo a reversible esterification with fatty acids, forming very lipophilic BUD-
esters lacking receptor affinity, but which are gradually hydrolyzed back to active
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Table 2 Lipophilicity (log P), Receptor Binding Affinity (RBA), and Oral
Bioavailability (F%) of IS

Steroids log P RBA F%a

Systemic steroids

Hydrocortisone 1.56 0.01 55
Prednisolone 1.65 0.06 80
Dexamethasone 1.95 0.13 65

Inhaled steroids (IS)

Beclomethasone dipropionate 4.40 0.3 25 (?)
Beclomethasone monopropionate 3.63 2.0
Triamcinolone acetonide 2.53 0.5 23
Flunisolide 2.28 0.2 21
Budesonide 3.24 1 � Reference 6 –13
Fluticasone propionate 4.20 2.3 �1
Momethasone furoate 2.8 �1

Log p and RBA values are data on file at AstraZeneca. The RBA determinations were performed in
vitro in rat thymus cytosol.
aFrom human studies (5,59).
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BUD (Fig. 11) (60). These BUD-esters have been documented in rat (11) and
human airways/lung (58), as well as in the human nasal mucosa (61). These find-
ings clarify early, poorly understood BUD results from an isolated perfused lung
model, where a fraction of BUD bound so strongly to airways/lung tissue that tis-
sue digestion was necessary to release that fraction (62). During that digestion
with the multienzyme pronase, the BUD-esters were probably hydrolyzed and ap-
peared as intact BUD, leading to the conclusion that BUD was not metabolized by
airways/lung tissue.

BUD seems to be unique in undergoing this high esterification rate, as only
a small ester formation was detected for TAC and none at all for BDP and FP. The
reversible BUD ester formation was correlated to a long functional duration, both
after topical application to the rat trachea (63) and after pulse exposure of cells
in culture (64). In the latter model it could be clearly shown that when ester for-
mation was blocked by an esterification inhibitor, BUD had a shorter duration of
action (65). This, together with release experiments, support the concept that the
BUD-ester pool is bioavailable both within the cell as well as for neighboring cells
(11,64). This mechanism may explain why BUD—not having the top lipophi-
licity and receptor affinity among IS (Table 2)—can have the superior clinical
documentation for once-daily efficacy in asthma.

B. Basis of Low Systemic Activity

IS are bioavailable via the airways/lung and oral routes (Fig. 12). However, due to
its effective hepatic first-pass inactivation, there is just a minute oral contribution
when BUD is inhaled from the Turbuhaler followed by a mouth rinsing. CYP450
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Figure 11 Scheme of the reversible, intracellular esterification of BUD.
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3A (66) is a ubiquitous hepatic enzyme, and this together with the low inhaled
dose explains why BUD very seldom provokes drug interactions.

The airways/lung deposited fraction of the BUD dose is taken up into the
systemic circulation via the bronchial and pulmonary vessels and has nearly full
bioavailability (25; see also Chap. 10). Of the cardiac output, one quarter has the
first pass to liver (leading to steroid inactivation), while the majority of airways/
lung absorbed steroid is widely distributed before finally undergoing hepatic me-
tabolism (Fig. 12). During this systemic disposition BUD has a moderate volume
of distribution (VD � 183 L) and terminal plasma half-life (t1/2 � 2.8 h), less than
for the more lipophilic FP (for comparative figures, see Chap. 10). While the high
lipophilicity favors local efficacy as discussed above, the same property is a draw-
back (Fig. 9) when the airways/lung absorbed fraction is distributed in the body,
as this elevates the body burden at steady state. Thus, the ideal profile of an IS is
to have a high lipophilicity in airways/lung compartment but low during sys-
temic distribution, as that speeds up the subsequent disposition to liver for inacti-
vation (67).

While the BUD-ester formation favors its local efficacy, the same mecha-
nism would be a drawback if this reaction occurs to the same extent for systemi-
cally disposed BUD. However, this does not seem to be the case. First, the human
t1/2 of BUD (2.8 h) is not compatible with a profound peripheral disposition of
very lipophilic BUD-esters. Second, analytical results (68) as well as kinetic mod-
eling (see Chap. 13) show that after BUD inhalation the highest ester concen-
trations are found within airways/lung tissue, while the ester concentrations of
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Figure 12 Disposition of IS. GI � gastrointestinal tract. (Adapted from Ref. 12.)
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plasma and peripheral striated muscle are quite low. Interestingly, BUD esters are
formed in airways/lung tissue after intravenous injection, and they stay longer in
large airway tissue than elsewhere (see Chap. 13). This suggests that the high ester
concentration recorded in airway tissue after inhalation depends both on the high
local BUD concentration and on a high capacity of that tissue to esterify BUD.
Thus, in this model BUD can to some extent exist in a more lipophilic form in air-
ways/lung tissue than in the systemic compartment.

There are varying opinions on the issue of whether a slow or a rapid sys-
temic uptake is most advantageous for reducing the systemic activity of IS. Fig-
ure 13 shows a simple test of that issue, with thymus involution and reduced body
weight gain as steroid-sensitive systemic measures. The study was performed in a
nonlung model, but the outcome is principally valid also for systemic uptake
from airways/lung. A single subcutaneous injection of a suspension with 70 mg
BUD/rat gave strong reductions of these measures, with maximal reductions after
3 days (thymus weight) and 2 days (body weight gain), respectively. This group
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Figure 13 Systemic efficacy of BUD as influenced by its uptake rate into systemic cir-
culation. Rats (6 per group) were subcutaneously injected with suspensions of 70 mg BUD,
leading to three different uptake rates. All groups had their own vehicle control, which
did not differ among the groups. The systemic effects of all BUD groups differed
significantly from the vehicle controls (significance levels not shown). The significances
given are between the BUD groups. *p = 0.1; *p � 0.05; **p � 0.01 in comparison to BUD
1 � 70 mg; †p � 0.05; ††p � 0.01; †††p � 0.001 in comparison to BUD 4 � 17.5 mg at t �
0.
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was compared to other groups where the rate of systemic uptake was changed. One
group received simultaneous s.c. injections at four separate sites with 17.5 mg/
each, as this speeds up the total uptake rate into the systemic circulation. Another
group was s.c. injected with 17.5 mg/site, but with temporal delays for each of
three remaining injections (all four given within 31 h). The clear-cut result indi-
cates that the most rapid systemic uptake gave the least, while the slowest uptake
mediated the worst systemic activity (Fig. 13). This result coincides with the
common view for adverse potential of systemic steroids (69). Thus, while a pro-
longed deposition within airways/lung compartment potentiates the desired local
activity of IS, this may at the same time worsen the systemic activity. Instead it
would be advantageous if the bulk of airways/lung deposited steroid fraction, not
utilized in the local binding to receptors or tissue, could be rapidly taken up into
systemic circulation. This conclusion is based upon the high-affinity, low-capacity
character of IS binding to the peripheral GC receptors. During a protracted sys-
temic circulation relatively more of the steroid can be used for a prolonged recep-
tor binding, while during a high plasma peak the binding capacity of peripheral
receptors is overloaded, delivering more steroid to rapid metabolism and excre-
tion. For reducing systemic activity by a retarded uptake, the systemic absorption
rate must be so low that the resulting plasma steroid level is below the threshold
for triggering GC-activity. This is further discussed in Chapter 23.

VII. Remaining Pharmacological Questions About IS
Efficacy and Selectivity

As stated in the introduction, the development of current IS has been governed
more by empericism than by detailed knowledge about GC kinetics and dynamics
in airways/lung tissue. In fact, we still lack answers to some crucial questions
about the pharmacological basis of IS therapy. One important aim of this volume
is to discuss these issues. If we can find clear answers to the questions listed in
Table 3, a continued improvement in IS or IS-like drugs would be more likely.

VIII. Comments on the Animal Models Used in the
Preclinical Selection and Documentation of BUD

The preference of the initially used cotton pellet test was that this model, within a
rather close dose interval, determined both local and systemic potencies, so that
a local /systemic potency could be estimated. With this model it was possible to
detect and optimize the local preferences of the nonsymmetrical 16a,17a-acetals
(22,70). However, the cotton pellet model was laborious with regard to surgical
techniques and preparation of the steroid-loaded pellets. More rapid evaluation
models were therefore added: the ear edema tests in rats and mice, and the human
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skin blanching test (for judging topical efficacy over an epithelial barrier) and
tests for thymus involution, growth inhibition, and HPA-axis function (for judg-
ing the systemic potential after various routes of administration). BUD showed the
same preferences in all these models, showing that its promising profile was not
coupled to the special administration mode in the cotton pellet model. The com-
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Table 3 Remaining Pharmacological Questions

Question Impact of answer

The overall profile questions

Is there a need for a slight contributory systemic
activity for gaining the full IS efficacy?

What are the levels of non–protein-bound ste-
roid in plasma, target, and non-target tissues?

For achieving high /prolonged topical efficacy

What is the minimum daily period of receptor
triggering for achieving anti-inflammatory
efficacy in airways/lung?

What is the impact of mucociliary clearance on
the local uptake of steroid in airways of mild,
moderate, and severe asthmatics, respectively?

What are the mechanisms behind the prolonged
tissue binding at airways/lung target?

Why do not current IS provoke connective tissue
atrophy in airways/lung tissue, as they do in
dermal tissue?

What are the main target cells for the anti-
asthmatic action?

Does the liganded steroid need to be metaboli-
cally stable over its whole liganded period?

For low systemic activity

What are the critical determinants of steady-state
kinetics?

Nonkinetic modes for differentiation

Can the antiasthmatic and adverse actions be
differentiated at the nuclear level?

Antiasthmatic shortcomings of IS

What important antiflammatory/immuno-
suppressive actions do IS lack?

Determines the prospects of soft
steroids

Central for understanding the ste-
roid exchange between tissues,
and by that the building of
proper kinetic models

Will aid in design of steroid and
its formulation

The maximal time for local uptake
of intraluminally deposited ste-
roid at varying asthma severity

Will allow exploitation of poten-
tial, novel binding mechanisms

May reveal whether atrophic 
risks will appear by a further
enhancement of local steroid
potency and/or duration

Will open prospects for a steroid
targeting to these cells

Will aid in design of soft steroids

Will reveal the best mode to mini-
mize body burden

Will open prospects for a safer
oral steroid therapy

Will determine the best comple-
mentary therapy
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parisons with the 17a-ester derivatives BDP and betamethasone 17a-valerate had
to be done in mice, as these esters behave aberrantly in the rat (being more antag-
onists than agonists in that species) (71,72). Both rats and mice were acceptable
species for picking up the kinetic preferences of BUD over earlier steroids, but
today we know that the rat liver biotransforms BUD more slowly than the human
liver does (the oral bioavailability in the rat is double that in humans). Another dif-
ference between rat and human liver metabolism—also known in retrospect—
regards the impact of steroid nucleus fluorination on the nonsymmetrical acetals.
In the rat model (Table 1), fluorination impaired selectivity due to a potentiated
systemic activity, while we now know that this fluorination speeds up the inacti-
vation rate in human liver. Therefore, in later projects based on nonsymmetrical
acetals, we have concentrated upon fluorinated structures (73; see also Chap. 23).

No appropriate rodent models of inflamed airways were available when
BUD was selected. The allergic provocation models used in the 1970s were based
on high-dose sensitization (giving mainly IgG antibodies), where glucocorticoids
exert a poor antianaphylactic activity. However, under using an antihistamine it
could be shown that BUD reduced the release of SRS-A (today known as leuko-
trienes) (74). In the Astra Draco laboratories, novel, low-dose sensitization meth-
ods (giving mainly IgE antibodies) were developed for guinea pigs and rats, where
BUD protected strongly against antigen-induced anaphylaxis and mediator re-
lease without concomitant anti-allergic drugs (75–77) (Table 3). Furthermore, in
the early 1980s we developed two GC-sensitive models mimicking the late aller-
gic reaction by giving particulate immune triggers, Sepharose-coupled ovalbumin
to sensitized guinea pigs and Sephadex particles to rats which have innate dextran
hypersensitivity. Intratracheal instillation of BUD protected against the late bron-
choconstriction in guinea pigs (78,79) and against pulmonary edema and eosino-
phil recruitment in the rats (80,81). However, in these models the lung protection
was coupled to concomitant systemic activity (measured as plasma cortisol de-
pression in guinea pigs and thymus involution in rats), indicating a poor topical
selectivity of BUD. This poor selectivity for rodent lungs (verified also for other
IS, including FP) may depend on the lower number of airway generations in their
small lungs, resulting in more peripheral deposition and therefore rapid systemic
uptake. Subsequent drug developmental work (see Chaps. 21 and 23) indicates
that a topical selectivity for rodent lungs is achievable with new steroids, with a
much slower absorption rate or with a soft drug design.

BUD achieves a topical selectivity when applied to restricted parts of rodent
airways (Table 4). When the application and the anti-inflammatory measure were
restricted to rat large airways, a topical BUD dose of 11 mg/kg inhibited local
TNFa release for more than 12 hours with just minor effects on plasma corticos-
terone (63). In a rat model of allergic rhinitis, topical BUD of 0.3 mg/kg blunted
the late-phase plasma leakage from the allergen-provoked nose, while systemic
activity required more than a 100-fold higher topical dose (82). The topical selec-
tivity of inhaled BUD in allergic dog and pig has been shown by another approach,
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namely comparison of the lung protection after inhalation and intravenous infu-
sion at doses giving the same area under the plasma level curve of BUD. In the
pig, inhaled BUD (airways/lung deposited dose 10 mg/kg), but not infused BUD,
protected against the allergen-induced late airways resistance, the deterioration of
blood gases and pH, and the rise in urinary late LTE4 excretion (83). In dog trials
(83,84) BUD inhalation (airways/lung deposited dose 13 mgkg), but not infusion,
ameliorated the allergen-provoked airways hyperresponsiveness (85).

Thus, contrary to the situation during early BUD development, it is now
possible to judge the topical airways/lung efficacy and selectivity in animal mod-
els. However, for being optimal tools for selecting new steroids, these models need
still better characterization of dose-response relationships of the local and the
systemic actions, more information on the airways/lung deposition pattern, and
better analysis of similarities and differences in the rates and routes of glucocorti-
coid biotransformation, compared to humans.
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Table 4 Topical Efficacy/Selectivity of BUD in Animal Airways: Lung Models In Vivo
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Discussion

Dr. Jeffery: You mentioned that, initially, there was mild surprise at how effica-
cious steroids were in the treatment of all asthma. However, there are subgroups
of asthmatics who do not respond well to inhaled corticosteroid treatment—
they are resistant or dependent. Is there any pharmacological explanation for
the apparent failure of steroids in these subgroups?

Dr. Brattsand: The poor responsiveness is seen among some moderate-severe
asthmatics, and such steroid insensitivity is known also in other inflammatory
diseases. In most cases the poor responsiveness is not coupled to reduced re-
ceptor number or affinity of the active a-form of the receptor (but possibly by
an enhanced expression of the blocking b-form of the receptor—see discussion
below). The insensitivity does not comprise all glucocorticoid actions, sug-
gesting that only some downstream actions (e.g., cytokine inhibition) are af-
fected. An important line of future work is to see how severely inflammation
(e.g., proinflammatory kinases) affects the receptor number and function, and
whether these problems occur only in individuals having reduced receptor num-
bers and activity before the start of disease.

Dr. Derendorf: In one of your slides you suggested that 25% of the amount of
drug absorbed in the lung undergoes hepatic first-pass metabolism. Wouldn’t
you consider pulmonary absorption equivalent to an intravenous bolus where
the total amount absorbed is available for systemic availability?

Dr. Brattsand: As CYP4503A has a very high capacity for budesonide inac-
tivation, the fraction undergoing hepatic first pass will be the same for both
these modes of administration. After inhalation a fraction will be retained in
airways-lung compartment, but as this fraction is minor it does not seem to have
a major impact on the systemic activity of budesonide.

Dr. Okret: Does budesonide induce Cyp3A in the liver? Can this affect side
effects?

Dr. Brattsand: We have no data to suggest that budesonide induces CYP3A
either in vitro or in vivo.

Dr. Persson: The role of inhaled GC in identifying inflammation as a cardinal
feature of asthma, even the mildest forms of the disease, must not be under-
estimated. We have known for a century that severe asthma is characterized by
advanced eosinophilic inflammation in the airway mucosa. However, it is pri-
marily through the discovery (during the 1970s–1980s) of exceptional efficacy
of GC in mild asthma, in adults and children, that we have obtained the “facts”
about the basic inflammatory nature of bronchial asthma.
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Part Two

USE OF INHALED STEROIDS
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I. Introduction

In the late 1960s and early 1970s, inhaled corticosteroids became available for
clinical evaluation. The experience in these trials eventually led to their use in the
treatment of asthma. This represented a major advance and has subsequently revo-
lutionized, in my mind, the treatment of asthma. Prior to the availability of inhaled
corticosteroids, asthma therapy primarily involved oral and inhaled broncho-
dilators. Treatment was, in large part, directed toward rescue therapy. The regular
administration of asthma medications, although common, was not the usual prac-
tice, and side effects with oral bronchodilators were common.

In patients with more severe or persistent asthma, oral corticosteroid use
was necessary, but these were prescribed with reluctance. The side effects associ-
ated with these medications were known, and long-term use led to significant ad-
verse effects including weight gain, hyperglycemia, osteoporosis, and cataracts, to
name but a few. Consequently, the prescribing of systemic corticosteroids was
done with reluctance and limited to patients either with severe disease or at the
time of an acute asthma exacerbation.

With the advent of effective, potent, inhaled corticosteroids, the need for
systemic corticosteroids diminished. Inhaled corticosteroids for the treatment of
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asthma emerged as the primary treatment for patients with persistent disease (1).
The legacy of inhaled corticosteroids is a milestone for long-term treatment

of asthma in the annals of asthma treatment (Table 1). These medications have
largely replaced the need and use of oral corticosteroids for patients with persis-
tent asthma. In addition, inhaled corticosteroids have provided an effective, safe
treatment for asthma. Along with their place in the treatment of asthma, inhaled
corticosteroids have also been important in clinical research efforts to  understand
mechanisms of asthma, particularly those related to control of inflammation. As
will be discussed below, studies with inhaled corticosteroids have provided insight
into mechanisms of asthma, particularly the relationship of disease severity and
markers of airway inflammation. Moreover, there is emerging evidence that early
intervention with inhaled corticosteroids can prevent the loss in lung function
found in some patients with asthma (2, 3). Such studies raise the possibility that
airway remodeling may be modulated by early intervention with inhaled cortico-
steroid treatment.

To appreciate the use of inhaled corticosteroids and their eminent role in
the treatment of asthma, it is important to briefly review early studies into their
use in the treatment of asthma. This chapter will focus on the early use of these in-
haled corticosteroids in the treatment of asthma, the inference that they have been
effective in the prevention of asthma morbidity, and examples that they have pro-
vided a targeted therapeutic agent whose use has given insight into mechanisms of
asthma.

II. Early Trials with Inhaled Corticosteroids

In the late 1970s, the results of a number of clinical trials were published which
suggested that inhaled corticosteroids were effective in the treatment of asthma.
In one of the early studies, patients with long-standing oral corticosteroid–
dependent asthma were identified and admitted to hospital for the evaluation
of the effectiveness of inhaled corticosteroid treatment in replacing systemic
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Table 1 The Legacy of Inhaled Corticosteroids

Replaced oral corticosteroids
Provided effective, safe treatment of asthma
Provided insight into mechanisms of asthma:

modulate inflammation
prevent “remodeling”
restore lung function
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steroids (4). All of these patients had long-standing asthma and had an average
daily prednisone requirement of at least 20 mg/day or 40 mg every other day. The
subjects entered the hospital and were observed over a 3-day baseline period.
Their dose of oral prednisone was then reduced to 5 mg/day; the subjects were be-
gun either on inhaled triamcinolone (300 mg q.i.d.) or placebo. Over the following
2 weeks, they were monitored closely for deterioration or improvement in lung
function as well as symptoms. In patients who received the active form of therapy,
there was a gradual improvement in lung function over a 4-week period (Fig. 1).
In contrast, subjects who received the placebo had a gradual deterioration in lung
function (mean value � 9.9%).

This study was one of the first to show the efficacy of inhaled cortico-
steroids in replacing systemic steroids. In those treated with active inhaled ste-
roids, there was an average improvement in FEV1 of 13.5% despite the discon-
tinuation of large doses of prednisone. Furthermore, the “switch” from systemic
corticosteroids to the inhaled form was safe. Of the 13 patients treated with in-
haled corticosteroids, only 2 had deterioration in their lung function and had to
terminate participation in the study. Although the number of patients involved was
small, these results were encouraging and indicated that inhaled corticosteroids
could be substituted for the systemic form.

Earlier studies had had limited success in treating asthma patients with in-
haled corticosteroids. With the advent of inhaled beclomethasone, the results of
such clinical trials began to show more promise. The British Thoracic and Tuber-
culosis Association (5) undertook a multicenter trial to determine whether be-
clomethasone diproprionate or inhaled betamethasone valerate was superior to
placebo in patients who were taking daily doses of prednisone to control their
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Figure 1 Effect of triamcinolone treatment on FEV1. (From Ref. 4.)
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asthma. In this two-phase study, patients were identified who required approxi-
mately 10 mg/day of prednisone to control their asthma. They were then begun
either on placebo or one of two doses of beclomethasone, 100 and 200 mg q.i.d.,
or betamethasone valerate, 200 mg q.i.d., and then monitored. During the first
phase of this trial, a scheduled reduction in prednisone was followed. The enrolled
patients were monitored carefully as prednisone was cautiously withdrawn. Five
times as many patients were withdrawn from the study while receiving placebo
when compared to the inhaled corticosteroid group (p � 0.01; Table 2).

Patients then entered phase 2 of the study, either when they came off pred-
nisone or when the study physician had halted the reduction of prednisone. Over
the next 24-week study period, a significantly greater number of patients were able
to remain off prednisone if they were treated with inhaled corticosteroids versus
placebo (Table 3).

A number of important observations were made in these two representa-
tive studies. First, it was possible to reduce or eliminate the need for prednisone
by the use of inhaled corticosteroids. This was a major advance in the treatment
of asthma, because it was possible to treat more severe asthma with a safe, inhaled
dose of corticosteroids and avoid adverse effects associated with systemic cortico-
steroid use. Second, maintenance therapy with inhaled corticosteroids was effec-
tive in preventing asthma deterioration and the need to reinstitute systemic corti-
costeroid use. Third, in some patients improvement in lung function occurred
despite the reduction in systemic corticosteroid use. This observation raised the
possibility that the mode of action of inhaled corticosteroids may have some dis-
tinct therapeutic features.

Since these early studies, large numbers of clinical trials have shown the ef-
fectiveness of inhaled corticosteroids in asthma (6 –10). Their use was associated
with improvement in lung function, a reduction in symptoms, a replacement for
the need of systemic corticosteroids, and even an improvement in one of the fea-
tures of asthma, bronchial hyperresponsiveness. As was pointed out in an editorial
in The New England Journal of Medicine in 1993 (11), “inhaled glucocorticoid
therapy is effective in patients with asthma because a drug with high topical po-
tency is deposited directly in the airways.” The editorial went on to say, that “the
chemical modifications that have given inhaled glucocorticoids their favorable
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Table 2 Patients Withdrawn Because of Treatment Failure

Reasons p-value BDP100 BDP200 BV

Poor control 16* 3 3 1

*Compared to active treatment; p � 0.01.
Source: Ref. 5.
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ratio of topical bronchial  activity to systemic activity have led to compounds that
are very effective in many children and adults with asthma when given in doses
that cause no systemic effects . . .” (11).

Thus, the introduction of inhaled corticosteroids dramatically and effec-
tively changed the conventional approach to asthma therapy. First, a focus and em-
phasis was placed upon inhaled medication with properties that modified the
inflammatory component of asthma. Second, with the institution of inhaled corti-
costeroids, it was possible to replace, for most patients, the need for chronic use
of systemic glucocorticosteroids. The obvious benefit of this approach was a re-
duction in side effects, which, for some individuals, were severe and debilitating.
Finally, dosing of inhaled corticosteroids was adjusted to the severity of an indi-
vidual patient’s asthma and their response to this form of treatment.

III. The Benefits of Inhaled Corticosteroids 
for Asthma Complications

Asthma exacerbations are associated with increased morbidity, the possibility of
death, and increased costs of health care. A study published in 1996 evaluated the
impact of inhaled corticosteroids on acute asthma hospitalizations in Sweden
from 1978 to 1991 (12). To accomplish this goal, the investigators evaluated the
sales of inhaled corticosteroids versus hospitalizations in Sweden. To accomplish
this goal, data on regional sales of inhaled corticosteroids and use of bed-days for
asthma in 14 Swedish county councils for the period 1978–1991 were used. Drug
sales were measured as defined daily doses (DDD) and related to the total popu-
lation within each council.

Beginning in the late 1970s and early 1980s, there was an increase in the fre-
quency with which these medications were prescribed. By 1991, there had been
nearly a 14-fold increase in sales of inhaled steroids in the Sweden areas (Fig. 2).
Parallel evaluations of hospitalizations  in these districts revealed a drop in the
need for hospitalization (Fig. 3). Although this study did not directly evaluate 
the influence of inhaled corticosteroids on need for asthma hospitalizations, the
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Table 3 Patients Remaining Off Prednisone During Phase 2a

p-value BDP100 BDP200 BV

No. completing phase 2 26 31 33 41
No. remaining off prednisone 4 15 25 23
Percentage 15 48 76 56

BDP, beclomethasone dipropionate.
aActive vs. placebo, p � 0.001.
Source: Ref. 5.
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correlative events, i.e., the rise in inhaled corticosteroid prescriptions versus the
fall in hospitalizations, indicate a possible “cause-and-effect” relationship.

The authors indicate that the results of their study support their hypothe-
sis—there is a correlation between the sales of inhaled corticosteroids and im-
proved asthma, as measured by the number of bed days in acute inpatient facil-
ities. As the authors also indicate, the causal relationship between these two
events needs to be validated by appropriate modeling of their interactions. None-
theless, these novel observations strongly suggested a correlation between the
change in prescribing habits and one marker of asthma morbidity—need for
hospitalization.

In another study, Blais et al. (13) compared first treatment choices of inhaled
corticosteroid with theophylline. In a large case-controlled study, a cohort of
13,563 newly diagnosed patients were first identified. The investigators compared
the first-time users of inhaled corticosteroids with first-time users of theophylline
as to their ability to prevent hospitalizations for asthma. The authors were able to
demonstrate that there was a 40% reduction in the need for hospitalizations in
those patients who received regular use of inhaled corticosteroids versus theo-
phylline over the first 12 months of treatment. If, in contrast, the use of inhaled ste-
roids was irregular, there was no reduction in the need for hospitalization. Hospi-
talization for asthma is a well-recognized indicator of more severe asthma. As
Blais et al. (13) were able to demonstrate, treatment with inhaled corticosteroids
within the year of asthma recognition not only reduced a major cost of asthma hos-
pitalization, but, as suggested by the authors, may control factors that could lead
to more severe or persistent disease.
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Figure 2 Sales of inhaled corticosteroids in defined daily doses per 1000 inhabitants.
(From Ref. 12.)
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IV. Benefit of the Addition of Inhaled Corticosteroids

A recent publication by Rowe and colleagues (14) evaluated the effect of the addi-
tion of inhaled budesonide, 1600 mg/day, to systemic corticosteroids for patients
who had been treated for severe asthma in the emergency room. In this study,
patients who were discharged from the emergency room following acute care
were given 50 mg/day of prednisone for 7 days plus either placebo or budesonide
(1600 mg/day). Three weeks after discharge from the emergency room, 12.8% of
those who had received budesonide had a relapse of asthma versus 24.5% on pla-
cebo (p = 0.649). The evaluation of these patients indicated that following 7 days
of prednisone and either placebo or budesonide, pulmonary functions were simi-
lar. However, the need for inhaled beta agonists, asthma symptoms, and quality of
life (i.e., activities) were improved in those given inhaled corticosteroids. These
results indicate the added benefit of inhaled corticosteroids to a short course of
systemic corticosteroids for the treatment of acute asthma. Although not a com-
ponent of this study, the results of Rowe et al. (14) raise the possibility that the
addition of inhaled corticosteroids can improve those factors that contribute to the
instability of asthma.

V. Inhaled Corticosteroids as Research Tools 
for Mechanisms of Asthma

Inhaled corticosteroids can modify many aspects of the inflammatory process.
Using this information, a number of investigators have evaluated effects of inhaled
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Figure 3 Number of bed-days per 1000 inhabitants in acute somatic care due to asthma.
(From Ref. 12.)
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corticosteroids on parameters of asthma. These studies have provided insight not
only into how inhaled corticosteroids may be effective in the treatment of asthma,
but also into the mechanisms by which inflammation occurs and is regulated. For
example, Fahy and Boushey (15) evaluated the effect of low-dose beclomethasone
(336 mg/day) on asthma control and sputum markers of inflammation. In this
study, 24 subjects with mild asthma were identified and treated either with placebo
or budesonide. During these treatment periods, lung function was measured and
sputum was collected for analysis of inflammatory markers. As expected, inhaled
corticosteroids (beclomethasone 336 mg/day) led to an improvement in the FEV1

(Fig. 4). The investigators also collected sputum supplies. When treated with in-
haled beclomethasone, there was a decrease in sputum eosinophils (Fig. 5). These
data raise the possibility that improvement in lung function with inhaled cortico-
steroids is associated with the suppression of the eosinophilic inflammatory re-
sponse in the airway. One interpretation is that the action of inhaled cortico-
steroids on inflammation in asthma is the reduction of eosinophils in the airway,
which then is associated with a resolution of airway inflammation and improve-
ment in airflow obstruction.

In classical studies by Haahtela and colleagues (3,16) in Finland, the inves-
tigators evaluated the effectiveness of early treatment with budesonide (1200 mg/
day) for newly diagnosed asthma versus inhaled beta agonist alone for over a 2-year
period. The results of their initial study were published in 1991 and indicated that
inhaled budesonide was more effective than beta agonist alone and led to signifi-
cant improvement in lung function (16). Laitinen and colleagues (17) obtained
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Figure 4 The effect of beclomethasone (336 mg/d) vs. placebo on FEV1. *p � 0.05 from
baseline, but not significantly different from corresponding change in placebo. †p � 0.05
from baseline and from the corresponding change in placebo group. (From Ref. 15.)
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biopsies prior to and following inhaled corticosteroid or beta agonist treatment.
They found that terbutaline had no significant effects on mast cells and eosinophils
in tissues. In contrast, patients who received 1200 mg/day of budesonide had a
significant reduction in mucosal mast cells and eosinophils. These studies are fur-
ther evidence that not only do inhaled corticosteroids improve lung function, but
their use is also associated with an inhibition of cellular markers of inflammation,
i.e., mast cells and eosinophils.

In an extension of the original study, Haahtela and colleagues (3) ex-
tended the initial study with the following design. First, the patients who received
1200 mg/day of budesonide were given either a reduced dose, 400 mg/day, or pla-
cebo. Second, those individuals who had been treated with an inhaled beta agonist
alone for 2 years were begun on inhaled budesonide (1200 mg/day).

A number of key findings emerged from this study. First, although there was
a reduction in peak flow values on the lower dose of budesonide, measurements
of lung function were generally stable. In those previously treated budesonide pa-
tients who were given an inhaled placebo, there was a deterioration in measure-
ment of peak flow. Finally, the institution of budesonide at 1200 mg/day improved
lung function in those patients previously treated with terbutaline alone. However,
the improvement in lung function never achieved values noted when inhaled cor-
ticosteroid had been given initially with the diagnosis of asthma.

A number of conclusions are apparent from this study. First, it is possible to
reduce the inhaled corticosteroid dose in individuals whose lung functions are
stable and symptom control is good; the reduction does not necessarily lead to de-
terioration in asthma control. In contrast, stopping inhaled corticosteroids, even
after 2 years of treatment, can be associated with a fall in lung function. These
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Figure 5 The effect of beclomethasone (336 mg/d) vs. placebo on sputum eosinophils.
*p � 0.05, significantly different from baseline but not significantly different from corre-
sponding change in placebo group. †p � 0.05, significantly different from the correspon-
ding change in placebo group but not significantly different from baseline. (From Ref. 15.) 
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findings indicate that inhaled corticosteroids control features of asthma during
use, but inhaled corticosteroids do not “cure” the patient’s asthma. Finally, if
there is a delay in the initiation of effective anti-inflammatory therapy, “permanent
changes,” or remodeling, may occur such that a loss of lung function may be a
consequence. This latter finding raises the possibility that there is a “window of
opportunity” during which the initiation of inhaled corticosteroids is critical to
achieve optimal control.

VI. Summary

Inhaled corticosteroids have revolutionized the treatment of asthma. It is now ap-
preciated that therapy directed toward airway inflammation is a critical component
of treatment for persistent disease (1). Studies with inhaled corticosteroids have
found them to be effective, safe in usual doses, and capable of modifying compo-
nents of airway inflammation. We have learned a considerable amount about not
only effective asthma treatment with inhaled corticosteroids but also, from a
knowledge of their immunopharmacological action, how mechanisms of inflam-
mation in asthma can be controlled. In the 25–30 years that inhaled cortico-
steroids have been under evaluation, the concepts of asthma have changed con-
siderably. Our insight into these “new” concepts, e.g., inflammation, persistent
disease, and airway remodeling, has been aided by observations with inhaled cor-
ticosteroids. We are still learning, and as the immunopharmacological mecha-
nisms of corticosteroids are further understood, new knowledge about asthma will
emerge. In the meantime, with the inhaled corticosteroids we have available now,
an effective treatment for asthma is possible.
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Discussion

Dr. Szefler: You presented an array of effects of asthma and the corresponding
effect of inhaled corticosteroids. If you have one “marker” to pick in measuring
the course of disease and target which one would it be?

Dr. Busse: That is a difficult question. Clearly, a measure of lung function is
important. However, that is not the entire story. You would like an index of air-
way inflammation and a measure to assess exacerbation presentation. The as-
sessment must be multifactorial.

Dr. Pedersen: One thing the use of inhaled steroids has taught us is that there is
a substantial hidden morbidity in mild asthmatics. This group of patients shows
marked improvements once they are treated with inhaled steroids. Their quality
of life improves, and they have fewer exacerbations. So mild asthma should be
taken seriously.

Dr. Hamid: Do you think that the introduction of inhaled steroids has focused
our research? Do you agree that other mechanisms could be important, like
smooth muscle function?

Dr. Busse: We have focused on inflammatory cells because they can be mea-
sured. We need to look at the other tissues, like airway smooth muscle, epithe-
lium, and connective tissue.

Dr. Schleimer: When does bronchial hyperreactivity evolve? Does it precede
antigen-dependent events early in life, or is it driven by antigen exposure? In
some countries, mortality has increased during the era of inhaled steroid avail-
ability. Are the patients who are dying not using ICS?

Dr. Busse: Data indicate that ICS decrease asthma mortality. In the United
States, ICS use is still low. Airway hyperresponsiveness is caused by many fac-
tors. It precedes antigen challenge but is increased by airway inflammation.
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I. Introduction

Since the initial identification of corticosteroids as effective treatment for asthma
(1–3), inhaled corticosteroids have evolved into the most important and useful
drugs currently available to treat asthma (4 –7). In addition, inhaled cortico-
steroids have been used to treat a variety of other pulmonary disorders including
chronic obstructive pulmonary disease, sarcoidosis, allergic bronchopulmonary
aspergillosis, and croup. Inhaled corticosteroids were initially developed in the
1950s, and their clinical benefits in asthma were first demonstrated by Gelfand (2).
The development of topically potent inhaled corticosteroids along with their
markedly superior side effect profile has led to these agents being the preferred
route for the treatment of patients with asthma as well as a minority of patients
with chronic obstructive pulmonary disease who demonstrate a reversible compo-
nent to their airway obstruction. Indeed, inhaled corticosteroids are now recom-
mended as first-line therapy for persistent asthma in national and international
guidelines (4 –7).
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II. Inhaled Corticosteroid Preparations

Beclomethasone dipropionate (BDP) was introduced as a topically active, lipo-
philic, inhaled cortcosteroid in the early 1970s (8). Newer lipophilic glucocorti-
costeroids followed including budesonide (BUD), fluticasone propionate (FP),
and, most recently, mometasone. Each of these had increased glucocorticoid re-
ceptor specificity and more efficient first-pass hepatic metabolism, resulting in
very low oral bioavailability.

There are currently six topically active glucocorticosteroids available by
the inhaled route for the treatment of asthma: BDP, triamcinalone acetonide,
flunisolide, BUD, FP, and mometasone. These drugs have used chlorofluorocar-
bons (CFC) as propellants in pressurized metered dose inhalers (pMDIs) or dry
power inhalers (DPIs) to deliver the inhaled corticosteroid to the lungs. More re-
cently, inhaled corticosteroids have been developed that use hydrofluoroalkanes
(HFA) as the propellant in pMDIs to replace the ozone-depleting CFC pMDIs that
have been in use until now. Their properties are different from the previous for-
mulations, most notably because of their more peripheral lung deposition and pos-
sibly increased systemic absorption.

III. Side Effects of Corticosteroids

Despite the wealth of evidence demonstrating the marked efficacy of inhaled cor-
ticosteroids in the treatment of asthma, which is unmatched by any other treat-
ment, concerns about the side effects of inhaled corticosteroids have limited their
prescription by many physicians and their use by many patients. This is because
of concerns that the well-documented serious side effects of the regular use of
even low doses of systemic corticosteroids to treat many disease, including severe
asthma, may also occur with inhaled corticosteroids.

There is no doubt that inhaled corticosteroids are absorbed across the lung.
Corticosteroids are not metabolized by the lungs, and, therefore, every molecule
that is deposited in the lungs moves across into the systemic circulation and can
exert effects beyond the lungs. In addition, a proportion of an inhaled corticoste-
roid dose is deposited in the oropharynx, is swallowed, and enters the portal cir-
culation. The magnitude of the orophyrangeal deposition mainly depends on 
the inhaler device used, and the effects of the absorbed fraction depends on the
efficiency of the first-pass hapatic metabolism of the corticosteroid, which is dif-
ferent for the various inhaled corticosteroids (9). This is low for BDP (approxi-
mately 40%), which means that a substantial amount of the swallowed (and clini-
cally useless) BDP will also enter the systemic circulation. The hepatic first-pass
metabolism is much better for budesonide (10%), FP (�1%), and mometasone
(�0.1). The side effects of inhaled glucocorticosteroids are dose-related, with
little or no evidence of clinically relevant systemic unwanted effects at doses of
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�400 mg/day of beclomethasone or budesonide in children and of �1000 mg/day
in adults (10). These doses of inhaled corticosteroids are at the top of the efficacy
dose-response curve for inhaled corticosteroids, which means that all the available
inhaled corticosteroids have an excellent therapeutic ratio (the ratio between
efficacy and side effects) (Fig. 1). This chapter will consider the side effects of in-
haled cortcosteroids as those that are troublesome (mainly topical in the oro-
phyranx), but which are not dangerous to patients, those that are systemic and po-
tentially dangerous, but have been shown to have no clinical import, and finally
those for which some clinical concerns remain.

A. Topical Side Effects

The most common side effects that do occur with inhaled corticosteroids are local
side effects in the oropharynx.

Oral Candidiasis

Clinically obvious oral candidiasis occurs in 5–10% of adult asthmatics treated
with inhaled corticosteroids (11) but is much less common in children, where it
occurs in only 1% (12). However, positive oropharyngeal cultures for candida,
not associated with clinical symptoms, have been demonstrated in up to 45% of

Figure 1 Schematic dose-response curves for the wanted and unwanted effects of in-
haled corticosteroids. The range in which the benefit:risk ratio is favorable is that at which
the wanted effects in the lungs increase steeply with dose while the unwanted systemic ef-
fects increase gradually. At higher doses, the increase in risk greatly outweighs the slight
remaining increase in benefit. This relationship appears to vary for different inhaled corti-
costeroids. (From Ref. 9.)
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children and 70% of adults using corticosteroids (11). The most usual symptoms
are pain and discomfort in the mouth, which can be associated with dysphagia.
The risk of clinically obvious oral candidiasis is increased by the concomitant use
of antibiotics with inhaled corticosteroids and is greatly reduced by the use of a
large-volume spacer or Aerochamber® to deliver the inhaled corticosteroid (13)
and by mouth rinsing after use. Oral candidasis is easily treated with 3– 4 days of
treatment with nystatin swished around the mouth and swallowed twice daily.

Dysphonia

Dysphonia, a more common topical side effect of inhaled corticosteroids, has been
reported to occur in up to 30% of patients (11). It is more common in patients who
use their voices a lot, is usually reversible with discontinuation, and is much more
troublesome in patients who are using their voice to earn their income. Dysphonia
is reported to be a much less frequent topical side effect if the inhaled corticoste-
roid is delivered by the DPI Turbuhaler® (14).

B. Systemic Side Effects

There is a vast literature on the measurement of systemic side effects of inhaled
corticosteroids in asthmatic patients. While several different indices indicating
systemic activity can be measured, their clinical consequences are much less clear.
Clinically relevant systemic unwanted effects should ideally be studied within the
context of controlled, long-term clinical trials, which use clinically relevant doses
in patients whose disease severities and ages are similar to the groups in which the
drugs would normally be prescribed. Such studies require large numbers of pa-
tients and are difficult to conduct. As a substitute, the systemic effects of the vari-
ous inhaled corticosteroids are often studied in short-term, cross-over studies on
healthy volunteers or patients with mild disease who will tolerate treatment with
placebo for a certain period. A recent study suggested that systemic unwanted ef-
fects are higher in healthy volunteers than in asthmatics (15). Therefore, the clini-
cal relevance of findings from such studies for patients with moderate and severe
asthma is not known. Thus, while all physicians who treat asthmatics should be
conscious of the potential for the development of the types of adverse effects that
occur in patients who use corticosteroids to treat asthma or other diseases, the re-
ality is that none of these have been documented, as yet, to be clinically important.
For these reasons the systemic side effects of inhaled corticosteroids include those
that can be measured and for which there is no evidence of clinical import and
those about which some clinical concerns remain.

Effects on the Hypothalamic-Pituitary-Adrenal Axis

Evaluation of the systemic effects of inhaled corticosteroids and studies of com-
parisons between inhaled corticosteroids have mainly focused on the effects on the

52 O’Byrne and Vethanayagam

03-M1775  10/11/2001  12:24 PM  Page 52



hypothalamic-pituitary-adrenal (HPA) axis. Measures of HPA axis function pro-
vide the most sensitive and easily measured markers of systemic effects of inhaled
corticosteroid therapy. The clinical significance of small alterations in HPA axis
function measured under controlled, artificial laboratory conditions is, however,
doubtful. Some reduction in cortisol secretion merely reflects the normal func-
tioning (feedback) of the HPA axis control mechanisms in response to exogenous
steroid rather than a clinically significant abnormality, and the total corticosteroid
exposure of the body may remain within the physiological range. Significant lab-
oratory findings are, therefore, not predictive of important clinical effects.

The effects of corticosteroids on the HPA axis can be measured in a number
of different ways, each assessing either basal levels or dynamic stimulation tests
using corticotropin, corticotropin-releasing hormone, or a synthetic analog to as-
sess adrenal cortical reserve in times of physiological stress (16). The most com-
monly used, easiest to obtain, but least sensitive, method has been the measure-
ment of early morning serum cortisol levels. Much more sensitive measurements
of the effects of excess glucocorticosteroids on the HPA axis are 24-hour urinary
cortisol for basal levels (17) or the short tetracosactrin (ACTH) stimulation test
(18) for dynamic stimulation.

All currently available inhaled corticosteroids can produce suppressive ef-
fects on the HPA axis, and the effect is dose-dependent; however, the different in-
haled glucocorticosteroids are not equal with regard to their effects on the HPA
axis (Fig. 2). For example, in children, a dose-dependent effect of urinary corti-
sols has been demonstrated with doses of BDP of 200 –800 mg/day (19). By con-
trast, doses of BUD of 400 mg/day do not cause any effect on urinary cortisols,
even when used for up to 1 year (20). In adults, many studies have examined the
effects of ICS on HPA axis function, and there is no convincing evidence that
doses of BDP of �1500 mg/day and BUD of �1600 mg/day have any measurable
effect on the HPA axis (21). In addition, the effects of budesonide and fluticasone
on HPA axis function depend on the inhaler devices compared and on whether the
assessment is made after single or repeated dosing. The systemic potency ratio be-
tween fluticasone pMDI and budesonide pMDI on a mg for mg basis has usually
been around 3:1 (i.e., three times as much budesonide is required to produce the
same degree of systemic effect as fluticasone) (22,23). For the DPIs this ratio
seems to be around 1.5:1 in adults (24) and around 1:1 in children (25). Also, higher
doses of fluticisone demonstrated a twofold greater effect on the HPA axis when
compared to higher doses of triamcinolone acetonide in adult asthmatics (26).

The measurable effects seen at higher doses clearly indicate systemic activ-
ity of the ICS but are of questionable clinical significance. There are only two case
reports of clinically evident adrenal insufficiency in patients, treated with only in-
haled glucocorticosteroids on withdrawal of the ICS. These were an adult who was
treated with a very high dose of inhaled BUD (6400 mg/day(27) and a child who
was using much lower doses (250 mg/day)(28).
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Bone Demineralization and Osteoporosis

Osteoporosis is an important complication of the use of ingested glucocortico-
steroids, particularly in high-risk patients, such as postmenopausal women (29).
This occurs through an increase in bone resorption and a decrease in bone forma-
tion and results in increased risk of fractures, especially hip and spine. Inhaled
corticosteroids have been demonstrated to have effects on bone metabolism, al-
though there is little evidence that, at the conventionally used doses, they cause os-
teoporosis and no evidence that they cause increased risk of fractures (30).

The effects of ICS on bone metabolism have been demonstrated by meas-
uring serum osteocalcin, which indicates changes in bone formation, and urinary
hydroxyproline, measured after a 12-hour fast, which increases with increased
bone resorption. Pyridium cross-links in urine are another measure of bone re-
sorption, which has the advantage over urinary hydroxyproline of not being diet
dependent; however, to date, the effects of ICS on this latter measure of bone re-
sorption has not been reported.

The effects of BDP and BUD on serum osteocalcin and urinary hydrox-
yproline have been studied in adults. Both have been shown to influence serum os-
teocalcin levels in a dose-dependent manner (31), but only BDP increases urinary
hydroxyproline excretion at doses up to 2000 mg/day. More important than re-
sorption or formation markers may be the interplay of the combination. In chil-
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Figure 2 Effects of increasing doses of four different inhaled corticosteroid preparations
of adrenal cortisol output expressed as % supression from baseline measurements. FP: Flu-
ticasone propionate; BDP: beclomethasone dipropionate; BUD: budesonide; TAA: triam-
cinalone acetonide. (From Ref. 16.)
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dren, doses of BUD of � 800 mg/day (32) and of FP of 200 mg/day (32) have no
effect on any biochemical marker of bone turnover.

Bone densitometry has been measured in several studies in adults during pe-
riods of treatment with inhaled corticosteroids for up to 3 years. In one study adult
asthmatics were taking varying doses of inhaled BDP (mean dose 630 mg/day)(33),
while in another they were taking a mean dose of BDP or budesonide of 980 mg
for 3 years. In addition in the EUROSCOP trial (34), evaluating the efficacy of in-
haled budesonide in chronic obstructive lung disease (COPD), older patients
(mean age 52 years) were treated with inhaled budesonide 800 mg/day for 3 years.
In none of these studies was there any evidence that these patients had increases
in bone loss. Finally, bone density has been followed longitudinally in a study of
children using inhaled budesonide (mean dose 500 mg/day) over a mean of 
4.5 years of treatment (35). No evidence was demonstrated for loss of bone den-
sity (Fig. 3). Also, to date there are no studies that have demonstrated that these
biochemical markers of bone turnover are associated with increased risk of bone
fracture.
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Figure 3 Individual bone mineral density measured using dual energy x-ray absorption-
metry (DEXA scan) in 157 asthmatic shildren treated continuously for 3– 6 years with in-
haled budesonide at a mean daily dose of 504 mg/day. For comparison, the 95% prediction
interval and mean regression lines from measurements in 111 children with asthma who
had never received treatment with inhaled corticosteroids are shown. Stars indicate 3 chil-
dren who had received a diet with insufficient amounts of calcium. (From Ref. 35.)

03-M1775  10/11/2001  12:24 PM  Page 55



Glaucoma

An increased risk of open angle glaucoma has been reported in one case-control
study in patients on high doses of BDP or BUD (36). The increased odds ratio
(OR 1.44) was only seen in patients who were currently taking high doses of in-
haled corticosteroids of �1600 mg/day. Further prospective studies are needed to
confirm this finding.

Posterior Subcapsular Cataracts

The fact that posterior subcapsular cataracts occur more frequently in patients tak-
ing ingested corticoseroids greatly complicates the issue of whether they occur
with increased frequency in patients using inhaled glucocorticosteroids. All
prospective studies in adults (37) and children (38) suggest that, once the con-
founding effect of ingested glucocorticosteroids is removed, there is no evidence
that inhaled glucocorticosteroids increase the risk of developing posterior sub-
capsular cataracts. Two recent case-controlled studies have, however, indicated
that high inhaled doses of BDP is associated with a slightly greater risk of pos-
terior subcapsular cataracts in older patients (39,40). These studies did not, how-
ever, stratify for the known confounding risk of allergy for cataract development
in these populations (41).

Growth Retardation in Children

The concern that the use of inhaled corticosteroids will cause growth retardation
in children has greatly limited their use in children. The studies that have exam-
ined this issue are reviewed in another chapter of this book.

Skin Thinning and Easy Bruising

Corticosteroids applied topically to the skin cause skin thinning and atrophy. This
is because the corticosteroid remains on the skin for several hours. By contrast, in-
haled corticosteroids are rapidly absorbed across the airway mucosa and are un-
likely to have this effect on the airway mucosa. Indeed, studies of airway biopsies
of asthmatics who have been using inhaled corticosteroids for months or years
have not demonstrated any evidence of airway mucosal atrophy (42), but rather re-
pair of the epithelial damage that is a characteristic feature of asthma (43). How-
ever, skin thinning and bruising do occur as a dose-dependent systemic side effect
of inhaled corticosteroid use, the latter related to increased capillary fragility. It is
rare at daily doses of �800 mg/day of BDP or its equivalent, and its incidence in-
creases with age and duration of treatment. In one study of older patients on high
doses of BDP, the prevalence of easy bruising was 47% for those on inhaled glu-
cocorticosteroids and 22% for those who were not (44). Also, in the recently pub-
lished EUROSCOPE trial, a higher incidence of skin bruising was reported in
older patients using budesonide 800 mg/day for 3 years (34).
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Effects on Diabetes Mellitus Control

Systemic corticosteroids can cause loss of diabetes mellitus control and conse-
quent diabetic coma. One case report has demonstrated mild loss of diabetic con-
trol when a patient was treated with high doses of FP (45). The loss of control did
not happen when doses were reduced to 500 mg/day. There have not been any re-
ports of diabetic coma associated with the use of inhaled corticosteroids.

Risks of Lung Infection

Lung infections are not increased in patients using inhaled glucocorticosteroids.
Also, inhaled glucocorticosteroids do not increase the risks of reactivation of pul-
monary tuberculosis, and therefore prophylactic isoniazid treatment is not needed
when inhaled glucocorticosteroids are used in patients with inactive pulmonary
tuberculosis. However, it is prudent to be more observant for reactivation of pul-
monary tuberculosis particularly in endemic areas of the world. There is one case
report of laryngeal aspergillosis developing during use of inhaled corticosteroids
(46). This suggests that careful evaluation of persistent hoarseness involve direct
observation of the vocal cords.

Steroid Psychosis

Psychosis may occur in as high as 2% of patients treated with systemic cortico-
steroids and has been reported to occur very occasionally in patients taking in-
haled corticosteroids. A total of eight patients have been reported thus far who de-
veloped symptoms within days of being treated with either inhaled BDP or
budesonide (47,48). The psychosis resolved promptly after stopping the inhaled
glucocorticosteroid.

IV. Conclusions

Inhaled corticosteroids are the mainstay of the treatment of persistent asthma.
Their systemic unwanted effects have been the focus of extensive research since
their introduction in 1972. The availability of topically potent corticosteroids,
with effective first-pass metabolism in the liver, has ensured that the efficacy ob-
tained with the doses usually needed for the optimal management of asthma is not
associated with clinically relevant unwanted effects in almost all patients. The ad-
vent of CFC-free formulations in the late 1990s brings a new group of inhaled cor-
ticosteroids among us, with vastly different properties from their predecessors.
Further studies of these compounds relating to their degree of systemic absorption
and consequent adverse effects are awaited.
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Discussion

Dr. Pedersen: It is true that often a marked reduction in hospitalizations or mor-
tality is not seen with increasing use of inhaled steroids. However, substantial
reductions in hospitalization and exacerbations are consistently seen in coun-
tries that also include the use of inhaled steroids for patients with mild per-
sistent asthma. These countries include Finland, Sweden, Denmark, and the
Netherlands. The reason for this is that in the society 60 –80% of hospitaliza-
tions with asthma exacerbation are seen in patients with mild asthma.

Dr. Denburg: Do we know about the long-term effects of IS given in childhood
on bone mineral density in adulthood? Regarding “biochemical” adrenal sup-
pression, what are the clinical effects of infection or surgery on induction of ad-
renal crises in IS-treated subjects?

Dr. O’Byrne: There are no studies which have specifically followed bone min-
eral density in adults who have been treated with IS in childhood. The studies
in childhood preformed by Agertoft and Pedersen have, however, been very re-
assuring. There are also no reports of adrenal crisis in asthmatics only treated
with IS alone during emergency surgery. However, most clinicians still treat
such patients with supplemental hydrocortisone prior to surgery, just to be sure
such an event does not occur.

Dr. Pedersen: Many children with asthma have a different growth pattern with
delayed puberty and prolonged growth. This is independent of inhaled steroids.
Some healthy children have a similar growth pattern. These subjects don’t
achieve the same peak bone mineral density as people who do not have this
growth pattern. Therefore, bone mineral density in patients with asthma should
be related to the bone mineral density of healthy volunteers with great caution
since possible differences might be due to differences in growth patterns. The
best control group would be healthy volunteers with delayed puberty or asth-
matics who never received inhaled steroids.

Dr. Hamid: Is there any evidence that inhaled steroids cause thinning of
bronchial epithelium? If not, what do you think are the reasons for the discrep-
ancy between the effect on skin epithelium versus lung epithelium?

Dr. O’Byrne: One study has evaluated this in patients with a history of long
term IS usage. There was no evidence of thinning of the epithelium (Broder I,
Tarlo SM, Davies GM, Thomas P, Leznoff A, Sturgess J, Baumal R, Mintz S,
Corey PN. Safety and efficacy of long-term treatment with inhaled be-
clomethasone dipropionate in steroid-dependent asthma. Can Med Assoc J
1987; 136:129–35). By contrast, the airway epithelial abnormalities associated
with asthma are corrected by IS (Laitinen L, Laitinen A, Haahtela T. A com-
parative study of the effects of an inhaled corticosteroid, budesonide, and of an
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inhaled b2-agonist, terbutaline, on airway inflammation in newly diagnosed
asthma. J Allergy Clin Immunol 1992; 90:32– 42).

Dr. Busse: I have been impressed by the increase in early bruisability of the skin
in some older patients receiving inhaled corticosteroids. There appears to be a
dose-dependency to bruisability. Do we have observations as to whether the in-
dividuals with those changes in the skin may be more susceptible to changes in
other potential manifestations such as osteoporosis?

Dr. O’Byrne: Boulet et al. (Boulet LP, Milot J, Gagnon L, Poubelle PE, Brown J.
Long-term influence of inhaled corticosteroids on bone metabolism and den-
sity. Are biological markers predictors of bone loss? Am J Respir Crit Care Med
1999; 159;838– 44) have found that there was a poor correlation between skin
bruising and markers of bone metabolism.

Dr. Pedersen: I think the local mucosal effects of steroids have not been
sufficiently examined in vivo. Hence, we cannot say much about effects of GC
at the organizational level (e.g., in epithelial damage repair processes and other
gross physiological processes occurring in asthmatic bronchi). Although the
balance of effects is beneficial, GC may have some less desirable local effects;
different GC may also differ in this respect, speculatively. On this note, what is
your view regarding the possibility that GC increase neutrophilia in asthmatic
bronchi?

Dr. O’Byrne: This does not appear to have any clinically important effect in
most asthmatics, who get such a great clinical benefit from IS. It does raise the
interesting question, however, whether in those patients with severe asthma not
responding to IS, many of whom have an airway neutrophilia, this effect may
be of importance.

Dr. Szefler: As we move to more aggressive therapy, there are two conse-
quences that we must address: (1) the use of higher doses and (2) the use in
younger patients. Those are two areas of weaknesses—lack of data establish-
ing safety with high doses and use in younger children.

Dr. O’Byrne: The data to date with extensive exposure to conventional dosing
strategies do not point to a significant concern for lingering effects. 

Dr. Busse: Neutrophils in the airway have been found in a number of inflam-
matory conditions. In acute asthma from viral infections there is an increase in
neutrophils, and these cells are likely to be important to the contribution of
asthma severity. However, an increase in the numbers of neutrophils in the air-
way of patients with severe disease is difficult to relate to disease severity or as
a consequence of treatment. In severe asthma, it will be necessary to assess cell
function in addition to cell number. The importance of neutrophils to airway
dysfunction and response to therapy is not resolved.
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Dr. Seale: An additional aspect of the Cumming et al. study in the New England
Journal of Medicine (Ref. 39) was the higher odds ratio when the total cumula-
tive dose of inhaled steroids exceeded 2000 mg. However, this study may not
have taken due account of the association between atopy and lens cataracts.

Dr. Pedersen: The risk of cataract is greater in patients with atopy. The risk of
having severe asthma requiring high doses of inhaled steroids is increased in pa-
tients with atopy. Therefore, conclusions about an association between long-
term use of high-dose inhaled steroids and an increased occurrence of cataracts
cannot be made unless adjustments are made for possible differences in occur-
rence of atopy between the groups that are compared.

Dr. Jeffery: My comment follows those made by Drs. Busse and Persson con-
cerning the possibility that inhaled steroids may increase the number of neu-
trophils. The complementary information is that severe, corticosteroid-depen-
dent intractable asthmatics (Wenzel et al, 1997, AJRCCM 156:737–743) had
relatively very few eosinophils and yet the severity of their asthma continued. I
believe this highlights the dis-association between the reductive effects of ste-
roids on eosinophilic inflammation and their lack of effect on remodeling, at
least once the remodeling of the airway wall has occurred. Clearly it is impor-
tant to treat early (in childhood) to prevent both inflammation and subsequent
remodeling. However, once remodeling has occurred, we do not understand or
know if corticosteroids have any beneficial effect on the subsequent disease
process. We urgently need studies to address the role of corticosteroids in in-
hibiting the myofibroblast and smooth muscle response to allergen challenge
and how this may be reversed.

Dr. Boulet: In one of our recent studies, we found that although they were very
effect to reduce airway inflammation, ICS could not significantly change some
markers of remodeling in mild recently diagnosed asthma suggesting that they
could possibly be used even earlier than at the symptomatic stage of asthma, at
least in some instances.

I also have a comment about the clinical relevance of the mentioned side
effects of ICS. One of the problems we face is that often there is a generaliza-
tion of side effects of ICS, whatever the dose, while as Dr. O’Byrne showed,
they may occur mostly at high doses of ICS in susceptible individuals. Changes
in markers of systemic action of ICS show a dose-response effect that becomes
only significant over 1000 –1500 mg in most adults. In the severe patient re-
quiring high doses of ICS, more studies should be done to determine how to
identify susceptible individuals and possibly offer preventive treatment, for ex-
ample, to prevent bone loss. In such studies, however, the influence of disease
severity should be taken into account, as well as other counfounding factors.

Dr. O’Byrne: Another issue to consider is that we are now using inhaled GCS
differently, using lower doses in association with long-acting B2-agonists in
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asthma and using inhaled GCS to treat patients with COPD much less than pre-
viously.

Dr. Derendorf: I agree that we have focused too much on safety and not enough
on efficacy. However, I wouldn’t go so far as to say that there is no safety issue
with ICS. We should try to minimize systemic exposure with ICS. Don’t you be-
lieve that serum cortisol is a suitable parameter to quantify systemic exposure?

Dr. O’Byrne: It has been possible to measure biochemical markers of effects of
higher doses of inhaled GCS on adrenals or bone; however, we also have a re-
sponsibility to understand the clinical consequences of these. To date, there is
no evidence of a clinically important detrimental effect.

Dr. Denburg: What is known about the effects of IS on brain and behavior
(e.g., cognitive or mood disorders)?

Dr. O’Byrne: There are studies that show that oral steroids can be associated
with behavioral changes, including steroid psychosis. There are, in addition, an-
ecdotal reports of steroid psychosis in patients using IS, which resolved when
the IS were discontinued.

Dr. Persson: Further to the comment by Dr. Busse that infections are the cause
of airway neutrophilia in asthma: Jonas Erjefalt has carried out in vivo experi-
ments on processes that follow upon asthma-like, nonsanguineous shedding of
airway epithelial cells. The instantaneous and speedy repair was associated with
marked local neutrophilia remaining at the patchy repair sites until repair ep-
ithelium had migrated to fully cover the denuded basement membrane. Thus, I
submit the possibility that increased neutrophilia in severe asthma in part
reflects the increased occurrence of epithelial injury-repair processes. Interest-
ingly, topical budesonide treatment did not reduce local neutrophilia, nor did it
reduce the acute, speedy epithelial restitution.

Dr. Busse: There appears to be a subject susceptibility in the development of
neuropsychiatric side effects from corticosteroids. First, the development of the
psychiatric side effects appears to be largely limited to systemic steroids. Sec-
ond, there appears to be patient susceptibility; that is, only some people experi-
ence these side effects. Which mechanisms mediate such side effects are not
clear. Finally, the development of neuropsychiatric effects with steroids is very
rare, at least from clinical experience.

Dr. Denburg: It may be worth studying the effects of IS on cognitive function
in children (who appear to be compromised at school by their disease, but also
maybe by its treatment)?
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Part Three

MOLECULAR ASPECTS OF STEROID ACTION
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*Current affiliation: Muscle Developmental Unit, Children’s Medical Research Institute,
Wentworthville, Australia.

I. Introduction

Glucocorticoids (GCs) are steroid hormones whose actions influence a diverse
range of functions in the mammalian system. Many effects of GCs can be observed
at the level of intermediary metabolism, including increased glucose production
through the promotion of gluconeogenesis, enhanced delivery of amino acids
from peripheral tissues, increased deposition of glycogen through activation of
glycogen synthetase, enhanced lipolysis in extremities, and promotion of protein
and RNA metabolism. These hormones act to suppress the immune and inflam-
matory responses, and under conditions of stress the secretion rate of GCs is rela-
tively high. Hypersecretion of cortisol, the major human glucocorticoid hormone,
results in a depressed immune state. GCs are also important in fetal development,
with a crucial role in fetal lung maturation. Finally, GCs are important effectors
of homeostasis, necessary for the maintenance of normal blood pressure and car-
diac output as well as the maintenance of normal water and electrolyte balance.
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GCs mediate their effects through the ubiquitously expressed, intracellular
glucocorticoid receptor (GR) (1). GCs pass through the plasma membrane and
bind to GR in the cytoplasm. The cellular uptake of glucocorticoids has long been
regarded as primarily a passive diffusion of these lipophilic molecules across the
lipid bilayer, but evidence is slowly accumulating to suggest that in at least some
instances this uptake may be a more regulated event than previously believed (2,3)
and that the availability of hormone for receptor binding may be influenced by the
activity of steroid transporters (4,5). Furthermore, the activity of the hormone may
be modified in a cell-specific manner by modifying enzymes. Ligand binding
promotes a conformational change, heat-shock protein (hsp) dissociation, homo-
dimerization, and activation of the receptor to a DNA-binding form. GR translo-
cates into the nucleus upon GC binding, where it stimulates or represses tran-
scriptional activity of target genes, either by binding to specific DNA sequences
known as glucocorticoid response elements (GREs) or by interacting with other
proteins. The mechanisms of action of GR are the focus of this chapter and will be
discussed in greater detail below.

II. The Nuclear Receptor Superfamily

GR is a member of the nuclear receptor superfamily, the largest family of meta-
zoan transcription factors. Nuclear receptors share several common properties
based on structural features, but they can be classified broadly into four subclasses
(6). Class I receptors comprise receptors for GR and other steroids, such as estro-
gens (ERa and ERb), mineralocorticoids (MR), progestins (PR), and androgens
(AR). This subclass of receptors functions through forming homodimers and
binding to palindromic DNA motifs. Class II receptors heterodimerize with the
retinoic acid X receptor (RXR) and characteristically bind to response elements
consisting of direct repeats with different spacing. This class encompasses recep-
tors for nonsteroidal ligands such as thyroid hormone (TR), retinoic acid (RAR),
and vitamin D (VDR), together with a large number of receptors whose specific
ligands have yet to be discovered; these receptors have fallen under the collective
label of orphan receptors, despite a diversity of physiological functions. Class III
receptors bind primarily to direct repeats as homodimers, while Class IV recep-
tors typically bind to extended core sites as monomers.

The steroid receptors have a modular structure, with distinct domains per-
forming different functions within the molecule (Fig. 1). Three major domains
have been identified. The N-terminal domain is the least conserved and may vary
greatly in length. It contains sequences responsible for activation of target genes,
including the major transcriptional domain, activator function-1 (AF-1). The
DNA-binding domain (DBD) is a highly conserved cysteine-rich region that
forms two zinc-finger structures, which provide the receptor with the ability to
interact with DNA. This domain also participates in receptor dimerization and is
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involved in translocation into the nucleus. The C-terminal domain, a less well-
conserved hydrophobic region, is found in all receptors and is called the ligand-
binding domain (LBD). This domain possesses the sequences important for ligand
recognition (for the nuclear receptors with known ligands) and ensures specificity
of the physiological response. This domain also contains regions involved in hsp
binding, nuclear translocation, receptor dimerization, and ligand-dependent trans-
activation. Importantly, a second activator domain, activator function-2 (AF-2), is
located within the LBD and appears to be the principal region involved in protein-
protein interactions with cofactors, although interactions between the N-terminal
domain and these proteins have also been demonstrated (7,8). The N-terminal do-
main, DBD, and LBD are each capable of acting independently when fused to het-
erologous proteins, indicating that they contain the information necessary for
their individual functions (9). As expected, given their shared structural motifs,
steroid receptors share a common mechanism in their functions as transcriptional
activators.

III. The Glucocorticoid Receptor

The fundamental role of GR in glucocorticoid physiology and during develop-
ment has been investigated through the generation of GR-deficient mice by gene

Figure 1 Domain structure of GR. The receptor has a typical nuclear receptor structure,
with distinct domains responsible for functions such as DNA binding and binding to the li-
gand. Note that the unactivated receptor is predominantly cytoplasmic, since prior to bind-
ing hormone the nuclear localization signal is masked by hsp90.
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targeting (10). The majority of GR�/� mice died within a few hours after birth
as a result of respiratory failure. Further analysis revealed reduced expression of
key gluconeogenic enzymes. The GR�/� mice also had elevated adrenocortico-
tropic hormone (ACTH) and corticosterone levels, indicative of impaired negative
feedback regulation of the hypothalamus-pituitary-adrenal axis (HPA).

The human GR (hGR) gene is located on chromosome 5 and contains 10
exons. Two isoforms of hGR have been identified, hGRa and hGRb (777 and
742 amino acids, respectively), derived from the same gene by alternative splicing
(reviewed in Ref. 11). GRa is a �94 kDa intracellular protein predominantly pres-
ent in the cytosolic fraction of the cell in the absence of hormone. In this state the
receptor forms part of a multiprotein complex, which includes one molecule of the
receptor, two molecules of hsp90, and one molecule each of hsp70, hsp56, and
hsp26 (12). While the roles of these hsps have been well documented, another
molecular chaperone associated with GR, p23, has recently been shown to affect
ligand efficacies (13). Upon hormone binding GRa undergoes a conformational
change, which enables it to dissociate from the hsp complex. The receptor is sub-
sequently hyperphosphorylated and the nuclear localization signals within the
LBD  unmasked, allowing GRa to translocate to the nucleus. As GRb does not
bind ligand, its functional role in the cell is a matter of debate (14 –16) and it will
not be discussed further here.

A. Binding of Hormone

The conformation GR adopts on binding ligand is dependent on whether the li-
gand is an agonist or antagonist (17). Upon activation GR forms a homodimer that
can bind to specific DNA sequences termed glucocorticoid response elements
(GREs) present in the target genes. GR can also bind to so-called negative GREs
(nGREs) or to other transcription factors (see below and Ref. 18). GREs and
nGREs are usually located in the promoter region of target genes, but they have
also been found within the structural gene, as is the case for the human growth
hormone gene (19). GR homodimers bind to GREs with much higher affinity than
monomers and dimerization is required for transactivation of target genes. Induc-
tion of dimerization is thus one of the main functions of ligand binding. Crystal
structures of the LBDs of other nuclear receptors in the absence of ligand and in
the presence of agonist or antagonist demonstrated that nuclear receptors appear
to have similar folding patterns and a common ligand-binding pocket architec-
ture (20). These studies, in conjunction with functional investigations, have re-
vealed that positioning of the most carboxy-terminal a-helix (H12) of the LBD
plays a major role in nuclear receptor transactivation activity. The positioning of
H12 depends on whether the receptor is bound by agonist or antagonist (21). In
the presence of an agonist bound to the receptor, H12 adopts a conformation that
generates a surface for  coactivator interaction, while receptor interaction with an

04-M1775-P3  10/11/2001  12:24 PM  Page 70



Glucocorticoid Receptor Activity 71

antagonist alters the H12 position, and receptor interactions with coregulators are
thought to be modified as a consequence.

B. DNA Binding

In the nuclear receptor superfamily, the highly conserved DBD is the region es-
sential for interaction with DNA. Comparison of a large number of naturally oc-
curring and synthetic DNA response elements identified a conserved half-site se-
quence AGAACA, which is preferentially recognized by GR, MR, PR, and AR,
whereas the sequences AGGTCA or AGTTCA are favored by ER, TR, RAR,
VDR, and many of the orphan receptors (32). The consensus GRE is composed of
two 6-base-pair half-sites arranged as an imperfect palindrome with a 3-base-pair
interval, to which GR binds as a homodimer (32). One receptor of the dimer con-
tacts DNA specifically, while the other is regarded as essential for high-affinity
binding. Sequences differing from the consensus GGTACANNNTGTTCT are
generally bound with lower affinity by the receptor and may serve to attenuate
the magnitude of the transcriptional response to GCs. For natural genes hormone-
dependent activation from nonconsensus binding sites relies on cooperative inter-
action with adjacent or nearby transcription factors (32–36). Such interactions
may serve to restrict a hormonal response to a specific cell type that expresses the
appropriate set of cooperating factors (37). No consensus sequence has been de-
scribed for an nGRE, and the reason why GR binding to such sites does not result
in transactivation remains unclear. It is possible that these response elements
either induce a  slightly altered conformation of the DNA-bound receptor or may
not allow efficient interaction with the GR (18). Supporting the idea that DNA
binding per se is not enough to allow activation, mutation of some residues in the
GR DBD not directly involved in the protein-DNA interaction inactivate or se-
verely diminish transcriptional activation by GR. These mutations might result in
an altered conformation of the DNA-bound receptor or its interaction with other
proteins, affecting the transactivation function (38,39).

C. Phosphorylation of GR

Posttranslational modifications are important in regulating transcription factor
function, and phosphorylation of transcription factors may be important in regu-
lation of nuclear translocation, regulation of DNA binding, and regulation of
transactivation (40). The unliganded GR is a phosphoprotein that becomes hy-
perphosphorylated following ligand binding, mainly on serine residues in the
N-terminal domain (41). In some studies, mutation of single or multiple phos-
phorylation sites in the mouse or human GR had little effect on the ability of these
mutants to activate transcription (42), whereas others studies suggested that hy-
pophosphorylation of the mouse receptor decreases transactivation (43). The role
of phosphorylation in GR function thus awaits further clarification.
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D. Integration of the Hormone Signal on Chromatin

Induction of transcription from genomic DNA involves rearrangement of chroma-
tin around the promoter and/or upstream segments, creating more open structures
which  facilitate access for the basal transcriptional complex. Examples of this are
provided by studies on the mouse mammary tumor virus (MMTV) promoter and
the rat tyrosine aminotransferase gene (44) Prior to GC induction, these genes are
in a repressed state, and it has been demonstrated that the nucleosomes are struc-
turally altered upon GC treatment (45).

In addition, the exciting progress in the identification and characterization
of chromatin modifying proteins, particularly acetyltransferases and deacety-
lases, that associate directly or indirectly with nuclear receptors and other tran-
scription factors has revealed roles for these cofactors/enzymes in transcriptional
control. Acetylation neutralizes the positively charged lysine residues of the 
histone N-termini, decreasing their affinity for DNA and thus allowing the termini
to be displaced from the nucleosome, thereby causing the nucleosome to unfold
and facilitate access for the basal transcriptional machinery (46). GR may func-
tion at an early stage by recruiting histone acetylating factors to target gene 
promoters.

Steroid hormone receptors are thought to interact with several components
of the basal transcription machinery. For example, the AF-1 domain of the GR was
shown to interact with the TATA box binding protein, TBP. TAFs (TBP-associated
factors) are required for GR activation in Hela nuclear extracts, suggesting an in-
teraction between the receptor and these proteins (47,48). The interaction between
steroid receptors and the basal transcription machinery is necessary for efficient
hormone-dependent transcriptional control, but an additional set of proteins that
do not bind DNA yet may modify transcriptional activity have been identified and
designated as cofactors. These proteins can be further classified on a functional
basis into coactivators and corepressors (49,50). The recent identification of an
array of these proteins as coregulators for steroid hormone receptors and other se-
quence specific transcription factors, providing the means by which these factors
modulate the activity of the basal transcription machinery (51,52).

IV. Gene Regulation by Glucocorticoid Receptor

No single mechanism can explain all the observed GR-mediated transcriptional
events, and it appears that GR utilizes a variety of means to promote or repress tar-
get genes. Receptor activation, chromatin acetylation, and nucleosome disruption
are involved in gene regulation by GR, but additional parameters are necessary
for the precise transcriptional control rendered by the receptor. For example, GR-
mediated gene regulation involves complex interactions of the receptor with other
regulatory factors. In addition, the promoter also plays a critical role in determin-
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ing receptor action through the nature and arrangement of the GREs it contains,
the nonreceptor factors that bind to it, and the arrangement of binding sites for
these proteins in relation to the GRE (36).

A. Activation of Transcription by GR

The classical mechanism for GR-dependent positive gene regulation entails bind-
ing of the hormonally activated receptor to one or more palindromic GRE se-
quences, usually  located in the promoter region of glucocorticoid-responsive
genes. It has been clearly established that positive gene regulation, in addition to
GR binding to GREs and direct contact with the basal transcription machinery, in-
volves complex interactions with both DNA-binding and non–DNA-binding pro-
teins. Positive regulation also occurs in some instances in the absence of a GRE,
probably through protein-protein interactions between the receptor and DNA-
bound transcription factors (see below). Moreover, the cofactors that associate
with DNA-bound receptor and/or other proteins act as a scaffold between se-
quence-selective receptors and the basal machinery, stabilizing the preinitiation
complex on the promoter and thus enhancing transcription by RNA polymerase II
(53,54).

In addition to GCs, other factors can modulate GR transcription and ex-
pression, for instance, the orphan estrogen-related receptor 2 (22) and the neuro-
transmitter dopamine (23). Another factor is cyclic AMP (cAMP), which has been
shown to act through the protein kinase A pathway to modulate the GC sensitivity
of a target cell by enhancing the DNA-binding activity of GR (24). Functional in-
teractions between GR and other signal transduction molecules such as the growth
regulators Rb and p53 (25, 26), AP-1 (27), NF-�B (28), and the STAT proteins
(29,30) modulate GR activity and may partly account for differences in tissue sen-
sitivity to glucocorticoids, reflecting another level of regulating receptor activity.
Coregulators can also modulate glucocorticoid responsiveness, usually through
modifying transcriptional activation (see below and Ref. 31).

GR Interactions with Other DNA-Bound Transcription Factors

Although GR is capable of controlling reporter gene expression from a simple
GRE in vitro, transcriptional regulation in vivo and from natural promoters is
more complex. The mouse mammary tumor virus long terminal repeat (MMTV-
LTR) is a well-characterized DNA sequence containing GREs as well as binding
sites for other transcription factors. Studies on the MMTV promoter have shown
that CTF1/NF-1 and Oct-1 are required for optimal induction by either glucocor-
ticoids or progestins (55). When activated GR binds to the LTR, the nucleosome
undergoes a structural change, resulting in loss of chromatin repression and re-
cruitment of a series of transcription factors (56,57). This is illustrated by inter-
actions between GR and HNF3 on the tyrosine aminotransferase promoter or be-
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tween GR and HNF1 on the rat insulin-like growth factor binding protein-1 gene.
These interactions lead to functional synergism, suggesting that maximal pro-
moter activity in these instances requires GR association with other sequence-
specific transcription factors (58,59).

A more complex example is provided by GC-induced upregulation of tran-
scription of the phosphoenolpyruvate carboxykinase (PEPCK) gene (60). The glu-
cocorticoid response unit (GRU) in this gene promoter contains two GREs and
three binding sites (AF1, AF2, and AF3) for accessory factors. The maximal glu-
cocorticoid response is observed only when all these elements are occupied by
their cognate proteins (61). Hepatic nuclear factor 4 (HNF4) and chicken ovalbu-
min upstream promoter factor (COUP-TF) bind to AF-1 and act as accessory fac-
tors for the glucocorticoid response (62). HNF3 and  members of the CCAAT-en-
hancer binding protein (C /EBP) family bind to AF-2 (63), while the AF3 element
of this gene is also bound by HNF4 and COUP-TF, all these factors acting as mod-
ulators of the GC response (62).

The mouse proliferin gene (pIfG) contains a composite element in which
a GRE overlaps with an AP-1–binding site. On this element, the crucial determi-
nant of GR function is the ratio of the two AP-1 family subunits, c-Jun and c-Fos,
in the composition of the AP-1 complex, which binds DNA. GR enhances tran-
scription from pIfG when AP-1 is composed of Jun-Jun homodimers, whereas it
represses transcription when AP-1 is composed of Fos-Jun heterodimers (64), il-
lustrating how a single DNA element can be differentially regulated by the com-
position of the factors binding to it.

A DNA-bound GR may also be influenced by additional factors. For exam-
ple, the DNA-binding retinoblastoma protein Rb is capable of potentiating GR-
mediated transcriptional activation (25), but this potentiation requires a cofactor,
hBrm (a human homologue of the yeast protein SW12/SNF2).

GR-Mediated Activation of Transcription Independent of DNA Binding

Not all effects of GR on transcriptional activation result from direct binding of re-
ceptor homodimers to canonical GREs. GR can mediate transactivation from
some gene promoters without binding to DNA through protein-protein interac-
tions between the receptor and DNA-bound transcriptional activators and/or com-
ponents of the basal transcription machinery (54). This is the case for AP-1– con-
trolled target gene promoters lacking GR binding sites (e.g., collagenase A) when
the AP-1 complex is composed of a Jun-Jun homodimer (64).

Other examples of GR-mediated DNA-independent activation include an
interaction between the receptor and STAT5 to amplify prolactin-stimulated tran-
scription of the b-casein gene (29) and GR potentiation of transcriptional activa-
tion by STAT3 from an IL6 response element (30). GR and NF-IL6 (C /EBPb)
also appear to interact in a manner that allows each to enhance transcriptional ac-
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tivation by the other from either a GRE or an NF-IL6 response element (66). It is
important to note that in some of these examples (STAT3, NF-IL6) this transacti-
vating effect is mutual. Bourk et al. reported that GR specifically potentiated the
induction of transcription by C /EBPb from the herpes simplex virus thymidine
kinase (HSV tk) gene promoter proximal regulatory region in the absence of a
GRE (67). Interestingly, these experiments suggest there is no direct contact be-
tween C /EBPb and GR and that the interaction is instead mediated by cofactors.

B. GR-Mediated Repression of Transcription

The mechanisms of transrepression of genes by GR are not as well characterized
as those of the receptor’s transactivating functions, and elucidation of these mech-
anisms has emerged as a topic for intense study (68). Repression of GC-controlled
genes helps to control many aspects of differentiation, development, growth con-
trol, and homeostasis (69) and may be more important for normal development
than transactivation, a notion supported by data from Reichardt and colleagues
(70), who replaced the wild-type GR in mice with a mutated GR (GRdim /dim),
which does not bind to GREs. These mice are thus capable of transrepression but
not transactivation of GC-controlled target genes (70). In contrast to GR�/� mice,
GRdim /dim mice develop normally and are generally healthy, revealing that gene ac-
tivation through GR binding to classical GREs is not necessary for development
and survival in this model. GRdim /dim mice are also defective in repression of at
least some genes that are regulated through nGREs as they are unable to repress
the proopiomelanocortin (POMC) gene; as a consequence these mice exhibit ele-
vated expression of this hormone.

Two principal mechanisms for repression by GR have been suggested,
based on whether or not it is necessary for the receptor to bind DNA to transre-
press target genes (Fig. 2). Another layer of complexity affecting the repressive ef-
fects mediated by the steroid receptors, including GR, has recently been proposed,
where repression arises as a result of competition for limiting amounts of common
mediators such as CBP/p300 (71,72).

DNA-Dependent GR Repression of Transcription

Competition between GR and positive transcription factors for binding to an over-
lapping site on the promoter region of genes is one mechanism that results in tran-
scriptional repression (reviewed in Ref. 27). Several genes repressed by GR con-
tain nGREs, to which, at least in vitro, GR binds. Examples include the genes
encoding bovine prolactin (18), human osteocalcin (73), rat POMC (74), mouse
proliferin (64), human corticotropin-releasing hormone (CRH) (75,76), human in-
sulin (77), human interleukin-1b (78), and rat type 1 vasoactive intestinal polypep-
tide (79). The sequences of these nGREs usually differ substantially from the se-
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quences of positive GREs (80). In most cases these elements overlap with other
transcription factor–binding sites, suggesting a model involving competitive
DNA binding.

It is unclear whether the GR bound to nGREs is functioning as a repressor
molecule per se or whether it is acting as a transactivating competitor. While such
competition may be considered a form of repression, low transcriptional rates are
nearly always observed from these sequences, and the possibility that GR is func-
tioning as a weak activator and simply displacing the stronger transactivators in
these cases has not yet been conclusively ruled out.

The bovine prolactin promoter contains several nGREs, and one of these
sites, termed PRL3nGRE, confers increased basal activity in the absence of GR
via the binding of constitutive positive transcription factors. The activated GR re-
presses this activity by displacement of these factors (81). In the case of
PRL3nGRE only one GR moiety seems to contact the DNA (81,82).

In the case of the human osteocalcin gene, an nGRE overlaps the TATA box
of the gene and the GR and TATA-binding protein (TBP) bind to their cognate
sites in a mutually exclusive manner. Transient overexpression of TBP or a muta-
tion in the promoter region that abrogates receptor binding prevented repression
of the gene in the presence of glucocorticoids (73). The POMC nGRE may be un-
usual in that three GR monomers are thought to bind to it (74). However, this se-
quence only functions in the context of the POMC promoter and does not behave
as an nGRE when fused to a heterologous promoter, implicating additional pro-

DNA-dependent repression

Displacement of an activator by the GR
due to overlapping binding sites

DNA-independent repression

Binding of GR to a DNA-bound activator

Formation of an abortive complexBinding of GR to a contiguous nGRE

nGRE

nGRE

Act.

Act.

Act.

GR

GR GR GR GR

Act.

GR GRGR

Figure 2 Mechanisms of transcriptional repression by GR. In some cases receptor bind-
ing is required for repression of target genes by the activated receptor (upper and lower
left), while in other situations direct binding of DNA is not necessary (upper and lower
right).

04-M1775-P3  10/11/2001  12:24 PM  Page 76



Glucocorticoid Receptor Activity 77

moter-bound factors in the repression of the POMC gene (see below). Glucocor-
ticoid-mediated repression of human corticotropin-releasing hormone gene tran-
scription also appears to involve monomeric GR binding, in contrast to the readily
formed dimeric receptor complex observed with a positively regulated GRE (75).

These results suggest that repression through some nGREs may involve GR
monomer interaction with the DNA, leading to a distinct conformational change,
which precludes positive regulatory activity. On the other hand, results from the
study with GRdim /dim mice argue against monomers being active in repression
through nGREs, since with the loss of GR dimerization, negative regulation of
prolactin mRNA expression was lost (70). However, in addition to losing their
dimerization properties the receptors in these mice have also lost the ability to
bind to DNA. It cannot, therefore, be determined whether a reported increase in
PRL mRNA is due to an inability to bind DNA or a failure to dimerize.

As mentioned above, in the mouse proliferin gene GR and AP-1 bind to a
composite site. On this element, the hormone-bound GR is inactive in the absence
of c-Jun and inhibitory in the presence of Fos-Jun heterodimers (64). These re-
searchers demonstrated an in vitro interaction between GR and c-Jun and, based
on these observations, proposed that the GC response through this element was
dependent on both protein-protein and protein-DNA interactions (64).

DNA-Independent Repression of Transcription by GR

Nuclear receptor–mediated repression of gene transcription not requiring DNA
binding by the receptor is thought to principally occur through transcriptional in-
terference mediated via protein-protein interactions. Such interactions may re-
press transcription in two ways. In the first case, GR interaction with a positive
acting transcription factor hampers DNA binding of that protein, while in the sec-
ond model, GR interaction with a DNA-bound factor inhibits its transactivating
properties. The best-studied examples of the latter mode of repression are the in-
teractions between GR and the transcription factors AP-1 and NF-�B (see below).
Repression of collagenase transcription was attributed to GR-mediated interfer-
ence with AP-1 binding to or activity on its cognate site (83,84). The interference
was mutual in that elevated expression of AP-1 or its activation by tumor promot-
ers, pro-inflammatory cytokines, or growth factors inhibited GRE-controlled pro-
moters. This provided further evidence for a protein-protein interaction, which
was subsequently demonstrated by immunoprecipitation experiments. In vivo
footprinting analysis carried out on the endogenous collagenase promoter (85) or
on the tyrosine aminotransferase gene (86) revealed no major change in the level
of occupancy of the respective AP-1– and GR-binding sites under repressed con-
ditions. This showed that DNA-binding activity of AP-1 to the collagenase pro-
moter is not altered under repression, suggesting that GR and the AP-1 complex
interact without affecting each other’s DNA-binding ability.
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In contrast to ligand-dependent repression, Liu et al. have provided evi-
dence that ligand-induced conformational changes of GR are not required in
transrepression of the collagenase promoter (87). Their conclusion was based on
studies with a GR mutant, GRL753F, which required a 200- to 300-fold higher
concentration of GC than the wild-type receptor to transactivate a MMTV-CAT
reporter gene, while in a reporter gene carrying the AP-1–inducible collagenase
gene promoter, the concentration of GC required for 50% transrepression was the
same for mutant and wild-type receptors. Significantly, this indicates that the ac-
tivation and repression functions of GR are separable.

There are several other cases of repression mediated by GR independent of
DNA binding by the receptor. The serum/glucocorticoid-inducible protein kinase
(sgk) gene promoter, for example, contains several functional p53-binding sites
and is repressed by GR through interference with the transactivation activity of
p53 (26). The orphan nuclear receptor Nur77 is a mediator of the CRH induction
of POMC transcription, and GCs inhibit POMC induction by antagonizing the
Nur77-dependent transcription (88). GR interferes with Oct-1 activity mediated
via an octamer element from the immunoglobulin heavy-chain intron enhancer
through protein-protein interaction involving the homeo subdomain of Oct-1 (89).
Others, by contrast, found that this GR-mediated repression does not apply to Oct-
1 but to the lymphocyte-specific factor Oct-2A (55,90). The reason for the dis-
crepancy between these observations is unclear.

C. Cofactors Involved in Positive and Negative Transcriptional
Regulation by GR

GR transcriptional activity is positively regulated by a number of cofactors, in-
cluding SRC-1 (91), CBP/p300 (71), GRIP1/TIF2 (92), TIF1b (93), hBrm (94),
and the  h member of the 14-3-3 protein family (95). In addition, it was recently
shown that homologs of the Ada adapter and Gen5 proteins from mammalian cells
also enhanced the gene activation potential of the AF-1 domain from human GR
(96). In contrast RAP46 (97) and RIP140 (98) have been shown to inhibit tran-
scriptional activation by GR. In the latter study, RIP140 acted as an dominant neg-
ative inhibitor of all GR-mediated activities, including positive regulation through
a GRE, synergy through cross-talk with AP-1, and negative regulation through an
nGRE and cross-talk with NF-�B. This was mediated by a novel mechanism in the
control of GR activity, with RIP140 blocking interactions between GR and coac-
tivators to inhibit receptor-mediated transactivation (98). RIP140 appears to have
a dual function within the cell, since this molecule was capable, albeit weakly, of
enhancing transactivation by other nuclear receptors such as AR and, at some con-
centrations, ER (99). This type of dual role for cofactors has been described for
NSD1, TIF1b, and recently for Zac1 (100 –102). Hence, the primary role for these
proteins may be to act as coregulators, fine-tuning a complex network of genes.
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Importantly, the repressive activity of RIP140 did not occur when the GR
was bound to the antagonist RU486. This is mirrored by data from work with
other cofactors, where functional interactions with nuclear receptors occur in the
presence of agonistic ligands but not antagonists (99). The majority of cofactors,
including RIP140, have been shown to interact directly in a hormone-dependent
manner with the AF-2 domain of steroid hormone receptors and are therefore
called AF-2 cofactors (20,103). This interaction often involves one or several
short conserved peptides with the amino acid sequence LXXLL (L � leucine, X �
any amino acid) in the cofactor, which serves as an NR box or signature motif
(104,105). Structural studies have revealed that the AF-2 domain undergoes an ag-
onist-dependent conformational change, which facilitates coactivator interactions,
whereas the binding of antagonists induces an alternative conformation in this do-
main, which appears to hinder coactivator binding (reviewed in Ref. 105). How-
ever, GR is also capable of functional interactions with coactivators that do not
have the LXXLL motif (97).

Some coactivators (CBP/p300, SRC-1) have been shown to contain intrin-
sic histone acetyltransferase (HAT) activity, thus linking gene activation by re-
ceptors to histone modification and chromatin alterations (47,106). Recently, it
has been shown that the largest member of the TBP-associated factors (TAFs),
TAFII230/250, also contains HAT activity, and furthermore, factors interacting
with p300, such as P/CAF, are involved in localized chromatin remodeling and
loss of chromatin repression. Transcriptional activation is thus a process that re-
quires a number of factors, which have to be assembled in a regulated manner on
the promoter to achieve an efficient response to any given signal (47,107).

Competition for Coactivators/Cofactors

The conflicting results from in vivo DNA footprinting data, showing no change in
the occupancy of the DNA sequences required for binding by AP-1 and GR dur-
ing transrepression (85,86), and in vitro protein-DNA interaction studies, which
demonstrated a requirement for both protein-protein and protein-DNA interac-
tions (64), have led to an alternative concept of GR-mediated transrepression. This
postulates that rather than GR interfering directly with the binding of the tran-
scription factor to DNA, the two proteins may interact through transcriptional in-
termediary factors (TIFs), thus allowing both positive and negative effects on tran-
scription (108). In line with this, CBP/p300 has been implicated in mediating the
transcriptional effects both of nuclear receptors and the AP-1 and NF-�B tran-
scription factor families (see below and Ref. 71). It was proposed that the inhibi-
tion of AP-1 activity by GR or RAR is the result of competition for limiting
amounts of CBP/p300, since overexpression of CBP could relieve GR- or RAR-
dependent AP-1 repression in transfection studies. Furthermore, data from our
own laboratory demonstrate that overexpression of TIF-2 can partially rescue the
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RIP140 inhibition of GR-mediated activation, supporting a mode of action based
on competition between corepressors and coactivators (80). In line with our ob-
servations, CBP has recently been shown to rescue GR-mediated repression of
RelA-dependent reporter gene transactivation.

However, competition by GR and AP-1 for limiting amounts of cofactor
does not adequately account for all situations, since Pearce et al. demonstrated that
when GR- and AP-1–binding sites were placed in a cis position (called a paired
site) separated by 	26 base pairs, synergy between GR and AP-1 was observed,
irrespective of the composition of the AP-1 dimer (109). This may be due to the
factors involved cooperating in the recruitment of CBP. Furthermore, when a site
for only one of the factors was present, the other factor had an inhibitory effect
(mutual inhibition) regardless of whether AP-1 was composed of Jun-Jun or Jun-
Fos, suggesting that in this situation there may be competition for coactivators.
However, this hypothesis does not explain the results obtained from paired sites
with separations of 14 –18 base pairs, since in this instance GR synergized with
Jun-Jun and repressed Jun-Fos (109).

V. Glucocorticoid Receptor and Inflammation

The use of synthetic glucocorticoids in the treatment of inflammation and au-
toimmune disease has been widespread, often with very successful outcomes. The
evidence suggests this is due to the potent anti-inflammatory and immunosup-
pressive effects mediated by GR, including the downregulation of a number of
pro-inflammatory cytokines and adhesion molecules (110). The majority of pro-
moters for these genes do not contain recognizable GREs, and the mechanisms
through which GR exerts its effects have been the source of intense study over re-
cent years (reviewed in Ref. 111). The transcription factor NF-�B functions in a
diametrically opposed manner to GR in inflammation and immunity, serving to
upregulate pro-inflammatory cytokines, and it has been demonstrated that a key
target for the immunosuppressive and anti-inflammatory activities of GCs is the
repression of this family of transcription factors (28,112). Understanding the
physiological antagonism between these molecules may thus be vital for the de-
velopment off better and more sophisticated anti-inflammatory and immunosup-
pressive glucocorticoids.

Several lines of evidence point to an analogous mode of action between
AP-1 and NF-�B repression by GR. Analagous to the situation with AP-1, GR
interferes with NF-�B activity and negatively regulates the target gene promoters
of this complex without binding to DNA (Fig. 3) (113). The DBD of GR is im-
plicated in the transrepression of both molecules, and this region is thought to
directly contact c-Jun (108) and the RelA subunit of NF-�B (114). Again as with
AP-1, in vivo footprinting of the endogenous ICAM-1 promoter containing an
NF-�B–binding site also showed that the receptor did not displace the NF-�B
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complex during GR repression (J. Lidén, I. Rafter, M. Truss, and S. Okret,
Biochem Biophys Res Commun 2000; 14:1008–1014.). In this regard, it is im-
portant to note that several dimerization-deficient GRs that do not bind to GREs
as homodimers can still repress AP-1– and NF-�B–regulated genes (39,115).
Synthetic ligands have been described for GR that are unable to induce transacti-
vation by the receptor also retain the ability to transrepress AP-1 and NF-�B (20).
These have been termed dissociating ligands.

The Rel homology domain in the p65 subunit of NF-�B (Rel A) was re-
quired for the physical interaction with GR in vitro. In addition, the transactiva-
tion domain was needed for functional interaction between these transcription fac-
tors (113). The DBD of GR is a further prerequisite for association between the
two partners in vitro (114). Using chimeric receptors, exchanging the different
functional domains of GR with domains from a nonactivating nuclear receptor, the
DBD was shown to be the major domain involved in repression. This was further
narrowed down to the C-terminal zinc finger, and finally it was demonstrated that
two individual amino acid exchanges within this region were sufficient to abolish
the majority of the repressive effect (39). However, other researchers have claimed
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pable of repressing genes activated by NF-�B. This is mutual antagonism, as NF-�B is also
capable of repressing GR-mediated transcriptional activation. GR may also modify the ex-
pression pattern of the NF-�B inhibitor molecule I-�B (see text).
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that additional domains may contribute to the maximal repression of NF-�B (re-
viewed in Ref. 116).

The interaction between GR and NF-�B leads to mutual antagonism, 
i.e., each factor represses the other, and their physical interaction may require an
additional factor or factors. One potential candidate is CBP, which is known to
interact with both proteins and could conceivably mediate their functional antag-
onism, possibly by altered assembly of the preinitiation complex. On the IL-6
gene promoter, for example, a strong synergism between p65 and CBP/p300 was
demonstrated, and it was further shown that NF-�B–induced activation of this
gene was repressed by GC treatment (117,118). Recently, Sheppard et al. showed
that, as with AP-1, increased levels of CBP or SRC-1 can prevent inhibition of
GC-mediated repression of NF-�B activity and NF-�B–mediated repression of
GR activity (119). How this would be achieved in vivo is unclear, since a simple
mechanism based on competition for limiting cofactors leads to the notion that ac-
tivation of either transcription factor would ultimately downregulate any CBP-
requiring promoter, which includes the majority of promoters examined to date. It
may be instead that CBP alters the structural conformations of these proteins when
both are bound to it, consequently modifying their transactivating potentials (119).

Two publications have shown that GR upregulates the protein levels of the
NF-�B inhibitory protein I-�Ba, resulting in repression (120,121). While this may
provide an additional measure of control over the inflammatory response medi-
ated by GR in some cells, the lack of global I-�Ba upregulation and data from
work with mutant receptors argue against this being the major mechanism of NF-
�B–activated gene repression (122,123). Dimerization-deficient GR mutants and
GRdim /dim mice incapable of transactivation and consequently incapable of I-�Ba
upregulation are still capable of transrepressing NF-�B activity (70,122). In con-
cordance with this, dissociating GCs also retain the ability to repress NF-�B ac-
tivity while losing their transactivation function and without inducing I-�Ba
(118,124). There may still be a role for I-�Ba in GR-mediated transrepression of
NF-�B, however, as recent advances have revealed there are many other possible
levels of regulation of I-�Ba (125–127).

VI. Summary

The multifunctional role of GR has continued to attract the interest of researchers
over the past 30 years. The anti-inflammatory properties of GR are of great bio-
medical interest and importance, and the characterization of the mechanisms em-
ployed by GR to mediate those effects remains a highly competitive and topical
field of study. While much attention has been devoted to the anti-inflammatory
properties of GR, evidence is mounting that there may be a pivotal role for the re-
ceptor in normal immune function (discussed in Ref. 125). Recent advances, such
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as the development of GRdim /dim mice, have greatly enhanced our understanding of
the relative importance of the transactivation and transrepression activities of GR.
However, much work remains to fully characterize the role of the receptor in these
mice. The discovery of ligands that can dissociate between the dual roles of the
receptor and target GR interaction with individual factors is another useful devel-
opment. Such specific ligands may be of great medical importance, since they may
be able to eliminate or minimize undesirable side effects of long-term glucocorti-
coid treatment. As our knowledge improves it is hoped that more selective ligands
may be developed, which can further discriminate among the modes of action of
GR and thus provide better tools for the treatment of inflammatory and autoim-
mune diseases.
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Discussion

Dr. Hochhaus: In the last years, a number of papers were published which
demonstrated differences in the activities of certain GC on transrepression and
transactivation. Are these differences likely to result in steroids with higher
selectivity?

Dr. Okret: It is difficult to evaluate the selectivity of the reported GC with re-
gard to transrepression and transactivation. Furthermore, we know very little
about the relative contribution of transactivation versus transrepression for
complex in vivo  responses like the anti-inflammatory, osteoporotic, or antipro-
liferative effects of GC. However, I believe that new discriminating GC will
show a higher selectivity with fewer side effects. A GC with transrepressing ac-
tivity but no transactivating activity will most likely be efficient as an anti-
inflammatory drug with less diabetogenic effect, since the first activity is gen-
erally believed mainly to involve transrepression, while transactivation of
gluconeogenic enzymes in the liver is thought to be important for the latter
effect.

Dr. Edsbäcker: Do you have any comments regarding the current status and
trends regarding the b-subunit of the receptor? Does it exist, is it expressed to
an increased extent in patients considered as nonresponders, and does it con-
tribute to the nonresponsiveness?

Dr. Okret: We are not working with the GRb. However, in the literature the pos-
sible effect of GRb as an inhibitor of GRa activity is a matter of debate. Ac-
cording to my opinion, the crucial experiment, i.e., determination of the levels
of endogenous GRb versus GRa in one cell, is still missing. Before this is de-
termined, it is difficult to draw any conclusion with regard to the contribution
of GRb to GC insensitivity.

Dr. Hamid: We recently reported the increased expression of GRb immunore-
activity in steroid resistant asthma and in T cells in response to cytokine stimu-
lation. We are currently using PCR to demonstrate the increased amount of
GRb mRNA compared to GRa in response to cytokine stimulation in T cells.

Dr. Okret: I cannot add more than that I responded to the question by Dr. Eds-
bäcker.

Dr. Karin: How did you measure repression of NF�B transcriptional activity
through endogenous GR in U937 cells? Did you reintroduce GR mutants to
receptor-negative U937 cells?

Dr. Okret: We measured repression of NF�B activity in the U937 cells by the
endogenous GR by determining ICAM-1 expression. ICAM-1 expression was
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repressed in these cells following GC treatment. It has previously been shown
that GC-mediated repression of ICAM-1 transcription is mediated by the NF�B
site in the ICAM-1 promoter (van de Stolpe et al. Am J. Respir Cell Mol Biol
1993; 8:340 –347). We don’t have access to GR-negative U937 cells and are not
aware that such cells exist. Thus, we have not been able to perform the experi-
ment of reintroducing GR in GR-negative U937 cells.

Dr. Brattsand: What is the turnover time of the activated GC receptor? Does it
differ between the dimeric and monomeric forms? Does the ligand need to be
metabolically stable all the time in the complex, or is it sufficient that the ligand
just initiates the conformational changes?

Dr. Okret: Many years ago we determined the turnover rate of the GR in rat
hepatoma cells (H4IIE). The half-life of the GR in the absence of ligand was
around 25 hours, while in the presence of dexamethasone it was 12 hours.
Whether there are differences in half-lives of the GR in different cell types, we
do not know. Furthermore, we do not know whether there is a difference in the
half-life of dimeric versus monomeric GR. This would be very difficult to de-
termine in the cell. With regard to the fate of the ligand following binding and
induction of the conformational change in the GR, this is to my knowledge not
known. It is not known whether the ligand has to sit in the ligand-binding pocket
all the time to maintain the conformational change in the GR or whether it can
dissociate following induction of the structural changes. However, it is known
that the structural changes involve movement of helix 12 in the ligand-binding
domain to become a lid over the ligand-binding pocket, creating a surface for
coactivator interaction. This “embedding” of the ligand results in a lower dis-
sociation rate of ligand from the receptor.

Dr. Schleimer: There is an interesting counterregulation between GR and
NF�B. Not only does GR antagonize NF�B by physical interaction, but it also
induces I�B. As you pointed out, NF�B in turn can inhibit GR effects by the
same interaction. To complete the symmetry, NF�B appears to be an inducer of
GRb. Over the next few years, we will be discussing the relationship between
b-adrenergic agonists and steroids, as combination preparations are coming
onto the market. Since the catalytic subunit of adenlyl cyclase is associated
with, and necessary for, NF�B activation, I wonder how elevations of cAMP
might alter NF�B activation and its influence on the actions of glucocorticoids?
A related question is whether you have confirmed the results of Eickelman
et al. showing ligand-independent activation of GR by salmeterol (or another
b agonist)?

Dr. Karin: If cAMP potentiates NF�B activity, it may be more difficult to in-
hibit it by glucocorticoids. However, the clinical activators of NF�B that mat-
ter most for asthma—TNF and IL-1—don’t have much effect on intracellular
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levels of cAMP. On the other hand, the effect of cAMP on T-cell apoptosis
could also be due to modification of signaling via the T-cell receptor, which has
profound and complex effects on apoptosis.

Dr. Brattsand: We have studied how RU486 affects the cytokine blocking
efficacy of the b2-agonist formoterol in a bronchial epithelial cell model. While
RU fully blocks the anticytokine effects off budesonide, it does not at all coun-
teract the cytokine-modulating activity of formeterol. This suggests that the cy-
tokine-modulating effect of b2-agonists is not mediated by the GC receptor in
these cells.

Dr. Georas: Regarding the GRb-isoform, John Cidlowski has a recent paper
showing that GRb can bind DNA, and antagonize transacting effects of GRa
(Oakley RH, Jewell CM, Yudt MR, Bofetiado DM, Cidlowski JA. The domi-
nant negative activity of the human glucocorticoid receptor beta isoform.
Specificity and mechanisms of action. J Biol Chem 1999; 274:27857–27866).
In the context of the GR using coactivators and possibly corepressors to regu-
late gene expression, what is the role of ligand binding for the GR to function?
The current paradigm for many nuclear receptors is that ligand induces a con-
formational change favoring the association with coactivators over corepres-
sors. How do you reconcile this with: (1) the need for nuclear translocation of
the GR and (2) the observation that the GR can both activate and repress many
genes?

Dr. Okret: As you mention, it is generally believed that the ligand induces a
conformational change of nuclear receptors, which favors association with
coactivators over corepressors. However, in the case of the GR, no interaction
with classical corepressors like N-Cor or SMRT has been demonstrated. One
can speculate that the requirement for corepressor binding to the GR is less im-
portant as an additional control level of GR activation exists, namely the re-
quirement for nuclear translocation. In contrast to most other nuclear receptors,
the GR is localized in the cytoplasm in the absence of ligand, and it only
translocates to the nucleus following ligand binding. The role of the corepres-
sor seems mainly to be to keep the receptor in an inactive state rather than to be
involved in negative gene regulation. In contrast, competition for coactivators
has been suggested to play a role in negative gene regulation. However, several
observations exist that argue against this mechanism for negative gene regula-
tion by the GR. Furthermore, data are also available that indicate that negative
gene regulation may not require the same conformational changes in the recep-
tor as positive gene regulation.

94 Faulds et al.

04-M1775-P3  10/11/2001  12:24 PM  Page 94



I. Introduction

The initial step in producing biological responses to administered corticosteroids
is the diffusion of unbound drug from plasma into cells for interaction with cyto-
solic receptors. Some types of cells or tissues show responses rapidly, while oth-
ers have a lag phase or slow onset of effect caused by a gene-mediated mechanism
of action (1). Both types of responses last considerably beyond the time course of
active drug in the system. For example, methylprednisolone, a moderately lipid-
soluble compound, rapidly distributes into various cells and tissues and has a
pharmacokinetic t1/2 of 2–3 hours in humans and a duration of biological effects
of 18–36 hours, depending on dose. An array of pharmacokinetic/pharmaco-
dynamic (PK/PD) models have been proposed to rationalize and quantitate these
response patterns in both animal and human systems. This chapter describes mod-
eling efforts based on physiological principles that produce plausible methods of
quantitating and predicting the effects of corticosteroids. The role of dose and tim-
ing or duration of drug administration in actual or expected pharmacological re-
sponses from corticosteroids will be emphasized.
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II. Dynamics of Rapid Steroid Effects

A family of relatively simple pharmacodynamic relationships was initially
evolved (2,3) to describe the “rapid” or non–gene-mediated effects of cortico-
steroids on cell trafficking patterns of basophils (measured as whole blood hista-
mine), T-helper cells, and other lymphocytes. It is assumed that corticosteroids
cause an immediate change in the affinity of cells for distribution sites in an ex-
travascular compartment. The decline in cell number, such as shown in Figure 1,
is attributed to inhibition of cell movement from  extravascular sites into blood
(kin); blood cell replenishment (kout) occurs when steroid concentrations in plasma
fall below the concentration (C) producing 50% inhibition (IC50 value). The IC50

value for methylprednisolone effects in humans is similar in magnitude to its KD,
or drug-receptor equilibrium dissociation constant. The type of equation used to
quantitate indirect effects such as in Figure 1, where the drug inhibits kin is:

where Imax represents the maximal fractional inhibition of kin (3).

dR Imax · C

�� � kin 1 � 


��� � kout · RD Edt IC50 � C
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Figure 1 Pharmacokinetic (left) and pharmacodynamic (right) models of cell trafficking
(blood basophils measured as whole blood histamine) following doses of 10 mg (�), 20 mg
(�), and 40 mg (�) of methylprednisolone in one male subject. Equations for the sup-
pression model (shown at the top) fitted baseline and all dose levels simultaneously. Sym-
bols are experimental data, lines are fitted with model. (Adapted from Ref. 2.)
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The models for basophil cell (4) and helper T-cell (5) trafficking have al-
lowed for accurate quantitation of cell movement between blood and extravascu-
lar sites and permits extrapolation of effects to a wider range of steroid doses and
administration methods. The helper T-cell model includes the complexity of cir-
cadian rhythm in baseline behavior of these cells. Similar equations and patterns
are applicable to adrenal suppressive effects of methylprednisolone (6) and fluti-
casone propionate (7) with an added complication of an irregular circadian syn-
thesis and secretion of cortisol, which governs the baseline conditions.

In considering optimal dosage regimens, the hypothesis was made that a
“steroid-sparing” effect could be achieved by designing dosage regimens such that
a loading dose occupies all of the receptors as they recycle following drug elimi-
nation. This was tested and confirmed in human studies (8) monitoring basophil
trafficking and adrenal suppression. We studied the pharmacodynamic responses
to single (40 mg) and divided (20 mg, 5 mg) bolus doses of methylprednisolone in
healthy men. Divided dosing offered improved pharmacodynamic availabilities
(ratio of AUC of effect) of 1.38 for whole blood histamine and 1.92 for cortisol
suppression. Thus, by dosing  methylprednisolone in a prolonged or divided fash-
ion, it is possible to administer lower doses to achieve equivalent or better effects
than large single doses. Unfortunately, this applies to both beneficial and adverse
effects.

III. Role of Administration Rate

Gobburu and Jusko (9) performed computer simulations and a limited literature
review to assess the role of drug-delivery rate on responses expected for drugs
with indirect mechanisms of action. Figure 2 shows the simulated pharmaco-
kinetic profiles following the administration of a moderate dose of a hypothetical
drug as either an intravenous bolus or an infusion over various durations (6, 12,
24, 48, 72 h). The infusion rates varied more than eightfold, allowing the impor-
tance of rate of drug delivery on the efficiency to be assessed. This dose produced
concentrations just above an IC50 of 100 ng/mL for long periods of time. The
pharmacodynamic profiles after bolus and infusion dosing show their expected be-
havior with the response being inhibited. Figure 2 depicts a marked reduction of
the response from the baseline value after administration of the bolus dose. The
extended delivery produced a similar maximum response with a fourfold increase
in the AUC of effect. An optimum regimen will consist of a modest loading dose
followed by continuous delivery to keep receptors occupied.

IV. Liposomal Methylprednisolone

A demonstration of a pronounced steroid-sparing phenomenon caused by extended
delivery and local retention occurred in an evaluation of the kinetics, receptor
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binding, and immunosuppression from solution versus liposomal formulations of
methylprednisolone in rats (10). The latter produced marked tissue (liver and
spleen) retention of the steroid and a 12-fold increase in receptor occupancy (Fig.
3). A pharmacodynamic measure of immunosuppression, inhibition of ex vivo rat
splenocyte proliferation following stimulation with a mitogen, was augmented to
an even greater degree by the liposomal drug. These studies show that prolonged
local steroid concentrations can enhance steroid effects and offer promise that
pharmacodynamic models will provide a basis for improved rationalization of ste-
roid dosage regimens.
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Figure 2 Simulated time course of plasma drug concentrations (top) and inhibitory in-
direct responses (bottom) during and after infusions of a moderate dose of drug for the in-
dicated time periods. (Adapted from Ref. 9.)
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V. Drug Interactions

Corticosteroids exert their immunosuppressive properties partly by binding to
intracellular steroid receptors and inhibiting the activities of transcription factors
such as NF-�B (11,12). The inhibition of NF-�B results in an increase in an 
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Figure 3 Methylprednisolone concentrations as a function of time (upper panel) after 2
mg/kg iv dose in rat plasma (small circles) and spleen (large circles); receptor density in
rat spleen (middle panel); and inhibition of splenocyte proliferation (bottom panel). Open
symbols (left panels): drug solution. Closed symbols (right panels): liposomal formulation.
Curves are produced by fitting of data to an appropriate pharmacokinetic/pharmacody-
namic model. (Adapted from Ref. 10.)

05-M1775  10/11/2001  12:25 PM  Page 99



NF-�B regulatory protein called I�B. I�B stabilizes NF-�B and prevents its entry
into the nucleus of the cell, resulting a reduction in production of cytokines such
as IL-1 and IL-2. With this blockage in synthesis of cytokines, T-cell proliferation
in response to alloantigens is reduced. The net effect is inhibition of the inductive
phase of cytotoxic T cells and prevention of graft rejection.

Sirolimus is a new macrolide immunosuppressive compound acting at the
mid-late G1 phase of the cell cycle through an original mechanism blocking trans-
ductional signals produced by the fixation of cytokines (e.g., IL-1, IL-2, and IL-6)
to their membrane receptors (13,14). Sirolimus differs from cyclosporin A and
steroids in its mode of action because at the Go phase, cyclosporin A acts by in-
hibiting IL-2 gene transcription and steroids act by decreasing cytokine (e.g., IL-1,
-2, -6) and cell surface  molecule (e.g., intercellular adhesion molecule-1, lym-
phocyte function–associated antigen-1) gene transcription. Thus, as prednisolone
and sirolimus act through different mechanisms at the cytokine gene transcription
or signal transduction levels, their combination may produce additive or synergis-
tic therapeutic effects.

Drug interactions were studied using lectin-induced proliferation of isolated
cell lymphocytes and whole blood lymphocytes from men and women as well as
two-way mixed-lymphocyte reaction assays (15). Drug interactions were de-
scribed with isobolograms and quantitated with the universal response surface ap-
proach for estimating the interaction parameter a (Fig. 4). All compounds inhib-
ited more than 89% of control proliferative responses. In each assay, sirolimus was
of similar or higher potency than prednisolone and 1.5-fold more potent in men
than women. All combinations were profoundly synergistic (a��0). These stud-
ies indicated that prednisolone and sirolimus synergistically interact in vitro, with

100 Jusko

Figure 4 Effects of prednisolone and sirolimus on inhibition of mitogen-stimulated 
human lymphocyte proliferation. The isobologram shows marked synergism when the
drugs are included in various combinations. (Adapted from Ref. 15.)
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gender and assay as additional factors, and that whole blood lymphocyte prolifer-
ation cultures are useful in assessing the nature and intensity of drug interactions.

VI. Dynamics of Receptor Gene–Mediated Processes

The processes for glucocorticoid receptor (GR) regulation and receptor gene–-
mediated effects of corticosteroids are depicted in Figure 5 and modeled as indi-
cated in Figure 6. With their moderate lipophilicity, free corticosteroids easily dif-
fuse into cells of target tissues. Our modeling assumes that free drug in plasma (D)
is immediately accessible to cytosolic receptors. The receptors are also controlled
by their synthesis (ksynGR) and degradation (kdgrGR) rates. These steroids quickly
bind to the glucocorticoid  receptor located in the cytoplasm, and the complex im-
mediately alters its configuration. Dissociation of heat-shock proteins (hsp) from
the receptor occurs, including hsp 90, hsp 70, and hsp 56 (19). Without these heat-
shock proteins, the steroid-receptor complex is subject to phosphorylation (20)
and can translocate from the cytoplasm into the nucleus. Our models account for
reversible (kon, kre) steroid-receptor binding and then first-order transfer (kr) of the
complex into nuclear-bound material [DR(N)].

In the nucleus, two units of the complex aggregate as a “dimer” (21). Zinc
finger modules on the dimer bind to control sequences adjacent to the target gene.
These control elements, which are palindromic repeats of a specific hexamer se-
quence, are called glucocorticoid-responsive elements (GRE) (22,23). The GRE
is a transcription promotor element located 240 –260 bases upstream from the
starting point of transcription on the DNA template strand. With the interactions
of RNA polymerase complexes, the steroid-receptor complex will activate the
transcription of specific RNAs from the promoter. This is modeled with a distri-
bution rate constant (kN) between DR(N) and a transcription compartment (TC).
In turn, a first-order transcription constant (EF1) is used in the model to relate TC
to the mRNA level of TAT. Finally, mRNA translocates to the cytoplasm (24), and
it exists for a finite time governed by an elimination constant, kdgr, TAT mRNA.

Expression of a specific protein occurs in the cytoplasm after the transcrip-
tion of its mRNA. The mRNA is associated with ribosomal RNA (rRNA) for the
translation of protein. The latter proceeds with the aid of transfer RNAs (tRNAs),
which recognize the sequence codes on the mRNA template and carry specific
amino acids as the materials to build the protein (25). The induced protein may be
an enzyme (such as TAT) or have  other regulatory functions (such as I�Ba). The
production (EF1) and loss of TAT (kdgr,TAT) were modeled as first-order constants.

Downregulation of GR mRNA after treatment with glucocorticoids has
been studied in several in vitro systems. Two different mechanisms have been pro-
posed. “Nuclear run-on” transcription techniques in liver nuclei isolated from
ADX rats were used (26) to study transcription rates of GR mRNA. It was
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concluded that the downregulation of GR mRNA after treatment with dexa-
methasone was due to a decreased transcription rate for the messenger. The acti-
vated steroid-receptor complex in the nucleus may interact with its own gene and
inhibit GR mRNA transcription (ksyn,GRmRNA) by interfering with the formation of
a transcription initiation complex or physically blocking RNA chain elongation.

However, activated steroid-receptor complex in cytoplasm has been shown
to decrease the stability of GR mRNA in mouse AT-20 cells (27). It was postu-
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Figure 5 Receptor gene–mediated pharmacodynamic model for corticosteroids. See
text for details. (Adapted from Ref. 17.)
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lated that steroid-receptor complex may replace some binding proteins on GR
mRNA, which are essential for the protection from RNAses (28). Steroid-receptor
complex may therefore increase the degradation rate constant of the messenger
(kdgr,GRmRNA). Regardless of the mechanism of GR mRNA downregulation, the
expression of new GR protein will be suppressed after glucocorticoid treatment
due to downregulation of GR mRNA, which is the translation template for GR
protein (16).

The fate of translocated steroid-receptor complex after the transcription of
target genes is not yet well understood. Some of these complexes may return to the
cytoplasm after they are dissociated from the GRE (16). This process is referred
to as glucocorticoid receptor “recycling.” While some of the receptors are de-
graded in the process [(1-Rf) kre],  the rest of the them may be reassembled (Rf·kre)
with heat-shock proteins and become active receptors. These receptors are ready
to bind to steroids and reinitiate the whole process. Munck and Holbrook (29) em-
ployed this recycling theory and demonstrated rapid kinetic behavior with cyclic
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Figure 6 Pharmacodynamic model of corticosteroid actions in rat liver. D, Steroid con-
centration at hepatic cytosol receptor site; R, free glucocorticoid receptor density; DR, ste-
roid-receptor complex in the cytoplasm; DR(N), steroid-receptor complex in the nucleus;
mRNAGR, GR mRNA level; ksyn,GRmRNA, transcription rate of GR mRNA; kdgr,GRmRNA,
degradation rate of GR mRNA; ksyn,GR, translation factor for GR synthesis; kdgr,GR, degra-
dation rate of GR; kon, association rate constant for steroid receptor binding; kT, first-order
rate constant for the translocation of steroid-receptor complex into the nucleus; kre, overall
turnover rate of DR(N); Rf, recycling fraction; TC, transcription compartment in which ste-
roid-receptor complex initiates the transcription; kN, distribution rate constant between
DR(N) and TC; g, a power term; mRNATAT, TAT mRNA level; EF1, transcription factor for
TAT mRNA induction; kdgr,TATmRNA, degradation rate constant for TAT mRNA; TAT, TAT
activity level; EF2, translation factor for TAT induction; kdgr,TAT, degradation rate constant
for TAT.
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models for glucocorticoid receptor complexes in rat thymus cells. Receptor recy-
cling may play an important role in the recovery from GR downregulation, and the
fraction recycled was captured as a constant, Rf.

VII. Pharmacodynamic Studies

Tyrosine aminotransferase (TAT) is a hepatic enzyme and commonly employed
biological maker used to study the delayed responses of corticosteroids. TAT in-
duction in rat liver was modeled as a receptor-mediated effect of prednisolone in
our first- and second-generation models (30 –32). Quantitative Northern hy-
bridization methods (33) allowed us to determine GR messenger RNA (mRNA)
and TAT mRNA levels at different time points after corticosteroid treatment. This
resulted in a third-generation model for corticosteroid pharmacodynamics in
which the roles of GR mRNA in GR downregulation and TAT mRNA in TAT in-
duction by MPL were examined (34). Our present fourth-generation model
(35–37) is shown in Figure 6. Our experimental measurements can only capture
cytoplasmic events, and processes occurring in the nucleus are modeled as a
“black-box” based on a transit-compartment approach (38).

The model was applied and derived from the PK/PD data shown in Figure 7.
Following a 50 mg/kg IV bolus dose of methylprednisolone in a group of adrena-
lectomized rats, the decline in MPL plasma concentrations was biexponential with
a terminal half-life of about 0.6 hour. The steroid was undetectable by 7 hours. The
profile of GR mRNA concentrations declined from a baseline of 25.8 fmol/g to
the trough of 47% of the initial value and slowly returned to the baseline over
24 – 48 hours. It appeared that the steroid-receptor complex in the nucleus was
able to suppress GR transcription for up to 10 hours postdoing. The time course
of free GR showed an immediate decline after dosing, indicating that after steroid-
receptor binding, the dissociation of hsp and translocation must be extremely
rapid steps, which could be captured with a single rate constant (kT). The recov-
ery showed two phases with recovery from 0 to 30% of the baseline occurring in
the first 10 hours. The second phase, which was parallel to the recovery of GR
mRNA, was much slower and required 72 hours.

The first phase of GR recovery was modeled as coming from the recycling
of DR(N), as suggested by Oakley and Cidlowski (16). The end of the first phase
shown in Figure 7 was about 30% of the GR baseline value, which is lower than
the estimated Rf value (0.49), suggesting that about 40 –50% of DR(N) will be-
come a steroid-activatable form of GR again in cytoplasm. Since the first phase of
GR recovery was within 10 hours after dosing, the MPL plasma concentration was
still sufficient to form DR when free GR was recycled in the first few hours. These
results suggest that some of the glucocorticoid receptors were involved in the en-
tire cycle [forming DR, DR(N), initiating transcription, being recycled and reac-
tivated in the cytoplasm] more than once before the receptor protein was degraded.
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The literature suggests (16) that the half-life of steroid-untreated GR 
mRNA is about 4 –5 hours. Therefore, the estimated half-life of GR mRNA
(0.693/kdgr,GRmRNA) of 6 hours is reasonable. These results showed that assuming
that activated steroid-receptor  complex interferes with the transcription rate of
GR mRNA is suitable for quantitating GR mRNA and GR downregulation in this
analysis.

The induction of TAT mRNA in rat liver is shown in Figure 7. The TAT
mRNA induction starts at about 1.5 hours, the peak appears at about 5.5 hours, and
declines to baseline in 14 hours after MPL dosing. The transit compartment (TC)
captures the delay through the kT and kN steps, while the EF1 constant allows for a
change in units as well as part of the rise in mRNA TAT concentrations. In addi-
tion, a power coefficient (g) is used as a signal amplifier to control the sharpness
of the mRNA TAT peak. A g value of 2.4 was found.

Following a similar pattern as TAT mRNA, the induction of TAT activity
has a lag time of about 2 hours. The curve rises in parallel to TAT mRNA, reaches
its maximum activity at about 7 hours, and declines to the baseline by about 18
hours postdosing. The decline of TAT is parallel to that of TAT mRNA.
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Figure 7 Time course of responses to methylprednisolone after a 50 mg/kg iv bolus
dose in rats: hepatic glucocorticoid receptor messenger RNA, free glucocorticoid receptor
density, TAT mRNA, and TAT activity. Data points are experimental measurements and
lines are fittings to the model shown in Figure 6. (Adapted from Ref. 36.)
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The present fourth-generation PK/PD model for receptor gene–mediated
corticosteroid effects is parsimonious in capturing a diverse array of steps in cor-
ticosteroid action with a minimum number of parameters, but it has predictive
power and greater generality than for TAT induction. The published model was
used to anticipate the modulation of responses from a second dose of methyl-
prednisolone when given 24 hours after the first dose. Since the GR mRNA and
free receptors are not fully recovered by 24 hours after a 50 mg/kg dose, the model
predicted and experimentation confirmed that the TAT mRNA and TAT responses
would be reduced following a second dose (36). This is a natural type of “toler-
ance” phenomenon.

Muscle tissue from the same rats used for the TAT analyses was employed
to assess the effects of methylprednisolone on induction of mRNA and glutamine
synthetase  (GS) activity (37). It was surprising how similar the patterns of GR
mRNA and free GR were in muscle and liver. The induction profile of GS mRNA
and GS were also similar to that of TAT mRNA and TAT, but the former occurred
over a slightly longer time frame.

VIII. Dosage Regimen Simulations

The receptor gene–mediated PK/PD model was used further to assess the role of
dose and delivery rate on receptor, mRNA, and TAT responses. Figure 8 shows the
predicted effects of doses ranging from 5 to 100 mg/kg of methylprednisolone us-
ing parameters generated as described above. Clear differences in most response
profiles are seen between the 5 and higher doses, but little change occurs between
20 and 100 mg/kg doses. Thus the system seems to be near capacity in this region.
Figure 9 depicts simulations of responses to a 100 mg/kg dose infused over 1, 4,
8, and 12 hours. Receptor occupancy, in particular, is enhanced by slower drug de-
livery. The TAT response is essentially doubled when the drug is infused slowly.
The initial high concentrations of corticosteroid after rapid administration cause
part of the dose to be wasted as receptors become fully occupied. Improved
efficacy is gained by extending the exposure of drug to receptors so that additional
stimulus is gained as the receptors are recycled or regenerated. This concept was
verified in an earlier experiment (39) showing that receptor and TAT profiles were
similar when methylprednisolone was given as three 5 mg/kg doses at 1-hour in-
tervals versus a single bolus of 25 mg/kg.

These types of studies provide useful insights into the role of dose and tim-
ing on selected short-term responses to corticosteroids in animal systems. Studies
are underway to address the effects of chronic doses (long-term infusions) on these
response systems. The general framework of these studies encompasses pharma-
codynamics from a systems pharmacological perspective using tools of molecular
biology and PK/PD modeling to assess in vivo drug responses in a reasonably un-
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Figure 8 Simulations of the PK/PD effects of dose (5–100 mg/kg) of methylpred-
nisolone on the pharmacokinetics and indicated receptor mRNA, and TAT activities.
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Figure 9 Simulations of the PK/PD effects of alterations of delivery rate of methyl-
prednisolone with a dose of 100 mg/kg infused over the indicated durations of time.
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perturbed manner. The modeling and experimental approaches used for cortico-
steroids for animal and human responses have provided several conceptual ad-
vances in the area of mechanism-based PK/PD modeling including use of indirect
response modeling (3), dealing with circadian rhythms (7), role of drug-receptor
binding (30 –36), signal transduction processes (38), enzyme induction, tolerance
or downregulation (32,35), and a systems-analysis approach to interconnected
complex processes (35).
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Discussion

Dr. Edsbäcker: Would you predict that plasma protein binding and nonspecific
intracellular binding would greatly affect the predictions you can make from
your MP models? As inhaled steroids generally have both a greater plasma pro-
tein binding and also a greater receptor affinity, this is of importance for the ap-
plicability of the model on the new lipophilic steroids.

Dr. Jusko: Generally in pharmacodynamics, and it applies with corticosteroids,
the unbound drug in plasma serves as the driving force and equilibration com-
ponent for drug access to cells and tissues. This is known as the “free drug hy-
pothesis,” which can be  attributed to D. Riggs. Unbound drug concentrations,
in turn, are governed by the intrinsic clearance processes responsible for drug
elimination. Both plasma protein binding and nonspecific tissue binding are pri-
mary determinants of the volume of distribution. A larger volume of distribu-
tion produces a longer half-life (e.g., t1/2 � 0.693 V/CL), which would produce
a longer duration of action of drugs with similar clearances.

Dr. Derendorf: Would you expect a gender-related difference in cortisol sup-
pression for a high-affinity steroid such as ICS?

Dr. Jusko: We found offsetting gender differences in methylprednisolone clear-
ance and sensitivity to cortisol suppression (Lew KH et al. Clin Pharmacol Ther
1993; 54:402), which produced similar net changes in cortisol concentrations.
I am not aware of any similar findings for other corticosteroids, although the
type of PK/PD modeling to uncover this is only of recent origin.

Dr. Edsbäcker: Regarding gender differences, we have made a meta-analysis of
all in-house budesonide pharmacokinetic and cortisol supression data to look
for effects of gender. No, or clinically insignificant, differences were found. In
studies where oral contraceptives were allowed, a general elevation of baseline
cortisol levels were found, but relative suppression by budesonide appeared
similar in oral contraceptive users versus nonusers (Seidegard J, Simonsson M,
Edsbäcker S. Clin Pharmacol Ther 2000; 68:13).

Dr. Georas: You have presented a beautiful model of induction of gene expres-
sion by GC, but of course a relevant question in asthma is the inhibition of gene
expression. In that setting, keeping the number of GR molecules in the nucleus
above a threshold value might be very important.

Dr. Jusko: For both gene induction and gene repression as well as a large array
of other mechanisms, a common rule of thumb is that optimal pharmacological
effects occur when drug concentrations are just above an IC50, EC50, KD, or
other indicator of receptor or mediator sensitivity.
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I. Overview of the Chemokine /Chemokine Receptor
Superfamilies

Research in the field of chemokines has radically changed, over the last decade,
the functional identity of this family of low molecular weight peptides. Initially
identified as molecules that regulated leukocyte trafficking, their role in immunity
and host defense has greatly expanded and has been found to be relevant in a va-
riety of homeostatic and disease processes. Chemokines have now been recog-
nized to play a role in such diverse conditions as atherosclerosis, AIDS, asthma,
and in the immunopathology of tumors and transplants (1).

The relevance of members of the chemokine family as target of glucocorti-
coid anti-inflammatory action stems from the growing evidence on the crucial role
that this class of molecules plays in the pathogenesis of many inflammatory reac-
tions, due to their ability to act as potent chemoattractants and activators of
specific subsets of leukocytes (2).

More than 40 members of this family of small, structurally related peptides
as well as over 20 chemokine receptors have been identified and cloned, often
through screening of expressed sequence tag databases (for extensive review, see
Refs. 1–5). Chemokines are divided into four branches, or subfamilies, based upon
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the structural feature of the number and spacing of highly conserved cysteine
residues present in their aminoacid sequence. These subfamilies are referred to
as CC (or b), CXC (or a), C (or g), and CX3C and share areas of highly con-
served sequences. The absence or presence of an intervening amino acid between
the first two of four conserved cysteines characterizes the CC and the CXC fam-
ily, respectively (6). The C (or g) subfamily includes lymphotactin, in which only
two cysteines are conserved (7). Fractalkine is the only member of the CX3C
subfamily and has unique structural features: it possesses a transmembrane do-
main linked to a CC-like domain via a long mucin-rich region, and it is the only
membrane-bound chemokine (8). Molecules of the C-C chemokine subfamily,
such as RANTES (regulated upon activation, normal T cell expressed and se-
creted), eotaxin, eotaxin-2, eotaxin-3, monocyte chemoattractant protein (MCP)-
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Table 1 Human Chemokines: New Nomenclature 
Proposal

Proposed Current

1. CXC chemokines

CXCL1 GROa/MGSA-a
CXCL2 GROb/MGSA-b
CXCL3 GROg/MGSA-g
CXCL4 PF-4
CXCL5 ENA-78
CXCL6 GCP-2
CXCL7 NAP-2
CXCL8 IL-8
CXCL9 Mig
CXCL10 IP-10
CXCL11 I-TAC
CXCL12 SDF-1a/b
CXCL13 BLC/BCA-1
CXCL14 BRAK/bolekine

2. CC chemokines

CCL1 I-309
CCL2 MCP1/MCAF
CCL3 MIP-1a
CCL4 MIP-1b
CCL5 RANTES
(CCL6) Unknown
CCL7 MCP-3
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3, MCP-4, and monocyte-derived chemokine (MDC), are functionally charac-
terized by potent and/or selective chemoattractant and activating properties to-
ward eosinophils, basophils, monocytes, and T lymphocytes, while being very
weak chemoattractants for neutrophils (9–18). The CXC subfamily is further
subdivided according to the presence or absence of the tripeptide motif ELR
(glutamic acid-leucine-arginine) in the amino terminus. ELR chemokines act as
potent chemoattractants for neutrophils but not monocytes, and non-ELR chemo-
kines, a small group constituted by IFN-g–inducible protein (IP)-10, monokine
induced by IFN-g (MIG), platelet factor (PF)-4 and stromal cell–derived factor
(SDF)-1, lack chemotactic activity on neutrophils but attract mononuclear cells.
Recently, a new chemokine classification has been proposed based on the
chemokine receptor nomenclature currently used (19), using the four receptor
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2. CC chemokines (Cont’d)

(CCL9/10) Unknown
CCL11 Eotaxin
(CCL12) Unknown
CCL13 MCP-4
CCL14 HCC-1
CCL15 HCC-2/Lkn-1/MIP-1d
CCL16 HCC-4/LEC
CCL17 TARC
CCL18 DC-K1/PARC /AMAC-1
CCL19 MIP-3b/ELC /exodus-3
CCL20 MIP-3a/LARC /exodus-1
CCL21 6Ckine/SLC /exodus-2
CCL22 MDC /STCP-1
CCL23 MPIF-1
CCL24 Eotaxin-2/MPIF-2
CCL25 TECK
CCL26 Eotaxin-3
CCL27 CTACK/ILC

3. C chemokines

XCL1 Lymphotactin/SCM-1a/ATAC
XCL2 SCM-1b

4. CX3C chemokines

CX3CL1 Fractalkine

Source: Ref. 1.

Table 1 Continued

Proposed Current
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subfamilies names— CC, CXC, XC, and C—followed by an L (as ligand) in-
stead of an R (as receptor) and a number corresponding to that in use to desig-
nate the gene enoding each chemokine (1). Although in this chapter we have
have referred to the chemokines using the current nomenclature, in Table 1 these
denominations are paired with the new systematic name proposed by the new
classification system.

Chemokine functions are mediated by binding to a complex network of
seven transmembrane-spanning, G-protein– coupled receptors, the chemokine re-
ceptors (19), which are, for the most part, specific for the corresponding subfam-
ily (5). The majority of the receptors for the CXC (CXCRs) and the CC (CCRs)
subfamilies are shared by multiple chemokines, and many chemokines can bind
to more than one receptor. For example, members of the CC chemokine family,
the one mostly involved in allergic inflammation, differ in receptor usage, target
cell specificity, and cellular sources (Fig. 1). RANTES can induce migration of
cells expressing CCR1, CCR3, and CCR5, and MCP-4 can activate cells express-
ing CCR2 as well as CCR3. Eotaxin and eotaxin-2 appear to be the only CCR3-
selective chemokines (20). Such variations in receptor utilization, and the ability
of most of eosinophil-active CC chemokines to act on other cell targets, reveal a
significant heterogeneity of their biological activity, with only partially overlap-
ping functions (i.e., induction of eosinophil migration). On the other hand, such
redundancy creates a challenge in the study of their function in vivo, since the full
effect of a targeted inactivation of a specific chemokine or chemokine receptor
gene may be masked by alternative chemokine pathways.

II. The Role of Chemokines in Airway Allergic
Inflammatory Diseases

Selective inflammatory cell recruitment is the result of a multi-step process in
which chemokine-driven cell chemotaxis acts in concert with cytokine-induced
selective priming of circulating leukocytes, as well as with upregulation of adhe-
sion pathways governing leukocyte rolling, adhesion and transmigration through
the endothelial layer. In a variety of chronic human inflammatory diseases, as well
in animal models of inflammation, several studies have demonstrated the upregu-
lated expression of a relatively specific subset of chemokines within the inflam-
matory site, which often correlated with the selective recruitment of distinct
inflammatory cells types within the tissue sites (4). In the case of a chronic inflam-
matory allergic disease such as asthma, characterized by a predominant influx of
eosinophils, as well as T lymphocytes, monocytes and basophils, the increased
expression of several CC chemokines, such as MCP-1, MCP-4, RANTES, eotaxin
and eotaxin-2 has been clearly established (2). In particular, expression of eotaxin
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in the airways has been strongly correlated with the presence of an eosinophilic
infiltrate (21–23).

Chemokines are widely expressed in many tissues, either constitutively or
following activation of the immune response. Upon stimulation in vitro with
proinflammatory stimuli, such as TNFa or IL-1, a wide array of cells produce
proinflammatory chemokines: circulating inflammatory cells, as well as resident
cells, such as mast cells, dendritic cells, fibroblasts, epithelial cells, endothelial
cells, and smooth muscle cells (2).

However, it is important to note that examination of specimens from
inflamed tissues in animal models of allergic inflammation and in human subjects
with respiratory allergy revealed a more narrow spectrum of cellular sources for
chemokines, indicating that, in vivo, complex mechanisms regulate chemokine
production in order to control, in a dynamic fashion, the leukocyte trafficking in
homeostatic as well as in disease conditions.

Epithelial cells appear to be, both in animal models of allergic inflammation
and in human diseases, one of the main sources of chemokine production in the
airways (24). Extensive research in the last decade has broadened the role of ep-
ithelium from a “target” cell type being damaged as a result of inflammatory
events, to an “effector” cell type, able to actively participate in the inflammatory
response through the synthesis of numerous proinflammatory and immunomodu-
latory molecules: lipid and peptide mediators, adhesion molecules, catabolic en-
zymes and enzyme inhibitors, and, most remarkably, a wide array of cytokines
and chemokines promoting the chemotaxis, recruitment, activation, and survival
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Figure 2 Differential effect of IL-4 and IFNg on C-C chemokine production in human
airway epithelial cells. Eotaxin and RANTES levels in the supernatants of BEAS-2B cells
treated for 18 hours with the indicated concentrations of TNFa and IL-4 (n = 4 – 6) and
TNFa plus IFNg (n = 5). *p � 0.05 when compared to chemokine levels in unstimulated
cells: **p � 0.05 compared to TNFa-induced chemokine release. (From Ref. 38.)
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of eosinophils and other inflammatory cells within tissue sites (25, 26). The pres-
ence of eosinophils and other infiltrating cells within the epithelial layer (27–29)
was indeed suggestive that epithelial cells could act as a relevant source of
chemoattractants. Immunohistochemistry and in situ hybridization studies on CC
chemokine expression confirmed that epithelium is among the most intensely
staining cell types, if not the most intensely staining cell type, in biopsies of both
upper and lower airways of humans and mice (21,22,28,30 –34). In addition, nu-
merous in vitro studies have confirmed that airway epithelial cells produce sub-
stantial quantities of RANTES, eotaxin, and MCP-4 (14,35–37). Recent in vitro
studies indicate that, despite the apparent redundancy of the repertoire of
chemokines with overlapping functions produced by epithelial cells, there are
striking differences in their specific profiles of activation. In particular, while
TNFa induces RANTES, MCP-4, as well as eotaxin in human airway epithelial
cells, the Th2 cytokine IL-4 leads to selective induction of eotaxin and MCP-4 ex-
pression and synergistically enhances TNFa-induced eotaxin expression. Con-
versely, the Th1 cytokine IFNg potently and selectively upregulates RANTES ex-
pression induced by TNFa, but not eotaxin expression (Fig. 2) (38). Moreover,
both IL-4 and IL-13 have been shown to further narrow the spectrum of epithelial-
derived chemokines by downregulating IL-8 production in epithelial cells stimu-
lated with TNFa (39).

Thus, it appears that during allergic inflammatory reactions the profile of
cytokines released in the microenvironment might constitute an important regula-
tory signal for the expression of selective chemokine patterns from epithelium. A
Th2 response, in which IL-4 and IL-13 are generated, will drive epithelial chemo-
kine expression toward eotaxin and MCP-4, while a Th1 response, and IFNg, will
drive the response toward RANTES and IL-8. It can be envisioned that after anti-
gen exposure, production of TNFa by macrophages and resident cells might in-
duce the production of a broad, nonselective spectrum of chemoattractant signals
from epithelium, leading to the recruitment of an heterogeneous leukocyte popu-
lation comprising an early neutrophil component followed by lymphocytes,
eosinophils, and monocytes. Once the inflammatory infiltrate includes adequate
Th2 cells, the local production of IL-4 and IL-13, in coordination with release of
TNFa from adjacent macrophages, might then induce the recruitment of a more
selective, disease-specific inflammatory cell population by two parallel mecha-
nisms: on one side, by downregulating the epithelial expression of some chemo-
kines, such as IL-8 and RANTES, and at the same time potentiating the produc-
tion of more eosinophilic chemokines such as eotaxin. These combined regulatory
pathways would ultimately increase the selective influx of those effector cells,
such as eosinophils and basophils, found in the airway mucosa in chronic allergic
inflammation. In support of this hypothesis, recent studies of airway epithelium in
asthmatic patients found that there is a close relationship between epithelial pro-
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Figure 3 Molecular mechanisms of glucocorticoid-mediated transcriptional regulation
of inflammatory genes. Acting as a transcription factor, the ligand-activated glucocorticoid
receptor (GR) modulates gene transcription either directly (a,b) or indirectly (c,d). (a) Di-
rect target gene activation: transcription of the gene in question is initiated by binding to
the GRE within the promoter. (b) Direct target gene repression: binding to the negative glu-
cocorticoid response element (nGRE) has a repressive effect on the promoter activity of the
target. (c) Indirect target gene repression: the inhibitory effect of glucocorticoids on gene
transcription is indirect, resulting from either removal of transcription-activating factors, or
(d) induction of transcription factor inhibitors.
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duction of eotaxin and tissue eosinophilia (21), reinforcing the new, central role of
epithelial cells in the mucosal chemokine network.

III. Chemokine Expression as a Target of Glucocorticoid
Action

It is now well established that the potent anti-inflammatory activity of glucocorti-
coids is due to a multifaceted mechanism of action, in which multiple and diverse
metabolic functions are influenced by interference with a wide array of cellular
and molecular pathways. The inhibition of the activation of genes involved in
inflammation is now recognized as a key mechanism in glucocorticoid action, al-
though it is not the only one; the targeted genes are involved in a great variety of
functions, such as proinflammatory and immunomodulatory cytokines, enzymes,
chemical mediators, plasma, and extracellular matrix components. The growing
body of evidence indicating the crucial contribution of the mucosal chemokine
network to the pathophysiology of airway allergic diseases makes this class of
molecule an ideal target of glucocorticoid action.

After a brief overview of the molecular basis of glucocorticoid-induced
gene regulation, we will evaluate some of the studies conducted so far analyzing
the effect of glucocorticoids on chemokine expression.
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Figure 4 Theoretical mechanism of glucocorticoid-mediated posttranscriptional gene
regulation. The acceleration of the decay of the target gene mRNA by glucocorticoids may
in some cases be mediated by ARE present in the 3
-UTR of the mature mRNA molecule. It
is possible that destabilization may occur directly or through the synthesis of yet unidentified
ARE-binding protein(s). Inhibition of kinase pathways controlling translation, also ARE-
dependent, may be involved in inhibition of protein translation by glucocorticoids.
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A. Molecular Mechanisms of Glucocorticoid-Mediated Gene
Regulation: An Overview

Glucocorticoids can interfere at different levels in the complex pathways leading
to the expression of a gene. Repression can occur as a result of interference at a
transcriptional level or as a consequence of mechanisms operating at posttran-
scriptional and even posttranslational levels (reviewed in Refs. 40,41).

Glucocorticoid-induced transcriptional regulation was first recognized to
occur through DNA-dependent mechanisms, through direct binding of the ligand-
activated glucocorticoid receptor (GR) to either positive or negative DNA gluco-
corticoid response elements (GREs and nGREs) in the promoter region of the tar-
geted gene (42,43), either promoting the synthesis of anti-inflammatory genes
(Fig. 3a) or preventing that of pro-inflammatory genes (Fig. 3b), respectively. 
Subsequently, it has been established that glucocorticoids can act in a DNA-inde-
pendent fashion by engaging protein-protein interactions with other transcription
factors, such as NF�B, AP-1, CREB, OCT-1, NF-IL-6, and others (44 – 46) (for
more extensive review see Refs. 47, 48). The formation of these protein complexes
prevents the interaction of transcription factors with their cognate binding sites
within the promoter region of inflammatory genes, interfering with their ability to
activate the expression of such genes (Fig. 3c). An alternative mechanism of glu-
cocorticoid-mediated gene repression has been recently reported in T lympho-
cytes, where glucocorticoids have been shown to repress gene expression also by
inducing the synthesis of I�B, an inhibitor of the transcription factor NF�B. This
inhibitor binds NF�B in the cytoplasm and blocks the nuclear translocation of this
transcription factor and the subsequent NF�B-dependent activation of inflamma-
tory genes (49,50) (Fig. 3D) (49). A rise of the I�B level in the cell would retain
NF�B in the cytoplasm and cause the relocation of NF�B from the nucleus to the
cytoplasm, leading to termination of NF�B-mediated gene expression. To date a
GRE has not been found in the I�B promoter. However, upregulation of I�B by
glucocorticoids does not appear to play a role in other in vitro cell systems using
endothelial cells and fibroblasts (51,52).

Glucocorticoids have also been found to inhibit gene expression using post-
transcriptional mechanisms, by accelerating the degradation of mRNA molecules
(Fig. 4). Regulation of many genes involved in inflammatory and immune re-
sponses can be rapidly achieved by stabilization/destabilization of their mRNAs,
as demonstrated for G-CSF, GM-CSF, IL-1, IL-2, IL-3, and IL-6 (see Ref. 53 for
review). Posttranscriptional gene regulation occurs via multiple mechanisms,
such as the presence of regulatory sequences within the mRNA, the presence of
cytoplasmic proteins interacting with mRNA, as well as induced changes in the
secondary structure of the mRNA (53–55). Several sequences critical for mRNA
stability have been identified in the 3
 end untranslated region (UTR) of mRNAs.
The presence of adenylate/uridylate (AU)–rich elements (AREs) present in the 3

UTR of an mRNA species has been clearly linked to acceleration of mRNA
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turnover, presumably by acting as binding sites for mRNA-degrading proteins
(56 – 60). The AREs consist of segments of 50 –150 nucleotides containing mul-
tiple copies of the pentamer AUUUA and a high content of uridylate and adeny-
late residues. AREs have been shown to facilitate rapid deadenylation as the first
step in mRNA degradation. However, other sequences structurally and function-
ally distinct from the ARE can also play a role in mRNA turnover (61).

Glucocorticoids have been shown to increase the degradation rate of mRNA
encoding for IL-1b (60), GM-CSF (59), and IFNb (62), and evidence indicates that
AREs are necessary to mediate this glucocorticoid response. In cells transiently
transfected with vectors expressing IFNb, but carrying various deletions of the
3
UTR, glucocorticoids were able to inhibit IFNb mRNA expression only in cells
expressing the ARE-containing mRNA species (62). Other regulatory regions
may be targets of glucocorticoid regulation, as proposed in the case of stabiliza-
tion of the unspliced fibronectin mRNA, where glucocorticoid-responsive regula-
tory elements are thought to be located in the introns (63). Since glucocorticoid
effects on mRNA stability can be protein synthesis–dependent (64 – 66), it is pos-
sible that glucocorticoids might induce the synthesis of proteins that decrease
mRNA stability or translation. A wide array of distinct proteins binding to AREs,
as well as to other cis elements in mRNAs, have been characterized (67). How-
ever, the identity of the glucocorticoid-dependent RNA-binding proteins is
scarcely known. Treatment of a nontransformed CD4�T-cell clone with dexam-
ethasone-induced cell apoptosis in parallel with the appearance of the cytosolic
binding proteins AU-A and AU-B (68). The 3
 UTRs of mRNAs also function as
important regulatory elements of translational regulation: the ARE region in the
3
 UTR of TNFa was found to be necessary to mediate stress-activated protein ki-
nase/c-Jun N-terminal kinase (SAPK/JNK)-mediated activation of TNFa trans-
lation in monocytes (69).  Glucocorticoids can interfere with these pathways: dex-
amethasone was shown to inhibit TNFa translation by blocking the activity of the
SAPK/JNK pathway in monocytes (70).

Glucocorticoids are able to modulate the expression of a gene even further
downstream of transcriptional or posttranscriptional steps, by influencing post-
translational events. Translational processing accounts for a series of chemical
modifications of gene products, such as site-specific cleavage, phosphorylation,
glycosylation, or attachment of lipid components, which define the function and
final location of the mature proteins. Glucocorticoids were shown to regulate the
maturation of murine mammary tumor virus (MMTV) proteins in infected rat he-
patoma cells by interfering with two posttranslational pathways: one controlling
glycoprotein compartmentalization and processing, and a second controlling pro-
tein phosphorylation pathways (71). Posttranslational mechanisms also con-
tributed to glucocorticoid-induced inhibition of inducible nitric oxide synthase
(iNOS) expression in rat glomerular mesangial cells through the reduction of
iNOS mRNA translation and increased degradation of iNOS protein (72).
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B. Chemokine Gene Expression: A Therapeutic Target and 
a Research Model for the Study of Molecular Mechanisms 
of Glucocorticoid Action

In vitro studies using different cell sources have revealed the characteristics of the
pharmacological effects of glucocorticoids on chemokine production. The degree
of inhibition appears to vary greatly, ranging from no effect to complete suppres-
sion of mRNA and protein production; the inhibitory efficacy is influenced by cell
type and stimulus used, once again indicating that multiple pathways and mecha-
nisms of gene suppression are involved in glucocorticoid activity (reviewed in
Ref. 41).

Several investigators have chosen human airway epithelial cells as an in
vitro model to characterize glucocorticoid effects on chemokine production
(13,14,35,36,73,74). Epithelial cells are very rich in glucocorticoid receptors (75),
and many proinflammatory genes have been found to be glucocorticoid-sensitive
in these cells (25). Most importantly, airway epithelium is a major source of
chemokines and a relevant target for topical glucocorticoids, the main therapeutic
modality used for respiratory allergic diseases. Therefore, the local suppression of
epithelial-derived chemokines may contribute significantly to the clinical efficacy
of glucocorticoids by preventing chemokine-driven  leukocyte infiltration within
the airway mucosa. In these cells, the inhibitory effect on chemokines appears to
be concentration-dependent, glucocorticoid-specific (35), and displays a rank
order of potency for different glucocorticoids that resembles their anti-inflamma-
tory activity in vivo (76,77). Studies on the molecular mechanisms of glucocorti-
coid activity on chemokine genes are still at an early stage but growing in number,
and due to the relevance of the chemokine network in immunity they are likely to
uncover novel and relevant molecular targets of glucocorticoid action.

Transcriptional inhibition by glucocorticoids has been found to occur via
both DNA-dependent and -independent pathways in the case of IL-8 (78–81).
With regard to eosinophil-active chemokines, the glucocorticoid budesonide in-
hibited eotaxin and RANTES promoter-driven reporter gene activity in a tran-
siently transfected epithelial cell line, indicating that inhibitory mechanisms can
occur at transcriptional level for these two chemokines (38). The molecular basis
of such inhibitory activity is currently under investigation. A GRE is present in the
promoter region of eotaxin, but its presence is not necessary for glucocorticoid in-
hibition. Furthermore, since both NF�B and AP-1 are necessary for the expres-
sion of several CC chemokines, including MCP-1 (82), RANTES (83), and eo-
taxin (79,80), it can be hypothesized that interference with AP-1-and
NF�B-activating pathways, through protein-protein interactions of the ligand-ac-
tivated GR, might play a role in the inhibitory mechanisms of glucocorticoids on
the expression of chemokines from epithelium.

Recent data indicate that the Th2 cytokines IL-4 and IL-13 selectively in-
duce eotaxin expression in epithelial cells and strongly potentiate that induced by
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TNFa and that such induction is inhibited by cell treatment with budesonide (38).
These data suggest that another potential glucocorticoid target is STAT6, a mem-
ber of the STAT family of transcription factors that plays a crucial role in IL-4 and
IL-13 signaling (84,85) and biological functions (86,87). In the eotaxin proximal
promoter, a highly conserved binding site for STAT6 is located just 15 bp up-
stream of the TATA box and partially overlaps with a NF-�B element (79,80), sug-
gesting a role for STAT6 in IL-4-induced eotaxin expression and also implying
that cooperation between STAT-6 and NF-�B/Rel family members might medi-
ate the synergistic effects of TNFa and IL-4 observed on eotaxin expression in
BEAS-2B cells. Indeed, it has been recently shown that in BEAS-2B cells tran-
siently transfected with an eotaxin promoter luciferase  construct in which the
STAT6 site is mutated, IL-4 fails to induce the reporter activity or to potentiate the
induction by TNFa (88). Studies are presently undergoing to further define
whether STAT-6 is a molecular target of glucocorticoid-mediated inhibition of eo-
taxin transcription.

Studies on the posttranscriptional regulation of chemokine mRNA half-life
are still at an early stage, but they already indicate that chemokine mRNA turnover
is influenced by cytokines and by glucocorticoids. Induction of IL-8 by IFNg in
monocytes, as well as its downregulation by IL-4, has been shown to occur via an
increase or a decrease, respectively, in the stability of its mRNA (89,90). Induc-
tion of RANTES by respiratory syncytial virus is critically regulated at a post-
trancriptional level in airway epithelial cells (91). Multiple AREs have been found
in the 3
 end UTR of IL-8 (92), MCP-1 (93). MIP-1a (94), and eotaxin (37), but
ARE are not present in the 3
UTR of RANTES (95) and MCP-4 (13). In the ep-
ithelial cell line BEAS-2B, budesonide induced a striking acceleration of eotaxin
and MCP-4 mRNA decay while having no effect on RANTES mRNA half-life
(35,38,73). Acceleration of IL-8 mRNA decay by glucocorticoids occurs in hu-
man fibroblasts (96) and appears to be the main regulatory mechanism of IL-8
suppression in human bone marrow stromal cells (97), although it did not seem to
play a role in IL-8 inhibition by glucocorticoids in epithelial cells (98).

The presence of ARE in the 3
UTR may not be the only mechanism for glu-
cocorticoid activity on posttranscriptional events. Lack of posttranscriptional ef-
fects by glucocorticoids on chemokine genes possessing ARE has been observed
for MIP-1a mRNA in monocytes (99), which has four ARE in its 3
UTR (94), and
for MCP-1 in HMC-1 cells (100); furthermore, budesonide increased decay of
MCP-4 mRNA in epithelial cells (38), despite the lack of ARE in the 3
UTR of
the MCP-4 transcript (13). Therefore, other sequences present in the 5
 or 3
UTR
of chemokine mRNA species, or in intronic sequences of nuclear, immature RNA,
or even in the coding region could function as binding sites of glucocorticoid-in-
duced mRNA binding proteins.

Other pathways regulating translational activation of chemokine mRNA
could be targeted by glucocorticoids. It has been recently shown that in an epithe-
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lial cell line, IL-8 mRNA half-life is prolonged, after challenge with IL-1, by se-
quential activation of members of the p38 MAP kinase pathway, and that such sta-
bilization is ARE dependent (101). p38 MAP kinase has also been recently  rec-
ognized as important regulatory pathway for RANTES expression in airway
epithelial cells (102,103). It would be of interest to ascertain if the p38 or any other
tyrosine kinase-initiated signaling cascade involved in chemokine regulation
could be inhibited by glucocorticoids.

IV. Concluding Remarks

Given the relevance of the chemokine network in the pathogenesis of allergic
inflammation, it is understandable why it has been considered, since its initial dis-
covery and characterization, an important target for the anti-inflammatory therapy
of allergic diseases. Evaluation of the effects of glucocorticoids on chemokine ex-
pression, both in vivo and in vitro, has shown that many genes of the C-C chemo-
kine subfamily, which is more pathogenetically relevant in allergic diseases, are
sensitive to the effects of glucocorticoids. The data so far generated and discussed
in this chapter indicate that it is likely that the glucocorticoid effect on chemokines
is mediated by multiple inhibitory mechanisms, acting at both transcriptional and
posttranscriptional levels and contributing, to different degrees, to the suppression
of each chemokine. The relevance of the epithelium as a major source of
chemokines in the airways increases the likelihood that downregulation of these
molecules by topical glucocorticoid treatment, in which epithelial cells are the
most exposed to the drug, would have a significant role in the anti-inflammatory
activity of the glucocorticoid therapy. Moreover, the complexity of the regulatory
pathways of chemokine production, together with their glucocorticoid sensitivity,
makes the study of chemokine expression an ideal experimental system for the
identification of novel targets of glucocorticoid action.

More studies will be needed to fully uncover the molecular basis of the glu-
cocorticoid effect on chemokines; at the same time, it will be important to estab-
lish how much chemokine inhibition plays a role in reducing the tissue recruit-
ment of inflammatory cells and to what extent it influences the clinical outcome
of glucocorticoid therapy in chronic allergic diseases.
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Discussion

Dr. Denburg: What are the relative contributions of transcriptional and post-
transcriptional events in the regulation of chemokines by corticosteroids?

Dr. Stellato: The occurrence of posttranscriptional regulation by glucocorti-
coids has been investigated for several chemokines, but studies exploring in de-
tail the relative contribution of such mechanisms in comparison with those act-
ing at trascriptional level in determining glucocorticoid’s inhibitory activity are
still at an early stage. Work done in this area on the effect of glucocorticoids on
IL-8 production indicate that transcriptional and posttranscriptional regulatory
mechanisms are affected by glucocorticoid treatment to different degrees ac-
cording to the cell type: in human fibroblasts, glucocorticoids induce a signifi-
cant acceleration of IL-8 mRNA decay; in human bone marrow stromal cells,
posttranscriptional regulation appears to be the main mechanism of IL-8 sup-
pression by glucocorticoids, since nuclear run-on experiments—performed in
parallel with the mRNA stability assay—indicated that transcription of IL-8
was unaffected by glucocorticoids. In stark contrast, in primary epithelial cells,
IL-8 inhibition by glucocorticoids was found not to be mediated by acceleration
of mRNA decay; moreover, it is well known that the transcription factor NF-�B
is a target of the repression of IL-8 by glucocorticoids. Such differences, in my
opinion, may indicate that transcriptional and posttranscriptional regulatory
processes are affecting the expression of a particular gene in a dynamic fashion,
possibly according to changes in cell cycle, activation state, or other cell
type–specific events, and the mechanism of glucocorticoid effect may conse-
quently vary, affecting the regulatory event mostly driving gene expression in
each particular case.

Dr. Hamid: Can steroids have any harmful effect by suppressing chemokines?
It is likely that chemokines play a role in normal homeostatic and normal leuko-
cyte trafficking.

Dr. Stellato: It is likely that the constitutive expression of chemokines is already
under the influence of the physiological levels of endogenous steroids. It could
be hypothesized that the factors regulating chemokine expression in homeosta-
sis and in inflammatory condition may be different and that during inflamma-
tion chemokine expression is driven by glucocorticoid-sensitive mechanisms
not in place in homeostatic conditions; alternatively, it is possible that during
inflammation, the profile— or the levels— of molecules functioning as nuclear
receptor coactivators (i.e., CREB-binding protein/p300) may change and be-
come a major target of glucocorticoid action.

Dr. Busse: These are very interesting observations. Are there data that indi-
cate the signal transduction processes are different or distinct for RANTES and
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eotaxin? Second, IFNg has been shown to inhibit eosinophil recruitment in
animals. Do your observations suggest that IFNg inhibition of eotaxin means
this chemokine is the principal chemokine in the recruitment of eosinophils?
Third, what is known about the different chemokine receptors on different cells
like the eosinophils?

Dr. Stellato: Rothenberg’s group have reported that there are differences be-
tween eotaxin and RANTES in their ability to induce internalization of CCR3
in human eosinophils, but I do not recall any reports on differences in down-
stream signaling events. The redundancy of the chemokine network makes the
task of identifying the key player for eosinophil recruitment a difficult one.
Based on the in vivo data on eotaxin expression in allergen challenge models
and in diseases such as asthma, expression of eotaxin is the only one clearly
showing a correlation with the eosinophil influx. Eosinophils have been re-
ported to express CCR1 and CCR3; experiments in animal models suggest
that CCR3 is the major player in governing chemokine-driven eosinophil
chemotaxis. Eosinophils also express CXCR2, which binds multiple CXC
chemokines.

Dr. Brattsand: A popular theory today is that the adverse steroid effects are me-
diated over GRE-mediated upregulation via the receptor dimer, while the ma-
jor anti-inflammations are mediated by repression probably via the monomeric
receptor. Do you know whether the very interesting AUUUA mechanism re-
quires protein synthesis? Can you test this in the knockouts lacking the dimeric
form of GC receptor?

Dr. Stellato: Although I have not tested the protein synthesis requirements of
the effect of budesonide on eotaxin mRNA half-life, in the literature it is re-
ported that the effect of glucocorticoids on mRNA decay can be protein syn-
thesis–dependent, suggesting that glucocorticoids can induce the synthesis of
proteins, that can in turn influence mRNA stability or translation.

Dr. O’Byrne: Does eotaxin regulate its own receptor? Does eotaxin have effects
on any other cells apart from the eosinophil?

Dr. Stellato: In human eosinophils, engagement of CCR3 by eotaxin or
RANTES leads to prolonged receptor internalization and subsequent cellular
desensitization. I do not think it is known whether CCR3 ligands are regulat-
ing the expression of CCR3 at the mRNA level, but we are planning to study
this issue focusing on the CCR3 expression we found on epithelial cells. Ex-
pression of CCR3 has also been reported on human basophils, a subsets of Th2
lymphocytes, astroglial cells, and mast cells, and shown to mediate chemotaxis
of these cells. The functional role of CCR3 on structural cells such as epithe-
lial cells is still not fully understood. Expression of chemokine receptors on
several other structural cells, such as endothelial cells and smooth muscle cells,
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is being increasingly recognized and has been associated with cell proliferation
and chemotaxis. It is possible that chemokine receptors in structural cells may
participate not only in the local chemokine network during inflammatory
processes, but also in mechanisms of tissue repair or act as viral cell surface
receptors.
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I. Introduction

Synthetic glucocorticoids (GC) have been in use for the control of inflammatory
diseases for over a half century. Although their utility has not been diminished by
the lack of knowledge of their mechanism of action, insight into the mechanism(s)
of GC action has steadily advanced (1–3). It has recently become clear that GC
owe their efficacy to a mechanistically diverse and coordinated targeting of im-
mune and inflammatory processes (1,2). The diversity of GC molecular targets
comes in no small measure as a result of the fact that GC are endogenous hor-
mones that regulate inflammation and have highly evolved effects. These actions
of endogenous GC represent a balancing act in which excessive inflammation
must be regulated without serious compromise of the protective actions of the im-
mune and inflammatory response (4). The GC literature is now so large that is
nearly impossible to comprehensively review the actions of these fascinating hor-
mones. The purpose of this chapter is to discuss newly recognized and potentially
important targets or intermediaries of the anti-inflammatory effects of GC; we
have intentionally avoided discussions of the GC targets considered at length in
previous reviews by us and others.
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II. Glucocorticoids and Regulation of Gene Expression

A. Overview

With the discovery that the GC receptor complex can activate gene expression, the
anti-inflammatory actions of glucocorticoids were hypothesized to be due to the in-
duction of anti-inflammatory genes (5). This prompted a widespread search for
anti-inflammatory genes which are induced by GC and may act as mediators of GC
action. These studies led to the discovery of some GC-induced anti-inflammatory
proteins, including lipocortin, secretory leukocyte inhibitory protein, and soluble
cytokine receptors (6,7) (see below). It is also clear that GC suppress the expres-
sion of a host of proinflammatory genes, notably the cytokine families (8–10).
The number of proinflammatory genes that have been discovered is now enor-
mous, including large numbers of cytokines, hematopoietic growth factors,
chemokines, inflammatory enzymes, etc. An extensive list of proinflammatory
proteins whose expression is inhibited by GC has been published elsewhere (10).
Studies of the molecular mechanisms of GC inhibition of gene expression demon-
strated that in many cases it results from direct interaction of the GC receptor com-
plex with transcription activating factors responsible for inducing the gene in
question (11). The physical interaction of GR with transcription factors can me-
diate both transactivation and transrepression in a case-dependent fashion. A list of

138 Heller and Schleimer

Table 1 Transcription Factors Known to Interact with the Glucocorticoid Receptor

Factor Function (Ref.)

General basal tran-
scriptional ma-
chinery (TFIID)

(144)

TBP TATA-binding protein (22,145)
NF-�B Inducer of inflammatory genes (146)
AP-1 Inducer of inflammatory genes (147,148)
STAT6 Inducer of Th2-associated genes; inhibition of GR-induced 

reporter construct in mouse T-cell line (184)
STAT5a and b Prolactin/growth hormone responses (149)
STAT3 Response to several inflammatory cytokines (150,151)
GATA-1 Hematopoietic and inflammatory responses (152)
Egr-1 Synergism to activate phenylethanolamine-N-transferase gene (153)
AP-2 Synergism to activate phenylethanolamine-N-transferase gene (153)
HNF3 Activation of the phosphoenolpyruvate carboxykinase gene (154)
Oct-1 and -2 Synergism with GR to activate MMTV promoter and many cellular

genes (155,156)
NF-IL6 Synergism with GR to activate alpha1-acid glycoprotein gene (157)
CREB Interaction with GR in controlling PEPCK gene expression (158)
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the transcription factors with which the GR has been shown to associate is provided
in Table 1 (see also Ref. 12). As more genes that are regulated by these factors are
identified, a new wave of potential GC targets will emerge.

Recognition that GC are good inhibitors of the expression of numerous
proinflammatory proteins has contributed to a widespread belief that GC action
relies heavily upon inhibition of the expression of such proteins. From this grew
the exciting possibility that selective GC could be developed that had these trans-
repressive effects (i.e., prevent expression of proinflammatory proteins), but which
are devoid of transactivating effects (i.e., mediated via GC receptor binding to
GRE). The value of this approach stems from the hypothesis that the undesirable
side effects of GC, for example, reduced integrity of bone or skin, HPA suppres-
sion, gluconeogenic effects, etc., result from GRE-mediated effects, while the de-
sirable anti-inflammatory effects result from transrepression. Although there re-
mains considerable interest in this concept, the number of recognized or putative
GC-induced anti-inflammatory proteins has grown (see Table 2). Based solely on
the extent of this list, we can speculate that removing the gene-activating proper-
ties of GC by drug design may compromise their anti-inflammatory effects to
some extent. When added to the likelihood that transrepression may be responsible
for some GC side effects, the potential for success of this strategy is uncertain.

The goal of this review is to discuss newly recognized and potential gluco-
corticoid targets or effector molecules. The molecules to be considered include
both glucocorticoid-induced and glucocorticoid-suppressed gene products. The
molecular mechanisms of the influences of GC on gene expression, both positive
and negative, have been reviewed in detail elsewhere (2,11,13) (see also Chap. 24).

B. Glucocorticoids and Chromatin: Histone Modifications

There is increasing evidence that glucocorticoids and other members of the nu-
clear receptor family can have fundamental effects on chromatin structure. An
overview of chromatin structure is followed by a general discussion of glucocor-
ticoid effects below. Nuclear chromatin is composed of DNA compacted via
winding around histone proteins to form nucleosome structures. The nucleosome
is made up of a core histone octamer (two copies of histones 2A, 2B, 3, and 4)
and histone H1, which binds to the linker DNA between adjacent nucleosomes
(see Fig. 1). Two types of chromatin can be visualized after staining nuclei with
Giemsa: lightly staining transcriptionally active euchromatin and darkly staining
transcriptionally silenced or repressed heterochromatin, usually found near the
edges of the nucleus (14). The extent to which the DNA is complexed to the nu-
cleosomes is dependent on posttranslational modifications of the core histone pro-
teins, H3 and H4. Histones possess flexible N-terminal tail domains, rich in lysine
residues, making them very basic and positively charged at physiological pH. The
negative charge of the sugar-phosphate backbone of DNA is presumed to electro-
statically interact with these lysine side chains, thus tightly compacting the DNA
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around the nucleosomes. Acetylation of the lysine side chains by the action of hi-
stone acetyltransferases (HATs) adds a sterically bulky group to the histone tails,
and neutralizes the positive charge, relaxing the DNA from the nucleosome (15)
and providing access for transcription factors. Acetylation of the core histones has
thus been closely linked to transcriptional activation (16 –19).

HAT activity can be detected in numerous coactivator proteins as well as in
the basal transcriptional machinery itself. Of particular relevance to the discussion
here are p300 and CBP (CREB-binding protein), two related coactivator mole-
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Table 2 Putative Inhibitory Genes Induced by Glucocortocoids

Comment (Ref.)

1. Cell surface receptors

CTLA-4 Dex potentiates expression in T cells (73)
PECAM-1 GRE consensus sequence in promoter (85)
RM3/1 antigen CD 163 (scavenger receptor) upregulated by GC on human 

monocytes and macrophages (62)
IL-1R type 2 GC induce expression (159)
IL-10R Increased expression in response to GC in skin (160)
Mannose receptor, 

CD16 and CD32
Dex upregulates expression on human dendritic cells (161)

GITR GC-induced TNFR-related protein in mouse which inhibits 
T-cell apoptosis (70,162)

VIP receptor/VIP High-affinity VIP-R increases in response to GC in human 
mononuclear leukocytes (163); VIP mRNA enhanced in 
GC-treated rat cerebral cortex (164)

2. Soluble receptors/
antagonists

IL-1R Decoy receptor induced by GC (165)
IL-4R GC increase levels in children with seasonal allergic rhinitis 

(166)
IL-6sR GC induce in prostate cancer cell lines
IL-1R antagonists GC induce in human keratinocytes (168)

3. Signaling/intracellular 
inhibitory molecules

SOCS-2 JAK/STAT pathway inhibitor: GC potentiate expression in 
cultured hepatocytes (169)

CIS JAK/STAT pathway inhibitor: GC potentiate expression in 
cultured hepatocytes (169)

GILZ GC-induced anti-apoptotic transcription factor in thymocytes
and T cells (170)
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cules with intrinsic HAT activity. These coactivators are known to interact directly
with the GR and are essential for nuclear receptor function (20,21). The tau-1 ac-
tivation domain of GR has been shown to interact with the C-terminal region of
CBP (22). The ability of ligand-bound GR to bind HATs may be important for
transcription of glucocorticoid-activated genes. In addition to direct interaction
with CBP, nuclear hormone receptors can bind CBP through members of the p160
and p140 coactivator family, some of which also contain HAT activity, in a ligand-
dependent fashion (see Fig. 1 and Table 3). These include steroid receptor co-
activator-1 (SRC-1), ACTR, (human) transcription factor intermediary factor-2
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SRC-1
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Figure 1 Regulation of gene expression by GR and/or other nuclear receptors and inter-
actions with multiple coactivator and corepressor complexes. CBP/p300 potentially link
GR with the core machinery to activate transcription, after chromatin remodeling by the
SWI /SNF complex. □1 , GR can interact directly with several transcription factors (TF—
see text) to enhance or inhibit transcription. □2 , Competition for coactivator protein com-
plexes such as CBP/p300 between GR and TF with opposing actions may shape the out-
come of gene expression. GR interactions with a variety of coactivators have been
described (see text). □3 , GR may also interact with TF once bound to the DNA to enhance
or inhibit responses. □4 , Induction of expression of HDACs or activation of HDAC or co-
repressor function by GR is a mechanism by which GR could mediate inhibition of gene
expression. The corepressor complexes, mSIN3, N-CoR, and SMRT, are linked to unli-
ganded GR to repress transcription in the presence of liganded GR. GR is shown as a dimer
in the figure, although some effects may be mediated by monomeric receptor.
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Table 3 Important Coactivator Proteins That Interact with the Nuclear Receptor Family

Known
interac-

HAT Spe- tion with
Coactivator activity cies Comment GR Ref.

p300/CBP Yes Human Integrators that mediate transcription of 
multiple signal transduction pathways

Yes 20,22

p/CAF Yes Human p300/CBP-associated factor; required 
for transcription of many genes

171

p160 family

NCoA-1 Mouse Highly related to p/CIP 172
SRC-1 Yes Human Yes 22,173
GRIP-1 Mouse Partial homology to SRC-1; also known 

as NCoA-2; TIF-2 (probable human 
ortholog)

Yes 23

p/CIP Mouse Complexed with CBP; required for tran- 172
scriptional activity of nuclear recep-
tors and other p300/CBP-dependent 
transcription factors (also known as 
RAC-3, AIB1, ACTR, and TRAM-1)

ACTR Yes Human (see p/CIP above)
TRAM-1 Human Homologous to SRC-1/TIF-2; binds TR 174

and other nuclear receptors; a novel 
co-activator that interacts with nu-
clear receptors outside AF-2 region, 
cf. SRC-1/TIF-2

Other coactivators

RIP140 Human Complex effects on positive and negative 
gene regulation by GR

Yes 175

ASC-2 Human Amplified in cancer; coactivator for many Yes 176
steroid receptors and p300/CBP; 
TFIIA, TBP (TATA-binding protein) 
and SRC-1

AIB1 Human Amplified in breast and ovarian cancers; 
a steroid receptor coactivator

177

RAC-3 Human Related to SRC-1/TIF-2; interacts with 
several liganded receptors

178

HMG-1 and Rat and GR coactivator; enhances sequence-
-2 proteins cow specific DNA binding of GR

Yes 179

14-3-3 eta Human GR coactivator; regulatory role in 
GR-mediated signal pathways

Yes 180

GRIP 170 Human GR coactivator; enhances GR induction 
of promoter activity

Yes 181

hRPF1 Human GR coactivator; link between activated 
GR and general transcription apparatus

Yes 182

RAP 46 Human GR coactivator; identified by screening 
expression library with GR

Yes 183
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(TIF-2), and (its mouse ortholog) glucocorticoid receptor interacting protein-1
(GRIP-1) (23). The LXXLL motif found in SRC-1, CBP, and others is necessary
and sufficient to mediate binding to liganded nuclear receptors (24). While many of
these coactivators are able to interact with several nuclear receptors, others such as
GRIP and TRAP appear to be relatively receptor selective (25). It is also impor-
tant to mention that CBP can interact with several transcription factors important
in inflammation, including AP-1, NF-�B, and STAT proteins. Competition be-
tween transcription factors with opposing functions, such as NF-�B and GR, for
sites on CBP might decide the final outcome of transcription in a gene-specific
way (2) (see Fig. 1). Such competition can theoretically lead to reciprocal repres-
sion of glucocorticoid responses in situations where the transcription factor is
overexpressed. The finding that a number of other nuclear receptors interact with
transcription factors within the transcriptional machinery in a ligand-dependent
fashion suggests that this may be a generalized mechanism of nuclear receptor ac-
tion (26 –28).

Deacetylation reverses the above phenomena and is mediated by histone
deacetylases (HDACs). Deacetylated histones have been associated with tran-
scriptionally inactive chromatin (29). Nuclear receptors can bind corepressor
molecules including nuclear receptor corepressor (N-CoR) and SMRT (silencing
mediator for retinoid and thyroid hormone receptors), which then recruit large re-
pressor complexes containing mSin3 and HDACs to bring about transcriptional
repression (30,31) (see Fig. 1). It is notable that N-CoR and SMRT have been
shown to associate with the retinoic acid receptor and the thyroid receptor in the
unliganded state. It has not yet been determined whether any of these corepressors
can associate with the GR, but as more corepressors are identified and character-
ized, it is likely that GR-interacting corepressors will be identified (2). Interest-
ingly, studies by Ito et al. have shown that IL-1b induces acetylation of histones
K8 and K12 and that dexamethasone inhibits this acetylation (32). They also show
that GR can reduce histone acetylation both by directly inhibiting CBP-associated
HAT activity as well as by recruiting HDAC2. These authors concluded that his-
tone acetylation is an important level of control of inflammatory gene expression
at which glucocorticoids act. Although the precise roles that glucocorticoids play
in the recruitment of HATs and HDACs are still unclear, modification of histone
structure must be considered to be an important mechanism of regulation of gene
expression by glucocorticoids.

C. Glucocorticoids and Chromatin: 
Chromatin Remodeling Complexes

Chromatin is further subjected to remodeling by large, multiprotein, ATP-
dependent remodeling machines. These proteins disrupt nucleosomes in vitro
and are candidates for complexes that cause chromatin decondensation during
gene induction. Steroid receptors are able to interact with repressed nucleopro-

Newly Recognized Glucocorticoid Targets 143

07-M1775  10/11/2001  12:26 PM  Page 143



tein templates and to recruit the necessary proteins for such chromatin remodel-
ing (33). The remodeling complexes first described in yeast are the SWI /SNF
proteins, which couple ATP hydrolysis to nucleosomal remodeling at diverse pro-
moters to facilitate interactions of basal transcription factors with these promot-
ers. Unlike HATs, SWI /SNF complexes do not covalently modify histones but
rather catalyze uncoupling of ionic interactions between histones and their sub-
strate DNA. Human SWI /SNF homologs have been found to enhance the activa-
tion functions of GR, ER, and RAR (34 –36). The glucocorticoid receptor can in-
teract with the human SWI /SNF machine, which requires the presence of a GRE
in the chromatinized template (37). However, how and whether glucocorticoid re-
ceptor is targeted to specific chromatinized regions of DNA in this process in liv-
ing cells is still an open question.

D. GC Effect on Phosphatases

Many of the responses to inflammatory cytokines involve signal transduction
pathways which are dependent on phosphorylation events for activation of those
pathways. There are some studies that indicate that glucocorticoids might exert in-
hibitory effects on these pathways by phosphatase activation. Activation of phos-
phatases might occur at the transcriptional level or by activating the phosphatases
directly. Glucocorticoids have been reported to regulate Ca2+-mediated pathways
of T-cell activation by inhibition of the multifunctional Ca2+/calmodulin kinase
(CaM kinase II) by direct interaction with the kinase and by induction of protein
phosphatase 2A and/or 1 activity (38). Dexamethasone increased cellular acid
phosphatase activity in antigen-induced rat leukemic cells (39). It has been pro-
posed that glucocorticoid suppression of phospholipase A2 (PLA2) activity stim-
ulated by Ca2+ ionophores is mediated by glucocorticoid induction of Ser/Thr
protein phosphatases, which inhibit PLA2 activity (40). The activity of type I pro-
tein phosphatases has been shown to be regulated by glucocorticoids (reviewed in
Refs. 41 and 42). Protein dephosphorylation is an essential step for glucocorti-
coid-induced apoptosis in T-cell hybridomas, suggesting that glucocorticoids may
be inducing the expression and/or activity of protein phosphatase for cell death to
occur (43). It remains to be established how important phosphatase activation is
as a glucocorticoid mechanism.

III. Regulation of Immune and Inflammatory
Responses by Glucocorticoids

In this section we discuss some newly recognized actions of glucocorticoids on
inflammatory cells. We have omitted eosinophils, basophils, and mast cells, which
have been reviewed elsewhere (1,44). Thus, this discussion focuses on monocytes,
macrophages, dendritic cells, and other antigen-presenting cells (APC) and T lym-
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phocytes. B lymphocytes are generally viewed as not being particularly GC re-
sponsive, at least with regard to immunoglobulin production (in fact, GC enhance
antibody responses in vitro). However, B lymphocytes also perform antigen-
presenting functions, and some of the recently recognized effects of GC on APC
may also apply to B cells.

A. Monocytes, Macrophages, and Dendritic Cells

New information on migratory patterns of these cells, mechanisms of antigen pro-
cessing, and presentation and co-stimuli for antigen presentation is accumulating
at an astounding rate (45,46). The effects of GC on several functions of dendritic
cells or alveolar macrophages have been explored. For instance, the cytokine IL-12
has over the last few years been recognized to be an important product of
macrophages, which induces IFNg and profoundly regulates T-cell activation (47).
Glucocorticoids have been found to be potent and effective inhibitors of IL-12
production from human dendritic cells and/or macrophages (48–51). While some
effects of GC on mediators such as IL-12 or IFN have led investigators to propose
that GC selectively inhibit Th1-mediated responses, it must be borne in mind that
GC are also effective inhibitors of the production of cytokines which polarize
T cells toward Th2, including IL-4 and IL-13 (52–54), making conclusions about
whether GC favor Th1 or Th2 polarization difficult. Recognition of the existence
of subsets of dendritic cells that selectively induce TH1 and TH2 cells should make
possible studies to determine whether GC have polarizing actions on antigen-
presenting cells (55).

Several studies have identified profound inhibitory or modulatory effects
of GC on steps of terminal differentiation and activation [including expression of
cytokines and cell surface molecules such as B7.1 and B7.2 (CD80 and CD86)]
in mononuclear cells (56,57). In a potentially important series of studies, Brokaw
et al. showed that treatment of rats with GC led to a rapid fall in Ia+ dendritic cells,
to approximately 25–30% of the resting levels (58). Using the TUNEL assay,
these investigators showed that this effect of GC was due to massive apoptosis of
airway dendritic cells. Such findings may explain the observations of Burke and
Poulter and collaborators several years ago showing that GC treatment of asth-
matics leads to a reduction in HLA-DR+ cells in the airways of asthmatics (59).

Glucocorticoids also exert some stimulatory effects on phagocytic cells. A
recent study has shown that GC potentiate the phagocytosis of apoptotic eo-
sinophils and neutrophils by human monocyte–derived macrophages, a poten-
tially important anti-inflammatory effect of GC (60). A related and previously un-
recognized anti-inflammatory effect of glucocorticoids may be to promote the
local recruitment and differentiation of monocytes into phagocytic macrophages.
For instance, recent studies by Penton-Rol et al. have shown a selective increase
of the chemokine receptor CCR2, which mediates monocyte movement in re-
sponse to MCP proteins (61). Other studies have shown that GC induce RM3/1,
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a CD163-like scavenger receptor that may be involved in anti-inflammatory ef-
fects of recruited monocytes (62). In summary, GC have several newly recognized
effects on phagocytic cells in the airways. While they may diminish the number of
antigen-presenting cells such as activated macrophages or dendritic cells, as
determined by expression of B7 and/or class II MHC molecules, GC may si-
multaneously increase the number or phagocytic activity of monocyte-derived
macrophages involved in resolution of an allergic inflammatory response and ini-
tiating the wound-healing response.

B. T Lymphocytes

A number of effects of GC on T lymphocytes have been recognized recently.
Past studies have shown conclusively that GC inhibit production of a host of cy-
tokines from T lymphocytes and thereby lead to inhibition of T-cell proliferation,
cytotoxic T-cell activity, and other T-cell responses (63). Endogenous glucocorti-
coids, which are synthesized in the thymus as well as the adrenal gland, can pro-
foundly influence T-cell differentiation and apoptosis (63). Recently, GC have
been shown to upregulate the chemokine receptor CXCR4 (64). This receptor is
involved in mediating the response to SDF-1, a chemokine thought to be impor-
tant for T-lymphocyte trafficking and as a costimulatory molecule (65,66). A host
of chemokine/receptor pairs have been found to mediate lymphocyte trafficking
to lymph nodes, germinal centers, and tissue sites (67,68). Classical studies by
Haynes and Fauci demonstrated that GC differentially regulate the movement of
recirculating vs. nonrecirculating lymphocytes (69). As lymphocytes become ac-
tivated, they lose some chemokine receptors that mediate their trafficking to lymph
nodes (e.g., CCR7) and gain a host of receptors that mediate their migration into
peripheral tissue sites, such as lung, skin, etc. (67,68). It seems likely that gluco-
corticoids will be found to modulate expression of numerous chemokine receptors
and that modulation of lymphocyte chemokine receptor expression is an impor-
tant mechanism by which glucocorticoids regulate the trafficking pattern of blood
lymphocytes.

Recent studies by Nocentini et al. identified a GC-induced protein referred
to as GITR, a GC-induced TNF receptor family–related gene. This protein blocks 
T-cell receptor–induced apoptosis and may lead to prolonged survival of T cells
(70). This observation has to be reconciled with numerous studies showing that GC
can induce apoptosis, especially in thymocytes. It is now clear that GC effects on
lymphocyte viability are influenced by the state of stimulation and differentiation
of the cell (63). Other recent studies have shown that GC downregulate granzyme
B (71). This is an enzyme involved in T-cell killing and may, to some extent, explain
earlier observations that GC inhibit CTL function (72). Finally, an interesting re-
cent study has shown that GC cause a dramatic potentiation of CTLA-4 expression
(73). CTLA-4 contains an immunotyrosine inhibitory motif and has been hypothe-
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sized by Bluestone et al. to be centrally involved in T-cell tolerance (74,75). Induc-
tion by GC of CTLA-4 could therefore potentiate tolerogenic responses of T cells.

IV. Effects of Glucocorticoids on Fluid Dynamics in the Airways

Antigen challenge and allergic airways disease are both associated with move-
ments of fluids into the mucosal tissue, as well as into the lumen of the airways.
GC have long been known to be effective in reducing both intralumenal plasma
exudation as well as secretion of mucus into the airways. Considerable progress
has been made in the study of the dynamics of fluid flow across both endothelial
and epithelial barriers. While it is beyond the scope of this chapter to discuss these
advances in detail, several that are likely to have relevance to the therapeutic ef-
fects of GC will be mentioned.

A. Vascular Endothelial Cells

One of the hallmarks of inflammation is the exudation of plasma proteins into the
extravascular space. Although GC are excellent inhibitors of vascular leak in-
duced in vivo in humans or experimental animals by diverse stimuli such as high
altitude, endotoxin, ethanol, recombinant IL-2, lipid mediators, and other stimuli,
it is not known whether this effect results from a direct action on endothelial cells
or is an indirect effect (76 –82). GC do reduce vascular leak in the skin following
challenge with mediators thought to work directly on the endothelium such as
histamine or bradykinin (83). Recently, using endothelial cells from a variety of
sources, a number of interesting effects of GC on endothelial cell phenotype or
function have been identified, suggesting that GC have some direct effects on
endothelial cells. GC have been found to increase tight junctions and decrease
intracellular gaps in cultured endothelial cells associated with an increase in the
junction-associated protein ZO-1 (84). Another junctional protein, PECAM-1
(CD31), may also be induced by GC, as it contains a GRE in the proximal pro-
moter region (85). PECAM-1 is an ubiquitous adhesion molecule thought to be
involved in transendothelial migration of leukocytes and maintaining junction in-
tegrity. Interestingly, PECAM-1 is an ITIM-containing transmembrane protein
and thus may have some heretofore unrecognized regulatory effects in endothelial
cells (86). Study of the influence of ligation of PECAM-1 on endothelial function,
especially after treatment with GC, seems worthwhile.

Several other recent findings are relevant to the antipermeability effects of
GC. Glucocorticoids have been found to decrease histamine receptors on vascular
endothelial cells, which could, in part, explain suppression of histamine-induced
vascular leak (87). Glucocorticoids have also been shown to inhibit the action
of components of neurogenic vascular responses, including CGRP/substance P/
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neurokinin A (88–91). Also of potential relevance to the effects of GC on vascu-
lar leak are recent studies showing that GC are potent inhibitors of the production
of vascular endothelial growth factor (VEGF) (92–95). VEGF was originally
known as vasopermeability-inducing factor (VPF), as it is a potent inducer of vas-
cular leak. Not only do glucocorticoids inhibit production of VEGF, but they have
also been found to inhibit the activation of the kinases JNK and ERK by VEGF in
endothelial cells (96). The effects of GC on VEGF production and function are
summarized in Figure 2. Other targets of GC action have been identified in en-
dothelial cells. Recent studies have shown that GC can decrease endothelial NO
synthase expression (eNOS), and they increase osteopontin, which itself can cause
decreased iNOS (96 –98). Perhaps most important with regard to fluid dynamics
in the airways are studies by King et al. showing that GC have profound effects on
the expression of aquaporin 1 without any effects on aquaporin 3, 4, or 5 (99,100).
The aquaporins are water channels that are often expressed in selected tissues and
are felt to be extremely important in regulating fluid dynamics in a variety of tis-
sues, including lung. Glucocorticoid induction of aquaporin 1 is found in the late
gestational period and may be important for the rapid changes in fluid handling in
the airways at the time of delivery of the newborn (99,100). The importance of GC
modulation of aquaporins in disease or in homeostasis in adults has not yet been
established. A summary of the distribution of expression of the aquaporins in the
airways is presented in Figure 3.

B. Airway Epithelium

Glucocorticoids are widely perceived to be powerful suppressors of bronchorrhea
and mucus production in patients during asthmatic attacks. While older in vitro
studies suggested that GC can inhibit mucus secretion in airway tissue, relatively
little is known about the mechanisms of these effects (101–103). Epithelial cells
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are now known to be important targets of GC, and a variety of epithelial-expressed
inflammatory proteins have been shown to be suppressed by GC, including nu-
merous chemokines, iNOS, GM-CSF, etc. (104). Glucocorticoids inhibit fluid
flux across airway epithelium in vivo and in vitro. Using mammary epithelial
cells, an elegant series of studies has demonstrated that GC change the junctional
organization of the cells, causing remodeling of tight and  adherens junctions and
changes in transepithelial electrical resistance reflecting sealing of tight junctions
(105). In this process, GC induce ZO-1 expression and recruit the junctional pro-
teins ZO-1 and b-catenin as well as F-actin to the junctional region (105). Effects
of GC on components of surfactant and airway mucus are complex. Glucocorti-
coids selectively decrease the expression of the surfactant protein SP-A1 but not
SP-A2 or SP-B (106 –108). The functional consequence of selective surfactant
protein regulation is not clear. Glucocorticoids also increase fatty acid synthase,
which is involved in producing the lipid component of surfactant (109,110). In-
deed, one of the remarkable effects of GC in premature infants is an enhancement
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of surfactant production sufficient to prevent the respiratory distress syndrome of
neonates if the mother is treated with GC before premature delivery (111). While
some of these effects may have to do with GC actions on aquaporins (see above),
others are likely due to increases in surfactant production. With respect to mucus,
GC have been found to decrease MUC-2 and MUC-5ac, two of the important
mucoproteins produced by mucus-secreting cells in the airways (112).

V. Glucocorticoid Effects on Bone

Due to the effects of systemic GC on formation and turnover of bone, numerous
groups have studied the effects of GC on the cell types involved in maintaining
bone architecture. Recent findings have demonstrated both stage- and species-
specific effects of GC on osteoclasts, osteoblasts, and their progenitors (113–117).
Although administration of high doses of oral GC causes bone resorption in hu-
mans and many other species, GC actually cause increases in bone mass in rats,
making interpretation of some of the literature difficult (118). Using human cells,
glucocorticoids have been shown to inhibit osteoblast maturation as well as induce
apoptosis of mature osteoblasts, reducing osteoblast numbers and activity (113–
116). A decrease in the TGFb1 receptors in osteoblasts by GC may contribute to
these effects (119). GC have also been found to increase numbers of osteoclasts
(113,117,120). They may do so in part by increasing osteoprotegerin ligand, a me-
diator felt by some to be the final effector in osteoclast generation (120,121). GC
also decrease osteoprotegerin, the soluble form of a TNF family receptor that can
neutralize the osteoclast-stimulating properties of osteoprotegerin ligand (120,
121). A similar reciprocal effect of GC on ligands and soluble binding factors has
been found in the case of IGF-1 and IGFBP-rp1 (122). Glucocorticoids have been
implicated in space flight–induced osteoporosis; a study performed on the space
shuttle has shown a 3- to 10-fold increase in IGFbp3 in space and a 30 –70% de-
crease in IGFbp5, associated with a 3- to 8-fold increase in GC receptor in cul-
tured bone cells. The increase of GC receptor was proposed to mediate some of
the bone remodeling observed in astronauts during prolonged space travel (123).
Various reports have indicated an influence of GC on other regulators of the for-
mation of bone, including oncostatin M (124), TIMP-3 (124), parathyroid hor-
mone (125), galectin 3 (126), and calcitonin (127).

VI. Somatostatin

Somatostatin is a hormone that regulates inflammation as well as endocrinologi-
cal functions such as growth hormone secretion (128). Glucocorticoids have been
found to increase somatostatin in many tissues and cells, including brain, gas-
trointestinal tract, and macrophages, perhaps via a GRE in the somatostatin pro-
moter (128–130). The well-known suppression of growth hormone release, and
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growth, by GC is thought to be mediated via induction of somatostatin release
(128). Along with increases in the release of somatostatin, GC also are found to
increase the expression of some somatostatin receptors, e.g., SSTR2 (129).
SSTR2a mediates an inhibitory effect of somatostatin on IFNg release (131).
Thus, GC may inhibit IFNg release in part by increasing the receptor for somato-
statin as well as increasing the production of somatostatin. Somatostatin receptors
are also found to activate PTP phosphatases, which downregulate MAP kinase
pathways (128). Thus, activation of somatostatin pathways may be another mech-
anism by which GC suppress inflammation (132). Evidence has been provided
that somatostatin can inhibit inflammation by antidromic nerve stimulation (133).

VII. Miscellaneous Targets

As time goes by, the spectrum of molecules recognized to be important in inflam-
mation and regulated by GC continues to grow. Glucocorticoids have been shown
to inhibit or enhance stem cell factor release in a case-dependent way (134). Since
stem cell factor has been shown to be involved in activation of mast cells, this may
be an indirect way by which GC can regulate mast cell function. Glucocorticoids
have been shown to inhibit the action and the expression of TGFb (135). Since
TGFb is thought to be important in airway remodeling in asthma, some of the GC
antiremodeling effects may be related to this action. It has been proposed that MIF
is a glucocorticoid-induced modulator of cytokine production (136). Glucocorti-
coids have been found to be essential for formation of the adrenal catecholamine
epinephrine by virtue of a GC requirement for expression of the synthetic en-
zymes PNMT and secretogranin (137). Glucocorticoids have also been shown to
inhibit cell surface expression of the inflammatory cytokine LIF as well as to in-
hibit expression of IL-4Ra chain, a receptor component known to be important
in differentiation of T cells as well as mediation of allergic inflammation (138).
Finally, based on the presence of GREs in putative promoter sequences, there is
reason to believe that GC may regulate the function of a number of molecules,
which are potentially involved in allergic inflammation, including kallikrein-bind-
ing protein (a serpin) (139), prostacyclin synthase (140), the thromboxane recep-
tor (141), the M1 muscarinic receptor (142), and TGFb (143).

VIII. Conclusions

While this review is clearly not comprehensive, we hope we have achieved our
goal of providing some information on recently recognized targets of GC action
either in vitro or in vivo. We have attempted to focus attention on those likely to
be important in the regulation of inflammation of the airways and look forward to
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future studies that will help better delineate the relevance of these new molecular
targets to the broad antiasthmatic activity of GC.
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Discussion

Dr. Seale: You mentioned lipocortin almost as a “throwaway” line at the end. Is
that the appropriate perspective?

Dr. Schleimer: Although lipocortin was once thought to be a mediator or trans-
ducer of steroid effects, it is now not widely believed to play such a role.

Dr. Inman: Does the effect of GC that increases monocyte recruitment also af-
fect the balance between macrophages and dendritic cells in terms of antigen
presentation?

Dr. Schleimer: This is an interesting question, which I can’t answer well. Glu-
cocorticoids decrease dendritic cell numbers in the lungs; alveolar macrophage
numbers are not changed. Since dendritic cells are far superior as antigen-pre-
senting cells, the effect on dendritic cell numbers may be of particular rele-
vance.

Dr. Georas: Another recently identified GC-induced gene with direct relevance
to asthma is the M2 muscarinic receptor. David Jacoby at Hopkins has un-
published data that this receptor, which inhibits acetylcholine release and thus
has a bronchoprotective effect, is increased by steroids in cultured parasym-
pathetic neurons (Jacoby DB, Yost BL, Kumaravel B, Chan-Li Y, Xiao HQ,
Kawashima K, Fryer AD. Glucocorticoid treatment increases inhibitory m(2)
muscarinic receptor expression and function in the airways. Am J Respir Cell
Mol Biol 2001; 24(4):485– 491).

Dr. Szefler: Are there different patterns of chemokines related to allergic and
nonallergic features of asthma?

Dr. Schleimer: I don’t know of studies comparing chemokine patterns in atopic
versus nonatopic asthmatics. Pathology studies indicate that the cell recruit-
ment pattern is similar, however.

Dr. Stellato: I thought that endothelial cells were unresponsive to GC, since the
expression of many inflammatory genes (adhesion molecules, chemokines) was
not suppressed in vitro by GC treatment. You showed that many genes are in-
deed inhibited in endothelial cells by GC. Could you comment on that?

Dr. Schleimer: As you know, cultured human umbilical vein endothelial cells
respond to inflammatory stimuli by expressing adhesion molecules and releas-
ing cytokines and mediators. In many laboratories, GC have failed to inhibit
these responses. Since there are numerous reports showing inhibitory effects of
GC on similar responses of endothelial cells from animals or from other tissue
locations in humans, this may be explained by the low  numbers of glucocorti-
coid receptors in umbilical vein endothelial cells. More studies are clearly
needed in this area.
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Dr. Persson: As you describe so well, steroid targets are exceedingly and in-
creasingly complex; this information affects drug research. If complexity is re-
quired (for efficacy), current drug discovery work (i.e., technologies focusing
on single targets) will fail to produce “efficacious” drugs (indeed, due to the
nonspecificity the steroid drugs could not have been “discovered” today). Ac-
tions/targets included in the list of steroid mechanisms may, inferentially, not
be worth pursuing as single targets for innovative drugs. This is especially so
for those steroid effects that are potently induced in vivo. What is the use of
novel antidendritic drugs if in inhaled steroid–treated airways dendritic cells
have already been abolished? In fact, target validation seems to be poorly de-
veloped compared to the rate of appearance of novel proposed targets; for ex-
ample, steroids clearly induce eosinophil apoptosis in vitro, and this mechanism
has received major attention and acceptance. However, this action has not been
seen in vivo in airway tissues. (Indeed, apoptotic eosinophils are conspicuously
absent in the blood or in perfused asthmatic or rhinitic airway tissues.) Finally,
it would be interesting to learn about your current priorities among actions/tar-
gets? For example, if VEGF inhibition is an important aspect, then we should
perhaps not delay in examining VEGF antagonists in asthma.

Dr. Schleimer: You raise an important and disturbing point. Of the targets under
development now, several are known to be blocked by steroids, including IL-4,
IL-5, CCR3 agonists (eotaxins, MCPs, etc.), and IL-13. Steroids don’t signifi-
cantly reduce IgE  levels, though. In most cases, the steroid effect is incomplete,
however, and a single target inhibitor that ablates the pathway could exceed the
steroid effect on that particular target. Since the global allergic response may re-
quire several elements, it is not unreasonable to hope that blocking a single el-
ement can block the overall response. As you well know, eosinophil apoptosis
in vivo is a point of controversy in the field, which needs to be resolved. There
are no compelling data to suggest that VEGF is a particularly attractive target
in asthma, although recent studies from Australia indicate that angiogenesis
may be increased in asthma.
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I. Introduction

Sufficient local concentration of drug can be achieved on airway surfaces through-
out the lung by using the inhaled route. A number of factors determine the dose of
drug deposited on airway/lung surfaces drug and the overall therapeutic effect
(1–5). These are the physical characteristics of the aerosol produced, the patient
inhalation variables, and the extent of their airways/lung disease. Additional fac-
tors are the distribution of target sites in the lung and local pharmacokinetics for
the particular drug. Knowing the actual dose inhaled from a delivery system for an
observed response is extremely useful information. It allows a comparison of dif-
ferent drugs within the same category by measuring their relative potency using a
more accurate estimate of dose deposited than label claim (6,7). Additionally, a
more precise assessment of the relative performance of delivery systems used for
a specific drug therapy can be made (8–10), providing information to guide the
physician in choosing a delivery system.

A recent review from Selroos et al. (11) described in vitro doses and lung
deposition values measured from pressurized metered dose inhalers (pMDIs) with
or without spacers, dry powder inhalers (DPIs), and nebulizers. These were com-
pared with in vivo responses, not necessarily in the same subjects who participated
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in the deposition studies, but with a variety of radiotracer, pharmacokinetic, and
pharmacodynamic studies using the same or different drugs. This overview high-
lights key features of several delivery devices used to provide aerosol therapy and
discusses how to define the dose available for inhalation from each system in order
to more accurately predict and compare clinical outcomes.

Issues that are important when discussing aerosol drug delivery but that will
not be discussed in detail in this chapter are patient compliance or adherence with
taking medications, ergonomics, and economics. Ease of use of the various inhaler
systems is an important consideration when designing an inhaler. If patients are
not able to load doses easily, prepare the inhaler quickly, or take their doses with
certainty, it is likely that adherence to their therapy will be poor. Having to follow
a complex treatment schedule or deal with instructions that the patient or caregiver
cannot readily follow will further compromise the therapy. Other considerations
may be the costs associated with delivering inhaled medications to patients both
in-hospital and out-of-hospital. These costs will vary with the setting, the options
available, and the type of drug prescribed.

II. Aerosol Delivery Systems

The choice of systems producing therapeutic aerosols is currently limited to three
main classes: 1) pneumatic ( jet) and ultrasonic nebulization for providing continu-
ous or intermittent aerosols of liquid solutions or suspensions, 2) pMDIs with or
without an attached spacer (S) or holding chamber (HC), and 3) DPIs. The latter
two systems are used for dispensing metered drug doses, although metered doses
of drugs in liquid form are provided from some of the newer inhalers (12). Within
these three categories there are a variety of devices that provide aerosols with
mostly similar, but sometimes very different characteristics and, hence, different
amounts of useful aerosol provided to the patient for inhalation (13–15). It is
known that the variable efficiency of production of aerosol among inhalers within
the same device category may require the prescription of different doses of a
drug (11,16,17).

Some inhaler devices have been in use for 50 years or more. Other hardware,
such as spacers and valved holding chambers, have been used as add-on devices
for pMDIs for approximately the last 25 years. New designs and improvements
upon existing designs have occurred in all of the above three categories and par-
ticularly in the last decade with the recognition that aerosols can be used to carry
medication into the deep lung. While the aerosol route is the preferred method for
treating airways/lung disease, the technology has recently been applied to the
treatment of some systemic diseases, such as diabetes (18). One outcome of this
development is the number of innovative inhalers available for generating res-
pirable aerosols (19). Treatment with aerosols of proteins, peptides, and anal-

170 Dolovich

08-M1775-P4  10/11/2001  12:48 PM  Page 170



gesics requires highly efficient delivery of small particles, as for these therapies to
be effective, the drugs need to be deposited in the very peripheral airways for rapid
absorption into the circulation. Ease of use, portability, and patient compliance
considerations, such as dose counters and integrated electronic management sys-
tems to track treatments and treatment schedules, are being incorporated into
some new inhaler designs. As systems become more sophisticated, with better
control over aerosol generation, one should expect the dose of therapy delivered
to the lung to be more precise and the aerosol to have the size characteristics for
optimal lower respiratory tract deposition. Despite improved technology, the vary-
ing breathing patterns and the differences in oropharyngeal and airway geometries
cause variations in the inhaled dose between infants, children, adults, and elderly
patients (20 –22), which will continue to lead to altered clinical responses between
patient populations.

A. Nebulizers and MDLIs

Over the last 8–10 years, major innovations have occurred in the delivery of wet
aerosols. The most sophisticated of these systems are designs for metered dose
liquid inhalers (MDLIs) (12) that mimic the action of pMDIs in that a repro-
ducible, unit dose of drug is released with one to two actuations. The main fea-
tures of these systems include self-generation of aerosol (23–25), production of
low-velocity aerosols (24,25), breath actuation (25–27), and electronic manage-
ment of delivered doses and treatment schedules (26,27). Lung deposition has
been shown to range from 31 to 70%, greater than from most current inhalers (12,
24,26,28–30). Other improvements upon jet nebulizers—e.g., increasing drug
output by air entrainment through rather than across the nebulizer, controlling the
dose inhaled (31), and decreasing drug wastage by reducing or eliminating aerosol
generation during the patient’s expiratory phase (32,33)—have produced a num-
ber of devices with increased efficiencies for delivering therapy.

However, the standard and likely most commonly used jet nebulizer is the
constant output design, run by compressed air or oxygen with supplemental air
drawn in across the top of the nebulizer, diluting the solution or suspension aerosol
produced within the nebulizer as it exits towards the patient and thereby decreas-
ing the inhaled dose (34). The patient can synchronize inhalation with actuation
to avoid wastage of drug aerosolized during expiration by placing a thumb-control
orifice in the compressed air line. Treatment times are, however, lengthened to
completely aerosolize the reservoir contents and the dose inhaled is increased.
These systems can also become breath-actuated (breath-synchronized systems) by
pulsing the airflow to the jet orifice with a dosimeter. The length of time the
aerosol is delivered during inspiration significantly influences the dose inhaled in
children (34,35). Using breath synchronization to provide budesonide suspension
aerosol over the full inspiratory breath proved to be a more successful delivery

Aerosol Delivery Devices and Airways/Lung Deposition 171

08-M1775-P4  10/11/2001  12:48 PM  Page 171



technique than generating the aerosol continuously over the entire breath cycle.
Breath-enhanced nebulizers direct supplemental air through the nebulizer across
the venturi, sweeping out more of the available aerosol and providing an increased
output of drug (36). With use of internal valves, the output of these nebulizers can
be reduced to the jet flow output, thus decreasing drug wastage during exhalation
as with breath-synchronization nebulizer circuits (37).

The median particle size of most jet nebulizer aerosols ranges from 2 to 6 mm
(2,13). The particle size can be further reduced by placing baffles within the nebu-
lizer, using one-way valves in the mouthpiece or increasing the length of tubing
between the nebulizer and the patient (38). However, these additions result in
drug loss within the circuit, reducing the amount of aerosol available to the pa-
tient. The losses are variable, and therefore, it is not possible to deliver precise
doses to patients.

During operation of a jet nebulizer, solvent evaporates, resulting in a de-
crease in the temperature of the reservoir solution and a progressive increase in the
concentration of drug in the reservoir and in the aerosol droplets produced (39,40).
The rate at which the solution undergoes increased concentration is affected by the
jet flow rate. A noticeable reduction in drug output and an increase in the size of
the aerosol droplets produced occur if the changes in concentration are marked
(40). Other factors affecting aerosol output and particle size are the driving pres-
sure or the flow rate of compressed air applied to the jet. The higher the pressure
or flow rate, the greater the output over time in terms of total solution aerosolized
(13,14,40 – 43).

Unit doses loaded into nebulizers are five- to sixfold greater than doses per
actuation for pMDIs. These high doses are required for equivalent efficacy (44),
although local side effects may be greater (45). In vitro measurements of total drug
available from a nebulizer will be greater because of the starting dose (46), but
when deposition is expressed as a percentage of the reservoir dose, the lower de-
livery efficiency will be obvious. Standard jet nebulizers deposit from 2 to 12% of
the reservoir contents in the lung (47); breath-enhanced nebulizers are more
efficient and can double the deposition efficiency of the older designs. As shown
in Figure 1, much greater deposition has been measured for some MDLIs, with
values up to 78% recorded by imaging the lung. These are encouraging results for
using the aerosol route with therapies such as insulin.

B. pMDIs

Doses released from pMDIs contain active drug in micronized powder form or in
solution, plus surfactant, co-solvents, and propellants (48). There may be other ex-
cipients in the formulation such as flavoring agents. The characteristics of an
aerosol produced from a pMDI spray in terms of particle size characteristics and
spray pattern are influenced mainly by the vapor pressure of the canister, deter-
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mined by the propellant mix (49). The propellants provide the energy source to
disperse drugs into a small size aerosol capable of penetrating to the target tissue.
The size and velocity of the pressurized aerosol affect the deposition of these
drugs in the lung (50 –52).

The dose reproducibility and the amount of drug released per actuation over
the life of the canister are also a function of the design of the metering valve (53).
With chlorofluorocarbon (CFC) products, storage conditions, valve orientation
during long-term and short-term storage, as well as ambient temperature have all
been shown to result in in vitro dose variability (54). With replacement propellant
hydrofluorocarbon (HFC) products, dose reproducibility has been shown to be
high throughout the life of the canister, and moreover, the emitted dose appears to
be unaffected by storage, temperature, or valve orientation (52). The volume of the
metering valve, which varies from 30 to 100 mL, determines the amount of drug
released per actuation of the pMDI. Increasing the metering volume will cause in-
creased loss of drug on the actuator mouthpiece because of the lower rate of evap-
oration of the greater amount of propellent released (48,55).

Atomization of the liquid stream released from a pMDI on actuation begins
instantly as the propellants “flash” or vaporize and proceeds through continued
evaporation of the propellants (50,56); aerosol production takes approximately
20 ms. The velocity of the liquid spray on ejection from the CFC pMDI is about
15 m/s, rapidly decreasing to approximately 7 m/s within 0.1 s as the spray cloud

Aerosol Delivery Devices and Airways/Lung Deposition 173

Figure 1 Relationship between the aerosol mass median aerodynamic diameter
(MMAD) and deposition to the lung and oropharynx for metered dose liquid inhalers
(MDLI). The finer the aerosol, the more deposition to the lower respiratory tract with less
deposited in the mouth and throat. AERx (Aradigm, Hayward, CA); AeroDose (AeroGen,
Sunnyvale, CA); AERx prototype (Aradigm, Hayward, CA); Halolite (Aradigm, Hay-
ward, CA); flunisolide Respimat� (Boehringer Ingelheim, Germany); fenoterol Respimat�

(Boehringer Ingelheim, Germany). *Emitted dose. (Data from Ref. 12.)
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forms, decelerates, and moves away from actuator orifice (57). This high-velocity
jet causes approximately 80% of the dose to impact in the oropharynx, particularly
when the canister is fired with the actuator mouthpiece inside the mouth. This im-
paction is reduced with some HFA formulations due to their lower spray velocity
(58). The local deposition from steroids can lead to local irritation such as hoarse-
ness and sore throat, but the incidence is low (59– 62). Other side effects reported
in small numbers of patients have been a reduction in FEV1 due to the lubricant or
surfactant present in the formulation (62) and candidiasis (61,62). Holding the
canister outside the wide open mouth provides a space for the spray to deccelerate
as the propellants, both CFC and HFA, evaporate, enhancing the capacity to en-
train the aerosol into the inspiratory airstream. An advantage of the open-mouth
technique is that less propellant is inhaled and the aerosol is finer. Using the open-
mouth method for inhaling the spray, coupled with a low inspiratory flow rate, can
result in a doubling of the dose delivered to the lower respiratory tract in adults
from approximately 7% to 14% (63). However, the open-mouth technique is dif-
ficult for many patients to master, particularly children. Furthermore, drug con-
tinually deposited on the face or in the eyes can result in additional problems over
time and particularly with inhalation of high doses of steroids and anticholinergic
drugs. As discussed below, spacers are the preferred alternative for inhaling these
drugs. In comparison, the deposition of QVAR, the solution beclomethasone
dipropionate pMDI, resulting from reformulating this steroid in HFA134a has
been measured in four independent laboratories and found to be approximately
52% of the emitted dose (ex-actuator) for both healthy volunteers and patients
with asthma (64 – 67). This represents a 2.5-fold increase compared to the CFC
suspension product (65) and correlates well with clinical outcomes measured in a
number of studies (68,69).

C. Spacers

An important function of spacers is the selective removal of nonrespirable par-
ticles of the pMDI spray through impaction of the fast-moving spray on spacer
walls and valves. In general, the particle size of a pMDI suspension aerosol exit-
ing a spacer is decreased by approximately 25% while the fraction containing par-
ticles less than 5 mm in diameter is increased (70). With valved holding chambers
(HC), this fraction can be augmented by further evaporation of propellant from the
aerosol in the finite time between actuation and inhalation; the increase in this
fraction appears to depend on the pMDI formulation (71). While the dose of a
drug available at a spacer exit can vary for different spacers (72), a result of for-
mulation factors, design differences, and spacer volume which can range from 15
to 750 mL, the particle size distribution is similar (2,73). In vitro measurements
of emitted dose have shown that not all drugs can be used with all spacers (74),
requiring measurements of the doses available to ensure sufficient drug is avail-
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able to the user. Static charge on plastic spacer walls reduces the dose available for
inhalation (75,76). The loss can be recovered by washing with a mild detergent or
priming the spacer before use with several doses of drug (77). Like the detergent,
this reduces the electrostatic charge by leaving a thin layer of surfactant on the
walls. Emitted doses have been shown to be higher with antistatic treatment of
plastic spacers and lung deposition greater (77,78) and comparable to metal spac-
ers, which do not carry a electrostatic charge. Despite these findings, it has re-
cently been demonstrated in a crossover study in children that clinical effects are
not markedly improved when using static-free spacers. Salbutamol was inhaled
from plastic spacers holding an electrostic charge and then from the same spacers
with their charge removed. A further comparison was made to the Nebuchamber,
the metal spacer from AstraZeneca (AstraZeneca, Sweden). No significant differ-
ence in peak flow was noted between static and static-free spacers or the metal
spacer (79,80).

An advantage of valved spacers is that patients can easily inhale the aerosol
using a low inspiratory flow rate. This, coupled with the finer aerosol available
from the spacer, helps promote deposition in the lung and enhanced clinical re-
sponse (81). Using gamma scintigraphy (82,83) and pharmacokinetic studies (84,
85), lung deposition from pMDIs with spacers has been shown to be the same or
greater than from the pMDI alone, between 5 and 35%, with oropharyngeal depo-
sition markedly reduced to approximately 4 –15%. Using a spacer with beclo-
methasone dipropionate decreased systemic absorption of the drug and produced
fewer side effects compared to inhaling the drug from a dry powder inhaler (86).
While there may be a greater amount of drug deposited in the lung with some
larger spacer devices (83), clinically there appears to be little advantage to using
spacer devices greater than 150 mL in volume (70). Open-tube (OT) spacers and
reverse-flow (RF) designs, devices in which the pMDI is positioned close to the
mouth and fired in the direction away from the patient, require the patient to 
synchronize inhalation with actuation. Failure to coordinate these two maneuvers
will reduce the drug deposited in the lung compared to using a valved holding
chamber (87). Similarly, too rapid an inhalation from an OT spacer has been
shown to decrease deposition by approximately 30% (88), resulting in a reduced
clinical effect (89).

Face masks with and without expiratory valves and coupled to valved hold-
ing chambers are widely used to deliver pMDI aerosols to children. The resistance
of both valves needs to be sufficiently low to allow them to open and close with
their low tidal volumes and flow rates (90,91). The face mask must provide a
proper seal to the child’s face to avoid loss of dose, an important consideration
whether they are inhaling pMDI aerosols (92) or aerosols from nebulizers (35).
The tidal volume:spacer volume ratio should also be considered when using
spacers with young children, particularly infants. Drug is less concentrated in a
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large-volume spacer and decreasing with time due to sedimentation to spacer
walls. This may mean that only a small amount of aerosol is inhaled, even allow-
ing for 30 s of tidal breathing through the device (93).

D. DPIs

In contrast to pMDIs, DPIs do not require propellants; they are breath-actuated,
thus eliminating the need for synchronization of inhalation with actuation. DPIs
may allow greater formulation flexibility and do not require the same physical and
chemical stability of drug, compared with suspension- or solution-based pMDIs
(48). They can be classified according to their means of storing and providing the
drug, i.e., as single capsules, in a bulk reservoir, or as multi–single unit dose de-
vices (MUSD) (Table 1). The latter can take the form of blisters, blister tape, cap-
sules, or multichambered cassettes (94,95). With all types of DPIs, some drug
remains in the storage medium following dosing. The amount of drug available
per actuation should account for this loss and be sufficient to achieve a clinical
response. With the exception of budesonide and terbutaline sulfate in the Turbu-
haler (AstraZeneca, Sweden), most powder devices require a lactose carrier to
allow the powder dose to flow out of the inhaler (95).

DPIs that rely on the patient’s inspiratory effort to dispense the dose are
often referred to as passive or patient-driven devices as opposed to power-assisted
or active DPIs. The advantage of passive devices are that they are breath-actuated
and do not require an energy source to generate the aerosol, such as propellants in
the pMDI, electrical energy, or compressed air. However, because they are depen-
dent on the patient’s inspiratory flow rate to dispense the drug powder, there can
be differences in lung delivery efficiencies within and between DPIs and, ulti-
mately, clinical response. Active or powered devices designed to be independent
of patient effort require a holding chamber to contain the powder released from
the device, and, as with pMDI spacers/holding chambers (S/HC), this results in
some drug being lost in the chamber. The Spiros DPI (Dura Pharmaceuticals, San
Diego, CA) is an exception, combining both passive and active design features.
While electrically driven, it is also a breath-actuated DPI, dispensing powder with
the initiation of inhalation.

Further differentiation between DPIs is based on the specific resistance of
the device (96), determined by its geometry, and which, in turn, governs the max-
imal inspiratory flow rate (IFR) that can be drawn through the device and hence
the optimal delivery of powder aerosol to the lung. The range of specific resistance
values for current designs is approximately 0.02–0.2 (cmH2O/L.s�1)1/2. High re-
sistance decreases the ability to draw air through the inhaler, but use at the opti-
mal IFR for the inhaler will deliver more drug (17,97). For the DPIs shown in
Table 1, there is a threefold variation in lung deposition between DPIs, from
12–37% of the emitted dose. Deposition appears to be lower for DPIs with lower
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specific resistances, and the values are much lower than for the MDLIs described
earlier. DPI oropharyngeal doses are approximately 60% for all designs.

III. Characterization of an Aerosol Dose from 
a Delivery System

A. Nominal /Emitted Dose

The aerosolized dose of drug available at the exit or mouthpiece of a nebulizer or
inhaler, either the pMDI or DPI, is defined as the emitted dose (ED) (Fig. 2), and
reflects the loss of drug on the actuator mouthpiece or in the inhaler or spacer. This
value is less than the package unit drug dose, termed the nominal dose or label
claim (LC). In the United States the label claim is the emitted dose, while in
Canada and Europe the LC is the unit dose loaded into the inhaler, also termed the
metered dose. The emitted aerosol can be fractionated into fine (�4.7 mm diame-
ter) and coarse (�4.7 mm diameter) particles. The doses of drug carried by these
particles are termed the fine particle dose and coarse particle dose. The inhaled
dose is equal to the emitted dose, provided nothing is inserted between the inhaler
exit and the mouth to capture some of the aerosol. Part of the inhaled dose deposits
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Nominal dose
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•
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   part icle 
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Aerosol
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  electrical
  mechanical 

Gut (swallowed) dose

Figure 2 Categorization of doses of an aerosol from a delivery system and the possible
discrimination of these doses in the lung.
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in the oropharynx, and the balance is distributed in the lung on airway surfaces.
Some of the deposited dose is absorbed through the airways/lung, part is cleared
by mucociliary action, and part may be retained in the lung. Each of these doses
contributes in part to the clinical efficacy but also to any adverse effects experi-
enced by the patient.

The difference between the nominal dose and the emitted dose reflects
losses on system hardware, for example, nebulizer walls, tubing and mouthpieces,
plastic parts of DPIs, blister packaging surfaces, metering valves, pMDI actuator
mouthpieces, and spacers. The extent of these losses can be measured using chemi-
cal assays and can, in some systems, substantially reduce the nominal dose by up
to 70%, when, for example, a spacer is used with a pMDI. Mouthpiece actuator
losses vary from 5 to 20%. The quantity of drug used to fill the inhaler reservoir,
a term that applies to nebulizers, metered dose inhalers, or dry powder inhalers, is
the total amount of drug available for inhalation from the inhaler. Again, a portion
of this total dose is unavailable for aerosolization and thus inhalation. The term
“dead volume” is often applied to that portion of drug not nebulized from jet or
ultrasonic nebulizers, often representing 20% or more of the total (43). With
pMDIs and DPIs, there is usually an 10 –20% overfill in the amount of drug loaded
into the bulk reservoir to guarantee that the total number of doses specified on the
package are available to the patient. To normalize delivery performance between
inhalers dispensing different formulations of the same drug, a change in the nomi-
nal unit dose can be made by the pharmaceutical company. This would occur dur-
ing development as changes to an already marketed formulation would require, as
a minimum, confirming bridging studies for reapproval. This circumvents inher-
ent differences between systems without compromising treatment as patients are
switched from one type of delivery system to another (Table 2) (17). Thus, while
the dose of drug provided from one inhaler system may be greater or less than that
from an alternative device, the clinical responses can still be the same.

B. Aerosol Characteristics /Particle Properties

Therapeutic aerosols are heterodisperse, either spherical in shape if produced
from a pure solution or nonspherical if a suspension, and with a range of physical
diameters and shapes (98). Large particles (�10 m) deposit ex-lung, unless par-
ticle density and/or inspiratory flow rates are manipulated to circumvent the physi-
cal size constraints (99,100). Particles �10 mm deposit in the mouth, trachea, and
airways throughout the lung. Site of deposition is mainly a function of particle
size, but the distribution of the deposited aerosol is also dependent on air flow rate
or air velocity and airway caliber (101–103). The physics of particle deposition
and the influence on deposition seen with inhalation of therapeutic aerosols under
various conditions are well described in the literature (104 –107).
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Defining an aerosol in terms of its Stokes equivalent diameter corrects for
differences in size and shape within the aerosol. By further normalizing this di-
ameter to that of a water droplet (r � 1.0 g/cc) with the same settling velocity
(aerodynamic equivalent diameter), a comparison of the behavior in the lung of
different aerosol products with different densities can be made, independent of
the type of drug aerosolized or inhaler used (98). The mass median aerodynamic
diameter (MMAD) of the aerosol is a statistic from the size (frequency) distri-
bution data characterizing the aerosol under kinetic conditions in terms of its
mass (Fig. 3). The MMAD means that 50% of the mass of the aerosol resides in
particles less than the MMAD and 50% in particles greater than the MMAD. Both
the MMAD and its (geometric) standard deviation (GSD), a measure of the het-

Aerosol Delivery Devices and Airways/Lung Deposition 181

Figure 3 Cumulative mass distributions for pMDI aerosols of Beclazone 50, QVAR, and
Beclovent. Curves are shown for the emitted dose ex-actuator (CI � inlet total) and the dose
that is only deposited in the impactor (CI total). The mass median aerodynamic diameter
(MMAD) of the aerosols deposited in the impactor is read from the CI curves at 50% of the
cumulative mass and is 0.99 mm for Beclazone 50 (Baker-Waterford, Ireland), 1.0 mm for
QVAR (3M Pharmaceuticals, St. Paul, MN), and 3.3 mm for Beclovent (Allen and Hanbury,
Research Triangle Park, NC). The fine particle fraction (% � 4.7 mm) of the emitted dose
is read from the CI � Inlet total curves and used to calculate the values shown in Table 3.
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erogeneity of the aerosol, are predictors for the site of deposition in the lung as
well as indicating the dose or collective amount of drug (mass) carried by the
aerosol. Size classification of the aerosol in terms of its aerodynamic behavior is
performed using cascade impactors, multistage liquid impingers, and optical sys-
tems, with chemical assay of the drug a major advantage of the impactor/impinger
techniques. While time-consuming and labor-intensive compared to the laser
techniques, the ability to quantify the amount of drug carried by aerosol particles
of a specific size is useful for interpreting the resulting lung deposition patterns
and clinical effects of the inhaled dose (Fig. 4). Sizing data from light scattering
instruments gives the median diameter of the aerosol, with the assumption that all
particles in the aerosol being tested are spherical and of unit density. This infor-
mation predicts the site of deposition of aerosol in the lung but says nothing of its
drug content (108). The accuracy in determining these in vitro doses is increased
if the impactor/impinger flow rates used to sample the aerosol are matched to the
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Figure 4 Histogram illustrating the % of the emitted dose deposited on the individual
cascade impactor (CI) stages, jet and throat (inlet) for QVAR (3M Pharmaceuticals, St.
Paul, MN) and Beclovent (Allen and Hanbury, Research Triangle Park, NC). The height of
the bars indicates the differences in amounts on the stages.
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optimal performance of the inhaler and the patient’s IFR (97). As shown in Table 2
(17), the fine particle fraction [FPF (% � 4.7 mm)] measured for the Turbuhaler at
28.3 Lpm was less than that measured at 60 Lpm, the manufacturer’s recom-
mended flow rate for optimal in vitro performance and patient use. As with a num-
ber of DPIs, deposition is flow dependent (12,109): a lower inhalation flow rate 
delivers a lower dose of drug to the lung. Decreased plasma levels of terbutaline
were measured when this bronchodilator was inhaled at 34 Lpm from the Turbu-
haler, in line with the decreased fine particle dose (110).

Air flow patterns within the lung additionally affect movement and behav-
ior of inhaled aerosol particles or droplets. In the normal lung, laminar flow oc-
curs in distal, peripheral airways, at approximately the sixth generation of airway
(111). Airway narrowing due to constriction, edema, and/or secretions causes
airstream velocities to increase resulting in turbulent flow and augmented deposi-
tion of larger particles,  mainly at airway bifurcations (101,111). Thus, in airways
disease, as resistance to airflow increases, deposition of particles becomes more
proximal with less of the inhaled drug dose available to the distal lung for therapy.
Similar effects are seen if the patient hyperventilates, with drug impaction in-
creased in the oropharynx and on large airways.

C. Partitioning of an Aerosol: Fine and Coarse Particle
Fractions, Fine and Coarse Particle Drug:Mass Ratios

In addition to the MMAD and geometric standard deviation (GSD), a third pa-
rameter, the fine particle fraction (FPF), or the percentage of particles within the
aerosol that are �5 mm (4.7 mm) or 6 mm (5.8 mm) in diameter, is being used more
frequently to describe the quality of an aerosol and its potential usefulness for tar-
geting and delivering sufficient quantities of drug to the peripheral airways. The
4.7 mm cut-off diameter to define the FPF is accepted as the standard, although
5.8 mm has also been used for a number of years as these particles do deposit in
the lung, but on larger, more proximal airways. The fine particle dose (FPD) is cal-
culated as the fine particle fraction multiplied by the emitted dose (ED) of drug
available at the inhaler exit (FPD � FPF%�4.7mm � ED � 100%). The counterpart
is the coarse particle fraction (CPF � CPF%�4.7mm) and resulting coarse particle
dose (CPD � CPF%�4.7mm � ED � 100%), or that quantity of the aerosol con-
tained in particles � 4.7mm, which would preferentially deposit in the mouth and
throat and on large central airways. In general, the percentage of particles with in-
creasing likelihood for depositing in the distal lung increases as the FPF increases,
also indicating that the aerosol has a smaller mass median aerodynamic diameter.
While more drug is carried in larger droplets or particles, the probability of par-
ticles larger than 6 mm depositing in the lower respiratory tract decreases with an
increasing CPF. Submicrometer droplets, �1 mm in diameter and present in in-
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creasing numbers in ethanolic pressurized steroid formulations, such as HFA134a
BDP (QVAR, 3M Pharmaceuticals, St. Paul, MN), are retained less in the lung but,
due to their size and the vast number of submicrometer droplets in the aerosol, can
penetrate into the pulmonary regions, even in the presence of airflow obstruction
(83,83a). An extrafine particle fraction (EFPF) and dose (EFPD) has been defined
for those aerosols whose distributions contain a majority of particles �1 mm in
diameter. Approximately 20% of these extrafine pMDI aerosols will be exhaled,
as aerosols of this diameter behave as a gas and, indeed, are widely used to mea-
sure lung ventilation in patients suspected of having a pulmonary embolism (112).

D. Use of Dose Ratios to Compare Inhaler Performance
Delivering the Same Drug

To calculate the FPDs for the inhalers shown in Table 2, a measurement of the
emitted dose is required. With the results of the FPD calculation, one can compare
delivery efficiencies and estimate the amount of drug deposited in the lung for the
various aerosol systems. As mentioned above, the ED is the dose available at 
the mouth and is less than the nominal dose strength due to losses in the system;
the label claim (LC) is the amount of drug available ex-actuator and would be the
same dose as the nominal strength provided there is no other hardware inserted be-
tween the inhaler actuator and the mouth. In Table 2, the values for the FPFs for
the pMDI � Volumatic spacer are expressed as %LC of the pMDI dose available
ex-spacer. Due to impaction of large particles on spacer walls and valves and evapo-
ration of the propellant, an increase in FPF of the aerosol ex-spacer occurs com-
pared to the pMDI alone (17,70). To calculate the FPD ex-spacer, a value for the
ED ex-spacer needs to be provided or the FPF given is for the aerosol ex-spacer.
For example, if losses in the Volumatic are of the order of 50% of the nominal dose,
the ED available at the mouth would be approximately 50 mg and the FPD ap-
proximately 30 mg. It can be seen that at the higher sampling flow rate of 60 Lpm,
the FPF for the pMDI aerosol available from the spacer  decreased, reflecting a
loss of fines resulting from increased impaction of aerosol on the spacer valve
and walls.

Further support for understanding inhaler performance and drug delivery to
the lung has been demonstrated by Wilson et al. (10). They compared systemic ef-
fects from fluticasone propionate (FP) inhaled as a powder from the Diskus (Glaxo-
SmithKline, United Kingdom) and as a pressurized aerosol using the Volumatic
large-volume spacer. Each system administered the same nominal dose of FP. In-
dicators of adrenal suppression (overnight and early morning urinary cortisol /
creatinine excretion, 8 a.m. serum cortisol levels) as measures of lung bioavail-
ability showed significantly greater systemic activity for the pMDI � spacer than
for the DPI, suggesting greater absorption of drug from the peripheral lung when
the pMDI was given via the spacer. For reasons mentioned earlier in this chapter
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and well documented in the literature, the particle size of an aerosol exiting a
spacer is typically finer than from pMDIs used without a spacer or from DPIs. A
direct result of this decrease in particle size is an increase in aerosol deposited in
the peripheral lung, potentially giving rise to greater systemic absorption—the
outcome documented by Wilson in his comparison of inhalers. Additionally and
depending upon the type of spacer or DPI used, overall deposition efficiencies
may or may not be comparable. The results from Wilson can easily be explained
by the combined differences in aerosol quality, namely, a lower fine particle dose
and lower in vivo deposition efficiency for the Diskus compared to the pMDI and
Volumatic. Combining these two factors, namely, aerosol size of the drug with in-
haler deposition efficiency, makes possible a more accurate estimate of absolute
doses deposited (regional or total) and a prediction of differences in the kinetics
and overall response to the drug. Wilson and colleagues concluded that an under-
standing of delivery system performance is important to the physician when con-
sidering switching a patient from one inhaler to another. Similarly, in a study in
stable but symptomatic asthmatics, Chapman and colleagues  demonstrated that
equivalent responses to salbutamol inhaled via the Turbuhaler could be obtained
at one-half the dose prescribed via the pMDI, explained by the different dosing
efficiencies of the inhaler systems (113). By combining the in vitro estimate of
FPD with the known in vivo deposition efficiencies for the two delivery systems,
a similar fine-particle drug dose will be deposited in the lung and, not surprisingly,
give rise to the same clinical response. This result is similar to the one obtained in
children treated with budesonide inhaled via the pMDI with the Nebuhaler or from
the Turbuhaler at half the dose. The results showed that their asthma was well con-
trolled when treated with the lower dose of budesonide through the Turbuhaler
(114). A twofold difference in deposition has been measured for budesonide via
the Turbuhaler compared to the pMDI alone in healthy adults (9), while in adult
asthmatics the addition of the Nebuhaler to budesonide pMDI increased lung depo-
sition by approximately 45% compared to the Turbuhaler (82). It is possible that
the clinical observations made in children in the above study (114) would be dif-
ferent in the adult.

E. Use of Dose Ratios to Compare Different Formulations 
of Salbutamol

An example of how the aerosol size fractions can differentiate between formula-
tions that give the same clinical outcome at prescribed doses can be illustrated
with a comparison of the reformulated salbutamol pMDI, Airomir (3M Pharma-
ceuticals, St. Paul, MN) to its counterpart CFC Ventolin. The particle size dis-
tribution of Airomir versus Ventolin has been shown to be the same (58,115), with
the mass median aerodynamic diameter (MMAD) of Airomir measured by cas-
cade impaction as 2.69 mm versus 2.62 mm for Ventolin. The emitted doses ex-
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actuator were found to be less for Airomir than Ventolin (85.3 � 5.4mg vs. 
96.9 � 6.9 mg; p � 0.05), but the FPF of the emitted dose ex-actuator, defined as
the percentage contained in particles less than 5.8 mm in diameter, was greater for
Airomir (65.5% vs. 41.4%; p � 0.05)  (115). Because the FPF is greater for Airo-
mir, the fine particle dose is 54.2 mg compared to 40.3 mg for Ventolin. The in-
creased serum levels for Airomir, measured by Lipworth and colleagues in healthy
volunteers and compared to those following inhalation of Ventolin, can be seen in
Figure 5 (116). In a separate in vitro filter study, emitted doses and particle sizing
were measured for Airomir used with several spacers of different volumes (115).
The fine particle dose was increased compared to that for Ventolin through the
spacers and was comparable between the three spacers: approximately 70 mg of
Airomir was measured at the mouthpiece of the 145 mL Aerochamber (Trudell
Medical International, Canada), the 330 mL Babyhaler (GlaxoSmithKline, UK),
and the metal 280 mL Nebuchamber (Astra Zeneca, Sweden) (115). The in vitro
data shown in Figure 6 (115) for Airomir � AC and � NES are also reflected in
the pharmacokinetic (pk) results of Lipworth in Figure 5 (116), supporting greater
total deposition in the lung compared to Airomir alone. Clinically, there appears
to be no difference in either short-term or long-term effects on pulmonary func-
tion between Airomir and Ventolin (117–120). However, studies comparing doses
below the minimum nominal dose of 100 mg should be undertaken to differentiate
the bronchodilator response to these two aerosols, avoiding the plateau of the
dose-response curve where responses are likely to be muted.

Not surprisingly, and as shown by these few examples, the fine particle con-
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Figure 5 Data from normal subjects showing plasma salbutamol levels (Cmax) obtained
after inhalation of salbutamol aerosol from a variety of inhalers (A–L). Values for HFA
salbutamol (Airomir, 3M Pharmaceuticals, UK) without (B) and with spacers (H–K) are
significantly greater than from inhalation of CFC pMDI aerosol (A). (Data from Ref. 116.)

08-M1775-P4  10/11/2001  12:48 PM  Page 186



tent of a therapeutic aerosol greatly influences the systemic uptake of a drug, per-
haps more so than the overall response to the drug. The presence of inflammatory
cells in the distal lung in airways �2 mm (121) strongly suggests that fine particle
steroid aerosols should be targeted to this area of the lung, despite the potential for
increased side effects. The distribution of particles to the distal lung, that is, be-
yond the seventh generation of airway, increases as particle size decreases (4), but
shifts to more proximal airways will occur with increased turbulence due to air-
way narrowing (105). As aerosols are heterodisperse, deposition on more central
airways is unavoidable and may be preferred as therapy is then applied through-
out the lung.

Although the potential for absorption of drug from the peripheral airways is
greater due to the larger surface area, the rate of absorption will also be determined
by other factors such as the molecular weight of the drug, the depth of the mucus
layer, ciliary function, and the integrity of the airways (121a). Not discussed here
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Figure 6 Data showing emitted doses (mg/puff) and fine particle doses (mg � 4.7 mm
/puff) of salbutamol from (open bars) Airomir (3M Pharmaceuticals, St. Paul, MN) and
(hatched bars) Ventoline pMDI (GlaxoSmithKline, France) alone and through three valved
spacers: Aerochamber (AC)(TMI, Canada), BabyHaler (BBH) (GlaxoSmithKline, UK), and
Nebuchamber (NES) (AstraZeneca, Sweden) (t-test or Mann-Whitney rank sum test; n �
30). With the exception of the ED from the pMDIs alone, the EDs and FPDs through the
three spacers are greater for HFA Airomir compared to CFC Ventoline. The higher doses
may lead to a greater clinical effect when the HFA formulation is inhaled. (Data from 
Ref. 115.)
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is the role of the bronchial circulation in providing drug, absorbed from large par-
ticles deposited on more proximal sites in the lung, to airways �2 mm in diameter.
Whether the small airway response to therapy would be enhanced if the lung was
loaded with a large-particle steroid aerosol is not known.

F. Use of Dose Ratios to Compare Different Formulations of
Beclomethasone Diproprionate

FPFs and FPDs are given in Table 3 for QVAR and Beclovent (BV), two 50 mg/
puff inhalers of the same drug but formulated in different propellants (122,123,
126). The latter is a CFC suspension and the former is a HFA134a solution of
beclomethasone dipropionate (BDP). The F-ratios are an indication of the in vitro
equivalence or lack of equivalence of the aerosols for depositing in the lung (Ff)
and the oropharynx (Fc). The Index of Aerosol Quality (I) is the combined effect

Aerosol Delivery Devices and Airways/Lung Deposition 189

Becloforte / Beclovent

Dose

Metered Emitted Coarse Fine

µg/µg

0

1

2

3

4

5

6

Figure 7 Comparison of doses for two strengths of the same drug: Becloforte (250 g/
puff) and Beclovent (50 mg/puff). While the fivefold difference in concentration of
weight is seen in the metered and emitted doses, Becloforte has a greater coarse particle
dose and a lower fine particle dose compared to Beclovent. Thus the distribution in the lung
of Becloforte aerosol may be more proximal than for Beclovent. (Data from Ref. 122.)
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of the two F-ratios and represents the overall extent of the in vitro differences be-
tween the formulations. It is useful to compare the FPD and CPD values for these
two drugs as the ratios show the difference in quality of the aerosol following re-
formulation. Overall, a twofold change in the fine and coarse aerosol content was
effected, as can be seen in the ratios of the FPD and CPD values (Ff � 1.40 and
Fc � 0.69), favoring the fine component of the HFA aerosol. The values indicate
that the mass contained in fine droplets is 40% greater for QVAR compared to BV,
while the mass of coarse droplets decreased by 31%. Overall, there is a twofold
difference in the aerosol quality of QVAR compared to BV as seen in the I value
and a slightly greater (3-fold) difference for the MMADs (Fig. 3). In adult asth-
matics, lung deposition with QVAR has been shown to be two- to threefold greater
compared to BV (65), with parallel changes in clinical response (68).

These ratios can also be used to compare different dose strengths, but one
should not expect a linear increase in deposited dose for a higher strength of the
same drug. Figure 7 shows the dose ratios for Becloforte (BF, GlaxoSmithKline,
Ware, UK), 250 mg/puff pMDI of BDP, compared to Beclovent (BV). It can be
seen that while the ED and metered dose (ex-valve) values are approximately 5:1,
the CPD ratio is greater and the FPD ratio smaller (122). The increase in MMAD
for BF is a direct consequence of these changes to the aerosol, and while patients
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Beclazone 50 QVAR Beclovent

BDP
(µg)

0

10

20

30

40

50

60

Actuator

Coarse
particle

dose

Fine
particle
dose

Metered
dose

Emitted
dose

HFA BDP CFC BDPHFA BDP

Figure 8 Illustration of the doses for three pMDI formulations with a nominal dose of
50 mg of beclomethasone dipropionate/puff. Beclazone 50 and QVAR are HFA solution
aerosols, with a finer MMAD compared to Beclovent, the CFC pMDI. While the EDs are
similar, differences in the CPDs and FPDs were measured between all three inhalers. De-
position following inhalation of Beclazone 50 would be predicted to be more peripheral
than from the other two formulations. (Data from Ref. 123.)
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will inhale an aerosol with five times the weight of drug per actuation, the site of
deposition in the lung may be more proximal than for BV.

G. Use of Dose Ratios to Compare a Generic Inhaler
(Beclazone) to the Innovator (QVAR)

A second example for the use of these dose ratios is in the in vitro comparison
of two BDP solution HFA pMDIs, QVAR and Beclazone 50 (BZ50, Baker-
Waterford, Ireland) (123). The ratios of the EDs, FPFs, and CPFs and the corre-
sponding doses are shown in Table 3. The EDs are the same for both formulations,
but BZ50 has almost 50% more aerosol-containing drug in the fine particle range.
In the United Kingdom, QVAR has been approved on a 1:2.5 dose ratio to Beclo-
vent; in Ireland has BZ50 been approved on a 1:1 ratio. From the in vitro doses
shown in Table 3 and plotted in Figure 8, it appears that these two HFA BDP for-
mulations are different and that inhalation of BZ50 may give a greater dose of
BDP to the lungs compared to QVAR. Thus a 1:1 substitution of BZ50 for CFC-
BDP may not be appropriate. Two published clinical trials have compared CFC-
free Beclazone to a CFC BDP product, also from Norton Healthcare Ltd, United
Kingdom, and showed equivalence between the two aerosols (124,125). It could
be argued that the study designs, subjects enrolled, and doses tested were such that
differences in response would be difficult to discern. Needless to say, there is some
confusion on the part of physicians as to how to transition these two HFA aerosols.

IV. Effect of Particle Size and Inspiratory Flow Rate on
the Emitted Dose

The most advantageous size for a therapeutic aerosol is one with a MMAD be-
tween 1 and 5 mm, and most of the currently marketed inhalers produce aerosols
within this range. Attempts have been made to tailor clinical aerosols, making
them more uniform in size and hence targeted to specific airways. Trials testing
inhalation of equivalent inhaled doses of monodisperse albuterol aerosols in mod-
erate to severe asthmatic patients resulted in maximum changes in lung function
with particles of 2.8 mm MMAD compared to those 1.5 and 5.0 mm in diameter
(127,128). However, not surprisingly, no difference could be seen in bronchodila-
tor response when compared with the heterodisperse pMDI CFC aerosol, perhaps
because the airway surface dose of drug achieved was the same for both aerosols
and sufficient drug was deposited at specific receptor sites with both systems to ef-
fect a similar bronchodilatation (129).

Increasing the air flow rate used to inhale an aerosol can increase the dose
dispensed from an inhaler (130), but it also can reduce the drug dose inhaled into
the lower respiratory tract, preferentially depositing drug onto central airways
(63,131,132). Responses may change with this altered deposition pattern (8,11).
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However, it is difficult to differentiate the influence of the topographical distribu-
tion of aerosolized drug on the clinical response from the effect due to the amount
of drug inhaled, particularly when sufficient drug is prescribed as a single dose
and the plateau of the dose-response curve is readily achieved with this dose. A
number of studies in both children and adults have measured the effect of IFR on
lung deposition and clinical response from pMDIs and DPIs; in general, results in-
dicate a flow dependency in both deposition and response (107).

The in vitro measurements of emitted dose, FPF, CPF, and EFPF of the dis-
pensed aerosol are all affected by the air drawn through the inhaler (133). The
air flow acts to disperse the dose and additionally, if a powder, to fluidize and
deaggregate the powder aliquot. As seen in Table 2, the above fractions will in-
crease or decrease, depending on the in vitro test flow rate or the in vivo IFR used
during a patient inhalation manoeuvre. For passive DPIs, the critical step in dis-
pensing the dose is the process of deaggregating the powder. These types of DPI
rely on the effort extended by the patient via the inspiratory breath to dispense the
powder from the device (134). Too poor an effort (low IFR) will not fully
aerosolize the powder, resulting in a large particle aerosol with a higher CPF (and
lower FPF). As shown by the data in Table 2 for the Turbuhaler, not using the op-
timal flow rate translates into a lower dispensed dose and FPD, less drug inhaled
into the lung, and potentially, a reduced response (135).

The higher IFR used for pMDI delivery of budesonide, coupled with the
larger MMAD and CPF of the pMDI aerosol, may explain the reduced lung dep-
osition compared to inhaling the pMDI dose from a valved holding chamber, the
Nebuhaler (AstraZeneca, Sweden), using a lower IFR (82). In an attempt to dis-
criminate responses based on site of deposition, effected by manipulating both the
inspiratory flow rate and particle size, Ruffin and coworkers performed a series of
experiments delivering radiolabeled agonist and antagonist aerosols, targeted to
central or peripheral regions of the lung in asthmatic patients (136,137). Deliver-
ing histamine predominantly to the central airways required 10- to 15-fold less
drug to cause a 15% fall in FEV1 compared to peripherally deposited histamine.
These results illustrated that sufficient surface concentration of drug was obtained
centrally for histamine using a much lower dose, but enough to trigger the re-
quired response. However, the effects on FEV1 delivering isoprenaline to central
or peripheral airways pretreated with either peripherally or centrally deposited
propranolol were mixed (137), perhaps because the deposition patterns for the
aerosol were not sufficiently discriminatory in all the subjects studied.

V. Measuring Aerosol Lung Dose and Distribution

There are a number of ways to measure deposition of particles or droplets in the
lung. The information obtained can be used to estimate the dose of drug deposited
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in the lung and, with radiotracers and imaging, the dose at particular (airway) sites
in the lung. Theoretical calculations or empirical models provide guidance as to
what may occur in vivo, although it is difficult to accurately model the many con-
ditions affecting delivery, deposition, retention and absorption of aerosol in the
lung and, additionally, have the results fully predict outcomes in human subjects
with or without lung disease. Experimental data obtained using in vitro and in vivo
animal models, in vivo radioisotope studies, and pharmacokinetic studies (116,
138,139) provide a good indication as to where drug is deposited in the lung.
However, airway geometry, patterns of breathing, and lung function vary between
subjects and over age groups, as do the methods used to obtain and analyze depo-
sition data. As a result, the deposition data obtained from different laboratories
may vary for the same drug due to the combination of using different methods for
preparing the radiolabeled drug, varying inclusion criteria for the subjects, differ-
ent standardization practices for the delivery of the aerosol, and various imaging
techniques and data analysis.

Methods to detect the distribution of an inhaled radiolabeled aerosol con-
sist of both nonimaging and imaging techniques, the latter being either two-
dimensional (2D planar) or three-dimensional (3D) [single photon emission com-
puted tomography (SPECT) or positron emission tomography (PET)]. Much of
the above deposition data has also been generated by pharmacokinetic investiga-
tions, which, when combined with charcoal blocking of the intestinal uptake and
with parallel intravenous studies, give a good estimation of total airways/lung up-
take. (The design and results of these types of studies are reported in Chapters 9, 10,
and 12, respectively, in this text.) Several human studies have been designed to
investigate the correlation of deposition outcomes measured with imaging and
pharmacokinetic samples collected at the same time in the same subject exposed
to radiolabeled budesonide fom the Turbuhaler. The data from Borgström (110a)
showed that the two methods gave similar results for total deposition. The advan-
tage of scintigraphy is that it provides a detailed visual image of where drug de-
posits in the lung and that regional information can be obtained. Drug delivery to
the lung has also been assessed using indirect pharmacokinetic methods. This
approach involves measuring drug levels in urine (84) or plasma (85) 30 minutes
after inhalation, before significant quantities have been absorbed from the GI tract.
The results are dependent on the sensitivity of the drug assay and often require in-
halation of large doses of drug for reliable sampling. Blocking with charcoal is
viewed as not necessary and would, in any case, not be representative of what
would occur in the clinical setting. The results provide only an indirect rather than
an absolute measure of lung dose. However, these types of studies have been used
extensively to compare devices or inhalation techniques.

Two-dimensional imaging is used by a number of laboratories to measure
the distribution of deposited dose and calculate the inhaled dose from a variety of
inhalers and drugs. The lung however, is a three-dimensional structure and with
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two-dimensional planar imaging, the distribution of the radiotracer can only be
viewed in two dimensions. The contribution from overlapping small airways in the
hilar region has been shown to be considerable, resulting in an overestimation of
both “central” airway and peripheral deposition (140). Using three-dimensional
techniques such as SPECT and PET can reduce this error, as they allow a more ac-
curate measurement of the dose deposited within the lung (141–143). Other issues
in imaging a three-dimensional object in two dimensions that impact on the mea-
surement of deposited dose are the system resolution (4 – 6 mm for PET and 6 –
12 mm for SPECT and two-dimensional planar cameras) and the correction for
attenuation of the deposited  radioactivity in the lung by the chest wall or in the
oropharynx and larynx by bone, cartilage, and tissue (144). The former reduction
in signal is nonlinear, particularly if the aerosol deposition is nonuniform, as
would occur in disease (145). Several methods have been used for estimating at-
tenuation factors employing both internal and external sources of radioactivity
(146 –149). While a universal factor can be applied to all in vivo data, it is truly
specific to the subject being imaged. Additionally, it is a function of the param-
eters of the imaging system, that is, the combined camera/collimator resolution
and sensitivity. Not correcting the imaging (emission) data for tissue attenuation
underestimates the absolute dose measured (149). Tomography, both PET and
SPECT, overcomes these issues. With PET in particular, the acquisition of a trans-
mission scan immediately following the PET scan and with the subject still under
the scanner provides an accurate geometric outline of each lung slice. The correc-
tion for tissue attenuation of radioactivity can then be applied specifically to each
voxel of each emission slice. To define regions of interest, e.g., central and pe-
ripheral lung regions, on either PET or SPECT images, the transmission slice is
overlayed onto the emission slice enabling the peripheral or outer lung border for
that individual slice to be delineated, providing the boundary of the lung from
which the peripheral region of interest is drawn (150). The process is repeated for
each lung slice and the radioactive counts within each slice summed to give either
the total and regional doses deposited or the dose per slice versus distance through
the lung (144).

Tomography with inhaled SPECT and PET tracers are increasingly being
used as investigative tools to measure lung dose and distribution from nebulizers,
pMDIs, and DPIs as these imaging techniques provide greater accuracy in meas-
uring drug distribution in the lung (144,151). The PET scans in Figure 9 show the
projection views and an image of one slice of lung from each of the three planes
(coronal, transaxial, and sagittal) in a normal subject (A) and a subject with cys-
tic fibrosis (B) following inhalation of 4.5 and 1.5 mm 18FDG aerosols generated
from a Pari LC Star (Pari, Germany) and an Ultravent (Mallinckrodt, St. Louis,
MO) jet nebulizer, respectively (152). The projection view (Figs. 9, 10) is the sum-
mation of all slices in the coronal plane and would be equivalent to what would be
acquired with the two-dimensional gamma camera. It can be seen that the deposi-
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tion detail provided in the single coronal slice is diluted in the projection view.
With two-dimensional imaging, the calculation of total and regional deposited
dose is made using the data essentially contained in the “projection” view, whereas
with PET and SPECT there is the additional ability to “peel off” lung and calcu-
late doses per slice of lung tissue. In the selected transaxial slices from the apical,
middle, and basal regions shown in Figure 11 from this CF subject, it can be seen
that while there is considerable impaction of the 1.5 mm fine aerosol in the lung,
the very  anterior and posterior areas of the right midlung are well ventilated and
could receive drug. This information would not be readily seen in two dimensions.
In rotating the projection view (Fig. 11), one can see that what appears to be cen-
tral deposition of radioactivity in the right lung is, in fact, located in the posterior
and basal regions. Better discrimination of the sites of impaction are also seen in
the left lung. This three-dimensional visualization and quantification of how much
of a drug is deposited and where can help the physician see whether a sufficient
amount of an inhaled therapy would be able to successfully target specific areas in
the lung. Furthermore, regional analysis of deposition from a PET or SPECT scan
can be calculated for each slice and plotted versus distance through the lung, a fea-
ture not possible with two-dimensional imaging. Of added interest with this im-
aging technique is the option to label a drug directly with a PET emitter
(143,151,153). The  data will then give a picture of where the drug is in the lung,
the total and regional dose deposited, and the drug’s fate over time.

VI. Considerations for Future Investigations

What determines the dose of a drug inhaled into the airways/lung? Some of the
factors are obvious—inhaler design, formulation, quality of the aerosol produced
from the inhaler, inhalation techniques, and airway/lung disease status. As shown
in Figure 1, the aerosol available at the mouth for inhalation, the emitted dose ex-
delivery system, can be divided into two main components—coarse and fine. The
divisions, based on theoretical calculations and experimental models of deposition
and particle size, can be finer, but given the available clinical measurement tools,
suit the purpose for relating deposition to efficacy.

What is the ideal size distribution for a corticosteroid aerosol? The distri-
bution of particle sizes from an inhaler needs to be such that the doses delivered
provide maximal efficacy with few or no side effects. The aerosol must be fine
enough to achieve the target, that is, sufficient mass of drug deposited at sites of
inflammation, but not so fine that the particles are not retained in the lung—a bal-
ance between physics, physiology, and formulation. Clearly, with the physical and
clinical observations to date we have not attained this goal. To provide this infor-
mation, perhaps the starting point for deposition studies investigating the
influence of particle size on response should be to use the minimum dose that
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achieves some measure of clinical effect. Added doses may enable deposition
changes initiated by the previous (lower) dose to be factored into the observations
and help better differentiate the  response.

What is the distribution of the emitted dose in the lung? The airways filter
the inhaled aerosol, depositing particles on airway surfaces according to
droplet /particle size, airflow dynamics, and airway size. The dose carried by large
particles is greater than that carried by smaller particles, but large particles deposit
on large, proximal airways unless the air flow pattern is markedly altered—not a
realistic exercise for clinical applications. Aerosol size can be reduced using spac-
ers, usually providing the same or an increased fine particle dose compared to the
original aerosol. While calculations for this type of application were not fully pro-
vided in this chapter, use of the equations is straightforward. Unfortunately, the in-
halers presently available preclude creating an aerosol with the right “mix” of par-
ticles to target specific sites in the lung, but future possibilities exist for these types
of developments. A balance also needs to be made between steroid efficacy and
side effects, the latter mainly due to systemic absorption of the fine aerosol dose.

Can we define the relationship between inflammatory changes in the lung,
changes in lung function, and the various dose fractions of an inhaled drug? The
latter are provided by in vitro measurements and these have certain limitations.
With imaging, an in vivo estimate of large airway/small airway dose can be made.
Can differences be detected in in vivo responses to the fine particle dose versus the
coarse particle dose? Are the clinical data sufficiently exact to provide good cor-
relations between dose distribution in the lung and response? Perhaps the use of
the fine and coarse dose values should define the dose in the dose-response curves

198 Dolovich

Figure 10 Projection view from a PET scan for one subject with cystic fibrosis. Rota-
tion of the projection view, shown on the right, indicates that the location of aerosol de-
posited in both the right and left lung is posterior and basal, with some impaction of aerosol
in the anterior of the left lung. This information is not apparent in the “head-on” projection
view shown on the left. (From Ref. 152.)
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obtained in pharmacodynamic studies, rather than using nominal doses, as this
may provide a more accurate comparison of the assesment of bioequivalence or
relative potency between inhaled drugs from different delivery systems. The re-
sults presented here seem to suggest that links can be made to clinical observa-
tions, and further investigations should be encouraged and supported.

However, study designs need to combine deposition measurements with re-
sponse, in the same subject, made when the test aerosol is given. Patient status
varies from day to day, and we do not yet have the clinical tools to precisely mea-
sure the effects of small changes in airway caliber on pulmonary function to allow
a separation of these measurements in time. In addition, better control of the de-
livery of the test aerosols needs to be built into study protocols to minimize the
inherent variability in breathing patterns. While not realistic clinically as yet, re-
sults from controlled studies give more accurate results.

Can conditions be set now for the development of aerosols that can be di-
rected more precisely to the disease target—the “magic bullet” theory? Or are the
inhaled steroids/delivery systems currently available for treating asthma broad
enough in their coverage of the lung that more than adequate treatment is readily
achieved? The findings discussed in this chapter suggest otherwise. We need to
broaden our knowledge of aerosol delivery, not only for inhaled steroids, but for
all drugs used to treat asthma and other lung diseases using the inhaled route.
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Discussion

Dr. Jeffery: Your results are exciting for many reasons, but I particularly like
your demonstration of the marked differences in deposition pattern of particles
in the normal and the asthmatic. Does your experience of differing sites of par-
ticle deposition provide us with clues as to which airway sites—large, central,
or peripheral airways—and alveoli are most important in producing the clini-
cal expression of asthma? Do we really need to target small airways, or is cen-
tral deposition sufficient (particularly as alveolar deposition will give rise to un-
wanted systemic absorption)?

Prof. Dolovich: We are only just beginning to look at site of deposition and re-
sponse using three-dimensional imaging. There is some clinical evidence for in-
haled b-agonists showing a greater response with a finer aerosol but no infor-
mation for steroids measuring deposition and clinical outcomes in parallel in
the same subjects in the same trial. Given the weight of evidence that inflam-
mation is present in “small” airways, it would seem prudent to treat the small
airways with topical steroid, that is, with steroid aerosol inhaled and deposited
at the site of inflammation. Given the locale of 2 mm airways, i.e., distal to the
seventh generation of airway, fine aerosols � 5 mm MMAD should target these
airways successfully. The location of the maximal deposition for a particular
size of aerosol shifts distally into the lung as the aerosol becomes finer, but there
will always be particles deposited on airway surfaces on either side of this peak.
So the central airways, while perhaps not being specifically targeted with the
particular size of aerosol used to treat the small airway, will nonetheless be ex-
posed to the therapy in varying amounts. There is some evidence to suggest that
aerosol deposited in central airways is transported to the small airways by the
bronchial circulation. If the inhaled steroid was deposited only in the central air-
ways, thereby treating the small airway indirectly, there could be an increased
systemic exposure, and this may give rise to greater side effects.

Dr. Hamid: I just want to follow on Dr. Jeffery’s question, as the slides you
showed are from our study. We in fact demonstrated that there is marked inflam-
mation in small airways in those patients. There were more eosinophils in small
airways compared to larger airways. Although these patients were on inhaled
steroids, it suggests that we need to deliver the drug more peripherally to
achieve a maximum effect. A number of studies have confirmed these observa-
tions using transbronchial biopsies of postmortem tissue.

Dr. Hargreave: Is the total dose the same or different with airflow obstruction?

Prof. Dolovich: For metered doses of drug, the total dose inhaled will be simi-
lar, but the distribution of that dose in the lung would be different, being con-
centrated at points of airway narrowing due either to increased mucus secretion
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or airway edema. For DPIs, though, if the pressure drop across the inhaler is in-
creased, there could be a greater amount of drug decanted from the inhaler.

Dr. Hochhaus: Your results are very exciting, demonstrating the need for fur-
ther evaluating how regional deposition affects pulmonary selectivity. I would
like to add that in addition to the these effects, other biopharmaceutical factors
should also be considered. There has been a development towards solution-
based inhalation delivery systems. Despite higher deposition efficiency, these
devices might be less beneficial, as the pulmonary residence time of drug given
as solution might be too short to induce distinct pulmonary selectivity. I will
talk tommorrrow about some of these findings.

Dr. Jeffery: If P450 activity has the potential to inactivate steroid, then the air-
way site of deposition in man is of importance. The cellular make-up of the lin-
ing epithelium differs markedly depending upon airway generation. In the large
airways, there are secretory (goblet) cells, whereas in the terminal bronchioli
there is, normally, a scarcity of goblet cells and a predominance of Clara cells,
which I believe have marked P450 activity. There is a similar difference in the
rat used experimentally and in the mouse. Nearly all nonciliated cells of the
peripheral airways are Clara in type. I would predict that small airways may de-
activate steroid moreso than large ones.
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I. Introduction

Inhaled corticosteroids (iCSs) are the basis of modern asthma treatment, and most
of the commercially available corticosteroid (CS) formulations are highly effi-
cient, while causing no clinically important systemic side effects in a majority of
patients. Although there is evidence of some extrapulmonary antiinflammatory
action of iCSs (see Chap. 11), the primary therapeutic effect of topically applied
CSs in the airways originates from a local antiinflammatory action (1–3). There-
fore, the combination of delivery system and CS will determine the therapeutic
outcome and usefulness of the treatment: the site, extent, and distribution of the
deposited dose are factors primarily governed by the performance of the inhaler;
the dissolution, clearance and uptake from the airways, the affinity to the cortico-
steroid receptor, the residence time in the vicinity of the receptors, the local me-
tabolism, and the systemic absorption are factors governed by the intrinsic
physicochemical and pharmacological properties of the CS itself. The choice of
corticosteroid formulation for a certain asthma patient should be based on knowl-
edge of both the drug and the inhaler, combined with an understanding of indi-
vidual patient factors such as inhalation technique, age, disease severity, prefer-
ence, and expected compliance.
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The purpose of this chapter is to highlight the pharmacokinetic factors de-
termining the local therapeutic effect of inhaled steroids, focusing on (1) site of
deposition, (2) rate and extent of uptake, (3) airway and pulmonary retention, in-
cluding interactions with the corticosteroid receptor, and (4) local biotransforma-
tion. If not optimum, these factors, alone or in combination, can sometimes be
overcome by an increase in dose, albeit at the expense of reduced airway selec-
tivity. To put airway selectivity into a clinical context, the review will finally dis-
cuss the consequences of these local pharmacokinetic properties on overall bene-
fit versus risk ratios of inhaled steroid formulations.

II. Site of Deposition

The therapeutic effect of an inhaled antiasthma drug formulation is linked to the
amount taken up by the target organ, which in turn is dependent on the amount ac-
tually deposited there. This has been clearly shown for both b-agonists (4,5) and
ipratropium (6). For iCSs, the relationship between therapeutic effect and airway
deposition is not as clear-cut as for b-agonists, probably because of a more com-
plex mode of action and a substantial lag time between dosing and effect. That a
relationship exists has, however, been suggested in studies with budesonide and
beclomethasone dipropionate (7,8).

Drug delivery to the airways is critically dependent upon the inhaled fine par-
ticle dose, and a particle size of 5 mm is considered to be the maximum for appro-
priate airway delivery of particles having a unit density. For isoproterenol, greater
improvement in lung function was achieved when inhaling monodisperse 2.5 mm
particles than after inhaling the same total dose of 5 mm particles (9). Terbutaline
sulphate particles larger than 5 mm did not improve lung function in asthmatics (10).
Interestingly, Zanen et al. reported that the response to b-agonists is also reduced
when the particles get even smaller: Monodisperse 2.8 mm salbutamol particles im-
proved lung function more than did 1.5 and 5 mm particles in patients with mild (11)
and severe (12) asthma. Probably, the intermediate size particles result in greatest
deposition at b-receptor–dense sites at affected parts of the airways.

Airway deposition of inhaled corticosteroid products varies greatly, as dis-
cussed in the previous chapter. Depending on the asthma severity, inflammation
may involve both central and peripheral airways as well as the lung parenchyma
(13,14). Hence, it is difficult to determine which level of deposition within the lung
is the most important when considering iCS treatment. In asthmatics who were well
trained in their inhalation technique, administration of budesonide as a chloro-
fluorocarbon (CFC) suspension via a pressurized metered dose inhaler (pMDI) re-
sulted in similar (without spacer) or greater (with Nebuhaler� spacer) peripheral
deposition than administration via Turbuhaler� (15). The total lung deposition for
Turbuhaler was, however, about twice that for a pMDI without spacer and about the
same as for a pMDI with spacer. The more peripheral deposition from a pMDI was,
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however, not translated into a greater therapeutic effect. On the contrary, in a study
using a downtitration design, budesonide via Turbuhaler was as effective as twice
the dose given via a pMDI with Nebuhaler in asthmatic children (7). Interestingly,
it appears that airway deposition of budesonide via Turbuhaler is much more pe-
ripheral in healthy subjects (16) than in patients with asthma (15).

BDP delivered via a pMDI hydrofluoroalkane (HFA) solution resulted in con-
siderably greater total lung deposition than via the pMDI CFC suspension formu-
lation (17). In addition, the fraction of the lung dose that was deposited in the pe-
ripheral airways appeared to be greater with HFA than with CFC. This was true for
patients with asthma as well as for healthy subjects (17). The improved BDP deliv-
ery resulted in improved lung function, and the potency ratio of improvement in
FEV1 was 2.6 (8). Small airways tended to improve to a greater extent with the HFA
than the CFC formulation, as the potency ratio for FEF25 –75, which is indicative of
peripheral airway function, was slightly greater (3.2) than the FEV1 ratio. In addi-
tion, when assessing peripheral air trapping by high-resolution computer tomogra-
phy, it appeared that the HFA had a greater effect than the CFC formulation (18).

The use of nebulized corticosteroids is increasing and is considered to be a
convenient alternative in severely ill patients and for young children, patient
groups in which the inhalation technique may be suboptimal and the peripheral
dose penetration may be less efficient. For many of the new high-performance
nebulizers, the generation of very small particles (�2 mm) is more efficient than
for the dry powder inhalers (DPIs) and pMDIs. Also, with the new “intelligent”
nebulizers, with which aerosol can be generated during any part of the respiratory
cycle, and the new breath-actuated inhalers, particles may be directed towards
specific parts of the bronchial tree (19).

More studies are needed to clarify the relationship between regional depo-
sition of inhaled corticosteroids and therapeutic outcome. Although studies have
shown a correlation between central airway recruitment of inflammatory cells and
bronchial hyperreactivity  in mild asthma (20), it appears that alveolar influx of
inflammatory cells is a prominent feature when lung function is more severely
compromised (14). Hence, while patients with mild asthma may benefit just by
local treatment of hyperreactive and narrowed central airways, the more severely
ill patient may need total exposure of the lungs by the corticosteroid to achieve the
maximum therapeutic effect. The most convenient alternative in severe asthma
may be inhaled corticosteroid preceded or combined with a bronchodilatating 
b-agonist: airway deposition of budesonide in patients with asthma improved
significantly following pretreatment with terbutaline (21).

III. Rate of Dissolution and Absorption

Water solubility differs between different inhaled steroids (Table 1). While a clini-
cally relevant dose (200 mg) of fluticasone propionate (FP) or beclomethasone
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dipropionate (BDP) requires at least 2 L of water to dissolve, the same amount of
the less hydrophobic steroid flunisolide would need only 1.5 mL. Water solubility
is reflected in the different dissolution times in human bronchial fluid in vitro.

Pharmacokinetic studies in humans have shown that budesonide is rapidly
absorbed after oral inhalation: Tmax after oral inhalation via Turbuhaler is about
20 minutes; mean absorption time about 40 minutes (22). FP has a slower rate of
absorption: Tmax after oral inhalation via Accuhaler� or pMDI is about 2 hours;
mean absorption time is 6 –8 hours (22), probably as a result of the protracted dis-
solution. This may be advantageous, because drug retention at the target site is an
important determinant of airway selectivity (23). However, high water solubility
will limit the impact of mucociliary clearance (see below) and by that increase the
rate and extent of pulmonary uptake. This will increase intracellular accessibility
and cytosolic receptor site concentrations. High water solubility is also generally
associated with a smaller volume of body distribution and less peripheral tissue
retention. This in turn should reduce the risk of accumulation and systemic effects.
Hence, therapeutic efficacy cannot easily be predicted from lipophilicity alone.

IV. Mucociliary Clearance

The nose and airways act as a primary defense against foreign particles and
aerosolized pollutants. In healthy subjects, most of the inhaled foreign particles
will be transported to the pharynx via mucociliary clearance (MCC), normally
within 6 and certainly within 24 hours. Inhaled drugs encounter the same fate and
will, if not readily dissolved, be cleared from ciliated airways. As the therapeutic
aim of inhaled drugs is topical, the mucosal exposure and pharmacological effect
will hereby be reduced.

Mucus is produced in submucosal glands and goblet and Clara cells, and the
normal mucus film in ciliated airways is about 5–10 mm thick. The mucus blanket
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Table 1 Water Solubility of Corticosteroids at 37�C and Dissolution 
Time in Human Bronchial Fluid In Vitro

Dissolution time
Water solubility (human bronchial

(mg/mL) fluid in vitro)

Flunisolide 140 �2 min
Triamcinolone acetonide 21 Not determined
Budesonide 16 6 min
Beclomethasone 17-propionate 15.5 Not determined
Fluticasone 17-propionate 0.14 �8 h
Beclomethasone dipropionate 0.13 �5 h

Source: Adapted from Ref. 102.
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moves upward at about 1 mm/min in small peripheral airways but as quickly as
2 cm/min in the trachea (24). Eventually, particles deposited in the mucus reach
the pharynx, where they are swallowed. In asthma, MCC is generally reduced. In
acutely ill patients requiring hospitalization, MCC was strongly inhibited, but was
normalized at discharge (25). In patients with stable asthma, several studies have
demonstrated only subtle mucociliary impairment relative to healthy subjects
(26,27). In mild asthma and asthma in remission, reductions in MCC of about 25%
have been noted. The inhibitory effect of some inflammatory mediators, such as
leukotriene D4 (26), may contribute to the reduced clearance. Smooth muscle hy-
perplasia, evidenced in bronchial biopsies, correlates to a reduction in MCC (28).
Sleep reduces MCC by two thirds to three quarters (29). Inhaled terbutaline ap-
peared to normalize MCC in mild asthmatics (30), as did high doses of oral pred-
nisolone in stable asthmatics (31). Inhaled CSs have not been shown to affect
MCC, although some preservatives in nasal CS formulations have been suggested
to have a mild ciliotoxic effect (32).

The lipophilic CSs appear to be more affected by MCC than the more rap-
idly dissolved CSs. Following 14 days of treatment with BDP, which is highly
lipophilic, in a CFC suspension pMDI, bronchoalveolar lavage (BAL) concentra-
tions of the primary metabolite beclomethasone-17b-monopropionate (BMP) at
90 –120 minutes after the last dose were significantly higher than following treat-
ment with BDP in an HFA solution pPMDI (33). These findings were initially un-
expected, given the high lung deposition of the BDP HFA solution, but were ex-
plained in terms of much more prompt dissolution in lung fluid and less central
deposition following the HFA formulation. This led to a more rapid absorption
and less MCC than for the CFC formulation. Similarly, the systemic exposure to
BDP was almost 10 times greater after inhalation via Spiros�, a DPI with im-
proved airway delivery characteristics, than after inhalation via a conventional
CFC pMDI (34). The difference in airway deposition between the two inhalers ap-
peared to be no greater than fivefold. Again, a more central deposition of BDP via
the pMDI would lead to a greater loss by MCC, in this way further increasing the
difference between the two formulations in pulmonary uptake.

Mucociliary clearance also appears to significantly reduce pulmonary up-
take of fluticasone propionate (FP) in patients with moderate to severe asthma.
Lung deposition, approximated by the systemic availability, following inhalation
via pMDI was on average 10% in moderate to severe asthmatics versus 21% in
healthy subjects (35). Intravenous kinetics were virtually identical in the two popu-
lations, implying that there was no difference in basic pharmacokinetic properties.
A reduction in systemic availability by about half in patients versus healthy sub-
jects was also suggested for the dry powder formulations of FP (36). In patients
with asthma treated with a single dose of FP (37), a close correlation between cor-
tisol suppression and pretreatment lung function was observed (Fig. 1), implying
that pulmonary uptake of FP increases with decreasing disease severity.
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When comparing mild steroid-naïve asthmatics and healthy subjects, there
were no differences between the two groups in either plasma concentrations or
cortisol suppression following administration of FP via Accuhaler or budesonide
via Turbuhaler (22). Interestingly, the difference in cortisol suppression for FP
given by Accuhaler between moderate asthmatics and healthy subjects was con-
firmed in a study by Harrison and Tattersfield, but could not be shown for bu-
desonide via Turbuhaler (Fig. 2) (38). Taken together, these data suggest that FP,
but not budesonide, is subject to substantial MCC. For a drug with an extended
dissolution time in mucus, this will affect overall lung uptake. When disease is
more severe, deposition will become more central, resulting in even greater MC
transport and, thus, an even lower total lung uptake.

In this context, it may be of interest to point out that the systemic uptake of
intranasal CSs is probably even more limited by MCC than orally inhaled CSs. Al-
though nasal MCC appears to be slightly reduced in rhinitic patients compared with
healthy subjects because of differences in mucus rheology, the transport from proxi-
mal parts of the nose to the pharynx takes only about 10 minutes (39). The water-
soluble CSs with high rates of mucosal dissolution, such as flunisolide, show sub-
stantial nasal uptake—systemic availability after administration of a nasal aqueous
suspension was 49% (40). The nasal uptake of the more lipophilic CS FP is very
much lower, and systemic availabilities of 2% or less were reported (41,42). Simi-
lar low uptake was suggested for mometasone furoate (MF) nasal spray (42,43).
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Figure 1 Correlation between FEV1 just before inhalation of FP and the fall in cortisol
production after a single 500 mg dose of FP via Diskhaler in patients with asthma. (Data
from Ref. 37.)
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V. Airway and Lung Uptake and Retention

There is no evidence to suggest that the mode of CS action differs between en-
dogenous CSs and exogenously supplied CSs. Neither does the mode of anti-
inflammatory action of systemically utilized synthetic CSs appear to differ from
that of the more potent iCSs used for local action. However, receptor kinetics (see
Sec. VII) and cellular uptake and retention differ considerably between CSs. This
will have an impact on the onset, duration, and magnitude of clinical effect and
may also affect the selectivity between the airway and the systemic effects.

In contrast to the systemic steroids, the topically potent CSs used for in-
halation treatment show a substantial uptake in the airways (Fig. 3). Peak tracheal
concentrations of tritium-labeled budesonide, FP, and BDP were almost 100-fold
greater than those after hydrocortisone and dexamethasone after a 10-minute tra-
cheal superfusion in rats (44).

Measured peak levels were obtained in the first sample (10 min after stop-
ping perfusion). The subsequent retention of radioactivity was substantially greater
for budesonide and FP  than for the systemic steroids. Radioactivity corresponding
to BDP declined at a rate resembling that of dexamethasone (DEX) and hydro-
cortisone (HC), which may be explained by the extensive biotransformation to the
much less lipophilic monopropionate and the free alcohol (see below) occurring
in the airways. Lipophilicity as an important factor in the retention was suggested
by Rohdewald et al. (45) and Esmailpour et al. (46). They showed that the uptake
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Figure 2 Individual and total cortisol metabolites after 7-day treatment with FP 1500
mg/day or budesonide 1600 mg/day in 30 asthmatics (mean FEV1 2.0 L, 60% predicted) and
45 healthy controls. (Adapted from Ref. 38.)
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of CSs from buffer into human lung or nasal tissue in vitro reached equilibrium in
5–20 minutes and was greatest for FP followed by BDP � BMP � budesonide �
flunisolide � hydrocortisone, which essentially reflects the relative lipophilicity
of these agents. Following reequilibration of the CS-containing lung samples with
plasma, the same order of retention was found as for tissue uptake. The relative
uptake of CSs was assessed by analysis of remaining amounts in buffer and
plasma. The fact that budesonide was relatively little taken up by the tissue in vitro
stands in contrast to the in vivo findings discussed below. Confounding factors in
the in vitro experiments may include nonspecific adsorption of dissolved steroid
to incubation flasks and lack of cofactors for esterification (budesonide forms
fatty acid esters; see Sec. VI).

The uptake in lung tissue of systemic CSs is generally comparable to that in
other well-perfused organs, such as heart, liver, and kidney (47). After intravenous
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Figure 3 Tissue radioactivity in perfused sections of trachea after 10-minute perfusion
with 3H-corticosteroid solutions, followed by saline perfusion between 10 –120 minute.
Values are geometric means, with 95% confidence intervals (N � 3–5), for each GCS and
time point. The percentage values express the ratio of tissue radioactivity at 120 minute to
that at 20 minute. (Data from Ref. 44.)
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dosing in the rabbit, the ratio between tissue and unbound plasma concentrations
(i.e., the partition coefficient) of prednisolone in the lung, liver, and kidney was
about three in each organ. Neither do the pharmacokinetics in airway fluids appear
to differ substantially from those in plasma after systemic dosing. Following intra-
venous administration of hydrocortisone in humans, Braude and Rebuck (48)
showed a strong correlation and an approximate 1:1 ratio  between levels in
plasma and in lung epithelial lining fluid. After intravenous injection of various
water-soluble CSs in healthy subjects, the bronchoalveolar lavage/plasma pseudo-
equilibrium was reached at 10 minute and ranged between 0.4 and 1.3 for methyl-
prednisolone, prednisolone, dexamethasone, and triamcinolone, being highest for
prednisolone and lowest for triamcinolone (49).

The cellular localization of the tissue-bound CS fraction has been little
studied in the lung. For 3H-dexamethasone incubated in vitro with mouse lung tis-
sue samples, radioactivity was chiefly localized to alveolar type II cells, bronchi-
olar and arteriolar smooth muscle cells, fibroblasts, and endothelial cells of the
pulmonary vasculature (50).

The multidrug resistance (MDR) gene–encoded proteins phosphoglycopro-
tein (P-gp) and multidrug resistance–associated protein (MRP) represent a family
of drug efflux proteins that convey multidrug resistance to cells in which they are
expressed. Many cells express these proteins, and although lung cells have been
relatively little studied in this respect, both P-gp and MRP are present in human
alveolar epithelial cells (A549). MRP is also found in human airway epithelial
cells (Calu-1) (51). Some of the systemically active steroids are substrates and can
also act as antagonists towards P-gp–mediated efflux. For example, dexametha-
sone levels in the brain relative to the blood are five times higher in P-gp knock-
out mice than in controls (52). In cells expressing P-gp, the accumulation of 
dexamethasone and cortisol was reduced by as much as 50% compared with cor-
responding cells not expressing this efflux protein (53). It has been suggested that
the more hydrophilic (systemic) steroids are better transported and are poorer an-
tagonists of these efflux proteins than the more hydrophobic (topical) steroids (53).
The P-gp ligands cyclosporin A and FK 506 potentiated dexamethasone-induced
chloramphenicol acyl transferase reporter gene transcription in mouse fibroblasts
to a greater extent than the more lipophilic topical CS triamcinolone acetonide
(54). Also, verapamile affected dexamethasone but not triamcinolone acetonide–
induced transcription in the same in vitro system. Recently, budesonide was
shown to inhibit P-gp and MRP in human alveolar epithelial (A549) cells, but only
at extreme concentrations (1–100 mM) (51). Interestingly RU-486, a potent cor-
ticosteroid receptor antagonist, is a strong inhibitor of P-gp activity (55).

Hence, systemically utilized CSs appear to equilibrate rapidly with lung pa-
renchyma and airways and show no greater affinity for the respiratory organs than
for other well-perfused organs. It is likely that P-gp, which is present in most cells,
limits the cellular uptake of systemic CSs, particularly the more hydrophilic ones.
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The lipophilic CSs, on the other hand, seem to be much less affected by these
efflux proteins.

VI. Corticosteroid Esterification

Fatty acid esters of steroids, discovered in the mid-1970s (56), represented a new
and unique class of conjugates, distinctly separate from the classical polar sul-
fate and glucuronide conjugates. Esterification of cholesterol, estrogens, and
mineralo- and glucocorticoids has subsequently been discovered (57) and shown
to serve as a hormone-storing process (58) and to prolong hormonal response (59).
Esterification is an important part of the cellular uptake, transport, and storage of
cholesterol destined for steroid hormone synthesis, where cholesteryl esters are
internalized via lipoprotein receptors and stored in the Golgi apparatus as lipid
droplets (60). P-gp plays a central role, being required for esterification of low
density lipoprotein–derived cholesterol (61). Only corticosterone and 5-dihydro-
corticosterone among the natural and none among the synthetic corticosteroids
have previously been shown to form C-21 esters. 11-Dehydrocorticosterone,
which is abundant in many tissues of the rat, does not appear to form esters. These
data suggest that the CS esterification mechanism is relatively stereoselective.

A. Identification and Biochemistry of Fatty Acid Esters of
Budesonide

The rapid pulmonary uptake of budesonide combined with a significant retention
within the airways and lung parenchyma, shown in the mid and late 1980s (62),
remained unexplained for about 10 years. From relatively recent kinetical and
biochemical studies, it became clear that a significant portion of budesonide, and
to a much lesser extent triamcinolone acetonide, are intracellularly esterified (44,
63,64). After 6-hour incubation of normal human bronchial epithelial cells with
3H-budesonide, 93% of the total cellular budesonide was in the form of fatty acid
esters (64). Fatty acid esterification of budesonide was also demonstrated in other
biological systems, including liver and lung microsomes from the rat, human
blood monocytes, human colonic carcinoma (CACO-2) cells, and rat fibroblasts
(R-1 cells) (63). Hydrocortisone appears to follow the same biotransformation
pathway, but here hydrolysis is much more prompt and little ester is therefore de-
tected in tissue samples (A. Tunek, personal communication). FP, BDP, and prob-
ably other CSs lacking the C-21-hydroxy group do not form fatty acid esters (63).

Several fatty acid esters of budesonide have been identified. Budesonide is
esterified in the 21-position, predominantly with oleic acid, but also with palmi-
toleic, palmitic, linoleic, and arachidonic acids (Fig. 4).

The formation of the esters is dependent on CoA and ATP, and by adding
various fatty acids to cell incubates, the relative amount of each fatty acid ester can
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be changed. The acyl-cholesterol CoA transferase (ACAT) inhibitor cyclandelate
significantly reduced the intracellular content of esterified budesonide (by about
80% in a rat fibroblast cell system), suggesting that ACAT is an important
esterification enzyme for budesonide. Esters could be hydrolyzed back to intact bu-
desonide by porcine pancreatic lipase and bovine pancreatic cholesterol esterase.

The reversible esterification process appears to promote an inactive intra-
cellular storing pool of intact budesonide. Blocking of budesonide binding to the
corticosteroid receptor by the corticosteroid antagonist mifepristone (RU-486) re-
sulted in a relative increase in intracellular budesonide esters (65,66). Blocking of
ACAT reduced the cellular content of intact budesonide much less than that of
esterified drug. These data suggest that corticosteroid receptor binding is little af-
fected by esterification. Unlike budesonide, the budesonide esters have little affin-
ity for the GCS receptor and are between 500 and 10,000 times more lipophilic
than budesonide itself (44).

In the airways, budesonide esterification is prompt and extensive. Only
20 minutes after inhalation or intratracheal instillation of tritium-labeled budeso-
nide in rats, radioactivity bound to the trachea and main bronchi expressed to
about 80% fatty acid conjugates of budesonide (44). After tracheal perfusion with
tritium-labeled budesonide, the maximum radioactivity was localized to the mu-
cosal and serosal compartments of the trachea (44). Much less esterification oc-
curs in striated muscle, even after local injection of budesonide into an adjacent
muscle. Twenty minutes after intramuscular injection, only 12% of muscle radio-
activity originated from budesonide esters, while at the same time there was con-
siderably greater proportion in the lung and trachea (approximately a 1:1 ratio
of budesonide/budesonide ester) (67). These experiments indicate that budes-
onide is considerably more prone to forming esters in the trachea and lung than in
striated muscle.

An inflammatory response does not appear to affect the fatty acid esterifica-
tion of budesonide: lipopolysaccaride-evoked lung inflammation did not affect the
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Figure 4 Formation and hydrolysis of budesonide-21-fatty acid esters. (From Ref. 63.)
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Figure 5 Inhibition of bronchoalveolar lavage content of TNF by intratracheal budeso-
nide and fluticasone vs. control (saline). Rats were treated with single doses of 25 nmol/kg
corticosteroid suspension by instillation followed by lipopolysacharide (LPS), 100 mg (50
mL) in solution, 1 or 6 hours later. Six hours after LPS instillation, bronchoalveolar con-
centrations of TNF were determined by ELISA. (a) Effects of budesonide and fluticasone
at 7 hours. (b) Effects of budesonide and fluticasone at 12 hours. (Data from Ref. 71.)
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propensity of the airways to form budesonide esters in vivo (68). In addition, pre-
treatment of normal human bronchial epithelial cells with TNF-a did not affect the
relative proportion of fatty acid esters (69).

B. Duration of Action of Budesonide

Fatty acid esterification of budesonide prolongs anti-inflammatory action by in-
creasing the dwell time within the airways. The anti-inflammatory effects of bu-
desonide and FP were investigated in a steroid-sensitive, transcription factor AP-1
mediated in vitro model, using transfected rat fibroblasts with b-galactosidase
activity as readout (64). Experiments were performed either during continuous
24-hour incubation or during pulse exposure followed by extensive washing and
further incubation without CS up to 24 hours. The latter experiment was per-
formed to mimic the clinically more relevant situation of intermittent airway ex-
posure. Using a 30-minute CS pulse, washing, and continued incubation without
CS for 24 hours, pretreatment of cells with the ACAT inhibitor cyclandelate
significantly reduced (by more than half) the budesonide-induced downregulation
of the AP-1–mediated effect (70). The total levels of budesonide esters were si-
multaneously reduced by 80% compared with the same experiment performed
without cyclandelate. Cyclandelate did not affect the cellular content of FP in this
model (65). Budesonide was significantly less potent than FP during continuous
24-hour exposure over a wide concentration range. However, following a 6-hour
CS pulse, washing, and subsequent incubation without CS for 18 hours, FP lost
most of its downregulating effect, while that of budesonide remained almost in-
tact (64). Taken together, the long effect duration following a pulse of budesonide
in this cell model may be explained in terms of prompt formation of esters, which
are retained in the cell, and from which intact budesonide is slowly regained.

A similar prolongation of anti-inflammatory effect for budesonide relative
to FP has been shown to occur in rat airways in vivo (71). Budesonide or FP at a
dose of 25 nmol/kg b.wt. (11–13 mg/kg b.wt.) or vehicle (100 mL saline) was in-
tratracheally instilled in rats, followed 1 or 6 hours later by lipopolysaccaride
(LPS). LPS induces an inflammatory reaction, where TNF-a (and other pro-
inflammatory cytokines) are released. At 6 hours after LPS instillation, the trachea
and main bronchi were lavaged ex vivo with buffer and TNF-a was measured (by
ELISA). While budesonide and FP were equally effective at 7 hours, at 12 hours
budesonide was significantly more effective than FP in reducing the release of
TNF- a (Fig. 5) (71).

C. Human Pharmacology

The extensive uptake of budesonide and FP in airway cells in vitro and in animal
airways and lungs in vivo has been confirmed in humans. Drug concentrations
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were found to be severalfold higher in airways than in plasma after oral inhalation
and nasal administration of budesonide and FP (46,72,73). The presence of fatty
acid esters has been shown in vivo in human lung and nasal samples (73,74). Cen-
tral and peripheral lung tissue was obtained from seven patients undergoing lung
resection surgery. All patients received a single 1600 mg dose of budesonide via
Turbuhaler at varying time points (3.5–14.8 h) preoperatively. Budesonide and bu-
desonide fatty acid esters, predominantly oleate, were found in lung tissue samples
from all patients. The concentrations were about the same for the sum of budeso-
nide fatty acid esters (range 0.9–17.2 pmol/g wet tissue) as for budesonide itself
(range 0.7–19.3 pmol/g wet tissue). The ratio between budesonide and budeso-
nide oleate concentrations was similar in central and peripheral lung samples.

In nasal biopsy samples, budesonide esters were present in substantial
amounts after single 256 mg doses in 24 healthy subjects (Fig. 6) (73). Again, at
the time points studied (2, 6, and 24 hours after a single dose), budesonide oleate
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Figure 6 Nasal biopsy concentrations of budesonide, budesonide esters (oleate � palmi-
tate), and fluticasone propionate after administration of single nasal doses of budesonide
nasal spray (two puffs per nostril, total dose 256 mg) and fluticasone nasal spray (two puffs
per nostril, total dose 200 mg) to 24 healthy subjects. Biopsies were taken from each sub-
ject at two time points, just before dosing and at 2, 6, or 24 hours postdose, in a random-
ized fashion, giving a total af 12 samples per time point. No analyte was above limit of
quantification in samples obtained before dosing. All data points that were above limit of
quantitation are depicted in the figure. (Data from Ref. 73.)
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was the dominating ester (�90% of total esters), with a concentration correspond-
ing to about half that of intact budesonide. The variability in budesonide-oleate
concentrations was less than that of unesterified budesonide at all time points, sug-
gesting that ester formation is relatively stable among individuals.

This study also revealed that intact budesonide was present in significantly
higher amounts and was retained longer than FP in the nose: the dose-corrected
ratio between intact budesonide and FP was 3.5 at 2 hours and 13.7 at 6 hours. At
24 hours, budesonide and FP were detected in 67 and 25% of the biopsies, re-
spectively. It may thus be concluded from this study that tissue retention is not a
simple reflexion of the lipophilicity of the intact steroid.

VII. Biotransformation of CSs, Other Than Esterification,
in Airways and Lung

All current iCSs are inactivated mainly by biotransformation in the liver, most
commonly by oxidative metabolism via CYP3A4. Recent data suggest that the gut
mucosa also contributes to this oxidative metabolism (75). The expression of
CYP3A in the lungs is low. The only cells containing any substantial amounts of
CYPs are the nonciliated bronchiolar epithelial cells (Clara cells) and the alveolar
type II cells. Alveolar macrophages appear devoid of CYP activity (76,77). The
constitutive levels are much lower in lung than in liver, and indeed much lower in
humans than in other species: human lung contains only about 1% as much con-
stitutive CYP as rabbit lung, and this low level comprises CYPs with other substrate
specificities: CYP1A1 (which metabolizes polyaromatic hydrocarbons), CYP2E1
(substrate chlorzoxazone and ethanol), CYP2F1 (skatole), CYP3A (many xenobi-
otics), CYP4B (fatty acids), and CYP5 (thromboxane synthase) (78). Among the
CYP3As, CYP3A5 is the predominant CYP3A in the lung, and 3A4 is expressed
in about 20% of individuals in lung tissues (bronchial and alveolar epithelium and
alveolar macrophages) (79,80). In primary human bronchial epithelial cells, gene
expression for CYPs 1A1, 1B1, 2B7, 2E1, 4B1 but not 3A4 was found (77).

Budesonide is not metabolized in the human lung 9000 � g supernatant
fraction in vitro (81), and the same holds true for FP, flunisolide, and triamci-
nolone acetonide (P. Andersson, personal communication). Neither does budeso-
nide appear to be oxidatively metabolized in the nose (82). The metabolism of
inhaled MF remains to be studied. The very low systemic availability claimed
after both oral inhalation (0.96% via DPI, less via MDI) and nasal administration
could imply that MF undergoes local metabolism. Indeed, a large number of minor
tritium-labeled metabolites were separated after inhalation of 3H-MF via a DPI
(83). None were identified, and it remains to be shown whether any of the tenta-
tive metabolites have pharmacological activity, as suggested by Isogai et al. (84).
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At present, data are also lacking regarding any local metabolism of the investiga-
tional CSs ciclesonide and loteprednole etabonate in the airways.

Some conjugation enzymes, such as glutathione transferases and sulfo-
transferases, but not glucuronosyl transferases, are present in human bronchial epi-
thelial cells and alveolar macrophage cells (77). In vitro, budesonide is biotrans-
formed by liver and lung sulfotransferases (85). There was a significant gender
difference in hepatic sulfation of budesonide, with testosterone being a potent in-
hibitor of this biotransformation pathway. In lung, budesonide sulfotransferase ac-
tivity was one-fifth that in liver and was similar in smokers and nonsmokers. The
extent of hepatic and lung sulfation in vivo remains to be shown but is probably
limited, as there is no apparent gender difference in either the pharmacokinetics or
systemic pharmacodynamics of budesonide (AstraZeneca, data on file).

Esterase enzymes show high activity in the lung, and BDP is hydrolyzed to
beclomethasone-17b-monopropionate (BMP) in homogenates of human lung at a
relatively high rate (see Table 2) (81,86). As BDP has low but BMP a very high
receptor affinity, this hydrolysis represents an activation step. In addition, solubil-
ity is much increased by the hydrolysis, which may affect the rate of pulmonary
uptake and circumvent MCC. Interestingly, in vitro BMP is further metabolized to
beclomethasone alcohol at a similar rate in the lung, plasma, and liver but sub-
stantially slower in the blood (Table 2). The slow metabolism of 17 b-BMP in the
blood compared with in plasma may be a result of cellular uptake and intracellu-
lar “protection” from plasma esterases.

In the human lung in vitro, hydrocortisone is relatively readily metabolized
to cortisone by 11-b-hydroxysteroid dehydrogenase (11 b-HSD). The potent 11 b-
HSD inhibitors glycyrrhetinic acid and glycyrrhizin have anti-inflammatory prop-
erties, possibly due to the local inhibition of this hydrocortisone-to-cortisone in-
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Table 2 In Vitro Metabolism of Beclomethasone Dipropionate and
Beclomethasone Monopropionate in Human Liver and Lung Homogenates 
as Well as in Human Plasma and Blood

Half-lives (mean [SD])

Incubation media BDP 17-BMP

Liver (n � 5) 2.6 [0.2] min 3.7 [0.2] h
Lung 35. [2] min (n � 35) 3.5 [0.2] h (n � 60)
Plasma (n � 6) 10.9 [0.02] h 3.3 [0.04] h
Blood (n � 5) 3.3 [0.06] h 27. [0.5] h

Source: Data from Ref. 86.
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activation step (87). Synthetic CSs are, however, not known to be metabolized via
this pathway.

VIII. Kinetics of Receptor Binding and Cellular Response

The current understanding of corticosteroid action includes extracellular transport
via binding proteins in blood (albumin and transcortin), free diffusion over the
lipid bilayers of cell membranes, and subsequent binding to cytoplasmatic corti-
costeroid receptors (88). There is some evidence to suggest that CS entry into cells
involves specific membrane-associated receptors distinct from the classical intra-
cellular CS receptors (89), but this has hitherto been described primarily in neu-
ronal tissues (90,91). The corticosteroid-receptor complex becomes activated by
relatively poorly understood mechanisms, including conformational changes, dis-
sociation from heat-shock proteins, and hyperphosphorylation. Activated recep-
tors then translocate into the nucleus and bind as homodimers to specific DNA se-
quences. Two forms of the human corticosteroid receptor are known to exist,
hGRa and hGRb (92), where the former appears to be localized to the cell nucleus
independent of the presence of any ligand. The role of hGRa is currently under
debate (93), and it has been speculated that it acts as a negative regulator of hGRb
transactivation, and that the tissue- and cell-specific balance between the two re-
ceptor forms may modulate the responsiveness of tissues to CSs (94). However,
the hGRa seems to be much less expressed than the hGRb form (95).

Following exposure of human lung tissue samples to a CS at 20�C, receptor
association starts quickly and is complete after 40 – 60 minutes, irrespective of
the steroid tested (96). As dissociation is much slower, the half–life of the recep-
tor complex is substantial, about 10 hours for FP, 5 hours for budesonide, and less
for the weaker CSs (Table 3). However, these half-lives have been estimated under
nonphysiological conditions in vitro and cannot be translated into corresponding
in vivo half-lives. The subsequent steps of corticosteroid-receptor complex acti-
vation and nuclear binding have also been timed and are rapid: under physiologi-
cal conditions in rat thymus cells at 37�C, the half-lives of activation and nuclear
binding were 30 – 60 and 10 s, respectively (97). Transcription and posttran-
scriptional events are generally the rate-limiting factors, and the final, receptor-
mediated, genomic corticosteroid effects generally take 6 –12 hours to reach a
maximum (98). The rapid effects of CSs (89) cannot be explained by these path-
ways, but whether they are of any major therapeutic importance remains to be
shown.

Corticosteroid receptors are relatively evenly distributed throughout the
human lung, with no apparent difference between healthy subjects and asthmat-
ics. The amount of CS receptor–binding sites in human bronchial epithelial cells
is approximately 30 fmol/mg protein (2.6 � 104 sites/cell) (99) and appears to
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be slightly higher in the alveolar walls and vascular endothelium of the lung
(100). From these data, assuming a similar distribution of receptors throughout
the lung and that about one third of lung tissue consists of protein, the receptor
concentration can be estimated at 10 –20 nmol/L. CSs bind with high affinity to
the corticosteroid receptor, and equilibrium dissociation constants (Kd) have
been estimated to range from about 0.5 nmol/L for FP to about 10 nmol/L for
dexamethasone (Table 3). For MF, the Kd may be even lower (101). The Kd can
be directly translated into the concentration of free (non–tissue-bound) CS
needed to saturate the receptor by 50%. Hence, at equilibrium with 50% satu-
rated receptors, about 1 nmol of a CS with a Kd of 1 nmol/L is unbound and
5–10 nmol bound to the receptor per liter of lung tissue (assuming a receptor
concentration of 10 –20 nmol/L). So, theoretically, relatively little (5–10 mg/L
in the above calculations) of the drug reaching the airways is needed to saturate
the receptor. Any surplus will then either be retained unspecifically in the tissues,
unchanged or as biotransformation products (e.g., budesonide oleate), or be ab-
sorbed into the systemic circulation. However, if a highly potent CS is given at a
sufficiently low dose, a substantial fraction of the given dose will occupy airway/
lung CS receptors. This will leave less to be promptly absorbed, which may lead
to systemic “spill-over” concentrations that are below the linear, steep part of the
concentration-time curve for systemic effects. This will improve airway selectiv-
ity, as illustrated in Figure 7.

Anti-inflammatory effects appear to be related to receptor affinity in most
cell systems in vitro (102), although there is seldom a strict correlation. In acti-
vated human airway epithelial cells, FP was 10 times more potent than budesonide
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Table 3 Kinetic Constants of Corticosteroid-Receptor Complexes in Cytosolic
Preparations of Human Lung Tissue at 20�C

k1 k�1

(L /[nmol � min]) (L /min) Kd t1/2

Corticosteroid � 105 � 10�4 (nmol/L) (h)

Dexamethasone 4.8 88 18.3 1.3
12.5 117 9.4 1.0
9.6 109 11.3 1.0

Methylprednisolone 5.5 236 42.9 0.5
Triamcinolone acetonide 4.9 30 6.1 3.9
Fluticasone propionate 23.9 12 0.49 10.1

27.4 15 0.55 7.7
Budesonide 18.9 25 1.3 4.6

k1 � Association rate constant; k�1 � dissociation rate constant; Kd � equilibrium dissociation con-
stant; t1/2 � half-life of the receptor complex.
Source: Adapted from Ref. 102.
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at inhibiting cytokine release (103), but equally potent at inhibiting eicosanoid
output (104). The difference between FP and dexamethasone at inhibiting AP-1
binding to DNA (a 15-fold difference) was similar to the difference in their rela-
tive receptor binding affinity (about 18-fold) (105). Differences between the two
CSs at inhibiting binding to NF-�B and inhibiting the release of GM-CSF was,
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Figure 7 Airway selectivity as a function of receptor affinity (Kd) and dose. Pharmaco-
kinetic compartment model adopted from Hochhaus (23), with the following assumptions:
two corticosteroid concentration [CS] compartments (lung and systemic); inhalation of 
CS powder twice daily at steady state (after 40 doses) with lung deposition � 30%; rapid
rate of dissolution (T1/2diss � 18 min) and systemic absorption from lung (T1/2abs � 4 min);
mucociliary clearance, T1/2muc � 4.2 h; oral availability � 10%; clearance from systemic
compartment only � 60 L/h; Vlung � 2 L; Vsyst � 150 L. Pharmacodynamic model based
on receptor binding in lung and systemic compartments, where binding to the CS receptor
over 12 hours equals effect, and airway selectivity equals the difference between 12-hour
integrated effects in the lung and the systemic receptor compartments at steady state. Total
corticosteroid receptor concentration ([R]�[CSR]) throughout the body � 15 nM; Vlung �
2 L for corticosteroid and receptor; Vsyst � 70 L for receptor; Kd � k�1/k1 (according to
Table 3 above); k�1 � 1 � 10�4 [min�1]; rate of receptor binding � k�1[CS][R]; rate of re-
ceptor unbinding � k�1[SR]. Simulations were made in MATLAB�.
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however, much greater—about 200-fold. Different cell systems also show dif-
ferent sensitivity to CS treatment: human monocytes, for example, are much
more sensitive than human alveolar macrophages (106). Possible reasons for the
divergence in results include differences in experimental set-up and readouts be-
tween studies, differences in solubilities, cellular uptake, and biotransformation
between CSs, and differences in the presence of critical cofactors. In vitro pulse
experiments should better reflect the clinical situation of intermittent dosing, up-
take, retention, and elimination. Results from such studies tend to give results very
different from those obtained with the continuous incubations used in the great
majority of in vitro studies (64).

Taken together, the actual binding of the CS to the receptor and the subse-
quent nuclear translocation are rapid processes, the transcription and receptor
dissociation slower. Whether any of these processes affect the overall retention
of the CS within the tissue in vivo remains to be shown, although after inhala-
tion only a minor portion of the dose deposited in the airways interacts with the
receptor at any given time. This explains why unspecific binding via lipophilic
interactions rather than receptor affinity is so important for total tissue uptake and
by that its retention. A low receptor affinity can generally be compensated for by
increasing the dose (23), and therapeutic efficacy hereby remains unaffected.
However, for extremely potent CSs at low absolute doses, an improvement in air-
way selectivity may be gained by the receptors acting as a “sink,” subtracting a
substantial portion of drug, which otherwise would have been promptly absorbed
into the systemic circulation. A necessary prerequisite for this to occur is that
other pharmacokinetic properties, such as distribution volume and clearance, re-
main unchanged, which is seldom the case when comparing the receptor kinetics
of different CS formulations.

IX. Clinical Implications

Therapeutic efficacy (i.e., maximum possible therapeutic effect, irrespective of
dose) appears to be similar or identical for the commercially available inhaled
CS formulations: no well-controlled double-blind clinical study has to date con-
vincingly shown better efficacy of one CS formulation over another at maximum
tolerable doses, in spite of large differences between different inhaled CS for-
mulations regarding their receptor affinity and their uptake, retention, and bio-
transformation in the lung and airways. Hence, it appears that differences in local
pharmacokinetic properties between different CS formulations can, at least to
some extent, be compensated for by adjusting the dose and/or dosing frequency.
The development of improved iCSs within the pharmaceutical industry has been
very much focused on increasing potency, and indeed the two most recent iCSs on
the market, FP and MF, have the hitherto highest affinities for the corticosteroid
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receptor. Although there is some evidence that a higher receptor affinity per se can
be translated into a higher therapeutic potency, many other local pharmacokinetic
factors will also affect this relationship and probably to a greater extent: lung
deposition, MCC, airway retention, and local biotransformation are some that
have been discussed above. In addition, optimizing these factors may improve air-
way selectivity, as the overall dose needed to achieve a certain therapeutic effect
will be reduced, which in turn will reduce systemic spillover and side effects.
Added to this is the cumulation risk at steady state, which is more pronounced for
the lipophilic CSs. Hence, improved airway selectivity is probably the most im-
portant consequence of both the recent and also the forthcoming pharmaceutical
and pharmacological efforts in iCS development.

Mucociliary clearance appears to affect the uptake of slowly dissolving CSs.
The clinical implication of this finding is that the time available for absorption of
the bulk of drug deposited in the large airways is restricted and that the relatively
small fraction deposited peripherally will be absorbed at more central sites.
Hence, as the inflammatory events associated with asthma afflict both central and
peripheral airways (13), a more rapid absorption could be advantageous from an
airway exposure point of view. In addition, as patients improve following iCS
treatment, deposition appears to become more peripheral because of normaliza-
tion of the large airways. For lipophilic CSs, this will increase the systemic bur-
den to levels normally encountered in healthy subjects, a factor that needs to be
taken into consideration when titrating iCS doses following disease improvement.
Thus, for the most lipophilic CSs, systemic effects may not be reduced in propor-
tion to the dose reduction in patients improving from severe airway obstruction.
The adverse effects of MCC on lipophilic CS uptake could be reduced by evening
dosing, as MCC is strongly reduced during the night (29). Combination treatment
with b-agonists probably improves deposition in the small airways, but will also
normalize a pathologically reduced MCC (30). The impact of central versus pe-
ripheral airway deposition and diurnal, pathological, and pharmacological
changes in MCC on the therapeutic outcome of iCSs largely remains to be inves-
tigated.

No local biotransformation in the lung, except esterification and ester hy-
drolysis, appears to have any clinical significance for the currently available in-
haled CS formulations. BDP is relatively rapidly hydrolyzed in both the lung and
liver to the pharmacologically active BMP and more slowly to the less active beclo-
methasone alcohol (B). It is likely that the balance between esterase activities in
lung and blood, with processes of activation (i.e., hydrolysis of BDP to BMP) and
deactivation (further hydrolysis of BMP to B), as well as changes in rate of uptake
due to the differences in lipophilicity between BDP, BMP, and B, may affect the
therapeutic outcome and systemic absorption in the individual patient. In addition,
it is not known whether esterase activity is affected by inflammation. If the inac-
tivation step (i.e., BMP hydrolysis or oxidation) occurs at the same rate in the lung

Corticosteroids 233

09-M1775  10/11/2001  12:27 PM  Page 233



as in the liver and plasma in vivo as it does in vitro (Table 2), BMP exposure in the
systemic circulation will be independent of route of absorption, whether it is the
lungs or the gut (the latter derived from the swallowed fraction of an inhaled dose).
The clinical consequence of this finding is that, for BDP/BMP, airway selectivity
is not affected per se by liver first-pass metabolism. This is in contrast to most
other iCSs, where liver first-pass metabolism of the swallowed fraction reduces
the overall systemic exposure and the risk of systemic side effects. Systemic avail-
ability data to confirm these in vitro findings are essentially lacking, although a
recent study in children with asthma by Agertoft et al. (107) indicated that the oral
availability of BMP was almost 70%, which is considerably higher than previ-
ously suggested (108).

The latency time of CSs can be short, as lung function improves in chronic
stable asthmatics already within a few hours after a single dose of oral or inhaled
corticosteroids (109,110). The maximum effect was achieved within 12 hours but
appeared 1–3 hours earlier following inhalation. The slower rate of uptake after
oral dosing may explain these findings. Although bronchial hyperreactivity gen-
erally takes several weeks of antiasthmatic treatment to improve dramatically, al-
ready 6 hours after a single dose in patients with asthma there was a small im-
provement in PC20 (111). The onset of effects on inflammatory markers can also
be detected soon after a single dose: a single high dose of nebulized budesonide
significantly reduced exhaled NO at 6 hours in patients with asthma (112). Hence,
inhibition of inflammatory cell activation can be shown after a single dose of an
iCS, but slower events such as tissue repair and normalization in tissues of leuko-
cyte content and distribution may require much longer treatment time. Hence, for
full anti-inflammatory effect, particularly in severe asthma, several weeks of regu-
lar treatment are needed. No data on onset of antiasthmatic action are yet available
regarding the highly lipophilic, slowly dissolving CSs, but it is likely that, if any-
thing, onset will be slower because of later mucosal access. Similarly, there is no
evidence of any clinically relevant differences between different iCS formula-
tions regarding the time needed to induce the complete array of anti-inflammatory
actions.

Airway uptake and retention are required for sufficient duration of clinical
action. As noncompliance probably is the most important single reason for treat-
ment failure (113), extended duration of pharmacological action is an important
property, which counteracts any negative consequences of lost doses and/or allow
once-daily dosing. In rhinitis, most topical CSs are used once daily, but only bu-
desonide is as yet approved in mild to moderate asthma as a once-daily regimen
(114,115). Budesonide’s extended duration of anti-inflammatory action is most
probably a result of its unique fatty acid esterification. Human PK/PD modeling
has also suggested that the formation of budesonide esters is a mechanism by
which not only the duration of action, but also the topical selectivity of budeso-
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nide may be increased (116). The high initial concentrations of budesonide in air-
ways and lung lead to initial corticosteroid receptor saturation, but also to prompt
formation of a large “first-pass” budesonide ester pool in the airways. The pre-
clinical data clearly showed that this increases duration of action as compared to
a situation in which ester formation is inhibited. However, the esterification is re-
versible, and budesonide is released into the systemic circulation in its moderately
lipophilic and readily cleared intact form. This will limit a general tissue retention
of active drug. Different tissues have varying ability to esterify—airways/lung
high and striated muscle low capacity (67). Together these features contribute to
the favorable benefit vs. risk ratio of budesonide in the clinical setting.

The pharmacokinetics of the most lipophilic iCSs, with their slow uptake
and a tendency for accumulation, would suggest an extended duration of action.
This seems to be the case for MF, which given once daily in the morning at a daily
dose of 400 mg was as efficacious as 200 mg twice daily in patients with moderate
persistent asthma (117). For FP, at a daily dose of 100 mg there was an equal effect
in children with stable mild to moderate asthma with a once- or twice-daily regi-
men (118). However, with FP 200 mg daily in adults with symptomatic mild to
moderate asthma, a once-daily regimen was not as efficient as a twice-daily regi-
men (119), which is surprising given the high lipophilicity and long MAT for this
drug. The differences in systemic pharmacokinetic properties between different
iCSs and its influence on the systemic pharmacodynamic effects will be discussed
in other chapters of this book.

X. Some Unanswered Questions

Relatively much is known about lipophilicity, rate of dissolution, affinity to the CS
receptor, intracellular dwell time, biotransformation, and elimination of available
iCS formulations. Much less is known about trans- and intracellular trafficking
and storage. It is likely that several unspecific cellular binding sites exist having
different capacities, as well as affinities, in, e.g., the cell membrane, endoplasmic
reticulum, lysosomes, and Golgi apparatus. In this context, reversible fatty acid
esterification is a newly discovered mode of intracellular storage of iCSs. Also, it
should be borne in mind that in the steady-state treatment situation a true equilib-
rium is never reached, but rather a series of drug concentration gradients, which
are dependent on absolute doses and dosing frequencies. Free drug will thus con-
tinuously flow between different intracellular compartments and between intra-
cellular compartments and extracellular sites. Here, a critical aspect is whether the
intracellular availability of the steroid is primarily governed by cytosolic free con-
centrations or whether the drug can flow directly from lipid-rich sites to interact
with effector/receptor loci—this occurs for cholesterol and is not an unlikely
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mechanism also for CSs. Finally, most of above issues may be relevant also in the
rest of the body, and it is important to understand the balance between different
pharmacokinetic and pharmacodynamic properties in the airways and lungs ver-
sus the rest of the body to exploit the full potential of treatment for the individual
asthma patient.

XI. Conclusion

Optimization of the pharmacokinetics of inhaled corticosteroids has led to a
highly efficacious and safe treatment of most asthmatic patients. The physico-
chemical properties and the delivery characteristics will together affect the over-
all performance of the individual iCS formulation. Pharmacokinetic factors of im-
portance for maximum topical activity of the iCSs (apart from dose) include its
exposure at the airway and lung targets, its intrinsic activity, its local biotrans-
formation, and its intracellular retention at the target site. Retention is improved
by binding to high-capacity intracellular sites in adition to the high-affinity but
low-capacity receptor sites. Prolonged intraluminal deposition may also help, but
at least in the more central airways this contributes to tissue uptake for only a few
hours due to mucociliary clearance. Lung and airway biotransformation occurs to
a relatively limited extent for the currently available iCSs and is primarily con-
fined to ester formation and hydrolysis. Reversible esterification is a newly dis-
covered intracellular pathway for budesonide, which prolongs retention and du-
ration of therapeutic action. Much is known about the binding of the CS to the
CS receptor and the initial events following binding and activation of the CS-
receptor complex. Less is, however, currently known about the subsequent events
leading to the cascade of anti-inflammatory effects, and, particularly, the intracel-
lular trafficking and storage of iCSs at site of action and at extrapulmonary sites.
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Discussion

Dr. Jeffery: If P450 activity has the potential to inactivate steroid, then the air-
way site of deposition in man is of importance. The cellular make-up of the lin-
ing epithelium differs markedly depending upon airway generation. In the large
airways, there are secretory (goblet) cells, whereas in the terminal bronchioli
there is, normally, a scarcity of goblet cells and a predominance of Clara cells,
which I believe have marked P450 activity. There is a similar difference in the
rat used experimentally and in the mouse. Nearly all nonciliated cells are Clara
in type. I would predict that small airways may deactivate steroid more so than
large. Is there any evidence to support or refute this?

Dr. Edsbäcker: In investigations in vitro or ex vivo with budesonide, we found
no metabolites from oxidative metabolism in peripheral lung tissue. As far as I
know, there is no evidence that differences exist in the metabolic pathways or
extent of metabolism in central or peripheral lung tissue for any of the available
inhaled steroids, including BDP.

Prof. Dolovich: If you could deliver steroid only in peripheral airways (�2 mm
in diameter), would you expect a different rate of absorption from these airways
compared to larger, more proximal ones such as you have shown in the trachea?

Dr. Edsbäcker: Yes, you would expect systemic absorption to be more rapid in
the periphery for several reasons: first, to reach the periphery, particles need to
be smaller, and the smaller the particles the more rapid is the rate of dissolution.
Second, there is less mucus and a thinner and more vascularized epithelium to
penetrate in the periphery. Mucociliary clearance, which is significant in the
central airways, will also hinder a rapid absorption of lipophilic steroids. Fi-
nally, the intracellular retention of budesonide via esterification is particularly
pronounced in the airways, which will hinder part of the delivered dose to be
promptly absorbed. This of course only applies to steroids forming such esters.

Question (unknown): Can changes in the physicochemical properties of bron-
chial mucus secondary to inflammatory or infectious processes affect signifi-
cantly the absorption and airway biotransformation of corticosteroids?

Dr. Edsbäcker: There is little evidence to suggest that this is the case. The pa-
per by Weiner I referred to in my presentation suggests that the more severe the
disease, the less is the systemic uptake of fluticasone. It is likely that a major ex-
planation of this finding is differences in regional deposition, so that the more
severe your asthma is, the more central deposition will become. A central depo-
sition, in turn, will make the steroid more susceptible for mucociliary clearance
(MCC), particularly the more lipophilic and by that more slowly absorbed ste-
roids. Impairment of MCC is relatively subtle in asthmatics and will likely have
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little effect per se on the uptake. Whether other pathological changes in the mu-
cus have any significant influence on uptake remains to be investigated.

Dr. Newman: Both budesonide and flunisolide have been shown to be as effec-
tive when dosed once a day as opposed to twice a day. On the other hand, fluti-
casone is not as effective when dosed once a day as twice. Is this consistent with
the esterification pattern for these three inhaled steroids?

Dr. Edsbäcker: I think that the esterification of budesonide in airways and lung
contributes to its relatively long duration of action and efficacy as a once-daily
treatment regimen in mild to moderate asthma. There has been some reports on
a once daily efficacy also for flunisolide, but whether this is a result of es-
terification remains to be shown. As we have shown some esterification to oc-
cur for triamcinolone acetonide, I would assume that some esterification may
occur also for flunisolide having a similar molecular structure as triamcinolone
acetonide. The extent of this formation is unknown, but appears less than for
budesonide. Fluticasone, for sure, does not form esters, but here its high
lipophilicity probably contributes to some prolongation of effect duration.
However, the clinical data supporting a once daily treatment regimen for fluti-
casone are weak.

Dr. Denburg: What are the relative contributions of nonepithelial cells (e.g.,
eosinophils) to airways tissue uptake, retention, and metabolism of ICSs?

Dr. Edsbäcker: This evidently depends on the relative infiltration of these
inflammatory cells, which in turn is linked to disease severity. Interestingly,
there appear to be differences between various white blood cells in their es-
terification capacity, in that monocytes form more and granulocytes form less
esters, but overall there is no reason to believe that the nonepithelial cells in any
marked way should differ from epithelial cells regarding steroid uptake and re-
tention.
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I. Introduction

With the introduction of modern corticosteroids with improved therapeutic ratios,
the treatment of asthma has been significantly improved. The improvement can be
mainly attributed to optimized pharmacokinetic properties. It is the goal of in-
haled corticosteroid therapy to produce long-lasting therapeutic effects at the pul-
monary target site with minimized oral bioavailability and minimized systemic
side effects by rapid clearance of absorbed drug (1). Unless stated otherwise, the
pulmonary target site refers to the central and peripheral areas of the lung includ-
ing the tracheobronchial region.

Immediately following inhalation, 10 – 40% of the dose is deposited in the
lung, while the majority (up to 90%) impacts on the oropharyngeal region and is
swallowed (Fig.1). Following absorption from the gastrointestinal tract, the drug
passes through the liver before entry into the systemic circulation. All commonly
used inhaled corticosteroids, particularly budesonide and fluticasone propionate,
are metabolized during their first pass through the liver and thus, following oral
absorption, enter the systemic circulation mostly as inactive metabolites. Drugs
that are not efficiently inactivated during first-pass metabolism are able to enter
the systemic circulation unchanged, resulting in extrapulmonary effects (most of
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which are unwanted). It is important to note that the fraction of the dose delivered
to the lung will also be absorbed into the systemic circulation. Only dissolved drug
is able to reach the intracellular steroid receptors in the lung, following which the
absorption is rapid (2).

At present there are five compounds used to varying degrees in different
countries for corticosteroid inhalation treatment: triamcinolone acetonide (TAA),
flunisolide (FLU), beclomethasone dipropionate (BDP), budesonide (BUD), and
fluticasone propionate (FP) (Fig. 2). The physicochemical modifications of the
basic steroid structure from one compound to another confer differences in phar-
macokinetic and pharmacodynamic properties that produce clinically significant
difference (3). The objective of this chapter was to compare and contrast the phar-
macokinetic (PK) and pharmacodynamic (PD) properties of these compounds and
to assess the predictability of their systemic bioactivity using a PK/PD modeling
approach.

II. PK /PD Properties of Inhaled Corticosteroids

Table 1 lists the PK/PD properties of the currently used inhaled steroids.

248 Derendorf

Figure 1 Input pharmacokinetics of corticosteroids after inhaled administration. The
majority of administered drug is deposited in mouth and pharynx and subsequently swal-
lowed. After absorption from the gastrointestinal tract, the drug is inactivated by first-pass
metabolism in the liver, and the amount reaching the systemic circulation is determined by
the oral bioavailability. Only the drug deposited in the lung exerts the desired local activity.
However, drug deposited in the lung is completely absorbed and contributes to the drug
concentration in the systemic circulation.
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A. Relative Receptor Affinity

Most inhaled steroids are used in their pharmacologically active form, with BDP
being a notable exception. BDP is a prodrug that first needs to be activated by hy-
drolysis. The active form of BDP is the respective monoester, beclomethasone-17-
monopropionate (17-BMP). Unlike other corticosteroids, 17-BMP also forms an
active metabolite, beclomethasone (B) (4). With respect to their receptor affinity
relative to dexamethasone (RRA � 100), FP has the highest affinity (RRA �
1800) among the currently used inhaled steroids followed by 17-BMP (RRA �
1022), BUD (RRA � 935), TAA (RRA � 233), FLU (RRA � 190), and B (RRA
� 73) (1,5). In practical terms, this means that a 10-fold higher unbound con-
centration of FLU at the receptor site is needed to produce the same degree of
receptor occupancy as FP. This fact also makes clear why inhaled corticosteroids
should never be compared on the basis of equal weight doses, but only in terms of
their equipotent doses.

B. Plasma Protein Binding

Because only the free, unbound drug is able to interact with the corticosteroid re-
ceptor, it is important to convert measured plasma or serum concentrations to the
respective unbound concentrations. All inhaled corticosteroids show moderate to
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Figure 2 Structures of commercially used inhaled corticosteroids.
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high levels of protein binding. TAA has the lowest plasma protein binding (71%)
(6) followed by FLU (80%) (7), BUD (88%) (8), and FP (91%) (Glaxo Wellcome
Inc., 1996). BDP has been reported to be 87% bound to plasma protein (9), but no
data are available for 17-BMP.

C. Oral Bioavailability

Inhaled corticosteroids are intended to provide localized therapy with immediate
drug activity at the site of delivery in the lungs. However, it is well known that the
greater part of an inhaled dose is swallowed and therefore available for undesired
oral absorption, resulting in unwanted systemic effects. Hence, an ideal inhaled
corticosteroid should have minimum oral bioavailability. This goal has been
achieved in the case of FP, which has an oral bioavailability of less than 1% (10).
The absorbed fraction of the other inhaled corticosteroids after oral intake is
greater: 6 –11% for BUD (8,11), 7–20% for FLU (12,13), 23% for TAA (14), and
15–20% for BDP (15). No data are available for 17-BMP in humans, but a 72%
oral bioavailability has been reported in rats (16).

D. Pulmonary Bioavailability

In general, corticosteroids are absorbed well from the lungs. Indeed, it can be as-
sumed that all drug available at the receptor site in the lungs will be absorbed. Cor-
ticosteroids administered by inhalation can therefore be detected in the blood, al-
though the blood corticosteroid concentration represents the sum of pulmonary
and orally absorbed fractions. For this reason it is difficult to separately assess
the pulmonary bioavailability of those inhaled corticosteroids that also undergo
significant oral absorption. Oral absorption of FP is negligible, and hence its pul-
monary bioavailability can be calculated with greater confidence. Indeed the 
pulmonary bioavailability can be calculated to range between 10 and 30% for FP,
depending on the inhalation device (17,18). The overall systemic availabilities
after inhalation in healthy subjects are reported to be 22–25% for TAA (14,19) de-
livered via a metered dose inhaler (MDI), 26% via MDI and 38% via Turbuhaler
for BUD (20), 39% via MDI for FLU (21), 26% via MDI and 12–17% via the dry
powder inhalers for FP (17), and 25% via MDI for BDP (3). With the global phas-
ing out of chlorofluorocarbon (CFC) propellant–based MDIs, hydrofluoroalkane-
134a (HFA)–based formulations have been recently developed for corticoste-
roids. For FP, it has been reported that lung deposition is similar with the HFA and
the CFC formulations, whereas for BDP, the HFA-based product QvarTM is re-
ported to provide a significantly higher respirable fraction (60%) compared to the
CFC-based MDI (22,23). The use of integrated spacer devices such as in the Azma-
cort� formulation for TAA has been shown to provide respirable fractions ex-
ceeding 60% (24). Recently, the deposition of FLU has been reported to be sig-
nificantly improved (39% respirable fraction compared to 10% with conventional
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MDIs) with the use of a novel, mechanically driven, liquid droplet inhaler device
RESPIMAT (25).

E. Systemic Clearance

One of the most important properties of inhaled corticosteroids is their clearance
after absorption, which minimizes the systemic side effects. In theory, the faster
the systemic clearance, the higher the therapeutic index (1). All of the currently
used inhaled corticosteroids show rapid systemic clearance that is of similar mag-
nitude: 84 L /h for BUD (8), 69 L /h for FP (26), 58 L /h for FLU (12), and 37 L /h
for TAA (14). Budesonide is a 1:1 mixture of the epimers 22 S and 22 R, which
are reported to have different clearance rates, 67 and 117 L/h, respectively (27).
Nevertheless, these values are approximately the same as the rate of hepatic blood
flow, which would be the maximum clearance rate possible for hepatically metabo-
lized drugs. Indeed even with an increased hepatic extraction efficiency, this value
could not be increased because the maximum clearance rate would be achieved
when all of the drug supplied by liver blood flow was removed. In this scenario,
these so-called high-extraction drugs are removed by the liver at a rate that is
equivalent to liver blood flow. Only BDP has been reported to have a systemic
clearance greater than hepatic blood flow (230 L/h), indicating extrahepatic me-
tabolism (28). However, in this case the metabolic reaction does not result in the
formation of an inactive metabolite and therefore termination of systemic activity,
but in the formation of the extremely potent metabolite 17-BMP. The clearance
rate of 17-BMP, assuming complete conversion after intravenous administration
of BDP, is reported to be 54 L /h (29).

F. Volume of Distribution

The volume of distribution is a pharmacokinetic parameter that allows quantifica-
tion of tissue distribution. The larger its value, the greater the amount of drug lo-
cated inside the peripheral body compartments. However, a large volume of dis-
tribution does not necessarily indicate greater pharmacological activity in the
peripheral body compartments because most of the drug is present in its pharma-
cologically inactive, bound form. The active, unbound drug concentration at
steady state is independent of volume and depends only on clearance and degree
of protein binding. Since there are different ways of calculating volume of distri-
bution, comparison of literature values must be done with great care. The volume
of distribution at steady state (Vdss) for FP was reported to be 318 L (26) quite in
agreement with its high lipophilicity. Vdss was reported to be 183 L for BUD (20),
103 L for TAA (14) 96 L for FLU (7), and 84 L for 17-BMP (29). The epimers of
BUD also exhibit significantly different distribution patterns with reported Vdarea

(terminal phase apparent volume of distribution) values of 245 and 425L for the
22S and 22R epimers, respectively (27).
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G. Elimination Half-life

The elimination half-life of any drug is a secondary pharmacokinetic parameter
that is dependent on the rate of systemic clearance and the volume of distribution.
The elimination half-life quantifies how rapidly the plasma concentration changes
but does not indicate the magnitude of this concentration. As a result of its large
volume of distribution, FP has the longest elimination half-life of 7–13 hours, as
measured after intravenous administration (26,30,31). The elimination half-lives
of BUD, TAA, and FLU are reported to be 2.8 (8), 2.0 (14), and 1.6 h (21,32), and
those of BDP and 17-BMP after intravenous administration of BDP were recently
reported to be 0.1–0.5 and 0.6 –1.7 h (15,28,29), respectively. The epimers of
BUD have identical elimination half-lives (2.7 h), even though they exhibit dif-
ferent distribution and clearance characteristics (27).

H. Terminal Half-life After Inhalation

The terminal half-life after inhalation can differ from the true elimination half-life
after intravenous administration if absorption is slow and if it is the overall rate-
limiting step (“flip-flop pharmacokinetics”). Hence a slower terminal elimination
half-life after inhalation than after intravenous administration indicates slow ab-
sorption. This may be the case for TAA since the terminal half-life after inhalation
of 3.6 hours was found to be longer than that after intravenous administration
(2.0 h) (14). In the case of 17-BMP, the evidence is rather inconclusive. A 0.1-hour
terminal half-life has been reported for BDP, whereas values ranging between 1.5
and 6.5 hours have been reported for 17-BMP (15,29,33). In a recent study with
subjects receiving BDP by intravenous as well as by inhaled administration, the
mean terminal half-life of 17-BMP after inhalation of BDP was found to be longer
(2.7 h, range: 2.2–3.7) than after intravenous administration (1.7 h), indicating a
possibility of slow absorption (29). For the other drugs, the terminal half-lives
after intravenous and inhaled administrations have been found to be similar:
10 –14 hours for FP (30,31,34), 3 hours for BUD (20), and 1.6 hour for FLU (32).
In such cases, a parameter such as the mean absorption time is a better indicator
of the absorption rate than the terminal half-life. Moreover, accurate determina-
tion of the terminal half-life depends on the sensitivity of measurement of blood
drug concentrations. Thus, low levels of drug in the lung may remain undetected,
resulting in apparently low residence and absorption times.

I. Pulmonary Residence Time

One of the predominant factors responsible for achieving pulmonary selectivity
is the pulmonary residence time. Pulmonary residence time is determined by
the release rate of the inhaled particle from an inhaled solid (powder) or an alter-
native delivery system such as liposomes, the absorption rate of dissolved drug
across pulmonary membranes, and the mucociliary clearance, which removes drug
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particles from the upper portions of the lung (1). The absorption across mem-
branes is a rapid process for lipophilic glucocorticoids, and hence the dissolution
rate of a glucocorticoid powder is the main determinant for controlling the pul-
monary residence time (2). One parameter that is useful in estimating the duration
of pulmonary retention of inhaled steroids is the mean absorption time (MAT),
which denotes the average time it takes for a molecule of the drug to get absorbed
into the systemic circulation. The longer the MAT, the greater the pulmonary resi-
dence. The reported MATs (calculated as the difference between the mean resi-
dence times after inhaled and intravenous administrations) are 5–9 hours for FP
(18,31,34), 2.9 hours for TAA (14), and 0.3–1.8 hour for BUD (20). No data are
available for FLU, BDP, or 17-BMP. The prolonged pulmonary residence of FP as
indicated by the relatively long mean absorption time is consistent with its very
low aqueous solubility (0.04 mg.mL�1) compared to other inhaled corticosteroids
(28). As with Vd, residence time in the lung is not necessarily indicative of phar-
macological activity, as the latter depends on whether or not the drug is in the un-
bound form. However, a long residence time in the lung most likely indicates a
longer availability for topical release and hence activity.

Recent studies have shown that the formation of esters that act as a depot for
the active corticosteroid in the lung may be an alternative mechanism for pro-
longing the pulmonary residence. For example, the formation of several fatty acid
conjugates of BUD in the lung has been shown in vivo (35). This topic is ad-
dressed in more detail in this book in Chapter 21.

J. Accumulation

Accumulation is the term used to describe the increase in plasma drug concentra-
tion that may occur during multiple-dose administration until a steady state is
reached. The accumulation time is a function of the terminal elimination half-life
of the drug. As a general rule, it takes approximately four to five half-lives to reach
steady state. In the case of FP, this is equivalent to about 2 days (31,34). Steady
state is reached in about half a day in the case of BUD and TAA, within 8 hours
for FLU, and in about a day for BDP and its metabolites (i.e., after the first dose)
(36,37). The magnitude of the steady-state plasma concentration, however, is in-
dependent of the half-life and is only a function of systemic clearance. For in-
stance, it will take longer to reach steady state for FP than for BUD. However, for
equal amounts of drug absorbed, the resulting average steady-state concentrations
will be quite similar. Because of the shorter half-life, BUD plasma concentrations
will exhibit greater fluctuation.

K. Pharmacokinetics in Asthmatics

Most studies evaluating the clinical pharmacokinetics of inhaled steroids have
been performed in healthy volunteers. Differences in drug exposure, especially
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lung deposition due to altered airway caliber, between asthmatics and healthy vol-
unteers have been characterized primarily using dose titration studies involving
asthma control as the primary outcome. Thus, pharmacokinetic information in the
target group, patients with varying degree of respiratory disease, is scarce.

In a study with 13 patients with mild to moderate asthma (FEV1 50 –80%
predicted), 500 mg FP b.i.d. was inhaled from DiskhalerTM and DiskusTM dry pow-
der devices, respectively. In both groups, comparable FP plasma concentration
profiles were obtained after 4 weeks of treatment with no statistically significant
differences between the devices, evaluated by comparison of Cmax and AUC values
(38). However, AUC and Cmax were lower in the asthmatic patients than in healthy
subjects, probably due to impaired inhalation and deposition of the administered
dose in the lung. Falcoz and coworkers reported a geometric mean for Cmax and
AUC during multiple dosing therapy from DiskhalerTM of 0.190 ng/mL and
1.124 ng/mL.h for healthy subjects, and of 0.120 ng/mL and 0.412 ng/mL.h for
asthmatics, respectively, when normalized for a common dose of 500 mg FP b.i.d.
(17,39). In a second study, including 10 patients with mild-to-moderate asthma
dosed with 100 and 500 mg FP b.i.d. from DiskhalerTM over 4 weeks, FP plasma
concentrations were also lower than in healthy subjects (39). Jusko and Harding
investigated FP in 118 asthmatics (FEV1 	 50% predicted) receiving either 250,
500, 750, or 1000 mg FP for 28 days, inhaled from pMDI (40). Plasma concentra-
tion time courses showed considerable variability, but the mean AUC was pro-
portional to the administered dose.

In a 4-week study involving 33 mild asthmatics (FEV1 	 65% predicted),
the dose proportionality of three different doses of BUD (400, 800, and 1600 mg
twice daily) inhaled via Turbuhaler� was evaluated (41). BUD was found to ex-
hibit linear pharmacokinetics, both within and up to twice the maximum of the
clinically recommended dose range. The dose-normalized AUC and Cmax values
obtained in the study were similar to those obtained in 24 healthy volunteers re-
ceiving 800 mg doses via Turbuhaler�, suggesting that mild asthmatics have simi-
lar kinetics as in the healthy (41,42). These results are consistent with studies that
have reported comparable lung deposition in asthmatics (50 � FEV1: �92% pre-
dicted) as well as in healthy subjects after inhalation via the MDI and Turbuhaler
formulations (20,43). In a study with six asthmatic children aged 10 –13 years
(FEV1 	 75% predicted), the clearance of BUD (after adjustment in body surface
areas) was found to be 50% higher than that found in adults (44).

The single and steady-state pharmacokinetics of BDP delivered via CFC
and HFA pressurized metered dose inhalers was investigated in 43 steroid-naïve
asthmatic patients (FEV1 60% predicted) over 14 days (37). No clinically mean-
ingful difference was observed in total beclomethasone pharmacokinetics (repre-
senting the sum of BDP, 17-BMP, beclomethasone, and other metabolites) be-
tween single and multiple doses over 14 days.

Zaborny and coworkers investigated the pharmacokinetics of TAA in
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moderately severe asthmatics and found it to be linear over a dose range of
400 –1600 mg when inhaled via the Azmacort� MDI device (45). The reported
AUC and Cmax values were consistent with those obtained in another study in-
volving 12 healthy volunteers receiving 2 mg via the Azmacort� inhaler (14,45).
Steady-state pharmacokinetic data for TAA and FLU in asthmatics are not avail-
able in the literature.

III. PK /PD Modeling of Cortisol Suppression

A. Cortisol Suppression as a Surrogate Marker for Systemic
Activity of Inhaled Steroids

Since inhaled steroids are absorbed into the systemic circulation after topical ad-
ministration, they exert systemic effects. The most significant systemic adverse ef-
fects of inhaled steroids include growth suppression, reduction in bone density,
and cataracts. Unfortunately, measures of these effects would need monitoring a
large number of patients for a relatively long period of time (i.e., years). Endoge-
nous cortisol suppression, although not shown to directly correlate with clinical
effect, has been shown in a number of studies to be a reliable surrogate marker for
estimating the systemic activity of inhaled steroids. The hypothalamic-pituitary-
adrenal (HPA) axis is exquisitely sensitive to the presence of exogenous cortico-
steroids, is relatively easy to assess, and therefore has proven to be a convenient
target for assessing the systemic activity of inhaled steroids.

There are a number of methods available for assessing adrenal function.
They can be categorized into either basal hormone measurements or stimulation
tests. Test procedures for basal cortisol release include measurements of morning
cortisol plasma concentrations, integrated plasma cortisol concentrations (ICC),
and urinary free cortisol excretion. Stimulation tests include the ACTH stimula-
tion test, the CRH test, the insulin (tolerance) stress test, and the metyrapone test
(46). Single measurements of morning cortisol are an insensitive method for the
assessment of HPA activity due to the circadian rhythm of cortisol release and
great intraindividual variations in cortisol levels during the phase of daily peak
concentrations in the early morning. The more accurate and sensitive measure-
ments of HPA axis function are the integrated cortisol levels (cortisol AUC) by
multiple blood sampling at frequent intervals over up to 24 hours and the ACTH
stimulation test (46,47).

Under clinical settings, the degree of endogenous cortisol suppression
(CCS), when using the ICC method, is usually reported as the difference in the
areas under the curve (calculated using the trapezoidal rule) between the placebo
and the drug-treated groups over a 24-hour time period. This approach, however,
is only a descriptive method and has no predictive value. In other words, extrapo-
lations of systemic drug effect to other clinical situations would require informa-
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tion from a large number of clinical studies because there are significant differ-
ences in cortisol suppression depending on the dose, inhaler device, patient popu-
lation, duration, frequency, timing, route of administration, and relative potency
of the administered corticosteroid. To address this issue, a PK/PD modeling ap-
proach that is both descriptive as well as predictive has been developed.

B. PK /PD Modeling Approach

Endogenous cortisol concentrations in plasma follow a circadian rhythm. Peak
concentrations are reached in the morning between 6 and 10 a.m., through con-
centrations at night between 8 p.m. and 2 a.m. (48–50). Several PK/PD-modeling
approaches have been launched to describe the daily rhythm in the plasma con-
centration time course of endogenous cortisol and its suppression after adminis-
tration of exogenous corticosteroids (6,51–56). A clinically valuable, integrated,
Emax-based PK/PD model has been developed to describe the cumulative sup-
pression of endogenous cortisol release (CCS) caused by exogenous corticoste-
roids (57).

The model describes the daily cortisol release (RC in concentration/time) at
baseline situation with two straight lines. For the time between the maximum cor-
tisol release (tmax) and the minimum cortisol release (tmin), RC decreases in a lin-
ear fashion from the maximum release rate (Rmax in amount /time) at time tmax to
approximately 0 at time tmin:
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where VdCort is the volume of distribution of cortisol and t is the time after
cortisol monitoring was initiated (t0 � 8 a.m.).
For the time between tmin and tmax, RC increases according to:

The resulting change in cortisol plasma concentrations (CCort) at baseline situation
is then described by Eq. (3), where ke

Cort is the first-order elimination rate constant
for cortisol.
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e
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dt

Based on Eq. (3), an indirect response model is then formulated to characterize the
suppression of endogenous cortisol concentrations during exogenous corticoste-
roid therapy, thereby relating the corticosteroid concentrations to the effect on cor-
tisol release according to:
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where %CCS is the difference between the areas under the curve between the
placebo and the drug-treated groups, AUCBase,24 is the area under the cortisol
plasma concentration time curve over a 24-hour interval for the placebo group and
AUCTherapy,24 is the area under the curve over the same time period for the drug-
treated group. A graphical representation of the calculation of %CCS after single
and multiple dosing is shown in Figure 3.

C. Predictive Power of the PK /PD Model

It has been mathematically shown that the estimation of CCS with the trapezoidal
rule as well as with the PK/PD model will theoretically result in the same values
for %CCS, thereby allowing comparisons between %CCS values measured in
clinical studies and those simulated using the PK/PD procedure (57). However,
the PK/PD-based approach provides the advantage that it is not limited to clini-
cally determined data, but allows predictions beyond the existing data set for other
dosing regimens. The model has been used to simulate different clinical situations
involving different drugs (FP, BUD, TAA, and FLU), doses, and devices (MDI,
DPI, etc.) and has been shown to predict cumulative cortisol suppression reported
in several published clinical studies with good accuracy (58). BDP was not in-
cluded in the study due to lack of information on 17-BMP. Figure 4 shows the cor-
relation between model-predicted CCS and measured CCS values for the four
drugs after inhalation (r � 0.84). The predictions correlate fairly well with the
measured data for all four drugs irrespective of the inhaler device or dose.

After single doses, CCS increased with increasing dose for all four cortico-
steroids. Equal administered amounts of the four drugs, however, produced dif-
ferent degrees of CCS according to their pharmacokinetic and pharmacodynamic
properties in the order TAA � FLU � BUD � FP (59). The described model was
able to adequately quantify the differences in cumulative suppressive effects when
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dCCort Emax · C


�� � RC · 1 � 
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e
ort · CCort (4)D Edt EC50 � C

where Emax is the maximum suppressive effect, EC50 is the corticosteroid plasma
concentration that produces half of Emax, and C is the unbound plasma concentra-
tion of the exogenous corticosteroid whose systemic disposition could be de-
scribed using either a one-compartment (TAA) or two-compartment (FLU, BUD,
and FP) body model with first-order absorption. Since the maximum possible ef-
fect is complete suppression of cortisol release, Emax is fixed at 1. The effect of ex-
ogenous corticosteroids on endogenous cortisol suppression is then quantified ac-
cording to:

AUCBase,24 � AUCTherapy,24

%CCS � 









��� (5)
AUCBase,24
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inhaled via different inhalers. For example, the model-predicted values of 40%
and 25% CCS after a single dose of 1 mg FP inhaled via MDI and DiskhalerTM,
respectively, were consistent with the reported values (54,60,61). Similar differ-
ences between Turbuhaler and MDI were also accounted for by the model, but in
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Figure 3 Area (shaded) between the plasma concentration-time profiles of endogenous
cortisol at baseline (– – –) and after exogenous corticosteroid administration (——) that cor-
responds to the amount of suppressed cortisol within 24 hours after (a) single dose given at
8 a.m. (�) and (b) steady-state b.i.d. doses given at 8 a.m. and 8 p.m.
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this case the suppression was slightly higher for Turbuhaler� after a single dose of
BUD than for MDI (60,62– 64).

Using simulations, it has been previously shown for FP and FLU that dose
timing, especially for a single dose, is a pivotal influential factor that determines
the extent of cortisol suppression (65). The approach was also extended for TAA
and BUD for both single dose (i.e., the first dose of the treatment) as well as
steady-state situations (i.e., twice-daily administration during steady state) in
order to evaluate the diurnal variation in CCS. Figure 5 shows the relationship be-
tween administration time and CCS after inhalation of single doses of 500 and
1000 mg of TAA, BUD, and FLU and 250 and 500 mg of FP. A circadian pattern
in CCS was observed with maximum CCS when the drugs were administered in
the early morning around 3– 4 a.m. and minimum CCS when administered in the
afternoon hours between 4 and 7 p.m. This pattern is a result of the temporal
arrangement of the systemic drug activity in relation to endogenous cortisol re-
lease. On the one hand, CCS reaches its maximum if the time of maximum cortisol
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Figure 4 Correlation between cumulative cortisol suppression (CCS) measured in clini-
cal studies and predicted by simulation of the respective situation for FP (�), BUD (□),
FLU (�) and TAA (�) with the PK/PD approach (r � 0.84). The dotted line describes the
ideal situation, where measured and predicted CCS would be identical.
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release in the early morning falls within the period of high systemic activity. Con-
versely, CCS is minimized if the period of high systemic activity is located around
the time of minimum cortisol release in the late evening, several hours before the
release maximum. Because the period of systemic activity is modulated by the
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Figure 5 Relationship between daily administration time and cumulative cortisol sup-
pression (CCS%) compared with baseline within 24 hours after inhalation of single doses
of 500 mg (gray) and 1000 mg (black) of TAA, FLU, and BUD and 250 mg (gray) and 500 mg
(black) of FP.
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corticosteroid’s terminal half-life, it is shorter for corticosteroids with shorter ter-
minal half-lives, such as FLU (1.6 h), BUD (3.0 h), and TAA (3.6 h), and longer
for long terminal half-life drugs such as FP (11.7 h). Hence, in order to minimize
systemic activity during the period of increased endogenous cortisol release (i.e.,
in the early morning), the optimum administration time was slightly shifted from
late afternoon around 7 p.m. for FLU to early afternoon at 4 p.m. for FP. Despite
exhibiting similar diurnal rhythms, the degree of fluctuation of CCS, however, was
much less pronounced for FP compared to the other drugs. This is readily ob-
served in Figure 6, which relates the administration time with CCS after adminis-
tration of equipotent doses of FP, FLU, TAA, and BUD, determined by calculat-
ing the dose delivered from an MDI, using literature values of overall systemic
bioavailability, that caused 25% CCS when administered at 8 a.m. CCS caused
by a single dose of BUD or FLU is minimized twofold or more if administered
at 8 p.m. instead of 8 a.m., whereas the change in CCS after a FP dose at 8 p.m. is
relatively insignificant (approximately 10%) compared to the 8 a.m. dose. These
observations might have a profound effect on the comparability of clinical studies
regarding the systemic activity of these steroids. For example, inhalation of single
doses of 500 mg FP and 1000 mg FLU causes similar CCS (26.3% vs. 26.6%) when
administered at 8 a.m. However, when given at 8 p.m., CCS remains similar after
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Figure 6 Relationship between administration time and cumulative cortisol suppression
(CCS%) after inhalation of single doses of FP (400 mg), TAA (1350 mg), BUD (1150 mg), and
FLU (850 mg) via their respective MDIs. These doses are equipotent when administered at
8 a.m. (black) but show significant differences in CCS when administered at 8 p.m. (gray).
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the FP dose (23.7%) but is more than halved after the FLU dose (10.8%). Hence,
without considering the administration time, one might conclude that the HPA sup-
pression of both drugs at the given dose level is either equivalent or in a 2:1 ratio.

Since multiple rather than single dosing regimens are more commonly used
for inhaled steroids, results derived at steady-state conditions are more clinically
relevant than those obtained from single dose studies. A similar approach as for
single dosing was used to assess the time dependency of CCS during multiple dos-
ing at steady state with the dosing regimen following a circadian periodicity, i.e.,
doses and dosing times identical for each day (e.g., 500 mg given at 8 a.m. and at
8 p.m.). Simulations were performed for 500 and 1000 mg steady-state b.i.d. doses
of BUD, TAA, and FLU and 250 and 500 mg doses for FP inhaled at various com-
binations of times (e.g., 8 a.m. and 8 p.m., 9 a.m. and 9 p.m., etc.). The results in-
dicate that the systemic activity of inhaled steroids during multiple b.i.d. dosing is
most likely not influenced by the times of administration (Fig. 7). However, for
studies that evaluate CCS after the last dose of a multiple dosing regimen, this in-
ference would no longer be valid. For example, given a multiple-dose study, dif-
ferent degrees of CCS may be observed for the same dose of the drug depending
on whether the time of the last dose falls in the morning or in the evening. This in
turn could lead to inconsistent conclusions similar to single dose studies discussed
earlier. It has to be mentioned that the simulations in this study assume no diurnal
variation of drug-specific PK/PD parameters and no changes with time.

Figure 8 shows the dose-response (%CCS) relationships for the four ste-
roids when inhaled via their respective MDIs during a twice-daily steady-state regi-
men. It is interesting to note that in spite of the identical mechanism of action, the
slopes of the respective dose-response curves are not identical for the four ste-
roids. This is due to the fact that a dose-response curve integrates both the phar-
macokinetic and pharmacodynamic properties of the investigated compound.
Whereas the slopes of the concentration-response curves are identical for the four
steroids, their pharmacokinetic parameters differ. This results in the observed dif-
ferences in the slopes of their dose-response curves.

Since the therapeutic safety of inhaled steroids is predominantly governed
by the magnitude of their systemic activity, the method also allows assessing the
benefit-to-risk ratio of inhaled corticosteroids if additional data on efficacy are
considered. Special attention must be given to the delivery devices whenever these
dose-response relationships are evaluated. These predictive capabilities may be
used to optimize dosing regimens as well as to compare different corticosteroids
with regard to cumulative systemic activity without or with a reduced number of
clinical trials.

The clinical relevance of subnormal HPA-axis function in asthmatics using
inhaled corticosteroids is not clear. Moderate reduction of cortisol release merely
reflects the physiological feedback inhibition, and therefore the normal response
mechanism of the HPA axis towards corticosteroid exposure, rather than a clini-
cally significant change in body functioning. Furthermore, due to the presence of
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Figure 7 Relationship between daily administration times of a b.i.d. regimen and cu-
mulative cortisol suppression compared with baseline during inhalation of steady-state
doses of 500 mg (gray) and 1000 mg (black) of TAA, FLU, and BUD and 250 mg (gray) and
500 mg (black) of FP.
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the exogenous steroid, total corticosteroid activity in the body may still remain
within the physiological range. Thus, changes in HPA-axis function based on
laboratory findings are not necessarily predictive of clinically significant events on
skin, bone, eye, adrenal gland, growth, etc. and should rather be interpreted as
markers for total systemic activity.

IV. Conclusions

A comparison of the pharmacokinetic and pharmacodynamic properties of in-
haled corticosteroids currently used in medical practice clearly reveals significant
differences between these compounds. Although all of these agents show rapid
systemic clearance after absorption, there are differences in oral bioavailability
and absorption rate after inhalation. Absorption rate is probably more relevant
because it reflects pulmonary residence time after inhalation and therefore dura-
tion of availability in the lungs. Initial attempts at mathematical deconvolution to
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Figure 8 Dose-response (%CCS) relationships for FP (—●—), TAA (—�—), FLU 
(—�—), and BUD (—	—) during a steady-state twice-daily regimen, delivered via 
MDI. The dotted lines highlight the difference in the ED50 values (dose administered every
12 hours that caused 50% CCS) between the drugs when delivered via their respective com-
mercial MDI devices.
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estimate pulmonary residence time have resulted in significant differences be-
tween agents. Long residence times have been calculated for FP and TAA, but
BUD and FLU appear to disappear rapidly. More studies are needed to evaluate
the pulmonary residence of BDP and 17-BMP. These properties appear to be re-
lated to pulmonary solubility, which appears to be the rate-limiting step in pul-
monary absorption. However, more detailed studies are needed to further eluci-
date the exact local events at the various pulmonary levels that follow inhaled
corticosteroid administration.

There is little doubt that the use of inhaled corticosteroids has vastly im-
proved the benefit-risk ratio for the preventive treatment of asthma. However, the
trend toward the earlier use of inhaled corticosteroids, particularly in children,
makes it even more important to critically appraise their potential for producing
systemic adverse effects during long-term administration.
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Discussion

Dr. Edsbäcker: Thank you for a nice and clear presentation. There are, how-
ever, a few remarks I want to make, based on your data: 1) First of all, you claim
that fluticasone shows flip-flop kinetics after inhalation, based on data from dif-
ferent studies. However, all studies where the kinetics of inhaled and i.v. fluti-
casone have been compared in the same study suggest that systemic distribution
rather than rate of uptake from the lungs is the rate limiting step in the elimina-
tion of inhaled drug (Thorsson L, Dahlström K, Edsbäcker S, Källen A, Paul-
son J, Wiren JE. Pharmacokinetics and systemic effects of inhaled fluticasone
propionate in healthy subjects. Br J Clin Pharmacol 1997; 43:155– 61; Källèn
A, Thorsson L. The elimination rate of fluticasone propionate is not governed
by uptake rate from the airways. Eur Respir J 1999; 14 (suppl 30):197s). 2)
Your cortisol suppression model predicts elegantly the suppression which can
be expected after various steroid treatment regimens. However, most of these
simulations were made following single doses, in spite of the fact that several
of the more lipophilic steroids clearly accumulate at steady state, and by that
would affect HPA more than after a single dose. 3) When you presented both
your experimental as well as your modeling data on different steroids, the cor-
tisol suppressive effect were compared using different doses: hence, half the
dose of fluticasone was compared with a full dose of budesonide, flunisolide,
and triamcinolone acetonide. What was the logic behind this?

Dr. Derendorf: 1) The half-life of fluticasone propionate after inhalation has
been reported in some studies to be longer than reported i.v. half-lives. How-
ever, in the studies you mentioned there was no difference in the terminal half-
lives. So, I am not sure if there really is flip-flop in this case or not. However,
this is not really a critical issue. In any case, all studies have shown a long mean
absorption time of fluticasone propionate after inhalation. This noncompart-
mental parameter (MAT) is a much more robust number and safer to interpret
than the meaning of terminal half-lives. 2) We have applied our model to a num-
ber of single and multiple dose cases. It could be shown that the model was able
to give reasonable predictions in either case. We have recently published an in-
teractive spreadsheet that allows the user to enter the steroid, device, dose, and
time of dosing to predict cortisol effects after both single and multiple dosing
(AAPS Pharmsci. at http://www.pharmsci.org, 2(3), article 22, 2000). 3) The
model allows one to calculate cortisol effects for any dose you want. The data I
presented were from an experimental study where we compared half the dose
of FP with the full dose of budesonide. Our studies with flunisolide and triam-
cinolone acetonide were performed on even higher doses. The doses for budes-
onide and fluticasone propionate were chosen based on clinical and laboratory
findings that on a microgram-to-microgram basis. Fluticasone propionate is
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approximately twice as potent as budesonide in the treatment of asthma (Barnes
et al., Respir Med 1998; 92:95–104).

Dr. O’Byrne: Are the effects of inhaled glucocorticoids on adrenal suppression
measured at steady state at 5 days the same when measured at steady state at 6
months or less?

Dr. Derendorf: Unfortunately, detailed long-term studies that have looked at
24-hour serum cortisol after 6 months of treatment are not available.

Dr. Seale: There is a threefold difference in the percentage of unbound drug be-
tween the steroids, which you have discussed. How important is the free drug
concentration in terms of systemic effects of these different steroids?

Dr. Derendorf: For inhaled corticosteroids these differences are important
since they directly translate into the resulting unbound concentrations. The
more protein binding, the lower the unbound concentrations. Clearance is not
affected by protein binding since inhaled corticosteroids represent flow-limited
high extraction drugs.

Dr. Pedersen: There seems to be a discrepancy between the rapid appearance of
BUD in the blood in the pharmacokinetic studies and the lung retention data
presented by Dr. Edsbäcker. How do you explain that? Is it because the fraction
which is retained in the lung is so low that it is not detected by the pharmaco-
kinetic method?

Dr. Derendorf: Our calculations have shown that the largest part of the ab-
sorbed budesonide dose enters the bloodstream very quickly. We cannot ex-
clude that a very small fraction of the dose is retained in the lung for a longer
time, but we also do not have any evidence from our data that this is the case.
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I. Introduction

While inhaled corticosteroids (IS) have been developed and designed in order to
minimize or eliminate systemic effects, this has not to date been fully achievable.
As outlined in several chapters in this volume, IS, even those with the lowest sys-
temic bioavailability, still exert effects outside of the airways. Recent understand-
ing of the process of allergic inflammation in the airways has generated the notion
that upper and lower airway allergic disease, such as rhinitis and asthma, are ex-
pressions of a systemic inflammatory process. Given this, some of the systemic
actions of IS may in fact be desirable and beneficial, especially if these target
systemic processes involved in the development of rhinitis and asthma. This
chapter will highlight the evidence that asthma is part of a systemic disease pro-
cess and review the evidence for the extrapulmonary beneficial effects of IS in this 
process.
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II. Evidence for a Systemic Allergic Airways
Inflammatory Disease

Rhinitis and asthma are linked closely epidemiologically, as has been known for
quite some time and emphasized in recent surveys (ISAAC study) (1). Patients
with seasonal allergic rhinitis without asthma symptoms can, as a group, be shown
to have increased bronchial hyperresponsiveness (BHR) (2–5). During the course
of seasonal allergen exposure, patients with allergic rhinitis can be shown to have
increased numbers of inflammatory cells (eosinophils and mast cells) in the lower
airways, even without symptoms of lower airway disease (6,7). Longstanding ob-
servations from our laboratory have indicated fluctuations of eosinophil /basophil
(Eo/B) progenitors in the peripheral blood in patients with seasonal allergic rhini-
tis (8,9), parallelling changes that are recognized in mature eosinophils and ba-
sophils in circulation. The finding of Eo/B progenitor decreases during the height
of seasonal allergen exposure led us to hypothesize the concept of “in situ hemo-
poiesis” to explain a process of systemic activation of hemopoietic mechanisms,
in which communication among bone marrow peripheral blood and airway tissue
compartments contributed to the allergic inflammatory process at a systemic level
(10 –12). Indeed, allergen challenge to the lower airways in atopic asthmatics elic-
its an immediate rise in Eo/B progenitors, especially in subjects with late phase
responses (13,14). These original observations have been buttressed by a series of
investigations demonstrating conclusively that: exacerbations of asthma are at-
tended by increases in peripheral blood Eo/B progenitors (14); allergen challenge
to dogs or mice with allergic airways inflammation elicits bone marrow progeni-
tor responses (15–17), with trafficking of bone marrow cells to the airway either
in pure upper or lower airway disease (18); and allergen challenge to atopic asth-
matics upregulates the high affinity receptor for IL-5 on bone marrow progenitors
(IL-5Ra) (19), beginning a process of eosinophil differentiation that is likely
driven by the release of a serum hemopoietic factor—as we have found in the ca-
nine model (16)—which acts on the bone marrow and initiates a series of systemic
events. It is these events that IS may target in a beneficial manner in asthma.

III. Effects of IS In Vivo on Progenitors in Asthma 
and Rhinitis

There are several animal and human studies now indicating that IS may exert ex-
trapulmonary effects on hemopoietic mechanisms initiated in the bone marrow,
which contribute to disease pathogenesis. First, controlled, stepwise withdrawal
of IS in asthmatic subjects, sufficient to provoke a mild exacerbation, leads to an
immediate rise in Eo/B progenitors in the peripheral blood (14,20); this rise can
be suppressed with progenitor levels restored to normal in circulation by reintro-
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duction of IS at therapeutic doses that treat the exacerbation (14,20). IS given to
patients with chronic cough and eosinophilic bronchitis likewise suppress the am-
biently elevated levels of Eo/B progenitors in blood, in parallel with a beneficial
effect on the cough symptom (21). Second, in canine studies that utilize an Ascaris
suum–induced bronchial hyperresponsiveness as a model of allergic airways
inflammation and asthma, IS in doses sufficient to achieve remission of airways
inflammation and physiological changes suppress the allergen-induced upregula-
tion of bone marrow myeloid progenitors (15); this is seen in conjunction with
suppression in vitro of a serum hemopoietic activity released after allergen in-
halation (16) and at doses of IS that can be shown to achieve plasma and bone mar-
row levels of corticosteroid at concentrations expected to exert effects on inflam-
matory cells and their progenitors (M. Inman et al., unpublished) (Table 1).

In this latter model, studies of the effects of serum containing hemopoietic
activity have revealed a synergy between upregulation of the marrow and the in-
creased release of hemopoietins into circulation (M. Inman et al., unpublished),
both of which are targeted by IS. Intravenous administration of corticosteroids to
achieve the same levels in blood and marrow that are achieved with IS can be
shown to suppress both the systemic (progenitor) and tissue (airways) response
(M. Inman et al., unpublished). Similar studies by Toogood et al. (22) comparing
oral corticosteroids to IS have concluded that the topical route is the one that op-
timally controls symptoms; however such studies, done with several corticos-
teroid preparations (22,23), have not measured systemic inflammatory responses
such as bone marrow or peripheral blood progenitors.

Other in vivo studies we have recently completed may shed further light 
on the effects of IS on a systemic, bone marrow–related process in asthma and
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Table 1 Effects of Inhaled Steroids on Progenitors In Vivo

Suppress Eo/B progenitor rise in asthma exacerbations
Suppress Eo/B progenitors in eosinophilic bronchitis and chronic cough
Prevent allergen-induced increases in peripheral blood Eo/B progenitors in atopic

asthmatics
Suppress GM-CSF localization in developing peripheral blood Eo/B progenitors
Prevent allergen-induced increases in canine bone marrow myeloid progenitors in a

model of bronchial hyperresponsiveness
Suppress the systemic release of a serum hemopoietic activity acting on canine myeloid

progenitors
Decrease baseline levels of bone marrow Eo/B progenitors and IL-5Ra� cells in atopic

asthmatics
Do not prevent (1 week treatment) the upregulation of IL-5Ra� on bone marrow allergen-

induced progenitors in atopic asthmatics
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rhinitis. Allergen challenge in human atopic asthmatic subjects can be shown to
upregulate IL-5Ra on increased numbers of CD34� pluripotent bone marrow pro-
genitors within 24 hours (19,24); this is attended by an increased IL-5 sensitivity
of Eo/B progenitors in the bone marrow in those who develop a dual response to
allergen provocation (25). At the same time, Eo/B colony-forming units (CFU), a
functional readout of a later stage progenitor than the CD34� population, are also
increased following allergen challenge (19). Both Eo/B-CFU and CD34�IL-5
Ra� cell increases after allergen are not suppressed by pretreatment for a week
with budesonide 400 mg bid (25); however, baseline levels of CD34�IL-3Ra� as
well as CD34� and IL-5Ra� cells are decreased on treatment with IS (25). Very
recent observations have revealed, in consonant with our previous studies, that pe-
ripheral blood Eo/B-CFU fall on treatment with IS at these doses (Fig. 1) and that
the cytokine profile induced in developing Eo/B-CFU is also suppressed by IS
(G.M. Gauvreau et al., unpublished). These studies indicate that different com-
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Figure 1 Effect of placebo or budesonide (200 mg b.i.d. for 1 week) on allergen-induced
Eo/B colony-forming cells. A significant (p � 0.05) suppression was observed after treat-
ment with IS.
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partments of the systemic hemopoietic response to airway allergen provocation re-
spond differentially to IS. Whether this is a reflection of the dose of IS, length of
therapy, or other properties of the cells and the different compartments remains to
be examined. Nonetheless, these studies emphasize that IS do exert effects on
even subtle molecular changes in eosinophil differentiation that are relevant to the
development of asthma and rhinitis. We have recently also found that in a murine
model of ovalbumin-induced airway inflammation, marked by increases in bone
marrow eosinophil progenitors that parallel the development of airway physiolog-
ical changes (17), IS exert suppressive effects on the hemopoietic response that are
limited to a certain time period following allergen provocation (H. Shen et al., un-
published).

IV. The Effects of IS In Vitro and Ex Vivo on Hemopoietic
Responses

Studies of the effects of corticosteroids ex vivo and in vitro on hemopoietic re-
sponses (Table 2) have revealed that certain progenitor populations are exquisitely
sensitive to IS concentrations achieved systemically in vivo. For example, the
myeloid progenitor cell line, HL-60, is inducible to Eo/B lineage differentiation
(26); this can be suppressed by 10�7–10�8 M budesonide. Similarly at 10�7–10�9

M budesonide in vitro, peripheral blood Eo/B-CFU are decreased or abolished
(27). However, in parallel with in vivo observations related to differential effects
of IS on bone marrow and peripheral blood compartments, recent evidence we
have obtained revealed an upregulation of IL-5–dependent Eo/B-CFU in vitro in
the presence of budesonide at 10�7–10�8 M(28). Moreover, bone marrow ob-
tained from atopic asthmatics, showing upregulation of CD34�IL-5Ra� cells, ex-
hibits increased sensitivity to IL-5 ex vivo when taken after treatment with budes-
onide rather than placebo (R. Sehmi et al., unpublished). These studies indicate:
(1) that the bone marrow progenitor compartment responds differently from the
peripheral blood compartment to IS; and (2) increased IL-5 responsiveness of
bone marrow progenitors may require a more prolonged treatment with IS in vivo
to be fully suppressed.
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Table 2 Effects of Inhaled Steroids on Progenitors Ex Vivo and In Vitro

Suppress canine myeloid differentiation in vitro
Suppress eosinophil differentiation of the myeloid cell line, HL-60
Suppress peripheral blood Eo/B progenitor differentiation in vitro
Enhance IL-5–mediated bone marrow Eo/B progenitor differentiation in vitro
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V. Mechanisms of IS Effects on Hemopoietic Processes

Recent studies by J. Tavernier et al. (unpublished) indicate that IL-5 itself, rather
than IL-3 or GM-CSF, regulates the expression of its own high affinity receptor,
IL-5Ra, on differentiated eosinophils from cord blood CD34� progenitors. We
have demonstrated that IL-5 can upregulate IL-5Ra on CD34� cells themselves in
24-hour in vitro cultures (R. Sehmi et al., unpublished). It is not clear whether or
how IS, given at doses aimed to achieve the physiological concentrations that can
exert effects on progenitors, regulate IL-5Ra on progenitors. It would be impor-
tant to investigate this process more fully, since the extrapulmonary beneficial ef-
fects of IS may target this interaction, and this may be important in the long-term
downregulation of the eosinophilic inflammatory response that appears to ema-
nate, at least in part, from bone marrow–derived mechanisms.

Further, the question of mobilization of Eo/B progenitors from the marrow,
their movement through the circulation, and arrival and presence in the tissue
compartment needs to be more fully delineated in relation to the beneficial ef-
fects of IS systemically. We and others now have evidence that CD34� progeni-
tors reside in upper (29) and lower airways tissue, with IL-5Ra upregulation on
these cells in the bronchial mucosa (30); an inverse relationship between IL-5Ra
and FEV1 has been demonstrated, suggesting that this is an important mechanism
to be targeted by IS (30). Intranasal corticosteroids appear to upregulate the
numbers of CD34� cells in nasal polyps, implying a block in differentiation (29),
but whether or not changes in IL-5Ra occur on these cells after topical steroid
treatment to the airway needs to be further studied both in the upper and lower
compartments.

Finally, the cooperation between IL-5 and eotaxin in mobilizing bone mar-
row eosinophils and their progenitors into the circulation and in localizing eosino-
phil responses in the airways (31,32) needs to be examined further in relation to
the effects of IS. It would be important to determine whether progenitors respon-
sive to eotaxin bearing the receptor CCR3 specific for this chemokine are affected
by IS systemically. Recent evidence we have obtained suggests the acquisition of
CCR3 on bone marrow progenitors in kinetically relevant fashion after allergen
provocation (33), indicating that this may also be a target for extrapulmonary ef-
fects of IS. Most likely, both IL-5–dependent and eotaxin-dependent mechanisms
eliciting hemopoietic responses need to be targeted by IS in order to achieve re-
mission of symptoms and long-term therapeutic benefits.

Finally, the question of chronic versus acute therapy with IS in relation to
the extrapulmonary effects needs to be studied further. How much IS, and for how
long, is required to fully suppress the upregulation of CD34� IL-5Ra� cells in the
bone marrow is a question that can be addressed in long-term studies. Data from
our mouse model of eosinophilic airways inflammation indicate that there are pro-
longed effects of the initial eosinophilic response on airway physiology (unpub-
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lished); presumably insufficient doses of IS, with chronic upregulation of IL-5Ra
and CCR3 on bone marrow progenitors, would allow for continued eosinophil
differentiation and ingress into tissues as both mature and immature cells, leading
to further airway changes and possibly remodeling. It is conceivable, therefore,
that newer generations of IS need to be reexamined for their systemic bioavail-
ability and potency profiles, with the aim of achieving some beneficial extrapul-
monary effects and not only tissue-specific anti-inflammatory effects. In vivo
dose-response studies in which levels of steroid achieved in plasma and in tissue
can be related to biological effects in vitro could be of help in future studies.
More importantly, studies of the effects (if any) of “soft” steroids of varying meta-
bolic action and stability on hemopoietic mechanisms need to be considered. It is
quite possible that the combination of direct tissue (airways) effects and systemic
(bone marrow) actions of inhaled corticosteroids is what is necessary to achieve
the full clinical benefit of these medications. A corollary of this is that combina-
tion therapy of IS with cytokine or leukotriene antagonists may be more capable
of exerting effects on hemopoietic processes than IS alone.
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Discussion

Dr. O’Byrne: Is the lack of efficacy of the soft (esterase-sensitive) steroids due
to inability to reach the airway cell?

Dr. Denburg: I would speculate that, in order to have a sustained effect on
chronic eosinophilic inflammation, direct or indirect effects on the bone mar-
row are necessary. Soft steroids will lack these effects.

Dr. Busse: To try to determine the effect of inhaled steroids on local (airway)
versus systemic (circulating) cells, we evaluated IL-5 generation from airway
cells after antigen challenge. Airway, but not circulating, cells had increased
IL-5 generation. This response was blocked by inhaled steroids; there was no
effect in circulating cells. Do you think that this represents differences of pro-
genitor CD34 cells versus mature cells?

Dr. Denburg: It is quite possible that differences between mature eosinophils
and their progenitors exist with regard to IL-5 receptor regulation by IL-5.
Tavernier has, however, also shown that IL-5 upregulates IL-5R on maturing
eosinophils.

Dr. Schleimer: It’s worth noting that Minshall et al. have shown that airway
exposure to allergen increases IL-5–expressing T cells in the bone marrow,
suggesting that the communication between lung and bone marrow can occur
via cells as well as mediators.

Dr. Hamid: Do you think that the effect of inhibitory steroids is particularly due
to its effect on local eosinophil differentiation for the proposed cell in the lung?

Dr. Denburg: It is likely that an effect on progenitors in tissues also occurs. We
have seen an increase in CD34� cells in nasal polyps after intranasal steroids,
implying a block in differentiation (Kim et al., Am J Respir Cell Mol Biol,
1999; 20:388–397).

282 Denburg et al.

11-M1775  10/11/2001  12:28 PM  Page 282



I. Introduction

Despite the development of new antiasthmatic drugs, inhaled glucocorticoids re-
main important in the therapy of asthma. Beclomethasone dipropionate, the proto-
type of the first generation of inhaled glucocorticoids, was successfully introduced
without taking into consideration major targeting strategies. The second and third
generations of inhaled glucocorticoids, with budesonide and fluticasone propio-
nate as the main representatives, incorporated a number of rationale design fea-
tures into the drug development process that significantly improved pulmonary
selectivity (in the following, the term “pulmonary” is used synonymously for de-
scribing central and peripheral areas of the lung including the tracheobronchial
region, unless stated otherwise). It is undisputed that further improvements in pul-
monary selectivity of glucocorticoids will be difficult and will not occur in quan-
tum leaps but in discrete steps. Therefore, if further improvements in pulmonary
selectivity are to be realized, it is necessary to fully comprehend the requirements
for pulmonary targeting, while at the same time, suitable methods to monitor the
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local and systemic effects are needed to assess these properties on a quantitative
level.

II. Assessment of Pulmonary Selectivity

From a clinical pharmacologist’s point of view it would be desirable to assess
pulmonary selectivity of glucocorticoids in asthmatics by monitoring simultane-
ously both the pulmonary effects and systemic side effects. This assessment has
been successful for b2-adrenergic drugs due to the availability of strong surrogate
markers for systemic and pulmonary effects (1). However, such studies are more
difficult for inhaled glucocorticoids. Although there are strong surrogate markers
available for the quantification of systemic effects, such as the suppression of
blood lymphocytes and plasma cortisol, descriptors of pulmonary effects are rela-
tively weak, as indicated by the absence of dose-response relationships often ob-
served in such studies. This combination of hard systemic markers and soft local
markers makes clinical studies assessing pulmonary selectivity contingent on the
design of the study. It will be of particular interest to note the results of more
carefully designed clinical studies, such as the NHLBI Asthma Clinical Research
Network Initiative, which uses optimized respiratory endpoints [e.g., effects on
exercise-induced asthma (2)] in conjunction with controlled assessment of sys-
temic effects.

A. Pharmacokinetic Models

Because of the above-mentioned challenges, several theoretical approaches have
been considered to assess the significance of various drug properties on respira-
tory selectivity in early drug development. Independently, Byron and Gonda de-
veloped the first detailed pharmacokinetic models for the fate of an inhaled glu-
cocorticoid in the lung (3–5). These simulations were based on the understanding
that respiratory selectivity of an inhaled glucocorticoid will depend on respiratory
pharmacokinetic drug properties. Gonda’s and Byron’s pioneering work focussed
attention on the desired properties of optimized delivery forms. In particular,
Gonda stressed the importance of pulmonary pharmacokinetics on the “duration
of effective drug levels” and the toxicological potential of accumulation of slow-
release drug delivery systems. While both models were able to simulate and pre-
dict the pharmacodynamically relevant drug levels in the central and peripheral
parts of the lung, they were not suitable to describe the degree of pulmonary tar-
geting as they were lacking the systemic component of drug action.

Building on Byron’s and Gonda’s work by incorporating pharmacokinetic/
pharmacodynamic relationships, as well as a descriptor of systemic side effects,
new models of pulmonary targeting were developed that related the pharmaco-
logically relevant descriptors of an inhaled glucocorticoid to its pulmonary selec-
tivity (6). This was done by predicting the degree of receptor occupancies with
time in the lung and the systemic circulation, using the difference between the two
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curves as the marker for pulmonary targeting. The model (Scheme 1) considered
pulmonary related factors such as the efficiency of pulmonary drug deposition,
mucociliary transport rate in the central regions of the lung, pulmonary drug re-
lease and absorption rates, and the interaction of the steroid with pulmonary recep-
tors. The factors responsible for the degree of the systemic effects (as expressed in
the degree of occupancy of systemic receptors) include the amount of swallowed
drug, oral bioavailability, the systemic drug levels available from pulmonary ab-
sorption, systemic clearance, protein binding, volume of distribution, and recep-
tor affinity (Scheme 1; Table 1). Currently, such models are unable to predict ac-
tual pulmonary selectivity of clinically relevant inhaled glucocorticoid because
some lung-related parameters such as local tissue binding and drug concentration
gradients are unknown. However, current models have been very helpful in as-
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Scheme 1 Diagram describing the PK/PD model used within simulations of pulmonary
targeting.
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sessing the relevance of pharmacokinetic and pharmacodynamic properties on
pulmonary targeting. These relevant factors (Table 1) will be discussed in the fol-
lowing sections based on the PK/PD model of Scheme 1 (simulations are pre-
sented for b.i.d. dosing at steady state).

B. Affinity to the Glucocorticoid Receptor

Other chapters in this book summarize recent progress in understanding the com-
plex mode of action of inhaled glucocorticoids. A significant body of literature
suggests that the receptor-binding affinity of a glucocorticoid correlates with its
activity at the site of action. Good correlations between the receptor-binding
affinity and the activity in tests systems not affected by pharmacokinetic proper-
ties have been found for a number of pharmacological parameters. These include
topical anti-inflammatory properties (7–9), activity in skin blanching (10), and
modulation of the activity of enzymatic systems in cell culture, such as tyrosine
aminotransferase (11). Thus, the receptor-binding affinity of glucocorticoids and
the degree of receptor occupancy has been used as a predictor for its pharmaco-
logical activity at the site of action (12). Glucocorticoids are highly conserved in
the body, and local antiasthmatic effects and unwanted side effects are mediated
through the same receptor (13). Despite this observation, a high receptor affinity
was previously seen beneficial for improved selectivity of inhaled glucocorticoids
(13). More recent models show that differences in receptor affinity can be over-
come by selecting the appropriate dose (6). This is shown in Figure 1a and b.
where identical pulmonary and systemic receptor occupancies are observed when
a drug with a three times lower receptor affinity is given at three times the dose.
This suggests that the receptor affinity is not important for determining the pul-
monary selectivity as long as the necessary dose can be inhaled. Hence, pharma-
cokinetic properties are more important than the pharmacodynamic potency for
achieving pulmonary selectivity (6). This bold statement might have to be revis-
ited if the reported dissociation between the activity for specific genomic and
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Table 1 Important Pulmonary Targeting Factors

Pulmonary components Systemic components

Pulmonary deposition efficiency Oral bioavailability
Location of pulmonary deposition Clearance
Pulmonary residence time 

(dissolution rate and other factors)
Volume of distribution

Pulmonary absorption rate Plasma protein binding
Lung tissue binding Tissue binding
Pulmonary pharmacodynamic drug Systemic pharmacodynamic drug 

characteristics characteristics
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nongenomic effects [transactivation and AP-1 transrepression (14)] leads to the
development of new glucocorticoids with increased effect /risk ratio. In this case,
respiratory selectivity may be improved by identifying glucocorticoids with a
higher intrinsic activity towards desired antiasthmatic pathways but low activity
for nonasthmatic systemic side effects (Fig. 1c and d), although the development
of such drugs will be challenging.

C. Oral Bioavailability

The systemic load of an inhaled formulation is related to the combined effect of
the drug absorbed via the pulmonary and the oral routes. Considering the high de-
gree of orally impacted and swallowed drug (commonly �70% of the dose), a
significant amount of the delivered dose is available for oral absorption. Ulti-
mately, this portion of the drug, if entering the systemic circulation, will reduce
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Figure 1 Effect of receptor affinity on pulmonary (lower line) and systemic (upper line)
receptor occupancies. Simulations are shown for the situation that receptor affinities are
identical for lung and systemic organs. (a and b) Differences in receptor binding affinity can
be overcome by adjusting the dose. There are no differences in selectivity between situa-
tions a and b. (c and d) In the case that systemic side effects are mediated via less sensitive
mechanisms (d), pulmonary selectivity can be achieved on the pharmacodynamic level
(compare c and d).
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the pulmonary selectivity due to the related systemic effects. Thus, an optimal
drug candidate should show the lowest possible oral bioavailability (Fig. 2). It
should be stressed that, even in this case, systemic effects will still be observed
(Fig. 2) because drug absorbed from the lung will also induce systemic side effects.
Although this is rather obvious, publications and marketing departments often im-
properly relate “zero” oral bioavailability to “zero” systemic side effects. While
hepatic clearance values of most inhaled glucocorticoids are close to the liver
blood flow, oral bioavailabilities of most commercially available glucocorticoids
are low. Fluticasone propionate (15,16) shows the lowest oral bioavailability
(�1%), not only because of its high intrinsic clearance, but also due to poor ab-
sorption from the gastrointestinal tract (15,16). Bioavailabilities of approximately
1% have also been reported for the newer glucocorticoids mometasone furoate
and loteprednol etabonate (17) while higher values have been reported for budes-
onide [6 –11% (18)], flunisolide [7–20% (19,20)], and triamcinolone acetonide
[23% (21)]. The only major exception with substantial oral bioavailability is beclo-
methasone dipropionate, whose active metabolite beclomethasone monopropio-
nate shows oral bioavailabilities of 70% in rats (22). Within this context, it has
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Figure 2 Effect of oral bioavailability on pulmonary (lower line) and systemic (upper
line) receptor occupancies. Simulations are shown for 100, 30, 10, and 1% oral bioavail-
ability.
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been stated that oral bioavailabilities of 25% or less should not induce clinically
relevant systemic side effects, as long as the pulmonary deposition is large (23).
Under these conditions the amount of drug reaching the systemic circulation
through oral absorption is relatively small compared to the fraction of drug reach-
ing the systemic circulation through pulmonary absorption. New drugs in devel-
opment, however, will have to meet the requirement of close to zero oral bioavail-
abilities in order to be competitive in the market.

D. Delivery Systems, Deposition Ratio, and Regional Lung
Deposition

The delivery device determines not only how much drug and in what region of the
lung (central or peripheral) it is deposited, but also the amount available for ab-
sorption in the gastrointestinal tract. While for a long time the pulmonary deposi-
tion efficiency of metered-dose and dry-powder inhalers were in the range of
10 –30%, newer devices have shown improvements in pulmonary deposition up to
40% (24 –30).

From a drug-targeting point of view, high pulmonary deposition is impor-
tant for a drug with high oral bioavailability because the amount of drug entering
the systemic circulation through oral absorption will be responsible for distinct
systemic side effects (Fig. 3). In contrast, the pulmonary selectivity of a drug
with low oral bioavailability will not be significantly affected by the pulmonary
deposition efficiency of the device because the orally deposited drug will not be
absorbed. Thus, pulmonary selectivity is mainly independent of the pulmonary
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Figure 3 Effect of pulmonary deposition efficiency on pulmonary selectivity (difference
between cumulative pulmonary and systemic receptor occupancies). Simulations are
shown for 30, 10, and 1% pulmonary deposition for a drug with 30% oral bioavailability F
(a) and 0% oral bioavailability F (b). Note that the dose reaching the lung was set to be the
same in all cases.
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deposition efficiency. In this case, however, increased pulmonary deposition will
allow a dose reduction and a potential cost-saving.

The possibility of targeting central and alveolar lung regions has increased
the potential to further improve targeting by delivering the drug to relevant regions
of the airway. However, future studies need to focus on the geographical aspects
of glucocorticoid lung effects in order to identify the regions important for gluco-
corticoid asthma therapy.

As stated previously, pulmonary deposition efficiency is not crucial for local
targeting of drugs with close to zero oral bioavailabilities. However, further im-
proved deposition efficiencies of new inhalation devices are needed for the pul-
monary delivery of highly active drugs for systemic use. The use of such devices
for glucocorticoid inhalation therapy might decrease the high variability of depo-
sition generally observed for glucocorticoids with the older devices.

E. Systemic Pharmacokinetic Parameters

Once a glucocorticoid molecule reaches the systemic circulation, through absorp-
tion via either the lung or the GI tract, it is able to induce systemic side effects
through interaction with the systemic glucocorticoid receptors. The systemic phar-
macokinetic parameters potentially affecting pulmonary selectivity are clearance,
volume of distribution, and fraction unbound in plasma (fu) and fraction unbound
in tissue (fuT).

Clearance

Clearance determines the overall systemic elimination rate or cumulative drug
concentration with time in the body and, most notably, regulates the systemic drug
exposure (AUC). Figure 4 depicts the relationships between clearance and the de-
gree of pulmonary targeting (see also Fig. 7a). Not surprisingly, these simulations
reveal that an increase in systemic clearance enhances the pulmonary selectivity,
thereby supporting the statements that inhaled glucocorticoids possess the highest
clearance possible (13). Budesonide, fluticasone propionate, and other inhaled
glucocorticoids are highly metabolized in the liver. The clearance of such high ex-
traction drugs is independent of the plasma protein binding and close to the liver
blood flow. Therefore, further efforts to develop new steroids with increased in-
trinsic hepatic clearance is unnecessary, as such steroids will not be cleared more
efficiently. PK/PD simulations support the development of new drugs with extra-
hepatic elimination (22,31). In this case, the challenge for such developments is to
identify enzymatic systems that rapidly inactivate the drug in blood but not in the
lung. Figure 5 simulates this situation by describing scenarios in which three glu-
cocorticoids differ in their lung stability. While drug A, the steroid with the high-
est lung stability and distinct systemic clearance of 300 L /h, shows distinct tar-
geting, targeting gets lost for drugs with the same high systemic clearance but
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decreased lung stability (drugs B and C, lung half-life of 1 or 0.1 h). Thus, gluco-
corticoid soft drugs with a high extrahepatic clearance in the blood need to be
stable in the lung tissue. So far the identification of enzyme systems in the blood
that are not in the lung has been a challenge. A new glucocorticoid lactone, me-
tabolized by the serum enzyme paraoxonase, appeared to meet this requirement of
high pulmonary stability (32) in in vitro studies, but also failed in clinical studies.

Volume of Distribution /Distribution Processes

The second parameter determining the half-life of a drug is the volume of distri-
bution. The volume of distribution (Vd) is the parameter indicating the extent of
tissue distribution. For lipophilic drugs, which are able to enter most of the tissue
compartments (with a volume of the tissues being defined as VT), the volume of
distribution Vd is determined by the drug’s plasma protein (fu) and tissue binding
(fuT) by the equation:
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Figure 4 Effect of systemic clearance on pulmonary (lower line) and systemic (upper
line) receptor occupancies. Simulations are shown for clearance values of 10, 30, 90, and
300 L/h.

fu
Vd � Vp � VT · 
�

fuT
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where Vp is the volume of plasma. Thus, a drug that shows a stronger tissue bind-
ing than plasma protein binding will have a larger volume of distribution.

Current inhaled glucocorticoids exhibit pronounced plasma protein binding
[budesonide 88% (18), fluticasone propionate 90 –99% (33,34), flunisolide 80%
(35), and triamcinolone acetonide 71% (36)]. Using this information, the calcu-
lated overall fraction of free drug in the body can be calculated from the Vd. This
parameter ranges for inhaled glucocorticoids from 12% for triamcinolone aceto-
nide to 1.3% for fluticasone propionate (assuming fu � 0.1). This indicates that only
a small fraction of the overall drug is available to interact with systemic and local
receptor sites and that this fraction varies greatly among inhaled glucocorticoids.

It was of interest to evaluate the importance of the volume of distribution to
lung selectivity. As in all simulations, data were simulated for the steady-state situ-
ation. If two drugs have the same clearance (high extraction drug, no effect of fu

on clearance) but differ in the Vd due to differences in tissue binding, plasma lev-
els directly after dosing will be higher for the drug with the smaller Vd (less pro-
nounced tissue binding; Fig. 6a, b). However, the half-life of the drug with the
larger Vd will be longer, because most of the drug will be in the tissues and can-
not be metabolized in the liver. Consequently, plasma levels at later time points
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Figure 5 Effect of pulmonary metabolism on pulmonary (lower line) and systemic (up-
per line) receptor occupancies. Simulations are shown for a systemic clearance of 300 L /h.
Pulmonary stability differs in simulation a– c. The bar graph in d summarizes the results.
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will be higher for the larger Vd drug (Fig. 6a, b). Assuming plasma levels are re-
lated to the systemic effects and that fu is the same for the two hypothetical drugs,
one can predict that the systemic effects of these two drugs will not differ
significantly (Fig. 6c, d). This is because at early time points the drug with the
larger Vd will show a lower degree of systemic effects sustained for a longer time
period. However, it is the opposite for the drug with the lower Vd such that just
after dosing systemic effects will more pronounced but disappear faster. Overall,
though, pulmonary selectivity after inhalation will be similar for the two drugs,
whose half-lives differ only because of differences in their Vd (Fig. 6c, d, assum-
ing similar plasma protein binding). Figure 7 compares the differences between
the effects of clearance and Vd on pulmonary selectivity. Figures 7a and 7b show
simulations where the half-life of a drug was modulated by changing either clear-
ance or Vd. These simulations show that a drug with a long half-life because of a
large Vd is not necessarily a bad candidate for inhalation therapy, as long as the
drug shows high systemic clearance.

The volume of distribution of a lipophilic drug is determined by its fu/fuT

ratio. This means that two glucocorticoids that differ in their plasma protein

Pharmacokinetic/Dynamic Simulations 293

Figure 6 Effect of volume of distribution on pulmonary (lower line) and systemic (up-
per line) receptor occupancies. Plasma concentration time profiles are shown for a volume
of distribution of 200 L (a) and 500 L (b). Corresponding pulmonary (lower line) and sys-
temic (upper line) receptor occupancies are shown in c and d.
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binding can have the same volume of distribution if the fu/fuT ratio stays the same.
Considering that only free, pharmacologically active, not total drug concentra-
tions are relevant for drug effects, it was of interest to test in the second series of
simulations, again for the steady-state situation, how lung selectivity changes
when fu and fuT change to the same degree (fu/fuT and Vd stays constant). Figure 8
shows such simulations for two hypothetical high extraction drugs that have the
same Vd, but differ in their plasma and tissue protein binding. It is obvious that the
drug with the more pronounced plasma protein and tissue binding shows reduced
local, as well as, systemic effects when administered at the same dose (Fig. 8a vs.
d). However, the differences in binding can be overcome by adjusting the dose (Fig.
8a vs. c, b vs. d), suggesting no pulmonary selectivity advantage is achieved for
drugs differing in overall plasma and tissue binding. It is, however, important to
realize that drugs with high plasma protein and tissue binding will show decreased
pulmonary and systemic effects. Considering the lack of strong pulmonary surro-
gate markers in clinical studies, clinical studies for these higher binding drugs
might suggest high “safety” because of the lower systemic activity on a mg basis.

Recently, the pronounced binding of fluticasone propionate to lung tissue
has been suggested to be beneficial for pulmonary selectivity (37). The above simu-
lations have shown that increased tissue binding, however, does not necessarily
increase lung selectivity. This is true because only free drug levels are pharmaco-
dynamically relevant and only a slow release from binding components, such as
cell membranes, or the slow activation from intracellular “prodrug” pools (see
below) will increase pulmonary residence time and, consequently, lung selectiv-
ity (6). Nonspecific tissue binding, however, is characterized by a high-capacity,
low-affinity binding phenomenon, where generally dissociation is very fast under
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Figure 7 Effect of clearance and volume of distribution on pulmonary selectivity. Clear-
ance and volume of distribution was changed to result in the same half-lives (a: CL �
90 L/h; b: Vd � 500 L).

12-M1775  10/11/2001  12:28 PM  Page 294



sink conditions and should not improve lung targeting, as it does not increase the
pulmonary residence time.

Receptor, plasma protein, and tissue binding seem to correlate roughly with
the lipophilicity of the drug. Since an increase in tissue or plasma protein binding
decreases the fraction of drug able to interact with the receptors, an increase in re-
ceptor binding because of an increase in lipophilicity might be buffered pharma-
cologically by a decrease in free drug levels. The activity at the site of action (and
also in the systemic circulation), observed for more lipophilic drugs, might actu-
ally be lower than the difference in receptor-binding affinity would suggest. This
will have an effect on the actual dose necessary for inhalation therapy but will not
have any effect on the pulmonary selectivity.

Using the volume of distribution as a parameter that describes the extent of
tissue distribution, we assumed that only passive diffusion processes are present.
There is, however, increased evidence that active transport mechanisms are in-
volved in the specific tissue distribution of glucocorticoids. Sergeev and coworkers
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Figure 8 Effect of plasma and tissue binding on pulmonary (lower line) and systemic
(upper line) receptor occupancies. Simulations are shown for two hypothetical glucocorti-
coids given at certain doses twice a day at steady state. The drugs show the same clearance
and volume of distribution, but differ in plasma and tissue binding (fu/fuT is constant). Note
that doses differ in situation a versus b, and c versus d.
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identified membrane-binding components that appear to be involved in the uptake
of corticosteroids into thymocytes. Glucocorticoids have also been shown to be
substrates for the p-glycoprotein transporter (38,39), as increased penetration of
dexamethasone to the brain has been observed in mdr1A P-glycoprotein knockout
mice (39,40). These results suggest that dexamethasone is being pumped out of
the blood-brain barrier endothelial cells of wild-type mice.

It is likely that such efflux pumps are responsible for the significantly lower
brain receptor occupancies after pulmonary and i.v. administration of the inhaled
glucocorticoids triamcinolone acetonide, budesonide, and fluticasone propionate
(41– 43). A better understanding of the glucocorticoid transport mechanism might
lead to improved lung selectivity by identifying glucocorticoids with optimized
lung versus systemic tissue distributions.

F. Inhaled Dose

The relationship between dose and pulmonary targeting is shown in Figure 9. In-
creasing the dose also increases the difference between pulmonary and systemic
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Figure 9 Effect of dose on pulmonary selectivity. Pulmonary selectivities [areas between
pulmonary (lower line) and systemic (upper line) receptor occupancies] observed in a– c
are summarized in d. Additional doses are also shown in d.
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receptor occupancies until a maximum is reached. Further increases in the dose
will result in more pronounced receptor occupancies in both lung and systemic tis-
sues, but pulmonary selectivity is lost. These simulations (6) suggest that there is
an optimal dose that shows a most pronounced pulmonary selectivity. Thus, pa-
tients who need high doses of inhaled glucocorticoids to control their asthma
might not benefit from inhalation therapy because of a lack of targeting. Support
for these theoretical considerations has been shown in previously reported rat ex-
periments by our group (44). Different doses of liposomal encapsulated triamci-
nolone acetonide were administered, and the receptor occupancies in the lung and
liver were monitored for the assessment of pulmonary selectivity. These results
strongly resembled those shown in Figure 9, supporting the hypothesis that pul-
monary selectivity is lost at high doses. The PK/PD model was also used to probe
how pulmonary selectivity is affected by dose and dosing frequency in multiple
dosing regimens. Figure 10 depicts a pulmonary selectivity pattern when the same
daily dose of 400 mg was given once (1 � 400 mg), twice (2 � 200 mg), and four
times (4 � 100 mg). These simulations suggest that higher frequency dosing during
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Figure 10 Effect of the dosing regimen at steady state on pulmonary selectivity. The
daily dose of 400 mg was given as one single dose (a), 200 mg b.i.d. (b), or as 100 mg q.i.d.
(c). Pulmonary selectivities (areas between pulmonary (lower line) and systemic (upper
line) receptor occupancies) observed in a– c are summarized in d.
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the day will significantly increase pulmonary selectivity. These results are in close
agreement with those of Toogood, who detected clinically an increase in anti-
asthmatic efficacy when smaller doses were given more frequently (45). Since pa-
tient compliance is reduced with more frequent dosing regimens, an alternative
strategy of improving pulmonary selectivity is the use of inhalation formulations
with sustained release characteristics (see below).

G. Pulmonary Release and Absorption

A glucocorticoid inhaled as a liquid suspension or dry powder aerosol has to (1)
come in contact with the inside surface of the airways, (2) dissolve into the fluid
lining (suspension and dry powders only), (3) diffuse into the cells, and then (4)
interact with the glucocorticoid receptor. Using the integrated PK/PD model of
pulmonary targeting, it was of interest to investigate what effect biopharmaceuti-
cal factors such as the dissolution/release rate might have on pulmonary selec-
tivity. These simulations assume that the dissolved drug is readily absorbed into
the airway cells and no other interaction to pulmonary tissue would modulate the
pulmonary residence time. Figure 11 shows a simulation for deposition only into
the upper part of the lung, where the mucociliary transporter is able to remove
solids from the lung. These simulations indicate that glucocorticoids that dissolve
immediately (or are immediately released from the formulation or are given as a
solution) do not show any pulmonary selectivity. When the dissolution/release
rate is slowed, pulmonary and systemic receptor occupancies dissociate/separate
and pulmonary selectivity increases. If the dissolution rate is too slow, therapeu-
tically effective concentrations are not maintained and pulmonary targeting dis-
appears. Thus, an optimal release rate (e.g., dissolution rate or release rate from a
carrier) exists for which an optimal pulmonary targeting is observed (6). Very fast
pulmonary release, such as that observed for a glucocorticoid in solution, does
not result in any pulmonary targeting because the drug is immediately absorbed
from the lung into the systemic circulation (46,47). As a result, the free drug
levels in both the systemic circulation and the lung are identical. Delivery sys-
tems with a prolonged pulmonary release rate result in free pulmonary drug lev-
els that are higher over an extended period of time than those in the systemic cir-
culation, leading to pronounced lung selectivity. If the dissolution/release rate is
too slow, therapeutically effective concentrations are not achieved and the mu-
cociliary transporter of the upper respiratory tract may remove the solid drug be-
fore it is able to dissolve into the lung and induce pulmonary effects. This portion
of the pulmonary-deposited dose can be absorbed orally to induce systemic side
effects (assuming a certain oral bioavailability). Thus, theoretically, an optimal pul-
monary dissolution or release rate exists for the upper respiratory tract (6), which
ensures a prolonged pulmonary residence time. It will be of interest to see how
newer liquid-aerosol drug-delivery devices will perform due to the fact that gluco-
corticoids in solution are absorbed so rapidly from the alveolar region of the lung.

298 Hochhaus et al.

12-M1775  10/11/2001  12:28 PM  Page 298



Noncompartmental analysis of inhaled glucocorticoids after intravenous in-
jection and inhalation resulted in relatively long pulmonary residence times for
fluticasone propionate [5 h (48)] and triamcinolone acetonide [2.9 h (21)], while
that of budesonide was relatively short [0.75–1.55 h (49)]. Interestingly, these ab-
sorption times in humans correlated roughly with pulmonary selectivities deter-
mined in a rat model (utilizing lung without tracheobronchial sections) (41– 43),
suggesting the importance of the lung pharmacokinetics for lung selectivity.

Overall, the following mechanisms might be employed to prolong pul-
monary residence time:

1. Use of drug particles with slow dissolution rate (e.g., drug lipophilicity
or crystal structure)

2. Slow release from drug delivery systems (e.g., liposomes or micro-
spheres/microcapsules)

3. Initiation of a cellular interaction resulting in prolonged residence
times in the airways/lung (e.g., ester-formation or “capturing” in mem-
brane structures)
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Figure 11 Effect of the pulmonary dissolution rate on pulmonary selectivity. The dose
of 300 mg was allowed to dissolve immediately (a), with a half-life of 4 hours (b), or with
a half-life of 24 hours (c). Pulmonary selectivities [areas between pulmonary (lower line)
and systemic (upper line) receptor occupancies] observed in a– c are summarized in d. The
dose was given twice a day at steady state.

12-M1775  10/11/2001  12:28 PM  Page 299



To illustrate the effect of different formulations of the same drug, an animal
model (rat) showed that various biopharmaceutical forms of triamcinolone ace-
tonide (TA) exhibited drastically differing levels of pulmonary targeting when de-
livered intratracheally. Pulmonary and systemic receptor occupancies after intra-
tracheal administration of a TA solution, a micronized TA dry powder, and a TA
crystal suspension used for the treatment of arthritis, all at the same dose, were as-
sessed. The comparison showed that the degree of pulmonary targeting (differ-
ence between pulmonary and systemic receptor occupancy) for TA increases from
solutions to micronized powders to crystal suspension, which is in agreement with
its anticipated dissolution behavior. Hill and coworkers demonstrated that BDP
given as a dry powder showed much slower absorption profiles than beclometha-
sone dipropionate (BDP) given as MDI (29). This indicates that biopharmaceuti-
cal factors can affect the pulmonary fate of an inhaled drug. These examples indi-
cate that the biopharmaceutical /formulation properties of inhaled glucocorticoids
are important determinants of pulmonary selectivity (6).

Over the last 10 years, liposomal drug formulations have been investigated
as an alternative way of controlling the pulmonary residence time of inhaled glu-
cocorticoids (13,50). Different liposomal formulations of triamcinolone acetonide
phosphate (TAP) showed that pulmonary targeting was directly related to the ex-
tended release rate of the formulation (44,50). Similarly, slow-release budesonide-
palmitate liposomes were reported to increase selectivity in the peripheral region
of the lung (13).

Alternative approaches for increasing pulmonary residence time, such as
the use of novel excipient derived from oligomeric lactic acid (51), the use of
nanofunctional drug coatings (52), or incorporation of drug into low-density
microspheres (53,54), have been reported. As an example, ultra-thin coatings on
budesonide powders resulted in a significant improvement of pulmonary selec-
tivity (52). The implication of utilizing these various methods to improve pul-
monary selectivity looks promising, but the therapeutic efficacy, as well as indus-
trial scalability, remains to be seen.

Another mechanism for prolonging pulmonary residence time has been pro-
posed, based on the fact that budesonide and other glucocorticoids form ester
conjugates as depots intracellularly (55–57). These conjugates are unable to
cross pulmonary membranes and are consequently trapped in the airways/lung as
inactive “prodrugs.” Sustained cleavage of these esters back to free drug by es-
terases provides a slow release of active species intracellularly, which will result
in a prolongation of the pulmonary effects and potentially in an increase in pul-
monary targeting (if a substantial fraction of the dose is retained by this mecha-
nism). Although the potential benefits of the ester formation in the lung is in-
triguing, clinical studies need to demonstrate its therapeutic relevance.

Finally, it should be noted that the peripheral part of the lung lacks the
mucociliary clearance mechanism. Applying the PK/PD model to drug deposition
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deeper in the lung showed similar relationships for dose, dosing regimen, and
pulmonary deposition to those seen for more central deposition. The only differ-
ence was that lung pulmonary selectivity increases with decreasing release rate of
the drug.

III. Conclusion

Identifying extrahepatic metabolic pathways with sufficient pulmonary stability
(although a challenge after previous negative clinical studies with such drugs) and
optimizing the pulmonary residence time of an inhaled glucocorticoid 1) via con-
trol of the intraluminal residence time (e.g., via control of the dissolution rate, use
of liposomes or other drug delivery systems), 2) by exploiting rate-limiting inter-
actions of the drug molecule with membranes or other cell structures, or 3) via op-
timizing formation of pulmonary depots through ester formations should be the
main research areas for further improving pulmonary selectivity. More informa-
tion is also necessary for assessing the regional differences in targeting observed
for the tracheobronchial, central, and peripheral segments of the lung/airways and
learning which segments are most important for controlling asthma of different
severity. It is also of interest to study the critical effects of the mucociliary clear-
ance in mild, moderate, and severe asthmatics.
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Discussion

Dr. Seale: How do you measure percent receptor binding in your experiments?

Dr. Hochhaus: These studies use standard ex vivo receptor binding techniques,
in which the rat is dosed intratracheally with unlabeled drug. Rats are killed
after defined time points, tissues are removed, homogenized, unbound steroid
is removed by charcoal, cytosol is prepared by ultracentrifugation, and the
number of free receptors is determined by pulse-labeling with high concentra-
tion of radioactive triamcinolone acetonide.

Dr. Brattsand: These novel studies are based on lung tissue. Because the tar-
get tissue in asthma is the airways, we look forward to data on receptor occu-
pancy at the airway level. For budesonide, prolonged tissue deposition by the
esterification mechanism is seen much more at the airway than at the lung
level.

Dr. Schleimer: You pointed out that at a certain dose lung selectivity would be
lost when the circulating steroid levels become too high. John Toogood reported
that selectivity was retained at doses of budesonide up to 2–3 mg. At what
dose for commonly used steroids would you predict that pulmonary selectivity
would be lost?

Dr. Hochhaus: These studies have been performed either by computer simu-
lation or in rat experiments. It is very difficult to accurately predict from this
work the dose in humans at which targeting is lost. It might well be that a dose of
2–3 mg budesonide will still be in the dose range which will induce targeting.

Dr. Rohdewald: Which dose should be given considering receptor occupancy?
Is it possible to calculate the amount of drug which is needed for 100% occu-
pancy of receptor sites?

Dr. Hochhaus: So far we are not fully able to predict in humans the dose which
is necessary to achieve a certain receptor occupancy, mainly because we don’t
know exactly the degree of tissue binding observed for inhaled glucocorticoids
in the human lung. This is necessary to calculate this key parameter.

Prof. Dolovich: What effect does the formulation have on the absorption rate
of the drug in the lung? Specifically, are there differences in absorption be-
tween the solution HFA, suspension CFC, or HPA PMDI compared to powder
formulation?

Dr. Hochhaus: The formulation is one of the key factors affecting pulmo-
nary selectivity as it determines the pulmonary residence time of the gluco-
corticoid. We have shown in animal experiments that pulmonary selectivity
depends on the physiocochemical state of a given glucocorticoid. We could
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show for triamcinolone acetonide that pulmonary selectivity is lost for a tri-
amcinolone acetonide solution while triamcinolone acetonide suspension
showed distinct targeting because of the increased pulmonary residence
time. It is therefore likely that there are differences in the pulmonary selec-
tivity whether a drug is given as a solution in a MDI or a powder in a DPI.
These differences need to be addressed.
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I. Introduction

Glucocorticosteroids (GCSs) have a multitude of endocrinological effects and at
higher doses also clinically important anti-inflammatory effects. Because GCS ef-
fects are primarily mediated via intracellular receptors, and because receptors are
abundant in all cells, one fundamental problem has been to differentiate between
wanted pharmacological effects and unwanted side effects. The primary pathway
that industry has chosen to pursue to obtain maximum local anti-inflammatory ef-
fect in lung and minimum systemic effects (i.e., optimum airway selectivity) has
been by pharmacokinetic means.

For an inhaled glucocorticosteroid to show an airway selectivity at any given
moment, the free concentrations in the airway GCS receptor biophase must be
higher than the corresponding concentration in the rest of the body, assuming simi-
lar receptor affinity and intrinsic response throughout the body. This will lead to
higher receptor occupancy in the airway compartment than in the systemic com-
partments and thus give higher beneficial effects than unwanted effects. It has been
suggested by PK/PD simulations (1) (see Chap.12) that the most important phar-
macokinetic parameters for achieving high airway selectivity are the fraction of
dose deposited in the airways, dissolution rate of drug in the airways, systemic ab-
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sorption rate from the lungs, oral bioavailability, and systemic clearance. High
systemic clearance and low oral bioavailability both contribute to decreased sys-
temic effects, while a high fraction of dose deposited in lung, slow airway disso-
lution rates, and slow systemic absorption from the lungs contribute to both a
prolonged effect duration and an increased airway selectivity. The systemic ab-
sorption rate for glucocorticosteroids is generally rapid (2,3) due to the fast move-
ment across cell membranes and the high airway perfusion rate. Thus, one of the
most obvious ways to  enhance airway retention of an inhaled steroid is to decrease
the release rate by having a slowly dissolving drug formulation.

Budesonide (BUD) has been shown to be a fast-dissolving steroid (4) with
rapid absorption from the lung in both humans and animals, and was therefore not
expected to show a prolonged duration of action. Contrary to what could be ex-
pected from early pharmacokinetic documentation, BUD is effective during once-
daily treatment in patients with asthma, rhinitis, and inflammatory bowel disease
(IBD) (5–7). As reviewed in Chapter 9, BUD has been shown to be retained in air-
way tissue to a greater extent than more lipophilic GCSs. The explanation for this
tissue retention was subsequently shown to be the intracellularly formed and re-
tained BUD fatty acid esters. These esters, which are produced in a variety of tis-
sues in both animals and humans, are pharmacologically inactive and are rapidly
formed intracellularly by enzymatic pathways. The BUD-esters are slowly hy-
drolyzed back to intact BUD by lipases. There is preclinical evidence that the in-
tracellular ester depot increases the duration of the effect.

PK/PD simulations offer a unique way to study complex biological systems
in a well-controlled manner, varying only one or a few basic parameters at a time,
which is impossible in a real-life experiment. Experience has shown that com-
partmental models often give a good description of the pharmacokinetics and
that a simple Emax model can well describe receptor-mediated pharmacological
effects.

Two issues are addressed in the present chapter: Can the BUD esterification
mechanism theoretically improve lung selectivity, even though the fatty acid es-
ters are formed both in the lung and in peripheral tissues? What are the pharma-
cokinetics of BUD and BUD fatty acid esters in selected rat tissues after adminis-
tration by local and systemic routes?

II. General Models for Lung Selectivity

A theoretical compartment model consisting of six compartments (Fig. 1) was
used to study the impact of steroid ester formation (8). The model is an extension
of previously presented models used to study lung selectivity (1). The model con-
sists of two deposition compartments where steroid is deposited after inhalation—
one for the lung-deposited fraction and one for the swallowed and gut-absorbed
fraction of the drug. The lung deposition compartment has an additional outflow,
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representing the mucociliary clearance of lung-deposited drug. Two compart-
ments represent intact steroid in the body: one in lung and one in the system 
(i.e, body except lung). The steroid esters are represented by two compartments:
one describing ester formed in the lung and one describing ester formed in rest of
the body.

Steroid receptor occupancy was calculated in the compartments represent-
ing intact steroid in the lung and in the system by using a simple Emax model:

Ester

Ester

Figure 1 Compartment model used to simulate the steroid concentrations in lung and
system after inhalation. Dotted line indicates summation when calculating effect in the
lung.

Emax � Csteroid
Effect � 




���

EC50 � Csteroid

The cumulative receptor occupancy during one dosing interval at steady
state (after once-daily doses) was calculated as the area under the curve (AUC) for
the 24-hour effect-time curve, both in the lung and in the rest of the body. Lung

(1)

13-M1775  10/11/2001  12:49 PM  Page 311



selectivity was defined as the ratio between these two AUCs. When calculating the
lung effect, the concentration in the lung was calculated as the sum of the con-
centration in the body and the concentration in the lung of drug dissolved, but
not yet absorbed into the system, describing the fact that there is a fast redistribu-
tion of drug from the body to the lung. The theoretical steroid used in the simula-
tions was assumed to have a high clearance (60 L /h), fast lung dissolution (t1/2 �
18 min), fast systemic absorption (t1/2 � 4 min), high lung deposition (30%), low
oral bioavailability (10%), medium volume of  distribution (150 L), and high re-
ceptor potency (EC50 � 0.24 ng/ml, equal to 0.48 nM if assuming a molecular
weight of 500 g/mol). If not stated otherwise, the parameters given in Table 1 were
used in the simulations. The parameters were either taken from Ref. 1 (clearance,
lung dissolution, systemic absorption, volume of distribution, and receptor po-
tency) or based on experience with BUD given via Turbuhaler® (lung deposition
and oral bioavailability). The lung selectivity obtained by the model including es-
ter formation was compared to a model without ester formation, keeping all other
parameters the same.

A. Rate of Ester Formation and Hydrolysis

As illustrated in Figures 2–7, the rates of ester formation and hydrolysis may have
a considerable effect on the lung selectivity of a GCS. If there is no ester forma-
tion, selectivity is low, only 1.1. Rapid formation of ester improves selectivity up
to 1.8 at an ester formation half-life of 0.035 hour both in the lung and the system
(Fig. 2) or only in the lung (Fig. 3). If ester formation rate were held constant in
the lung (t1/2 � 0.07 h), changes in the systemic formation rate would have only a
minor influence on selectivity (Fig. 4). Thus, the very fact that ester is formed in
the lung will influence the duration of the drug effect in the airways and hence se-
lectivity, even though ester is also formed in the systemic compartment.

The opposite is true for ester hydrolysis: fast hydrolysis in the lung reduces
selectivity (Figs. 5, 6), and changes in systemic hydrolysis rate at constant rate in
the lung (t1/2 � 2 h) has no effect (Fig. 7).

312 Jendbro and Johansson

Table 1 Parameters Used in Simulations (if Not Otherwise Specified)

Dose (mg) 100 Oral bioavailability (%) 10
Lung volume (L) 1.9 Volume of distribution 150

for unesterfied drug (L)
Lung deposition (%) 30 Clearance (L /h) 60
Lung dissolution t1/2 (h) 0.3 Esterification t1/2 (h) 0.07
Systemic absorption (h) 0.07 Ester hydrolysis t1/2 (h) 2

from the lung t1/2

Oral absorption t1/2 (h) 0.07 EC50 (ng/mL) 0.24
Emax (%) 100
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Figure 2 Lung selectivity when esterification rate is changed in both lung and systemic
compartments.

Figure 3 Lung selectivity when esterification rate is changed in lung compartment.
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Figure 4 Lung selectivity when esterification rate is changed in systemic compartment.

Figure 5 Lung selectivity when hydrolysis rate is changed in both lung and systemic
compartments.
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Figure 6 Lung selectivity when hydrolysis rate is changed in lung compartment.

Figure 7 Lung selectivity when hydrolysis rate is changed in systemic compartment.
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Table 2 Simulated Airway Selectivity (SEL) in Model with (nonshadowed rows) and
Without (shadowed rows) Ester Formation

Cl t1/2diss Flung Foral V
(L/h) (h) (%) (%) (L) SEL

10 1.1
↓ ↓
90 2.0
10 1.0a

↓ ↓
90 1.2

30 1.6
↓ ↓

500 1.6
30 1.1a

↓ ↓
500 1.1

0.3 1.6
↓ ↓
8 2.0

0.3 1.1a

↓ ↓
8 1.8

5 1.1
↓ ↓
50 1.9b

5 1.0a

↓ ↓
50 1.3b

25 1.3c

↓ ↓
5 2.1
25 1.1a,c

↓ ↓
5 1.2

aModel without ester formation.
bLung deposited dose held constant at 30 mg.
cTotal dose was 100 mg.
Cl = Clearance; V = volume of distribution for unesterified drug; t1/2diss = dissolution half-life in lung;
Flung = deposited fraction in lung; Foral = oral bioavailability. Parameters not given in the table were
fixed at the values given in Table 1.
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B. Other Kinetic Parameters

As seen in Table 2, systemic clearance combined with ester formation in the lung
increases selectivity up to 2.0 at 90 L /h, whereas less effect is seen without ester.
Prolonged dissolution rate in the airways retards uptake, and selectivity is hereby
improved, but moreso without than with ester formation. A high fraction de-
posited in the lung favors selectivity both with and without ester formation. Con-
versely, a high oral bioavailability is associated with a low selectivity. Volume of
distribution of unesterified drug has no influence on selectivity.

C. Discussion

The AUC for the concentration-time curve at steady state in the lung and central
compartments in the compartmental system described does not change when the
half- lives for ester formation and hydrolysis change. On the other hand, the AUC
for the effect-time curve in the lung and central compartment do change (Table 3).
Also, the AUC for the effect-time curve in the lung increases more than the AUC
in the systemic compartment, leading to an increase in lung selectivity even when
esters are present in both the lung and central compartments. As can be seen in
Figure 8, the time profile of the effect changes to a more prolonged shape when
ester formation is included, and thus the esterification leads to an increased effect
duration as well as an increased lung selectivity.

Hence, the beneficial effects of the esterification mechanism are evident
after repeated bolus doses. However, the advantage of esterification for selectivity
will decrease with more frequent dosing. If the extreme of frequent dosing, a hy-
pothetical continuous lung administration, is simulated, the effect in the lung and
in the rest of the body in the presence of ester formation approaches the values ob-
tained without ester formation (Fig. 9). Evidently, equilibrium is eventually
reached where exactly the same effect will be reached with or without ester for-
mation. For a rapidly absorbed drug (such as BUD), strict equilibrium will never
be reached, and a beneficial effect of the esterification is therefore achieved.

To summarize, in the model described, fast formation and slow hydrolysis
of esters improve airway selectivity. If this is combined with a high systemic clear-
ance, selectivity increases further. Other factors that increase the time or amount

Table 3 AUC0 –24h at Steady State (after once-daily doses) for the Concentration-Time
Curve and the Effect-Time Curve

Lung System

Without ester With esters Without ester With esters
Concentration (AUC mg ⋅ h/L) 8.3 8.3 2.3 2.3
Effect (AUC % ⋅ h) 460 1100 420 690
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of drug in the lungs, such as a high lung deposition and slow dissolution in the air-
ways, are also beneficial. Airway dissolution rate has less impact, however, for a
drug that forms esters than for one that does not.

III. Pharmacokinetic Modeling of BUD in the Rat

To characterize the pharmacokinetics of BUD and BUD fatty acid esters in tissue
and in plasma, two animal studies were conducted (9). In one study, the phar-
macokinetics of tritiated BUD and BUD-esters in lung, trachea, soleus muscle,
and plasma were evaluated after intravenous administration. In another study, the
pharmacokinetics of BUD and BUD-esters in lung, trachea, and plasma were
evaluated after inhalation.

The resulting data were analyzed both by conventional noncompartmental
analysis and by compartmental analysis. The compartment model used was a semi-

318 Jendbro and Johansson

Figure 8 Effect-time curves for one dose-interval at steady state. The graph shows the
effect both in lung (light gray line) and in systemic compartment (dark lines) with (solid
lines) and without (dotted lines) esters.
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physiological compartmental model, taking into account distribution between tis-
sues as well as the enzymatic formation and hydrolysis of BUD-esters.

A. Methods

Intravenous Study

A dose of 16 nmol/kg 3H-BUD dissolved in an aqueous ethanol solution was in-
jected intravenously in the tail of male Sprague-Dawley rats. The animals were
sacrificed by heart puncture after having been anesthetized with pentobarbital.
Three rats at each time point were sacrificed at 5, 15, 30, and 45 minutes and 1,
1.5, 2, 4, 8, 12, and 24 hours after drug administration.

Blood was collected from each rat, plasma separated by centrifugation and
frozen at �70�C. Trachea, lung, and soleus muscle were removed from each rat,
weighed, and frozen at �70�C.

BUD and BUD-esters were extracted from lung and soleus muscle by
homogenization in ethanol followed by microwave extraction of the ethanolic

Figure 9 Effect-time curves during a continuous lung input. Lung effect shown as light
gray lines and systemic effect shown as dark lines. Model with esters shown as solid lines
and model without esters shown as dotted lines.
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homogenate at 90�C and separation by centrifugation. For trachea there was no
homogenization step, and the cut trachea was directly extracted by microwave
extraction.

The tissue extracts were fractionated by HPLC. The BUD fraction and the
fraction of combined BUD-esters were collected. Radioactivity was measured in
a liquid scintillation counter. The plasma samples were pretreated by an auto-
mated solid phase extraction, followed by on-line liquid chromatography enrich-
ment. The enriched samples were collected in scintillation tubes.

Inhalation Study

A calculated dose of 220 nmol/kg micronized BUD powder was inhaled by nose
exposure by male Sprague-Dawley rats during 10 minutes in a Batelle flow past
inhalation chamber. The animals were sacrified by heart puncture after having
been anesthetized with pentobarbital. Blood, trachea, and lung were sampled and
treated as described above, except that no 5-minute sample was obtained. The lung
and trachea extracts were fractionated using a separate LC system. BUD and
BUD-esters in the fractions were subsequently quantitated with a different LC-
MS-MS system.

BUD and BUD-esters in the plasma samples were analyzed by two different
methods comprising solid phase extraction and APCI LC-MS-MS detection.

Modeling

A semi-physiological compartment model (Fig. 10) was fitted to mean plasma and
tissue concentrations of BUD and BUD-esters using the computer program
NONMEM. The lung was described by three compartments representing solid
BUD (deposition compartment), dissolved BUD, and BUD-ester; the trachea
was described by four compartments representing solid BUD (deposition com-
partment), dissolved BUD, and BUD-ester (two compartments were needed to de-
scribe the nonlinear kinetics of BUD-ester in trachea); soleus muscle was de-
scribed by two compartments representing BUD and BUD-esters; plasma was
described by two compartments representing BUD and BUD-esters; the gut was
described by one compartment; and one extra peripheral compartment accounted
for BUD outside the characterized organs. The model was implemented as a set of
differential equations with Michaelis-Menten functions to describe the rate of
formation and rate of hydrolysis of BUD-esters and first-order rate constants to
describe the rates of all remaining processes. The fraction of inhaled dose de-
posited in lung and trachea was fixed at 30% during the fitting procedure. The dis-
tribution between lung (94%) and trachea (6%), the oral bioavailability, and the
half-life for gut absorption were all based on experimental  data and were fixed
during the fitting procedure (data on file). The volumes of the lung, trachea,
muscle, and central compartment were fixed (lung � 1 mL, trachea � 0.5 mL,
muscle � 200 mL, plasma compartment � 50 mL) (10).

320 Jendbro and Johansson

13-M1775  10/11/2001  12:49 PM  Page 320



Reversible Glucocorticoid Esterification 321

The km for the Michaelis-Menten formation and hydrolysis processes, re-
spectively, was assumed to be the same in all tissues except in the second BUD-
ester compartment in trachea.

The Vmax for the Michaelis-Menten processes describing the formation and
hydrolysis of BUD esters was unique for each tissue. The parameters were the
same after both intravenous administration and inhalation, except in trachea and
lung, where different Vmax values for the ester formation were used.

B. Results

BUD concentrations were measurable in all tissues up to 24 hours except in plasma
after inhalation (up to 12 h) and in muscle after i.v. (up to 12 h). BUD-ester con-
centrations were measurable in all tissues up to 24 hours except in muscle after
i.v. (up to 8 h). The longest terminal disappearance half-life of BUD-esters was
found in trachea and the shortest in muscle, about a 10-fold difference. The mean
concentrations of BUD-ester were at later time points higher than the mean con-
centrations of BUD in trachea and lung, while they were lower in muscle and
plasma (Fig. 11). AUC was much greater in the trachea than in other tissue (Fig. 12).

The compartmental model described the experimental concentrations of
BUD and BUD-esters well in all tissues (Fig. 13) after both i.v. administration and
inhalation. Parameters, obtained by fitting the model to the experimental data, are
given in Table 4.

ESTER

ESTER

ESTER

ESTER

ESTER

OTHER TISSUE

Figure 10 Compartment model used to model the kinetics of BUD and BUD-esters in
rat after inhalation and intravenous administration. Dotted arrows represent Michaelis-
Menten kinetics and solid arrows represent first-order processes. Dark compartments rep-
resent BUD-ester compartments. (Redrawn from Ref. 9.)
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Figure 11 (a) Intravenous administration (4 nmol BUD/rat): Experimental BUD and
BUD-ester concentrations in rat soleus muscle and plasma. (b) Intravenous administration
(4 nmol BUD/rat): experimental BUD and BUD-ester concentrations in rat lung and tra-
chea. (c) Inhalation (55 nmol BUD/rat): experimental BUD and BUD-ester concentrations
in rat. (Redrawn from Ref. 9.)

(a)

(b)
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Figure 12 AUC0-� h for BUD-esters in different tissues, normalized to AUC0-� h for BUD
in plasma.

(c)
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(a)

(b)

Figure 13 (a) Model-predicted (solid lines) and experimental concentrations (means
connected with dotted lines) after intravenous administration of 4 nmol BUD/rat. (b) Model-
predicted (solid lines) and experimental concentrations (means connected with dotted
lines) after inhalation of 55 nmol BUD/rat. (Redrawn from Ref. 9.)
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The dissolution of drug was rapid both in trachea and lung. Absorption and
reabsorption between the tissues and plasma were rapid processes, except for re-
absorption to trachea and absorption from the “other tissue” compartment to
plasma. Based on the model fitting, we may conclude that all tissues except
plasma and the second trachea compartment appear to have a high synthetic ca-
pacity for BUD-esters as judged from the estimated Vmax values. Hydrolysis was
most effective in muscle.

C. Discussion

The two presented animal kinetic studies show that BUD-esters are formed in a
variety of tissues. It is further shown that the airways, especially trachea, possess
a high capacity to form esters and that the esters are retained for a prolonged time.

The presented semi-physiological compartment model describes well ex-
perimental data from two different studies with two different administration
routes. The model offers an explanation and parameterization of both the distri-
bution of BUD and the tissue-specific formation and hydrolysis of BUD-esters
after intravenous and inhalation administration in rat.

A possible explanation for the need for different Vmax for the formation of
BUD-esters in lung and trachea after the i.v. versus the inhalation routes of ad-
ministration might be an asymmetric cellular distribution of the enzymes respon-
sible for the esterification of BUD, such  that a higher enzyme concentration is
found at the luminal than at the endothelial side of the airways. This could explain
why more BUD-esters are formed after inhalation, compared to intravenous ad-
ministration. The differences in Vmax among the different tissues are probably an
indication of different amounts or activity of the enzymes responsible for the for-
mation and hydrolysis of BUD-esters. BUD-esters in trachea seem to behave
more nonlinearly than BUD-esters in the other tissues, and a sum of two com-
partments with different Michaelis-Menten kinetics (both km and Vmax) was
needed to describe the kinetics of BUD-esters in trachea. Again, one can only
speculate about the reason for this finding, but it might be a different distribution
of the enzymes involved in the synthesis and hydrolysis of the BUD-esters. Fur-
ther animal studies are needed to measure tissue-specific Vmax and km values.

IV. Concluding Remarks

This chapter has discussed the novel intracellular esterification mechanism that
the glucocorticoid BUD possesses and has confirmed the presence of esters in the
tissues analyzed in the present study (lung, trachea, plasma, and muscle). It has
further been shown, on a theoretical basis, that the esterification mechanism might
lead to both a prolonged effect duration and an increased lung selectivity of an
inhaled steroid. A detailed description of the tissue and plasma kinetics of both
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BUD and BUD-esters has been obtained through two rat studies using the intra-
venous and inhaled routes of administration. The experimental data obtained
from the rat studies have been parameterized in a compartment model, and some
fundamental insight in the behavior of BUD and BUD-esters has hereby been
obtained.

The presented pharmacokinetic model may, apart from increasing the un-
derstanding of BUD and BUD-ester kinetics, be used to predict the concentration
profiles of BUD and BUD-esters  following other dosing regimens; the effect of
coadministration of local esterification inhibitors on the duration of action and
airway selectivity; and the effect of changing the dissolution profile of the BUD
formulation.

In humans, further work is needed to model and fully characterize the phar-
macokinetics of BUD and BUD-esters in a way similar to the above presented.
Since it is impossible to obtain the same richness in experimental data in humans,
the presented rat model could be used to guide the modeling efforts in humans.
The rat model might also be used for interspecies scaling.

The esterification mechanism appears to offer a novel mode of improving
the local pharmacokinetics of new chemical entities. In preclinical drug discovery
projects, molecular structure could be optimized towards affinity to the enzymes
responsible for esterification and hydrolysis and towards the affinity to the recep-
tor concerned, thus offering a novel way of altering tissue retention and improv-
ing duration of action and local targeting.

Acknowledgments

We thank Per Strandberg for performing the inhalation study, Hanna Falk Nilsson
for performing the intravenous study, and Staffan Edsbäcker for valuable discus-
sions and comments on the manuscript.

References

1. Hochhaus G, Möllmann H, Derendorf H, Gonzalez-Rothi RJ. Pharmacokinetic/phar-
macodynamic aspects of aerosol therapy using glucocorticoids as a model. J Clin Phar-
macol 1997; 37(10):881–892.

2. Ryrfeldt Å, Persson G, Nilsson E. Pulmonary disposition of the potent glucocorticoid
budesonide, evaluated in an isolated perfused rat lung model. Biochem Pharmacol
1989; 38:17–22.

3. Burton J, Schanker L. Absorption of corticosteroids from the rat lung. Steroids 1974;
23:617– 624.

4. Högger P, Rawert I, Rohdewald P. Dissolution, tissue binding and kinetics of receptor
binding of inhaled glucocorticoids. Eur Respir J 1993; 6(suppl 17):584s.

Reversible Glucocorticoid Esterification 327

13-M1775  10/11/2001  12:49 PM  Page 327



5. O’Byrne PM. Inhaled corticosteroid therapy in newly detected mild asthma. Drugs
1999; 58(suppl 4) :17–24.

6. Creticos P, Fireman P, Settipane G, Bernstein D, Casale T, Schwartz H, Safadi R,
Goldin E, Coscas E, Fireman Z, Keter D, Liethman G, Maor Y, Naftali T, Kasem G,
Jacobson W, Morali G, Zilberman S, Halpern Z, Shirin C, Wardi Y. Intranasal
budesonide aqueous pump spray (Rhinocort Aqua) for the treatment of seasonal al-
lergic rhinitis. Allergy Asthma Proc 1998; 19(5):285–294.

7. Bianchi Porro G, Prantera C, Campieri M, Petrillo M, Campanini MC, Gionchetti P,
Grandinetti G, Mangiarotti R, Brunetti G, Ranzi T. Comparative trial of methylpred-
nisolone and budesonide enemas in active distal ulcerative colitis. Eur J Gastroenterol
Hepatol 1994; 6:125–130.

8. Edsbäcker S, Jendbro M. Modes to achieve topical selectivity of inhaled glucocorti-
costeroids—focus on budesonide. Proceedings of Respiratory Drug Delivery VI,
South Carolina, May 3–7, 1998, pp. 71–82.

9. Jendbro M, Johansson C-J, Strandberg P, Falk-Nilsson H, Edsbäcker S. Pharmacoki-
netics of budesonide and its major ester metabolite after inhalation and intravenous
administration of budesonide in the rat. Drug Metab Disp 2001; 29:769–776.

10. Davies B, Morris T. Physiological parameters in laboratory animals and in humans.
Pharmaceut Res 1993; 10(7):1093–1095.

328 Jendbro and Johansson

13-M1775  10/11/2001  12:49 PM  Page 328



Discussion

Dr. Schleimer: It is interesting that there appear to be two compartments for the
budesonide esters in the lung. Is this due to separate locations for the esterifica-
tion step and the actual storage site in the lungs? Do you know the location of
either the acyltransferase or the deacylase?

Mr. Jendbro: The need for two BUD-ester compartments, with first-order ki-
netics, in the lung in the presented preliminary model probably reflects the non-
linear behavior of the esterification process. These two ester compartments
have been substituted with one compartment, utilizing nonlinear Michaelis-
Menten kinetics instead of first-order kinetics, in the refined model presented in
this chapter. The location of the enzymes involved in the esterification and hy-
drolysis processes are presently not known, but, interestingly, the rat model sug-
gests that at least the tracheal acyltransferases are differentially exposed to
budesonide entering from the airways relative to drug entering from the sys-
temic circulation.

Dr. Derendorf: In some of your simulations, the terminal half-life in plasma is
shorter than in tissue. Is this kinetically possible?

Mr. Jendbro: According to the present model, a longer half-life in airway tis-
sues is possible, the reason being that strict equilibrium between tissues and
plasma never is reached. First, different tissues have different capabilities to
generate reversible depots of budesonide esters. Notably the esters are retained
intracellularly within the respective tissue, and there is no indication of any re-
distribution of nonhydrolyzed budesonide esters in the body. Second, from a
mass balance point of view, the airway tissues contain only a small fraction of
drug in the body, and plasma kinetics of budesonide is governed by more rapid
processes seen as a rather short half-life of budesonide. Of course, the vast ma-
jority of drug in plasma (and rapidly equilibrating tissues) is also distributed
into airway tissues. So in these airway tissues there will be a mixture of budes-
onide coming from systemic circulation and from intracellular depots, where bu-
desonide esters are slowly hydrolyzed to intact budesonide. Thus, the observed
half-life in plasma will be shorter than that in tissue.

Dr. Seale: In your rat experiments, after delivering budesonide via the inhaled
route, your graphs revealed some difficulty detecting esterified budesonide in
muscle tissue, whereas it was detected in muscle following i.v. administra-
tion of budesonide. What is the explanation for this difficulty after inhaled
administration?

Mr. Jendbro: This is correct. As tritium-labeled drug was used in the i.v. ex-
periments and nonlabeled in the inhalation experiments, limits of quantitation
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differed, and we were not able to systematically quantitate nonlabeled drug in
muscle following inhalation. However, the scarce samples where quantitation
was possible did not point towards any difference in muscle tissue in ester for-
mation or hydrolysis depending on route of administration, which the model
also predicts.

Prof. Dolovich: Can these models simulate clinical factors such as mucus layer,
bronchoconstriction, and hyperreactivity and determine the effects on the se-
lective absorption and dissociation site of inhaled steroids?

Mr. Jendbro: The general model presented treats the airways as one, homoge-
neous tissue, and thus no distinction can be made regarding local subcompart-
ments. The effect and airway selectivity simulated in the first part of my pre-
sentation refers to glucocorticoid receptor occupancy. The rationale behind
simulating receptor occupancy is that a majority of glucocorticosteroid-induced
effects are receptor triggered. Of course, bronchoconstriction changing re-
gional deposition can be built into the model taking mucociliary clearance in
different regions into consideration, but this would make life much more com-
plicated and does not address the basic question I tried to address—that of esteri-
fication and its effect on airway selectivity.

Dr. Seale: It would be hard to build bronchoconstriction into the rat model be-
cause the agents that would be used to induce bronchoconstriction may increase
permeability (and hence absorption of drug).

Dr. Schleimer: I am wondering if you have had the chance to determine the rate
of acylation in some of the tissues susceptible to side effects such as adrenal
gland, skin, or bone?

Mr. Jendbro: Skin and bone were sampled during the study but have not been
analyzed due to analytical difficulties.

Dr. Brattsand: The clinical efficacy of budesonide, FP, and mometasone furoate
in rhinitis correlate largely with their nasal bioavailability, which in turn de-
pends on their dissolution rate/water solubility.

Dr. Derendorf: Important for the efficacy is the unbound concentration at the
site of action. This is governed by clearance and protein binding. Changes in
volume of distribution will change the half-life, but not the average steady-state
concentration.
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I. Methodology of Well-Designed Clinical Studies

Countless studies, involving either normal volunteers or asthmatic patients, have
investigated some aspects of systemic activity, or efficacy of inhaled corticoste-
roids (ICS), but only a minority have been well designed. For obtaining useful
clinical data about new drugs the most informative studies are those that (1) ex-
plore several doses from which a dose-response can be derived, (2) are placebo
controlled and blinded, (3) allocate treatments by a random method, and (4) in-
vestigate both efficacy and toxicity. For ICS, it is difficult to design such studies,
particularly for efficacy, as the time course for response extends over days and
weeks. Some studies of systemic absorption of ICS in normal volunteers (1–3)
and asthmatics (4,5) have incorporated some of these design features.

Crossover designs tend to be used in normal volunteers, whereas parallel
group designs are more common in patient studies that tend to be conducted over
a longer period of time than normal volunteer studies. Similarly, placebo controls
are more often used in normal volunteer studies than for patient studies, as it may
be unethical to offer placebo instead of ICS to patients with asthma, particularly
if the duration of the treatment period is weeks or months. Most studies have in-
vestigated only one dose of drug, so there are very few studies that fulfill the ideal
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criteria of a randomized, blinded, placebo-controlled multiple-dose trial. A recent
meta-analysis of efficacy and safety of inhaled corticosteroids reviewed 14 trials,
each of which involved a fixed dose of fluticasone compared to at least twice the
dose of budesonide or beclomethasone (6).

A. Quantitating Drug Delivery

Few studies pay much attention to this aspect of drug design, which is taken for
granted if drugs are given orally or intravenously. The respirable fraction, which
is highly dependent upon particle size (7), the characteristics of the delivery de-
vice, and the inspiratory effort of the subject will determine the extent of intra-
pulmonary deposition and thus the systemic availability of the inhaled drug. The
use of large-volume spacer devices usually increases the respirable dose and de-
creases the amount of drug deposited in the oropharynx (8). Thus, spacer devices
minimize the contribution of swallowed drug to systemic activity.

The contribution of absorption from the gut varies inversely to the extent of
hepatic first-pass metabolism, which is high for fluticasone (99%), moderate for
budesonide (90%), and less for beclomethasone (�70%). Thus, for budesonide
20 –25% of systemic activity may come from gut absorption rather than direct ab-
sorption across the lung.

Drug-specific dry powder devices such as the Diskhaler and Turbuhaler
have quite different characteristics, such as particle size and flow characteristics,
resulting in considerable differences in intrapulmonary deposition (9).

All these variables mean that comparisons between inhaled corticoste-
roids, based on the nominal dose (ex-device), will necessarily be relatively crude
estimates.

B. Measuring Systemic Absorption

In the past plasma cortisol concentrations were the only measurements used to in-
vestigate systemic absorption of ICS. This is an indirect method because it de-
pends upon a complex biological system comprising the hypothalamic-pituitary-
adrenal (HPA) axis with its inherent variability. On the other hand, it does reflect
the biological activity of the systemically absorbed drug, which provides more in-
formation than drug concentrations in isolation (10). The extent to which the sys-
temic activity of inhaled corticosteroids on the HPA axis correlates with clinically
important effects, such as easy bruising (11) and alterations in markers of bone
metabolism (12), is uncertain. Further carefully planned long-term studies will be
required to determine whether there are consistent correlations.

Plasma Cortisols

Morning plasma cortisols (usually taken between 8 and 10 a.m.) are extremely
variable and therefore insensitive indices of suppression of HPA axis (10). A
more sensitive measure is the 24-hour integrated plasma cortisol levels (AUC24)
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or urinary free cortisol excretion. AUC24 cortisol, measurements which require
repeated blood collections, are conducted in closely supervised laboratory studies.
On the other hand, fractionated overnight and early morning urinary cortisol
collections, corrected for creatinine excretion, are suitable for less intensively
monitored clinical studies. This test is more sensitive than single morning cortisol
levels, and it therefore is more reliable in detecting systemic activity of inhaled
corticosteroids.

A third test sometimes carried out is the cosyntropin stimulation test in
which this synthetic ACTH is injected to assess whether there is any impairment
of adrenal cortisol reserve. It is not known whether this is any more sensitive in
detecting HPA axis dysfunction than overnight urinary cortisols or 24-hour
AUCs, although one study has suggested that this may be the case (12).

Studies that rely merely upon measuring plasma cortisol in single morning
samples will underestimate the degree of systemic absorption of inhaled cortico-
steroids.

Direct Measurements of Plasma Concentrations

With the development of sensitive assays it is now possible to measure the rela-
tively low concentrations of corticosteroids that enter the systemic circulation fol-
lowing inhaled drug delivery (13,14). In general, there is rapid absorption follow-
ing inhaled drug delivery so sampling times should be early after taking the dose.
Studies in which drug concentrations have been measured have been carried out
almost exclusively in normal volunteers.

Consideration should be given to whether the true characteristics of the sys-
temic kinetics of the drug can be obtained from single-dose studies or steady-state
studies. For drugs such as fluticasone with a terminal phase half-life of approxi-
mately 14 hours, single-dose studies may not reflect the situation following re-
peated dosing. Thus, with repeated twice-daily dosing of inhaled fluticasone, the
average plasma concentration was approximately 1.7 times greater than after a
single inhaled dose (14).

In summary, there are many factors, in addition to dose and drug, that may
influence the clinical effect of inhaled corticosteroids. These factors should al-
ways be considered in papers describing comparative trials of inhaled corticoste-
roids to allow full interpretation of the study and comparison of the drugs. Some
of the more important factors are:

Trials should be of a randomized, double-blind, and preferably placebo-
controlled design. However, the use of different inhaler devices and the
need to maintain asthma control may make such trials almost impossible,
especially in patients with severe asthma.

Precise details of the devices and inhalation technique used to administer
the corticosteroid are essential.

The unit dose delivered by the inhaler may influence delivered dose. The

Airway Selectivity of IC 335

14-M1775  10/11/2001  12:29 PM  Page 335



amount of drug substance delivered to the lungs by five puffs of 50 mg of
a corticosteroid from a pressurized metered dose inhaler (pMDI) may, for
example, be greater than that delivered by one puff of 250 mg from an in-
haler of the same type.

The time interval between actuation of the pMDI and inhalation should be
standardized and specified when polycarbonate spacer devices are used as
part of the delivery system. The cleaning and washing recommendations
given to the trial participants should also be described, as the condition of
the spacer device influences its electrostatic charge and thus its delivery
characteristics.

Patients must receive full instruction in the correct use of all inhaler devices
included in trials. Without this, results may be confounded by differences
in efficacy or ease of use of the inhalers, especially if a familiar inhaler is
compared with an unfamiliar inhaler.

Patient compliance with different forms of inhaled therapy may vary, so
some measure of patient compliance should be included and documented.

Each of these factors could influence the measured effect of an inhaled cor-
ticosteroid by at least the same extent as doubling or halving the administered
dose. The value of comparative studies of inhaled corticosteroids that ignore these
factors in therefore doubtful. The optimal design of a comparative trial of corti-
costeroids is not yet established, but true differences between corticosteroids are
most likely to be detected in well-designed trials that control for these factors.

II. DO STUDIES IN NORMAL SUBJECTS ACCURATELY
PREDICT DRUG BEHAVIOR IN ASTHMATIC
PATIENTS?

Studies are frequently carried out on normal subjects as part of the clinical devel-
opment program for new drugs. For inhaled drugs, there are theoretical reasons to
expect that the intrapulmonary deposition and systemic bioavailability may differ
between asthmatic subjects and normal subjects. First, the airways obstruction of
asthma may limit the distribution of inhaled drug to peripheral sites from which
systemic absorption can readily occur. Second, increased permeability of the air-
ways, which is a feature of asthma, may enhance drug absorption (15). There are
three types of studies that have compared systemic drug bioavailability in asth-
matics and normal subjects.

A. Studies That Compare a Given Drug in Normal and
Asthmatic Subjects

Several studies have addressed this question. Lipworth and Clark (16) adminis-
tered nebulized salbutamol (40 mg/kg) to three groups (each of 10 individuals),
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comprising normal subjects, mild asthmatics, and patients with severe asthma.
The concentration of salbutamol was measured in blood samples taken at 5, 10,
20, and 30 minutes after completion of the inhaled dose, and systemic responses
were assessed by changes in finger tremor, heart rate, and serum potassium. For
the patients with severe asthma (FEV1 49.2% of predicted normal), the salbutamol
Cmax and Cav were less than the values recorded in normal subjects and those with
mild asthma. Furthermore, the increases in heart rate and finger tremor were less
in the severe asthmatics than in the normal subjects and mild asthmatics. Serum
potassium was not significantly different in any of the groups. Thus, both these
pharmacokinetic and pharmacodynamic measurements showed that the systemic
absorption of salbutamol was less in the patients with severe asthma. It is probable
that the airways obstruction in the asthmatic subjects reduced peripheral distribu-
tion of the drug, thereby limiting its systemic absorption.

The findings in studies of intrapulmonary deposition of inhaled salbutamol
are consistent with the results of pharmacokinetic and pharmacodynamic studies.
A group of asthmatics (mean FEV1 1.45 L) were compared with normals after in-
haling 200 mg of technetium-labeled salbutamol (17). While the intrapulmonary
deposition, assessed by dual-headed gamma camera, did not differ between the
two groups, the percentage of the intrapulmonary dose distributed to the periph-
ery was 30.4% in the asthmatic subjects compared with 44% in the normal sub-
jects (p � 0.05).

For sodium cromoglycate, urinary excretion can be used as an index of sys-
temic bioavailability because less than 2% of drug is absorbed after oral adminis-
tration and after intravenous administration the drug is excreted unmetabolized in
the urine. In an early study (18) it was found that the urinary excretion of cromo-
glycate was reduced in patients with chronic bronchitis compared with normal
controls, but it was not reduced in asthmatic subjects. In a more recent study it
was found that the lung bioavailability of cromoglycate (administered via a Spin-
haler) was reduced in asthmatics compared with normal subjects, reflected by re-
duced plasma Cmax and AUC, together with reduced urinary excretion of cromg-
lycate (19).

After inhaling nedocromil 4 mg from a pMDI, the calculated bioavailability
was 9.2% of the nominal dose in normal subjects and 5.7% in asthmatic subjects.
The asthmatic subjects had a delayed Tmax and lower values for Cmax and AUC
compared with the normal controls (20).

Comparisons between asthmatics and normal subjects can be made from
two studies, each of which used the same drug doses and delivery devices for 7 days
of treatment (3,5). In 20 normal subjects, the mean suppression of integrated
AUC for plasma cortisol was 86% after fluticasone 200 mg (via Diskhaler) daily
and 47% after budesonide 1600 mg (via Turbuhaler), whereas the values in 23 sub-
jects with asthma (mean FEV1 80% predicted) were 34% and 16%, respectively.
In a well-designed crossover study the pharmacokinetics of fluticasone were
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determined in normal volunteers (n � 13) and asthmatic subjects (n � 10; 
mean FEV1 54% predicted) after the administration of i.v. and inhaled fluticasone
1000 mg (21). The systemic availability was significantly less in asthmatic subjects
than in normals (10.1% vs. 21.4%; p � 0.001) and the suppression of cortisol was
less in asthmatics. The systemic availability of fluticasone correlated with diffus-
ing capacity but not FEV1.

In contrast, a study of normal subjects and patients with mild asthma (morn-
ing PEF 67–113% predicted) reported no significant differences in plasma fluti-
casone AUC between asthmatics and normals after inhaling fluticasone 1000 mg
(22). In another recent study, it was found that the systemic bioavailability of fluti-
casone 1500 mg (via Accuhaler) was less in a group of asthmatics (mean FEV1

60% predicted) than in 46 normal subjects, whereas the systemic bioavailability
of budesonide (1600 mg via Turbuhaler) was not significantly different (23).

Thus, the evidence indicates that the systemic bioavailability of several
classes of drugs (such as bronchodilators, cromoglycate, and inhaled corticoste-
roids) is reduced in asthmatic subjects compared with normal controls, presum-
ably because the airways obstruction in asthmatic subjects limits the delivery of
the drug to the major absorption sites in the periphery of the lung. The reason why
reduced bioavailability in asthmatics should occur with fluticasone but not with bu-
desonide may relate to differences in physicochemical properties of these steroids.

B. Studies That Compare Different Drugs in Normal Subjects

Comparative studies of this kind have been confined to ICS and relevant studies to
consider are those that have explored several doses of ICS. Three such studies
(1–3) have shown the ratio of systemic activity (on a mg-for-mg basis) for fluti-
casone to budesonide ranged from 3.7 to 1.7. These studies have used one of the
more sensitive indices of systemic activity, the integrated 24-hour plasma cortisol
level. In the study with the lowest value (3), fluticasone and budesonide were ad-
ministered via their dry powder devices (Diskhaler and Turbuhaler, respectively).
Since Turbuhaler has a relatively high intrapulmonary deposition compared with
other delivery devices (24), this study may have underestimated the systemic ac-
tivity of fluticasone.

C. Studies That Compare Different Drugs in Asthmatic
Subjects

Several studies have compared different ICS in asthmatic subjects. Since most of
these studies have used low doses, which did not affect plasma cortisol (25), they
do not permit potency ratios to be calculated for the ICS. Only two published stud-
ies have compared repeated administration of fluticasone and budesonide, in doses
sufficiently high to cause some cortisol suppression (4,5). These were double-
blind, randomized crossover studies in which the drugs were taken twice daily for
4 and 7 days (Table 1). Measures of integrated cortisol secretion (10 h overnight
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urinary cortisol and AUC0-20h plasma cortisol) and morning plasma cortisol re-
vealed that fluticasone had a greater systemic activity than budesonide. The ratios
could not be quantitated by conventional criteria (e.g., ED50) because neither drug
in either study consistently produced greater than 50% inhibition. Log linear in-
terpolation of 8 a.m. plasma cortisols revealed a F:B potency ratio of approxi-
mately 3:1 (4). Since dry powder devices (Diskhaler and Turbuhaler) were used
in the Derom study (5), it may have underestimated the systemic activity of fluti-
casone, given relatively high intrapulmonary deposition of budesonide from the
Turbuhaler at approximately 30% of dose (24) compared with a lower percent
from Diskhalers (17).

In summary, it has been possible to accurately determine the potency ratios
for systemic activity of ICS in normal subjects, using multiple doses to derive
dose-response curves, and the estimated potency ratio for the newer ICS (flutica-
sone and budesonide, F & B) ranges of 2–3:1 (see Table 1). There are less accu-
rate determinations of ICS potency ratios in asthmatic subjects because there is
less systemic absorption, making quantitation of any effect imprecise. Neverthe-
less, the small number of studies that have used reliable methodology have indi-
cated that fluticasone appears to be more potent than budesonide per mg nominal
dose (26).

III. Variability in Systemic Bioavailability Between
Subjects

A. Drug Absorption

Following inhalation the plasma pharmacokinetics of ICS vary considerably be-
tween individuals. In normal subjects, there were wide standard deviations in
Cmax,Tmax, and AUC following inhalation (14) and intravenous (27) doses of fluti-
casone, suggesting that there are considerable differences between individuals’
pharmacokinetics. Similar variability was observed with inhaled budesonide in
normal subjects (28) and with fluticasone in asthmatic subjects (21). On the avail-
able evidence there is no reason to think that the variability between subjects is
any greater in asthmatics than in normal subjects.

B. Systemic Activity

Since there is considerable variability between individuals in drug absorption fol-
lowing inhaled administration of ICS, a similar and possibly greater variability
might be expected in biological activity, which depends on the end result of
plasma concentration, receptor sensitivity, and postreceptor translation. Measure-
ments of AUC plasma cortisols have shown wide variation in the extent of inhi-
bition for any chosen inhaled ICS among normal subjects (1,2,28). Although
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studies in asthmatics have not been as comprehensive as in normal volunteers, the
available data suggest that there are considerable differences in susceptibility to
cortisol suppression between individual asthmatic subjects (4).

IV. Comparative Clinical Studies

To draw comparisons between different inhaled doses of the same corticosteroid
or between different corticosteroids, some general aspects of the dose-response re-
lationships of inhaled corticosteroids need to be considered. For a given drug or
inhaler, there will always be a dose below which no effect can be detected, no mat-
ter which investigative method is used. There will also be a dose range within
which an effect is measurable for one or more outcomes. Within a certain dose
range, there will be a linear (or log linear) relationship between the magnitude of
the effect and the dose of drug. At a certain dose, the dose-response curve flattens
out. Increasing the dose beyond that point is associated with only small changes
in the outcome measurement. This means that the most important information that
needs to be obtained to accurately compare the various drugs includes:

The lowest dose level at which an effect can be detected
The dose required to produce a certain effect (i.e., 50% of maximum), which

is important for an accurate potency comparison
The slope of the dose-response curve, which is important for an accurate po-

tency comparison and for assessment of the risk of overdosing; the
steeper the slope, the higher the risk

The dose at which the dose-response curve starts to flatten out, which is im-
portant to assess the appropriateness of dosing in comparative trials

A number of dose-response studies (29–32) have provided useful informa-
tion about different corticosteroids or inhalers. They all report marked improve-
ments in the outcome variables that are most often measured in clinical asthma
studies, that is, symptoms and lung function, at low daily doses (100 –200 mg/day)
of inhaled steroids in the type of patients—with mild or moderate asthma—that
are most often studied in these clinical trials. The additional improvement
achieved in these parameters by increasing the doses is small, often taking an ad-
ditional fourfold increase in dose to produce further statistically significant ef-
fects. This means that, as low doses are clinically so effective, even very large,
well-conducted studies usually fail to show any statistically significant or clini-
cally relevant additional effect on symptoms and lung function between two adja-
cent and doubling doses on the dose-response curve (29,31,32). This has impor-
tant implications when trying to draw conclusions from comparative trials of the
clinical effect of different inhaled corticosteroids, when often halving or doubling
doses are compared and no significant differences are found in effect between the
test drugs.
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Another factor that complicates the interpretation of clinical studies with in-
haled corticosteroids is that differences in the measured response to treatment are
influenced by the duration of treatment and monitoring in the study. This is be-
cause symptoms of asthma usually show a beneficial response within days, while
maximal improvement in lung function may not occur for several weeks (33),
and maximal improvement in airway hyperresponsiveness takes months to years
of treatment with inhaled corticosteroids (34). Most dose-response studies of in-
haled corticosteroids have been of short duration, so potential differences between
the effects of different drugs or doses may not have become apparent for some out-
come variables.

Though a substantial number of comparative studies have been performed,
it has been difficult to draw firm conclusions about the comparative efficacy of dif-
ferent inhaled corticosteroids, for all of the reasons discussed above. However,
these studies have suggested that budesonide administered by Turbuhaler and flu-
ticasone administered by Diskhaler are approximately equipotent in efficacy, and
these treatment modalities both seem to be more potent (on a nominal dose basis)
than beclomethasone dipropionate (BDP) administered by pMDI or Rotahaler or
budesonide administered by pMDI. Moreover, fluticasone by Diskhaler seems
clinically more potent on a mg-for-mg basis than triamcinolone pMDI (35). Further
well-designed comparisons are, however, required to confirm these suggestions.

V. Systemic Unwanted Effects

The established inhaled corticosteroids have an excellent clinical safety profile,
when used in doses needed by most patients to achieve symptom control, even
with long-term use. However, concern exists about the long-term use of higher
doses of inhaled corticosteroids leading to significant systemic unwanted effects,
including adrenal suppression (36,37), bone demineralization (38), and, in chil-
dren, impairment of growth (39,40). Therefore, it is important also to assess and
compare the risk of systemic unwanted effects from various inhaled corticoste-
roids. This information is also required to accurately assess the therapeutic index.

Clinically relevant systemic unwanted effects should ideally be studied
within the context of controlled, long-term clinical trials, which use clinically rele-
vant doses in patients whose disease severities and ages are similar to the groups
in which the drugs would normally be prescribed. Such studies require large num-
bers of patients and are difficult to conduct. As a substitute, the systemic effects of
the various inhaled corticosteroids are often studied in short-term, crossover stud-
ies on healthy volunteers or patients with mild disease, who will tolerate treatment
with placebo for a certain period. A recent study suggested that systemic effects
are more likely in healthy volunteers than in asthmatic subjects (21). Therefore,
the clinical relevance of findings from such studies for patients with moderate and
severe asthma is not known.
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A. Hypothalamic-Pituitary-Adrenal Axis

Comparisons of the systemic effects of inhaled corticosteroids have mainly fo-
cused on the effects upon the hypothalamic-pituitary-adrenal (HPA) axis. Mea-
sures of HPA axis function provides the most sensitive and easily measured
markers of systemic effects of inhaled corticosteroid therapy. Effects can be
demonstrated with very short duration of dosing, and therefore this measurement
is often used to compare and contrast different inhaled corticosteroid preparations.
The clinical significance of small alterations in HPA axis function measured under
controlled, artificial laboratory conditions is, however, doubtful. Some reduction
in cortisol secretion merely reflects the normal functioning (feedback) of the HPA
axis– control mechanisms in response to exogenous steroid rather than a clinically
significant abnormality, and the total corticosteroid exposure of the body may re-
main within the physiological range. Significant laboratory findings are, therefore,
not necessarily predictive of important clinical effects.

Despite these limitations, the systemic effect studies conducted so far do al-
low some conclusions:

All the currently available inhaled corticosteroids can produce suppressive
effects on the HPA axis, and the effect is dose-dependent (1,5,41– 43).

Overall, the systemic potency ratio of budesonide to fluticasone depends
upon the inhaler devices compared and on whether the assessment is after
single or repeated dosing. The systemic potency ratio between fluticasone
pMDI and budesonide pMDI on a mg-for-mg basis has usually been
around 3:1, i.e., three times as much budesonide is required to produce
the same degree of systemic effect as fluticasone (1,44,45). For the DPIs
this ratio seems to be around 1.5:1 in adults (5) and around 1:1 in chil-
dren (46).

The risk of HPA axis effects with BDP pMDI is somewhat higher than that
with budesonide pMDI (47), but there is inadequate information to cal-
culate an accurate systemic effect ratio for BDP versus budesonide or
fluticasone.

Higher doses of fluticasone demonstrated a twofold greater effect on the
HPA axis when compared to higher doses of triamcinolone acetonide in
adult asthmatics (48).

B. Bone Density

Osteoporosis is an important complication of the use of ingested corticosteroids,
particularly in high-risk patients, such as postmenopausal women (49). This oc-
curs through an increase in bone resorption and a decrease in bone formation, and
results in increased risk of fractures, especially hip and spine. Inhaled corticoste-
roids have been demonstrated to have effects on bone metabolism, although there
is little evidence that, at the conventionally used doses, they cause osteoporosis,
and no evidence that they cause increased risk of fractures.
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The effects of inhaled glucocorticosteroids on bone metabolism have been
demonstrated by measuring serum osteocalcin, which indicates changes in bone
formation, and urinary hydroxyproline, measured after a 12-hour fast, which is in-
creased with increased bone resorption. Pyridium cross-links in urine is another
measure of bone resorption, which has the advantage over urinary hydroxyproline
of not being dietary dependent; however, to date the effects of inhaled glucocorti-
costeroids on this measure of bone resorption have not been reported.

The effects of BDP and budesonide on serum osteocalcin and urinary hy-
droxyproline have been studied in adults. Both have been shown to influence
serum osteocalcin levels in a dose-dependent manner (50), but only BDP increases
urinary hydroxyproline excretion at doses up to 2000 mg/day. In children, doses of
budesonide of less than 800 mg/day (51) and of fluticasone of 200 mg/day (52)
have no effect on any biochemical marker of bone turnover.

Several studies have measured bone densitometry in adult asthmatics taking
inhaled corticosteroids. In one study, adult patients were taking a mean dose of in-
haled BDP 630 mg/day over 2 years (53), while in another a mean dose of BDP or
budesonide of 980 mg was given for 3 years. In addition in the EUROSCOP trial,
evaluating the efficacy of inhaled budesonide in chronic obstructive lung disease
(COPD), older patients (mean age 52 years) were treated with inhaled budesonide
800 mg/day for 3 years (54). In none of these studies was there any evidence that
these patients had increases in bone loss. Also, to date no studies have demon-
strated that these biochemical markers of bone turnover are associated with in-
creased risk of bone fracture.

C. Posterior Subcapsular Cataracts

These occur more frequently in patients taking ingested corticosteroids, and this
greatly complicates the issue of whether they occur with greater frequency in pa-
tients using inhaled glucocorticosteroids. Most studies in adults (55) and children
(56) suggest that, once the confounding effect of ingested glucocorticosteroids is
removed, there is no evidence that inhaled glucocorticosteroids increase the risk
of developing posterior subcapsular cataracts. One recent study has, however, in-
dicated that high inhaled doses of BDP is associated with a slightly greater risk of
posterior subcapsular cataracts (57) in older patients. This study did not, however,
stratify for the known risk of cataract formation associated with atopy (58).

VI. Summary

The most rigorously designed studies of airway selectivity of the currently avail-
able ICS have been carried out in normal volunteers during short-term administra-
tion. These studies have shown that all of the ICS are absorbed via the lungs if suf-
ficiently high doses are given. In general, the rank order of putative potency for
anti-inflammatory activity is maintained with respect to systemic biological activ-
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ity. The few well-designed studies in asthmatic subjects have indicated that the
systemic bioavailability of ICS is less than in normal subjects, presumably because
of the airways obstruction and the decreased surface area for drug absorption. Pre-
liminary data suggest that there may be differences in systemic bioavailability be-
tween different ICS, possibly related to their physicochemical characteristics.
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Discussion

Dr. Brattsand: My comment goes back to the difference in plasma cortisol di-
urnal variation between normals and patients with Cushing’s disease, where the
major difference is that these patients lack the afternoon and early night drop
of plasma cortisol. Obviously the more prolonged trigger period mediates the
adverse steroid actions seen in these patients. This suggests that such adverse
actions are induced first when the receptor-triggering period surpasses a crit-
ical length, as a probable physiological adaptation to prolonged stress. Thus,
the duration of a steroid peak in plasma may be at least as important as its ini-
tial height (see Chapter 14). Therefore, to minimize the adverse steroid ac-
tions after inhalation, the receptor triggering in the systemic compartment
should ideally not last much longer than happens during normal diurnal corti-
sol variation.

Dr. Derendorf: Continuous administration of steroids will produce more cumu-
lative effect than multiple dosing of the same dose.

Dr. Seale: Dr. Hochhaus, what assumptions are made about percent of receptor
occupancy for efficacy in your computer modeling?

Dr. Hochhaus: We assume a direct relationship between receptor occupancy
and efficacy; thus, maximum efficacy will be observed when 100% of receptors
are occupied in the lung. Whether an asthmatic will feel a difference between a
50% or 70% receptor occupancy, I don’t know.

Dr. Rohdewald: We not only have to look for percent of receptors occupied in
the target tissue producing the wanted clinical effect, we should also know how
many receptors have to be occupied at the peripheral sites to produce the un-
wanted effects. Presence of drug only, irrespective of the concentration, is not a
sound reason for concerns.

Dr. Schleimer: The possibility that dividing doses of oral steroids, or using al-
ternate daily doses, leads to maintained efficacy with reduced side effects has
been thoroughly debated. I believe there are studies showing reduction of HPA
suppression with alternate daily doses. It is my impression, however, that the
cognoscenti believe that it is the cumulative dose that is most relevant with re-
spect to osteoporosis.

Dr. Derendorf: It is a general concept of pharmacology that the unbound con-
centration at the response site is responsible for activity. One experimental way
to measure unbound concentrations in the tissues is microdialysis.

Dr. Hochhaus: What if the diffusion into tissues is not homogeneous in all tis-
sue because of transporters? We have shown the involvement of transporters in
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the brain and distribution of glucocortcoids, which resulted in lower free glu-
cocorticoid levels in the brain than in other tissues.

Dr. Derendorf: For FP, the amount of drug appearing in the blood mirrors the
disappearance of the drug in the lungs, since there is little oral absorption.

Dr. Pedersen: Budesonide seems to be clinically more effective in the nose than
other novel lipophilic steroids. Presumably this is due to budesonide being
better absorbed because of its lower lipophilicity. To what extent does the same
mechanism play a role in the airways? Does a lower fraction of the deposited
drug become absorbed if the steroid is more lipophilic?

Dr. Hochhaus: I believe that it is not necessarily the lipophilicity affecting the
uptake into the tissues, but the lipophilicity will affect the residence time in the
lung or nose and consequently how fast the drug is leaving the lung. We have
shown that there is an optimal release rate in the upper part of the lung and that
there is a the need to design drugs that slow this release or dissolution pattern.

Dr. Persson: Topical airway steroids must dissolve in hydrophilic mucosal sur-
face lipids before being absorbed across the lipophilic mucosal membranes.
The importance of a good balance between hydrophilicity and lipophilicity with
airway steroids may be seen especially in treatment of rhinitis where highly
lipophilic nonabsorbed drugs in part may be lost through a runny nose (or
through mucociliary clearance). The physical properties of budesonide leading
to an efficient entry into mucosal tissues may explain why this drug is clinically
more potent than highly lipophilic nasal steroids that are more potent than
budesonide at the receptor level.

Dr. O’Byrne: Is the systemic absorption higher in mild vs. severe asthmatics?

Dr. Seale: There was no difference between healthy subjects and patients with
mild asthma in cortisol suppression or plasma drug concentration following one
week’s treatment with FP via Diskhaler (Lofdahl et al. 1999). Taking these to-
gether with the Brutsche et al. data and Harrison et al. data from ERS 99, it
appears that for the lipophilic steroids there is a difference in systemic exposure
correlating with disease severity but that this difference does not appear to
exist for budesonide. In addition, in the October issue of Chest, Weiner et al.
showed a very clear correlation between lung function parameters and effect on
HPA axis, so that the more normal the lung function, the greater the cortisol
suppression. One factor contributing to these findings is the more central air-
way drug deposition seen in patients, which results in a greater mucociliary
elimination, particularly for the slowly dissolving steroids.

Dr. O’Byrne: Perhaps we should stop doing these sorts of comparisons using
adrenal output as the marker of systemic activity, as the results in normal sub-
jects do not reflect what is happening in asthmatics and it has not been possible
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to demonstrate meaningful differences when asthmatics are studied, even using
excellent study designs.

Dr. Busse: There has been considerable interest in the genetic basis of drug re-
sponses to leukotriene metabolism. What information do we have about the
genetic variants or genotypes in relationship to the response to corticosteroids?

Dr. Seale: I am not aware of any studies addressing this question.

Dr. Hochhaus: We have performed studies in human lung which showed that
human lung differs in the Bmax and Kd values of glucocorticoid receptor inter-
action and not only in the pharmacokinetic behavior. As an example, we mea-
sured 10-fold differences in the Kd values in these samples. I would like to ask
whether there have been sufficient studies performed that looked at pharmaco-
kinetic and pharmacodynamic variability in patient populations?

Dr. Busse: There is no information available. We need to know about the dif-
ferent metabolic pathways for each steroid as well as racial/ethnic differences
and polymorphisms. The disease process has been studied to some extent in
terms of efficacy but not drug metabolism.

Dr. Schleimer: Dr. Hochhaus, is the variability that you have seen at the level
of receptor number or receptor affinity or both?

Dr. Hochhaus: There have been differences in receptor number and affinity.

Dr. Derendorf: It is the pulmonary absorption that is decreased in asthmatics,
not the gastrointestinal absorption. That may explain why the difference be-
tween normal subjects and asthmatics is most pronounced for fluticasone where
there is no gastrointestinal absorption.

Prof. Dolovich: Deposition measurements have shown that intraindividual vari-
ability is greater than interindividual variability, which parallels clinical re-
sponse data to some degree. Control of inhalation parameters for delivery of the
test aerosolized drug/formulation should be part of any clinical trial protocol to
try and reduce this variability.

Dr. O’Byrne: The reasons for the differences between normal subjects and
asthmatics in systemic absorption must relate in some way to where the drug is
going, possibly because of airway narrowing, mucus plugging, etc.

Dr. Szefler: Are you saying that we should no longer do studies of inhaled ste-
roids in normal subjects?

Dr. O’Byrne: I think that the differences in the sensitivity of the adrenal sup-
pression with IS between normal subjects and asthmatics makes it difficult to
defend the use of normal subjects in comparing and contrasting the systemic ef-
fects of different IS, and then extrapolating these results to effects in asthmatics.
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Dr. Rand: How might decreased adherence with ICS over time in clinical trials
have influenced growth retardation results? Particularly, the marked differences
between year 1 retardation and later years?

Dr. O’Byrne: This may potentially confound the results obtained. However, in
the long-term studies conducted by Soren Pedersen, the clinical benefit of IS
persisted, suggesting that adherence was reasonable, but the slowing of growth
did not.
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I. Introduction

Twenty years ago, the majority of children with asthma received only intermittent
anti-asthma treatment in association with exacerbations of the disease. Evolution
of treatment since that time has included the use of continuous treatment with
theophylline, b2-agonists, or sodium cromoglycate for children with moderate or
severe, persistent asthma; some patients with very severe disease were also given
daily or alternate-day prednisolone or inhaled corticosteroids. During the last
decade, asthma therapy has included early introduction of anti-inflammatory med-
ications, especially inhaled corticosteroids. This means that at many clinics in-
haled corticosteroids are now given to patients with mild and moderate asthma
severity, rather than reserving this therapy for the most severe cases. This change
in treatment strategy, together with new knowledge about the pathophysiology of
the disease, has provided useful information supporting a more aggressive intro-
duction of inhaled corticosteroids into the treatment regimens of both children and
adults. While this change in therapy seems justified both upon pathophysiological
findings and efficacy data, it is often questioned whether it is also justified from a
safety point of view. Thus, many pediatricians are still concerned about potential
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adverse effects of long-term treatment with inhaled corticosteroids, particularly
on growth.

The widespread use of inhaled corticosteroids for all disease severities has
also made treatment with inhaled corticosteroids more complex. Thus it seems
that conclusions obtained in trials in patients with a certain age and asthma sever-
ity may not always be valid for patients of a different age or disease severity. Clin-
ical trials have repeatedly found that the vast majority of school children with mild
asthma are very well controlled on a daily dose of 100 –200 mg inhaled cortico-
steroid and that such therapy is as effective as or more effective than other anti-
asthma therapy in the majority of such patients (1). Several studies have also sug-
gested that the systemic effects of a certain inhaled corticosteroid are more
pronounced in patients with mild asthma than in patients with more severe disease
(2– 4). This means that the clinical relevance of the findings in studies using daily
doses of inhaled corticosteroid 	400 mg per day in patients with mild asthma
should be questioned since such doses are rarely needed in patients with this dis-
ease severity. Clinical use of inhaled corticosteroids must be based upon the
knowledge about beneficial and adverse effects obtained in controlled clinical
dose-response trials in patients with a similar age and disease severity as the group
in which the drug is going to be used.

The systemic effect potential of therapy with inhaled corticosteroids is still
an issue of concern, and great efforts have been made to develop new inhaled ste-
roids and inhalers with even less systemic activity for a given clinical effect. Al-
though it seems that some inhaled steroids or inhalers have a higher clinical po-
tency and/or a lower potential for systemic effects than others, there is still much
debate about the long-term clinical importance of this since only few good,
prospective, controlled trials have been designed to assess this. Until such trials
exist, transferral of conclusions from one drug-inhaler combination to another
drug-inhaler combination should be made with great caution.

In the following review, the influence of the asthma disease itself and the use
of inhaled corticosteroids on growth will be discussed in some detail since this is-
sue often causes great concern among prescribing pediatricians, patients, and their
parents. Furthermore, some factors important for the assessment of the clinical
relevance and general applicability of the findings of growth studies will also be
briefly summarized.

II. Definitions and Study Designs

The safety and occurrence of systemic effects of inhaled corticosteroids in chil-
dren have been extensively studied over the past 20 years without a clear defini-
tion of the various terms used to describe these issues. Often no distinction is
made between a measurable systemic effect and a clinically relevant systemic side
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effect. This may lead to unwarranted and unnecessary fear among physicians and
patients. Whether a systemic effect is measurable or not depends entirely upon the
sensitivity of the method used for the measurement: when more sensitive methods
are utilized, more systemic effects become measurable. Thus, for a given drug or
inhaler, there will always be a dose below which no systemic effects can be de-
tected no matter which method is used. As the dose increases, there will be a dose
range within which systemic effects are measurable in one or more systemic effect
models. However, more often than not, these measurable effects merely reflect
small changes within the normal range of the normal biological feedback system,
or they may be chance findings without clinical relevance (small changes in
plasma cortisol levels frequently sampled under artificial laboratory conditions).
With regard to growth there are several examples of detectable systemic effects the
clinical relevance of that must be questioned: sodium cromoglycate treatment has
been found to be associated with significant effects upon the excretion of growth
hormone in the urine (5) and markers of bone metabolism (6). Treatment with in-
haled b2-agonists has also been found to adversely affect the secretion of growth
hormone (7,8). Although statistically significant, these findings are probably not
clinically relevant, though thorough clinical studies have not yet assessed this.

Another potential pitfall in studies of measurable systemic effects is that
such studies are normally short-term or single-dose, standardized, crossover stud-
ies on healthy volunteers or patients with very mild disease, who will tolerate
treatment with placebo for a certain period. The clinical relevance of findings from
such studies to patients with more severe asthma is not known. Recent studies sug-
gest that significant differences may exist between findings in patients and healthy
volunteers (4), the systemic effects being markedly higher in healthy volunteers
than patients. Similar differences may be seen between patients with mild and
more severe disease (2,3).

Our knowledge about the dose level at which measurable systemic effects of
inhaled corticosteroids are seen in short-term controlled laboratory studies in
healthy volunteers or patients with mild disease is quite good. It varies with dif-
ferent steroid/inhaler combinations (9,10), and conclusions from one drug/inhaler
combination cannot be extrapolated to other drug/inhaler combinations. Though
the clinical relevance of the finding in such studies may be questioned, it can prob-
ably be assumed that doses of an inhaled corticosteroid not associated with any
measurable systemic effects in sensitive laboratory test systems are also clini-
cally safe.

Clinically relevant systemic side effects should be studied in controlled,
long-term clinical trials, using clinically relevant doses in groups of patients with
a disease severity and age similar to the groups in which the drugs would normally
be prescribed. Such studies require large numbers of patients and are difficult to
conduct.
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A. Delivery Device

A clinically very effective inhaler with high intrapulmonary deposition of drug
will be expected to have a higher systemic effect than a clinically less effective in-
haler. However, lower doses can be used if the inhaler is very effective, emphasiz-
ing the importance of dose titration. On the other hand, if the bioavailability after
oral dosing is not zero, the contribution of the orally deposited drug to the sys-
temic effect will be higher for an inhaler with a low intrapulmonary and high oral
drug deposition than for an inhaler with a lower oral drug deposition and the same
or higher intrapulmonary drug deposition. This may be clinically important since
differences in inhaler characteristics may result in a threefold difference in thera-
peutic index for some inhaled corticosteroids (Fig. 1).

The clinical implication of this is that for inhaled corticosteroids with a high
gastrointestinal availability of drug, the risk of unwanted systemic effects can be
reduced without loss of efficacy by choosing an inhaler/drug combination with a
high therapeutic index and tailoring the dose to the severity of the disease. Some
recent controlled clinical trials on growth have not undertaken such measures
(11–14). They found that longitudinal statural growth was retarded in children
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Figure 1 (Left) Systemically available drug after inhalation of 100 mg of different corti-
costeroids from different inhalers. Black � Absorption from the lungs; gray � absorption
from the gastrointestinal tract. (Right) Amount of drug that becomes systemically available
if the patient inhales an amount of drug that would result in deposition of 30 mg of drug in
the intrapulmonary airways. FP � Fluticasone propionate; BUD � budesonide; BDP � be-
clomethasone dipropionate; MDI � CFC metered dose inhaler; Turbu � Turbuhaler; 
HFA � Hydro Fluro Alkan.
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treated with a fixed (no dose tailoring) daily dose of 400 mg beclomethasone dipro-
pionate. Moreover, all used a pMDI or dry powder device for delivery. These de-
vices deposit �85% of the dose in the oropharynx in children. This fraction of
drug is extensively systemically absorbed due to a low first metabolism of be-
clomethasone dipropionate (15–17). Therefore, the therapeutic index of the treat-
ment in these trials would have been better if a spacer device had been used for the
delivery, since a spacer reduces oropharyngeal deposition of drug (15). Hence the
clinical effect: systemic effect ratio would have been improved and the adverse ef-
fect upon growth probably reduced or even abolished if a spacer device and dose
tailoring had been used (Fig. 1).

It is beyond the scope of this chapter to discuss in detail how the delivery char-
acteristics of various inhalers influence the therapeutic index and the risk of clini-
cally important systemic side effects. It is, however, important to realize that due to
marked differences between the various products, conclusions from one inhaler/
drug combination may not be transferable to other drug/inhaler combinations.

B. Dosing Regimen

Once-daily dosing of inhaled corticosteroids is becoming more widely used in pa-
tients with mild disease severity. Although more studies are needed, preliminary
evidence suggests that once-daily administration of budesonide may be associated
with less effect on short-term lower leg growth rate and markers of collagen and
bone turnover than the same budesonide dose divided into twice-daily dosing
(18–20). Furthermore, little is known about the effect of once-daily dosing on the
therapeutic index of the various inhaled corticosteroids.

C. Pharmacodynamics

The clinical effects of inhaled corticosteroids are best evaluated in dose-response
trials. A number of such studies have been performed in adults (10), but only a few
have been done in children. The findings in such studies are important for our un-
derstanding of the clinically relevant doses of inhaled corticosteroid to use in
growth trials in various patient groups. Therefore, the published dose-response tri-
als conducted in children will be briefly presented.

Budesonide

A placebo-controlled study of 404 children with moderate asthma severity (21) as-
sessed the dose-response relationships for lung function and other clinical out-
comes with budesonide delivered through the multiple-dose dry powder inhaler,
Turbuhaler in daily doses of 100, 200, and 400 mg. All doses produced statistically
significant effects. The difference between placebo and low-dose budesonide was
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much greater than the difference between low-dose and high-dose budesonide, the
lowest dose producing a near maximum effect on most outcomes with little addi-
tional benefit being obtained by the increase in dose. Moreover, the differences in
clinical effect between individual dose steps were not statistically significant.

A double-blind crossover study of 19 schoolchildren with moderate to se-
vere asthma compared the effects of 100, 200, and 400 mg/day budesonide given
by pMDI � large-volume plastic spacer (22). Morning PEF values and FEV1 for
all three doses were significantly better than for placebo. There was no dose-re-
sponse effect in PEF values measured at home or diary recordings of symptoms
and rescue b2-agonists, indicating that the top of the dose-response curve had been
reached at the lowest dose for these outcomes. However, a dose-response effect
with significant differences between the effects of individual doses was seen in the
FEV1 values measured at the clinic. Moreover, the fall in FEV1 or FEF25 –75% after
exercise proved to be a sensitive marker of dose-response with significant differ-
ences detected between adjacent doses.

Fluticasone Propionate

The effect of 100 and 200 mg/day fluticasone propionate Diskhaler® was com-
pared with that of placebo among 169 asthmatic children (23). Both doses of 
fluticasone propionate led to significant improvements in PEF, lung functions,
asthma symptom scores, and exacerbations over 6 and 12 weeks, but as in the
other dose-response studies, no significant difference was seen between the effects
of the two doses of fluticasone propionate.

Finally, a double-blind, dose-reduction trial in 216 children with moderate
asthma found that the minimal effective daily dose of inhaled corticosteroid re-
quired to maintain optimal lung function and clinical control and prevent exercise
induced asthma was 188 mg budesonide from Turbuhaler® and 180 mg fluticasone
propionate from Diskhaler (24).

All these studies share some common features. They all demonstrate
marked and rapid clinical improvements and changes in symptoms and lung func-
tion at very low daily doses (around 100 mg) of inhaled steroids in most children
with mild, moderate, and even severe asthma (10,22,25,26). Additional improve-
ment in these parameters with increasing doses is rather small, often taking an ad-
ditional fourfold increase in dose to produce further significant effect. Low doses
are clinically so effective that even very large, well-conducted studies normally
fail to show any statistically significant or clinically relevant additional effect on
symptoms and lung function when the dose is increased beyond 100 mg per day
(10). In agreement with this, a large number of studies have found that the benefi-
cial effects of low doses of inhaled steroid (200 mg/day) in children are normally
more pronounced than for any other antiasthma drug to which they have been
compared. (12–14,27–37).
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III. Growth

It is clear from efficacy studies in pediatric patients that 100 –200 mg of inhaled
steroid per day is more effective than any other treatment in the majority of pa-
tients and that these doses control the disease satisfactorily in the majority of pa-
tients with mild and moderate disease. Therefore, it is mainly relevant to assess the
risk of clinically important systemic effects of such doses of inhaled steroids when
comparing the clinical effect :side effect ratio with other drugs. When reviewing
the literature about the safety of inhaled steroids in that dose range, it becomes
clear that at present, no controlled studies have reported any clinically relevant
systemic side effects with daily doses of 100 –200 mg of orally inhaled corticoste-
roid (10,38– 40).

Measurement of clinically important systemic effects of higher doses
(�200 mg/day) of inhaled corticosteroids is mainly relevant for comparisons of dif-
ferent steroids or inhalers in order to define a therapeutic index. Knowledge ob-
tained in such studies may also be of help in deciding whether a child whose asthma
is not optimally controlled on a certain dose of inhaled corticosteroid should have
this dose increased or additional therapy, such as a long-acting b2-agonist. Findings
in such studies are generally not relevant for decisions about choice of therapy be-
tween inhaled corticosteroids and other asthma drugs since doses of inhaled corti-
costeroids that are equi-effective with other asthma drugs are normally lower.

For inhaled steroids, the vast majority of safety data, including data on
growth, has been obtained in school children with mild asthma who have not re-
quired the doses of inhaled corticosteroid under investigation to be optimally con-
trolled. Furthermore, many studies have been conducted under conditions very
different from the actual conditions occurring during day-to-day treatment. As
mentioned earlier, conclusions from such studies should be applied with great cau-
tion to the day-to-day treatment of patients with mild or moderate asthma severity
or treatment of patients with more severe disease, who may actually require the
doses used in these studies to control their disease. Clinically relevant safety data
should be obtained in clinical trials, which tailor the dose of inhaled steroid to the
severity of the disease. Often the findings in such “dose-tailored” studies are dif-
ferent from the conclusions of studies carried out in the laboratory or from stud-
ies in which patients are overtreated due to a fixed (often high-dose) dosing regi-
men that does not allow for dose adjustments as indicated by the individual’s
clinical picture.

When the effects of steroids on growth in children are assessed, it is impor-
tant to appreciate that growth may be divided into three distinct age-related com-
ponents (41):

1. The rapid, rapidly decelerating, growth of the first 2–3 years of life.
This phase is probably controlled by the same factors that are important
for fetal growth, the main one being nutrition.
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2. Childhood growth, which occurs from approximately, age 3–11 years.
This phase mainly represents the contribution of the endocrine system,
particularly growth hormone.

3. Pubertal growth, which depends largely on a combination of growth
hormone and sex steroids.

Since the importance of the various factors that affect growth seems to differ be-
tween these three phases, studies should preferably be performed in all three age
groups separately. Even though our knowledge about this area is still quite sparse,
the importance of age for the growth-retarding effect of inhaled corticosteroids
is supported by the findings in two recent studies, which found that the growth-
retarding effect of an inhaled corticosteroid administered for one year was more
marked in prepubertal than pubertal school-age children (12,42). This lends fur-
ther support to the view that conclusions drawn from results obtained in one age
group should be applied to other age groups with great caution.

A. Influence of Disease

Most chronic diseases of childhood have been shown to adversely affect the nor-
mal growth pattern of a child. The most commonly observed influence of the
asthmatic condition on growth is a reduction in growth rate, most often seen to-
wards the end of the first decade of life (Fig. 2) (43–50). This reduced growth rate
continues into the mid-teens and is associated with a delay in the onset of puberty.
The prepubertal deceleration of growth velocity resembles growth retardation.
However, the delay in pubertal growth is also associated with a delay in skeletal
maturation so that the bone age of the child corresponds to the height. Ultimately,
there is no decreased final height, although it is reached at a later than normal age
(43–50). This difference in growth patterns seems to be unrelated to the use of in-
haled corticosteroids, but it seems to be more pronounced in the children with the
most severe asthma.

The deviant growth pattern seen in many children with asthma complicates
the interpretation of results from cross-sectional studies comparing the heights of
asthmatic children treated with inhaled corticosteroids with the heights of normal
children or children with asthma who are not treated with inhaled corticosteroids.
The results of Littlewood (51) illustrate this problem: a group of asthmatic chil-
dren (mean age � 10.9 years) treated with inhaled beclomethasone had lower
height standard deviations scores than a group of children never treated with in-
haled corticosteroids (mean age � 6.6 years). The results of other studies (43–50)
suggest that this difference might as well be due to differences in age as to differ-
ences in treatment between the two groups.

Recent studies suggest that a poorly controlled asthma may in itself ad-
versely affect growth in populations of children who have never received inhaled
corticosteroids. Thus, height standard deviation scores before treatment with in-
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haled steroids were found to correlate significantly with lung functions (32,42) and
degree of asthma control (52,53): the lower the lung function or poorer the asthma
control, the lower the height standard deviation score. Furthermore, severe asthma
was suggested to adversely affect expected final height in a retrospective study on
a cohort of children with different degrees of asthma (54) and statural height in a
large population based study on more than 3000 children with asthma (55). Ex-
actly which mechanisms operate in poorly controlled asthma that can adversely
affect growth is unclear. However, they may share some features with the factors
operating in groups of children living under poor socioeconomic conditions,
which have been shown to have an effect upon growth that is more pronounced
than the effect of high-dose inhaled corticosteroids (55). These observations are
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Figure 2 The most commonly observed influence of the asthmatic condition on growth
is a reduction in growth rate, which is most often seen toward the end of the first decade
of life. The reduced growth rate continues into the midteens and is associated with a delay
in the onset of puberty. This prepubertal deceleration of growth velocity resembles growth
retardation. However, the delay in growth is also associated with a delay in skeletal matu-
ration so that the bone age of the child corresponds to the height and, ultimately, there is no
reduction in final height, which is reached at a later-than-normal age. This difference in
growth pattern seems to be unrelated to the use of inhaled corticosteroids, but it seems to
be more pronounced in children with the most severe asthma.
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very important for our understanding of the various factors that should be consid-
ered and adjusted for when the general applicability of the findings of various con-
trolled growth studies is assessed.

B. Effects of Exogenous Steroids

When the effect of exogenous corticosteroids on growth is evaluated, the various
studies can be arbitrarily but conveniently divided into:

Growth marker studies, which measure steroid-induced changes in various
serum markers thought to reflect bone and collagen formation/degrada-
tion or growth

Short-term studies, which assess growth during periods of 6 months or less
Intermediate-term studies, which evaluate growth during periods longer

than 6 months but do not assess final adult height
Long-term studies, which assess growth for many years and also include

final adult height in relation to predicted adult height

This distinction is important to remember when the findings of a clinical trial are
assessed.

Several studies have demonstrated poor correlations between short-term
height velocity and annual height velocity (56 – 60) and between steroid-induced
changes in short-term lower leg growth rate and statural growth during the subse-
quent year. One month lower leg length velocity explains virtually nothing of the
variation in annual statural height velocity (59,60). In addition, the correlation be-
tween two consecutive annual height velocity values for normal prepubertal chil-
dren is also very poor. A low gain in one year is not necessarily followed by a low
gain the next year, and vice versa (59). The correlation between 1-, 2-, 3-, and 4-
year values are only partially correlated with one another (59), and height veloc-
ity computed over a period of 3 or 4 years in childhood only explains 34% and
38%, respectively, of the variation in final height, respectively. Therefore, the clin-
ically most important outcome measure of human growth is the final height in re-
lation to expected final height, allowing for gender and mid–parental height dif-
ferences. When the results from growth studies are evaluated, it is important to
realize that a change in growth markers or an effect upon growth found in short-
or intermediate-term studies is not necessarily equivalent to an effect upon long-
term growth or final adult height.

C. Markers of Bone Formation and Resorption

When the influence of various inhaled corticosteroids on growth is assessed, lev-
els of various biological markers of bone and collagen formation and degradation
or growth hormone concentrations and activity have been the most popular surro-
gate markers of statural growth studied.
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Levels of all the markers of bone and collagen formation and resorption are
usually measurable, as normal bone and collagen are in a constant state of
turnover, maintaining a balance between resorption and formation. In simple
terms, an elevation of all markers could occur when there is increased bone
turnover without net loss or gain in bone mass, while a reduction of all markers,
normally seen with low doses of oral steroids or high doses of inhaled cortico-
steroids, could signify a reduction in bone turnover with a constant bone mass.
Therefore, it is probably most clinically relevant to consider the net effect of bone
formation and bone resorption (61). If, for instance, formation and resorption de-
crease to the same extent, the changes may not be important since the net effect
may be zero. An elevation of markers of bone resorption alone supposedly sug-
gests net bone loss, whereas an elevation of markers of bone formation alone
suggests net bone formation. However, no isolated marker can be considered a re-
liable guide to the extent of bone formation or resorption; moreover, the signifi-
cance of some markers is not clear and the relevance of changes reported from
short-term studies to long-term clinical outcomes remains to be demonstrated
(62). However, evidence suggests that small but statistically significant changes in
such markers are rarely of any clinical relevance.

D. Inhaled Corticosteroids and Bone Markers

Reduced osteocalcin levels have been reported in children with asthma indepen-
dent of whether or not the child received steroids (63), emphasizing that results
from steroid-treated children with asthma should be compared with findings in
children with asthma who are not receiving any exogenous steroids. Several stud-
ies have assessed markers of bone and collagen resorption and formation in such
designs. They all found that only high daily doses of inhaled steroids (�400 mg
budesonide) may have a detectable effect on some of these markers in children,
suggesting a reduction in both bone formation and degradation at this dose. Daily
doses of 400 mg or less of budesonide or fluticasone propionate had no effect in
any of the studies (6,18,63–70). All studies were short term and involved patients
with quite mild disease. In contrast, studies of children receiving low doses (2.5–5
mg) of oral prednisolone found significant reductions in serum levels of osteocal-
cin, PICP, and ICTP and in hydroxyproline excretion in the urine (67,71).

No adverse effects on markers of bone formation and degradation have been
reported at standard pediatric doses of inhaled corticosteroids, whereas higher
doses may cause significant changes, which suggest a reduced bone turnover rate.
The importance of this finding has yet to be elucidated. Recent studies found no
correlation between the levels of various markers and bone mineral density or be-
tween changes in levels of the various markers and changes in bone mineral den-
sity over 1 and 2 years (40).
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E. Growth Markers

During recent years the blood levels of various biochemical markers, such as
growth hormone, somatomedin-1 (IGF-1), IGF-binding protein-3 (IGFBP-3), car-
boxyterminal propeptide of type-1 procollagen (PICP), and the amino terminal
propeptide of type III procollagen (PIIINP), have been found to correlate to some
extent with growth rate of lower leg growth velocity (72,73). However, the pre-
dictive value of drug-induced changes in the levels of these markers is not known.
Thus, a recent controlled, prospective study found no correlation between the lev-
els of various markers of bone and collagen formation and degradation or steroid-
induced changes in these markers and growth during 1 and 2 years of budesonide
treatment (40), indicating that the predictive value of steroid-induced changes in
these markers is low and that assessment of changes is not clinically useful. This
is in good agreement with the observation that growth markers have been found to
correlate poorly with growth rate in healthy children (74) and the findings in a
study that assessed the clinical usefulness of the various markers in children sus-
pected of steroid-induced growth retardation and children with normal growth
during treatment with inhaled corticosteroids. No clinically useful differences
were found in growth hormone secretion, serum cortisol, ostecalcin, and IGF-1
levels or bone mineral density between the two groups (75).

Treatments with even low doses of prednisolone (2.5–5 mg/day) are asso-
ciated with significant reductions in the levels of some of these markers, while
daily doses of inhaled corticosteroids �400 mg are not (64,65,67,68,71). Further-
more, daily doses of beclomethasone and budesonide around 400 mg (range
200 –1200 mg) do not adversely affect the output of urine growth hormone (76,77).
The clinical relevance of findings of treatment-induced changes in growth mark-
ers remains unknown. Treatment with sodium cromoglycate has been found to be
associated with significant effects upon the excretion of growth hormone in the
urine (5) and markers of bone metabolism (6). Treatment with inhaled b2-agonists
has also been found to adversely affect the secretion of growth hormone (7,8,78).
Although statistically significant, these findings are probably not clinically rele-
vant, although thorough clinical studies have not yet assessed this.

Leptin is a recently discovered hormone that is believed to play an impor-
tant role in regulation of body weight and perhaps also growth. Systemic steroids
increase serum leptin levels, but daily doses of 800 mg budesonide from a pMDI
with a spacer had no effect on this marker (79).

F. Short-Term Studies

Knemometry measures changes in short-term linear growth of the lower leg
within weeks. This may be a valuable adjunct /alternative to traditional growth
studies since knemometry allows very controlled designs. However, the clinical
implication of knemometry findings still needs further study since 1-month lower

364 Pedersen

15-M1775  10/11/2001  12:29 PM  Page 364



leg growth velocity or steroid-induced changes in short-term in lower leg growth
rate explains virtually nothing of the variation in annual statural height velocity
(59,60). Furthermore, daily treatment with 2.5 or 5 mg prednisolone totally
stopped lower leg growth (80,81). This indicates that knemometry is too sensitive
and probably amplifies or exaggerates the growth-stunting effects of exogenous
steroids. On the other hand, it also means that if an exogenous steroid has no ad-
verse effect on lower leg growth in a properly performed knemometry study, it is
most unlikely that such treatment will be associated with any growth suppression
during long-term treatment. Thus, at present, no statural growth studies have
found any adverse effects on statural growth of doses of inhaled corticosteroid,
which in well-designed knemometry studies have been found not to adversely af-
fect lower leg growth.

Several knemometry studies have evaluated the influence of inhaled budes-
onide delivered from a pMDI and a spacer (Nebuhaler) on short-term lower leg
growth in school children (82–85). These studies, and a later meta-analysis, con-
cluded that daily doses of budesonide �400 mg from pMDI and Nebuhaler did not
adversely affect growth. In contrast, 800 mg budesonide per day from Nebuhaler
or 400 mg/day from the dry powder inhaler Turbuhaler significantly reduced lower
leg growth rate in the three studies evaluating these drug-inhaler combinations
(82–84,86). Daily doses of 200 mg budesonide delivered from Turbuhaler or fluti-
casone propionate from Diskhaler did not adversely affect growth in the studies
evaluating this dose (81,86,87). All children participating in these studies were
mild asthmatics not requiring inhaled corticosteroids.

In preschool children, 200 mg budesonide per day from a Nebuhaler did not
affect short-term lower leg linear growth in children aged 13–36 months (88),
whereas 800 mg per day was associated with a significant reduction.

Beclomethasone dipropionate delivered from the dry powder inhaler
Diskhaler has been assessed in two knemometry studies of different designs
(89,90). In both studies, treatment with a daily dose of 400 mg was associated with
significant growth suppression of lower leg growth. This growth suppressive ef-
fect of beclomethasone was significantly higher than that observed during treat-
ment with 200 mg fluticasone propionate per day (89).

Budesonide from a Turbuhaler and fluticasone from a Diskhaler have been
compared in a recent dose-response study (86). It was found that, mg for mg, the
two drug-delivery combinations had similar effects. Doses of 200 mg/day did not
adversely affect lower leg growth rate, whereas treatment with 400 mg/day was as-
sociated with a slight reduction in lower leg growth, which was significant for
budesonide when compared to placebo but not when compared to fluticasone. No
other inhaled corticosteroids have been compared with placebo in knemometry
studies.

Short-term knemometry studies and long-term studies have found that treat-
ment with oral steroids retards growth and induces changes in blood levels of
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biochemical markers of growth (50,71,91–98), even at doses as low as 2.5 and 5
mg prednisolone per day (71,91,93,96). These effects have been consistently
greater than the effects of 400 –800 mg of inhaled corticosteroid.

G. Statural Growth

It is well known that systemic steroids may adversely affect growth in children.
The suppressive effect seems to depend upon the duration of treatment, dose, and
frequency (94,95), and when treatment is stopped catch-up growth may occur
(97,98). However, growth retardation caused by daily and alternate day adminis-
tration of large doses of systemic corticosteroids for extended periods of time may
be permanent (50,91).

Over the years the influence of inhaled corticosteroids on growth of asth-
matic children has been studied extensively. There have been flaws in the designs
of most studies. Several have been retrospective or uncontrolled. Others have been
conducted under artificial conditions, which are very different from the day-to-day
treatment situation. This makes it difficult for the clinician to draw firm, unequiv-
ocal conclusions about the clinical relevance of the findings. A brief summary of
the findings and the conclusions is given below.

H. Intermediate-Term Studies

A large number of intermediate-term studies have evaluated the effect of inhaled
corticosteroids on statural growth (11,14,32,43,44,52,99–122). Until 1993, none
included a control group. The vast majority have been in school-age children.
Some have been historical follow-up studies, while others have been prospective,
more or less controlled studies. A metered dose inhaler or a Diskhaler was used
for the administration of beclomethasone and a Nebuhaler for budesonide admin-
istration. None of these studies, comprising more than 2000 children treated for
mean periods of 1–13 years, found any adverse effect of the inhaled corticosteroid
upon growth. In agreement with this, a meta-analysis of 21 studies representing
810 patients to some extent corroborated the findings in these studies. The analy-
sis compared attained height with expected height of children with asthma treated
with inhaled or oral steroids (123). Significant weak growth impairment was
found in children receiving oral steroids, whereas children treated with inhaled
steroids attained normal height. Furthermore, there was no statistical evidence of
inhaled steroid therapy being associated with growth impairment either at higher
doses or during extended therapy.

A recent follow-up of a cohort of 3347 children with asthma from general
practices corroborated these findings, but in addition shed further light on the
complexity of the growth process. The study found that the vast majority of chil-
dren had normal growth rates. Only children receiving daily doses of inhaled cor-
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ticosteroids of 	400 mg showed growth impairment. However, this effect on
growth was smaller than the effect of poor socioeconomic status or severe asthma
(55). This study illustrates how important confounders may be in growth studies.
Such confounders must be accounted for in the analysis of the data.

In contrast to these findings several studies of parallel group design con-
ducted over the last few years have found significant growth retardation in chil-
dren with mild asthma treated continuously for 9–12 months with a fixed daily
dose of beclomethasone of 	400 mg (11–14,39). This dose is markedly higher
than the dose required to control mild asthma. Furthermore, a dry powder inhaler
or a pMDI was used for the administration of beclomethasone. These devices de-
posit a large amount of drug in the oropharynx, which is extensively absorbed into
the systemic circulation through the gastrointestinal tract, resulting in a subse-
quent increase in systemic effect. Therefore, the therapeutic index would have
been better if a spacer device had been used for the delivery instead of a pMDI or
a dry powder inhaler.

Tinkelman et al. (14) compared 400 mg beclomethasone with sustained-re-
lease theophylline in 195 asthmatic children 6 –16 years of age. The observed
mean growth rate for all children who had their first and last measurement greater
than 100 days apart was 4.2 cm per year for the beclomethasone-treated children
and 5.5 cm per year for the theophylline-treated children (p � 0.005). The growth-
retarding effect was mainly observed in boys, and there was no significant differ-
ence between the two groups when the girls were studied separately.

Doull et al. (11) assessed the effect of daily doses of 400 mg beclomethasone
on viral-induced wheezing episodes in 7- to 9- year-old children who, between
episodes (around 5 per year), had no asthma symptoms requiring continuous in-
haled corticosteroid treatment. Ninety-four children completed the study, the du-
ration of which was 31 weeks. Growth rate during beclomethasone treatment was
significantly lower than during placebo treatment, so that the placebo children
grew on average 1 cm more during the 31 weeks of study. No catch-up growth was
seen during the washout period.

Verberne et al. (12) found that the annual growth rate was significantly
slower (4.7 cm/yr) in 35 children treated with 400 mg beclomethasone propionate
per day than the growth rate in 32 children treated with salmeterol (6.1 cm/yr). A
subgroup analysis revealed that the growth-retarding effect was only significant
for prepubertal children. Pubertal children grew normally during beclomethasone
treatment.

Similar findings were reported by Simons (13), who treated 241 children
with mild asthma with either 400 mg beclomethasone dipropionate per day, pla-
cebo, or salmeterol for one year. Significant differences were observed in baseline
height between the three groups at study entry. The annual growth rate was signifi-
cantly lower in children treated with beclomethasone propionate (3.96 cm/yr) as
compared with the growth rates in the other two groups (5.04 cm/yr) for placebo
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and 5.40 cm/yr for salmeterol). The difference in growth rate between the three
groups was due to a markedly lower growth rate in the beclomethasone-treated
children during the first 3 months of the study. After this, the growth rate was sim-
ilar in the three groups.

Somewhat different findings have been reported with budesonide and fluti-
casone propionate. A controlled, prospective study (32) measured growth in 216
children with asthma during long-term treatment with inhaled budesonide and 62
asthmatic children not treated with corticosteroids. The children were followed at
6-month intervals for 1–2 years without inhaled budesonide and then for 3– 6
years on inhaled budesonide. During the period of budesonide therapy, the mean
daily dose decreased from 710 to 430 mg. A pMDI or Turbuhaler was used for the
administration of budesonide. No statistically significant differences were seen
between the two groups in measured height or height SDS during run-in or the
3– 6 years of treatment. Over the whole period the annual increase in height was
5.62 cm (controls) and 5.48 cm (budesonide). Because the dose of budesonide
varied in each individual child during the treatment period, the influence of budes-
onide dose upon growth could not be accurately assessed. However, when high
doses were used (�400 mg/day), both growth rate and lung functions were lower
than during run-in and during treatment with 400 mg/day, indicating that either
high doses or poor asthma control (or both) adversely affected growth. After 5
years of continuous treatment with a mean daily dose of 500 mg budesonide, stat-
ural height was still not significantly different between the two groups (124). A
more recent analysis of these data confirmed the observation that growth rate was
lower just before puberty (42). Moreover, an age-dependent effect was found on
the growth-retarding effect of budesonide during the first year of treatment, the
growth rate of young children (ages 5–10) being more reduced than the growth
rate of pubertal children.

The prospective investigation of Merkus et al. (122) corroborated these find-
ings. These investigators studied 40 asthmatic children who were randomized to
treatment with 600 mg/day budesonide pMDI or placebo for 2 years. In addition,
growth in these two groups was compared with the growth of 80 matched, healthy
control subjects. The mean difference in growth rates between patients treated
with placebo and their controls was �0.70cm/yr; that between children treated
with budesonide and their controls was �0.44cm/yr. The observed mean (SEM)
case-control difference between treatment groups was �0.27 (0.58) in favor of
budesonide treatment. The authors concluded that asthmatic children (especially
boys) have a prepubertal growth delay and that budesonide in a daily dose of 600 mg
administered by a pMDI does not adversely affect growth over a 2-year period.

Finally, a recent prospective, double-blind, randomized, controlled study on
6 to 10-year-old children with mild asthma compared the growth rates of 46 chil-
dren treated with budesonide Turbuhaler 100 mg b.i.d. and 45 children with ne-
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docromil sodium with the growth of 45 healthy children during 9 months (40). No
statistically significant differences were found in growth rates between the three
groups. In contrast, growth rate was significantly reduced in the children in the
budesonide group when they received treatment with 400 mg budesonide per day
for a 3-month period. This study confirmed the safety of clinically effective low
doses of budesonide in children with mild asthma (200 mg budesonide per day was
clinically significantly more effective than treatment with nedocromil sodium).
The double-blind period was followed by a one-year open label treatment with
budesonide 400 mg per day for 3 months followed by 200 mg per day for 9 months.
Even if this regimen was exactly similar to the regimen used during the first year
of treatment the children grew significantly faster during the open phase than dur-
ing the first year of treatment, suggesting that the growth-retarding effect of
budesonide was reduced with continued treatment.

Two prospective, controlled studies assessed growth during fluticasone pro-
pionate treatment of children with mild asthma. Both found that fluticasone in
daily doses of 100 and 200 mg did not adversely affect growth during one year’s
treatment (29,125).

Price et al. (29) measured growth during one year in 60 children treated with
either 100 mg fluticasone per day or sodium cromoglycate 80 mg/day. No statisti-
cally significant differences were found between the two groups. The average
growth rates in the two groups were 6.0 cm/yr (fluticasone) and 6.5 cm/yr
(sodium cromoglycate), respectively.

Allen et al. (125) assessed the growth rate of 300 children treated with either
placebo or 100 or 200 mg fluticasone per day for one year in a prospective, random-
ized, placebo-controlled trial. No statistically significant differences were found
in growth rates between the three groups. The average growth rates were 6.15
cm/yr (placebo), 5.94 cm/yr (fluticasone 100), and 5.73 cm/yr (fluticasone 200),
respectively. The authors concluded that prepubescent children treated with daily
doses of 100 –200 mg fluticasone propionate for one year grew at rates similar to
placebo-treated children and at rates equal to expected growth velocity for age.

The effect of other inhaled corticosteroids upon growth has not been thor-
oughly assessed, although a retrospective study did not find any adverse effects
upon growth during one-year treatment with triamcinolone (113).

Preschool Children

The influence of inhaled corticosteroids on growth in preschool children is less
well studied. Preschool children treated with 200 –300 mg budesonide per day
from a pMDI with a spacer were reported to grow normally during 3–5 years of
continuous treatment (115). However, the conclusions of the study are weakened
by the lack of a control group not receiving inhaled corticosteroids.
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Skoner et al. (126,127) studied asthma patients recruited from three ran-
domized, 12-week, double-blind, placebo-controlled studies with budesonide in-
halation suspension (BIS). A total of 670 children were enrolled in three 52-week,
randomized, open-label, controlled, parallel-group studies, comparing the growth
rate during treatment with BIS and control treatment (which for some children in-
cluded inhaled corticosteroids). BIS was initially administered at a dose of 0.5 mg
once (studies A and C) or twice daily (study B), with attempts made at each clin-
ical visit to gradually reduce the dose to the minimum effective dose. 223 subjects
received control treatment and 447 budesonide inhalation suspension. Mean age
at entry was around 5 years. Median total daily doses of BIS ranged from 0.5 to
1.0 mg. Changes in height SD scores differed significantly between the BIS and
controls in study A, in which the controls did not receive inhaled corticosteroids,
and there was a statistically significant decrease in growth velocity (�0.8cm/yr in
the BIS-treated group compared with the controls). No statistically significant dif-
ferences were observed between BIS and controls in changes in height SD scores
or in growth velocities in studies B and C in which some of the control children
also used inhaled corticosteroids.

Comparison Between the Effect of Inhaled Corticosteroids

A study compared the annual growth rate during treatment with fluticasone pro-
pionate 400 mg/day with the growth rate in children receiving 400 mg beclometha-
sone propionate per day (128). Both groups were prepubertal. Growth rate was
significantly higher during fluticasone treatment (4.99 cm/yr) than during be-
clomethasone treatment (4.09 cm/yr). This observation emphasizes that con-
clusions from studies with one inhaled corticosteroid should not be transferred 
to other inhaled corticosteroids. Each drug/inhaler combination must be studied
separately.

The findings in these growth studies emphasize some important issues:

1. Important differences seem to exist between the growth retarding ef-
fects of various inhaled corticosteroids and inhalers (10).

2. Growth retardation may be seen with all inhaled corticosteroids when a
sufficiently high dose is administered for long periods without any dose
adjustment for disease severity.

3. Different age groups seem to differ in susceptibility to the growth-re-
tarding effects of inhaled corticosteroids, children aged 4 –10 years be-
ing more susceptible than pubertal children (12,42).

Furthermore, the findings in several of these studies suggest that the growth-re-
tarding effect of an inhaled corticosteroid treatment may be more marked in the
beginning of the treatment and in some way becomes attenuated with continued
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Figure 3 Expected effect that a treatment would have on attained adult height if the
growth retardation measured in each individual study persisted during 10 years of contin-
ued treatment. The data have been constructed upon the findings in randomized controlled
trials published as full-length papers. Findings in short-term studies seem to suggest a
much more marked effect upon attained adult height than studies of longer duration. These
calculations should be assessed in light of the fact that all studies conducted so far (a total
of six) have found that long-term treatment with inhaled corticosteroids has no adverse ef-
fect on attained adult height.

treatment (13,42,129,130). A time-dependent effect would also explain the
marked steroid-induced reductions in lower leg growth rate observed in knemom-
etry studies (80,82,83,89,131,132) compared with the smaller reduction in statural
height in studies of longer duration. In an attempt to assess the possibility of a
time-dependent, growth-retarding effect of inhaled corticosteroids, the data from
various randomized controlled growth studies of different durations have been
used to calculate the expected effect a treatment would have on attained adult
height if the growth retardation measured in each individual study persisted dur-
ing 10 years of continued treatment (Fig. 3). Although this analysis does not allow
any firm conclusion about the possibility of a time-dependent effect upon growth,
it does call for further studies to assess this question.

I. Long-Term Studies and Studies on Final Adult Height

At present only few prospective long-term studies or studies on attained final adult
height have been conducted.
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Norjavaara (133) compared the recorded adult heights of all pregnant
women (n � 287.750) born in Sweden between 1960 and 1974 with the heights of
all pregnant women with asthma (n � 2.738) from the same period. Use of inhaled
corticosteroids was very low in the study population since inhaled corticosteroids
were reserved for the more severe cases during this period. It was found that the
adult height of women with asthma was significantly lower than the adult height
of women without a diagnosis of asthma and that patients who had been hospital-
ized with asthma early in life tended to be shorter than patients who had been hos-
pitalized later in life. These data suggest that the asthma disease may in itself ad-
versely affect adult height and that this effect may be more marked if the asthma
is severe. This is in good agreement with the findings in other studies on children
with asthma (42,54) and the observations in children with other chronic diseases
(134,135) but in contrast to the findings in children with atopic dermatitis who,
like children with asthma, may also have a prepubertal growth delay but appar-
ently no adverse effect on adult height (136,137), probably because atopic der-
matitis is a less severe disease.

Balfour-Lynn (43,44) followed 66 children for an average of 13.1 years. No
difference was found in overall growth rate between children who received be-
clomethasone dipropionate and those who did not. Final heights were reported to
be within the expected range in the children treated with beclomethasone dipropi-
onate. No data on predicted height estimated from parental height were given
(43,44). Similar results were reported in a retrospective study, which assessed the
longitudinal growth of 97 children treated with beclomethasone dipropionate in
daily doses of 300 –800 mg for more than 8 years (138). Adult heights were within
the expected range, but no predicted adult heights were given.

Other retrospective studies (54,139) have compared measured adult heights
of the steroid treated children with their target adult heights. Silverstein found that
adult height of patients with asthma was not significantly different from the adult
height of nonasthmatic subjects; the overall difference, adjusted for mid–parental
height, was �0.20 cm (95% C.I. from �0.27 to 1.64). Moreover, the adult height
of asthmatic children treated with glucocorticoids was not significantly different
from the adult height of patients with asthma not treated with glucocorticoids; the
difference after adjusting for mid–parental height was �0.2 cm (95% C.I. from
�0.1 to 0.6) (139).

Van Bever et al. (54) found that mean attained adult height was the same in
subjects who took inhaled corticosteroids during childhood as compared to those
who had never received this treatment. However, steroid-treated patients showed
significantly lower values of adult height minus target height than in those who
never took inhaled corticosteroids. Furthermore, patients who had ever been hos-
pitalized for asthma showed a lower value for adult height minus target height than
those who were never hospitalized, indicating that asthma severity negatively in-
fluenced attained adult height.
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Larsson et al. (140) compared measured adult heights of 97 children treated
with inhaled corticosteroids during childhood with the adult heights of 70
non–steroid-treated asthma patients and 136 healthy controls. Survey reported
parental heights were used to calculate the target heights of the study population.
It was found that inhaled corticosteroids did not adversely affect adult height;
mean measured adult height /target height for the three groups were 2.6 cm (ste-
roid-treated asthma), 2.6 cm (non–steroid-treated asthma), and 2.1 cm (healthy
controls).

Recently, the findings of all these studies were confirmed in a controlled,
prospective, long-term study in which asthmatic children were treated with in-
haled budesonide for several years in doses tailored to disease severity (42). Sixty-
two children who only received nonsteroid asthma treatment served as controls.
One hundred and forty-two children attained adult height after a mean of 9.2 years
of budesonide treatment at a mean daily dose of 412 mg (range 110 –877 mg).
Mean accumulated budesonide dose was 1.35 mg (range 0.41–3.99 mg). Eighteen
of the controls and 51 healthy siblings were also followed until adult height had
been attained. Mean differences between measured and target adult heights was
�0.3 cm (95% C.I.: �0.6; �1.2) for budesonide patients, �0.13 cm (95% C.I.:
�2.4; �2.1) for controls, and �0.9 cm (95% C.I.: �0.4; �2.2) for healthy sib-
lings (Fig. 4). Height standard deviation scores (SDS) correlated positively with
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Figure 4 Distribution of differences between measured adult height and target adult
height in 142 children treated with inhaled budesonide for 3–13 years (left) and 47 healthy
siblings �18 asthmatic children who had never received inhaled corticosteroids (right).
Mean attained adult height in the budesonide group was 173.2 cm and mean target adult
height was 172.9 cm.
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percent predicted FEV1 before asthma treatment, and the difference between mea-
sured and target adult height depended significantly upon height SDS before
budesonide treatment. Growth rates were significantly reduced during the first
years of budesonide treatment, but the reduction in annual growth rate did not per-
sist and the changes in growth rate during this period showed no relation to the dif-
ferences between measured and target adult height. Long-term treatment with in-
haled budesonide did not adversely affect adult height, whereas poorly controlled
asthma seemed to do so. Furthermore, changes in growth rate during the first year
of budesonide treatment were not useful in predicting adult height.

Although prospective studies of several years’ duration and retrospective
analyses may always be criticized for being less controlled than prospective,
short-term studies, some conclusions about the effect of inhaled corticosteroids on
final height seem to be justified based upon the data from these studies, especially
because a controlled, double-blind, randomized study of 15 years’ duration is un-
likely to be conducted in the foreseeable future.

The conclusions from the various studies addressing the question of attained
adult height have been consistent in many areas:

Children with asthma treated with inhaled steroids have consistently been
found to attain normal final adult height (six studies).

Uncontrolled or severe asthma seems to adversely affects growth and at-
tained adult height (three studies).

Corticosteroid-induced changes in growth rate during the first year of treat-
ment do not predict adult height (the only long-term prospective study de-
signed to answer that question).

The reason for the apparent discrepancy between the findings of some in-
termediate-term studies and the conclusions of final height studies is not clear.
Studies with beclomethasone have found a growth retardation of 1.5 cm per year.
An annual growth retardation of 1.5 cm, if persistent, would be expected to result
in a cumulative mean reduction in measured adult height of 15 cm were the treat-
ment given continuously for 10 years. Such marked effects would be difficult to
miss in the day-to-day clinic or in long-term prospective studies. Some possible
explanations for the discrepancy are as follows.

The correlation between two consecutive annual height velocity values for
normal prepubertal children is poor. A low gain in one year is not neces-
sarily followed by a low gain the next year, and vice versa (59). The cor-
relation between 1-, 2-, 3-, and 4-year growth velocities are only partially
correlated with one another (59), and growth rate computed over a period
of 3 or 4 years in childhood only explains 34% and 38% of the variation
in final height, respectively.

It seems as if the growth-retarding effect of exogenous steroids is most pro-
nounced during the first year of treatment (13,42,129,130). Therefore,

374 Pedersen

15-M1775  10/11/2001  12:29 PM  Page 374



conclusions from rather short-term studies of one year should be extrap-
olated to the long-term situation with caution.

Steroids also seem to retard bone maturation. If this occurs to the same ex-
tent as the retardation of growth, then final height is not expected to be
adversely affected (since bone age will correspond to height age). Such
children will grow for a longer period than their peers and eventually at-
tain normal final height.

The results obtained in prepubertal schoolchildren may not be valid in other
age groups because prepubertal children may be more sensitive to the
growth-retarding effect of inhaled corticosteroids (12,42). If the pubertal
growth spurt is not adversely affected, the effect on final height may be
rather small.

In a real-life situation, children with mild asthma are not treated continu-
ously with a rather high, fixed dose of inhaled corticosteroid: the dose is
adjusted to the severity of the disease. Only children with moderate or se-
vere asthma would require continuous treatment with daily doses of 400 mg
or more. The systemic effects in these children may be lower than in chil-
dren with mild disease (2– 4). Many clinics would use spacers for inhaled
corticosteroids with low first-pass metabolism. Compliance may be lower
during long-term real-life treatment than during a controlled trial with
several visits to the clinic. More prospective studies are needed to assess
the relative importance of these possibilities.

J. Problems in Growth Assessment—Individual Sensitivity 
to Steroids?

Case reports sometimes suggest that growth inhibition in individual children may
be seen (141). When such reports are evaluated, it must be remembered that
growth is a very complex process that may be affected by a host of factors, in-
cluding disease severity, psychological factors, growth factors, receptor affinity,
nutrition, body composition, age, puberty, genetic factors, and treatment. Chil-
dren show spontaneous fluctuations in growth velocity often with seasonal varia-
tions—most children growing faster in the summer than in the winter (56). More
recently it has also become clear that in some children fluctuations are not purely
seasonal, but cycles of growth may span 2 or more years (Fig. 5) (57). This leads
to a very poor correlation between the growth velocity in one year and that in the
next year (58). These variations, in combination with a standard error of the height
measurement, which for trained observers is around 0.2–0.3 cm, and the abnor-
mal growth pattern seen in many asthmatic children unrelated to the use of inhaled
steroids, mean that case reports of apparently reduced growth in association with
an asthma treatment should be interpreted with caution. No firm conclusions
about cause-and-effect relationships should be made without the support of fur-
ther controlled studies.
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K. Conclusions

In general, the literature reporting the effects of inhaled corticosteroids on growth
has been reassuring, considering that the majority of children with mild and mod-
erate asthma only require low doses of inhaled corticosteroids around 100 –200
mg/day to achieve optimal control. Such doses do not adversely affect growth. Fur-
thermore, final height does not appear to be adversely affected by long-term treat-
ment with somewhat higher doses of inhaled corticosteroids even if such doses
may retard growth rate in short-term trials. In contrast, the growth-retarding effect
caused by uncontrolled asthma may be persistent, so uncontrolled asthma may
also adversely affect final adult height.

Since the occurrence of measurable systemic effects and risk of clinical side
effects increases with dose, the lowest dose of inhaled corticosteroid able to con-
trol the disease should always be used. Furthermore, inhaler-steroid combinations
with a high clinical efficacy:systemic effect ratio should be used.

The possibility of increased sensitivity to the growth-retarding effect of in-
haled steroids by susceptible individuals is complex and requires further study.
Some data suggest that an increased sensitivity exists within a population at a cer-
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Figure 5 Individual growth-velocity curve in a normal child. Marked variations are seen
in annual growth rate. If a steroid treatment had been started at age 7 and stopped at age
9.5, it would probably have been concluded that the treatment caused growth stunting, par-
ticularly because an “apparent catch-up growth” is seen from age 9.5 to 10.5.
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tain unknown frequency. However, normal fluctuations in growth rate and deviant
growth pattern of asthmatic patients not receiving inhaled steroids complicate the
interpretation of individual growth data.

Finally, although results from short-term studies reflect systemic effects of
inhaled corticosteroids, they do not predict intermediate- or long-term growth.
Similarly, results from intermediate-term studies are poor predictors of attained
adult height.

IV. Summary

Inhaled steroids have been used for the treatment of asthma in children for more
than 20 years. During this time, a substantial number of studies have been per-
formed evaluating the safety and efficacy of this therapy. Generally, the results
have been reassuring. Inhaled corticosteroids have a marked effect on both imme-
diate- and long-term aims of asthma therapy. In patients with mild and moderate
asthma, low daily doses of around 100 –200 mg/day of inhaled steroid produce a
clinical effect that, in most trials, is better than the effect of any other treatment to
which it has been compared. No adverse effects on growth have been associated
with treatment in this dose range, and idiosyncratic adverse reactions are rare.
Higher doses of inhaled corticosteroids may reduce growth rate during the first
years of treatment. However, even if this is the case, attained adult height is not ad-
versely affected, even if such doses are used for several years.

Since the occurrence of measurable systemic effects and risk of clinical side
effects increases with dose, the lowest dose that controls the disease should always
be used. Furthermore, inhaler-steroid combinations with a high clinical effi-
cacy:systemic effect ratio should be used. If a child is not sufficiently controlled
on a low dose of inhaled steroid, it might be better to add another drug to the low-
dose inhaled steroid treatment rather than to increase the steroid dose. Further
studies are needed to assess at which dose this should be done for individual ste-
roid/inhaler combinations.
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Discussion

Dr. Boulet: You showed in previous studies the powerful effect of oral steroids
on growth suppression. Have any studies been done looking at the benefit of re-
ducing the need for oral steroids for exacerbations from inhaled steroid treat-
ment in the more severe child asthmatic population in regard to growth?

Dr. Pedersen: Not to my knowledge.

Dr. Schleimer: Do oral steroids show the same pattern—early suppression,
with delayed puberty and “catch-up,” or is there a qualitative difference, with a
reduction of ultimate statural height with oral steroids?

Dr. Pedersen: This has not been so extensively studied. However, it seems as if
the same pattern is seen when low doses of oral steroids are used. However at
higher doses (�5 mg/day), adult height may also be adversely affected.

Dr. Edsbäcker: Added to your convincing final height data following budes-
onide treatment, there have been two relatively recent Swedish compilations of
final height data, one from the Swedish birth register involving almost 290,000
mothers born from 1960 to 1974, where 2,700 had been hospitalized for
asthma; one group at ages 0 –8, one group at 9–15. Final height in both of
these groups of asthmatics did not differ from the control mothers. Also, the
Swedish conscript registry data involving 164,000 healthy controls and 8,500
asthmatics showed that asthma per se is associated with a reduced final height
by 0.7 cm, but that this was unrelated to steroid therapy.

Dr. Pedersen: Interesting. Our data also show that uncontrolled asthma may
adversely affect growth and adult height.

Prof. Dolovich: Have you expressed the dose of ICS given as the microgram
quantities contained in the drug available at the mouth from the delivery system,
that is, as the emitted dose and also as the fine particle component of the emit-
ted dose? This might correct for differences in growth suppression noted be-
tween inhalers.

Dr. Pedersen: We use the actual prescribed doses. It seems that the systemically
available dose of an inhaled corticosteroid varies with age, being lower in
young children (when a corticosteroid with high first-pass metabolism is used).
Therefore, the plasma levels are quite similar over a wide age range when the
same dose is inhaled.

Dr. Derendorf: Do you think that we are likely to see an effect on growth if
there is no effect on serum cortisol?

Dr. Pedersen: Some believe that this may be the case. I am not convinced that
this may be the case. More data are needed.
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Dr. Denburg: What is the biological explanation for the growth pattern ob-
served? Has this phenomenon been studied in vitro? Is there a relationship be-
tween growth suppression and efficacy of therapy?

Dr. Pedersen: We don’t know, but it does not seem to be the case. The biologi-
cal explanation is not known. However, the phenomenon is also seen in other
chronic diseases. It is as if the body in some way adjusts to maintain the situ-
ation before the exogenous influence was there.
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I. Introduction

Asthma is a chronic inflammatory disorder of the airways (1,2). Airway inflam-
mation contributes to airway hyperresponsiveness, airflow limitation, respiratory
symptoms, and disease chronicity. Considering asthma as an inflammatory dis-
order has implications for its diagnosis, prevention, and management. Recently,
asthma has also been recognized as a cause of rapid loss of pulmonary function
over time in some patients (3– 6). The loss in pulmonary function may be incom-
pletely reversible or irreversible (7). Thus, the consequences of poorly controlled
asthma can include not only clinical symptoms and variability in pulmonary func-
tion, but also progressively worsening airflow obstruction (Table 1).

Numerous studies have clearly demonstrated that inhaled glucocorticoids
alleviate clinical symptoms, improve pulmonary function, and reduce airway in-
flammation; there is some evidence that they alter disease progression (8–10).
Current guidelines identify inhaled glucocorticoids as the “preferred” long-term
controller asthma medication, especially for moderate and severe persistent
asthma (1,2). Recent observations suggest that the response to inhaled glucocorti-
coids is highly dependent on the time of intervention: the earlier they are used,
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the more efficacious they are (7,11–13). Inhaled glucocorticoids are effective only
as long as the medication is continued, with loss of beneficial effect occurring as
early as days or weeks after the medication is discontinued (11). This has impli-
cations for the importance of continuing therapy for effective asthma control.
Guidelines recommend doses for inhaled glucocorticoids based on severity of dis-
ease (Table 2). In general, the more severe the asthma, the higher the dose recom-
mended (1,2). A body of literature has now been assembled reporting effects of
inhaled glucocorticoids on growth velocity, cataracts, ocular hypertension, and
bone loss in susceptible patient populations (14). An obvious question is whether

390 Szefler and Martin

Table 1 Asthma Control Indicators

Clinical measures
Mortality
Hospitalizations
Acute exacerbations:

Emergency department visits
Courses of prednisone or high-dose inhaled steroids

Nocturnal symptoms
Breakthrough symptoms

b-Agonist use for symptom relief
Wheezing or symptomatic (including chest tightness, cough, shortness of breath)

episodes affecting activity
Pulmonary measures

Peak expiratory flow
Pulmonary function—spirometry

FEV1 % predicted
FEV1/FVC or RV/TLC
Total lung volume
Bronchial hyperresponsiveness to exercise, methacholine, or histamine

Markers of inflammation
Bronchoalveolar lavage—cytology and mediators
Induced sputum—cytology, especially eosinophils, or mediators
Blood—total eosinophils, activated eosinophils
Plasma—eosinophilic cationic protein
Exhaled nitric oxide

Progression
Increasing medication requirements
Decline in pulmonary function
Increasing airways hyperresponsiveness
Serial biopsy—limited application at the present time

Cytology— eosinophils, mast cells, lymphocytes, and neutrophils
Features of airway remodeling—collagen, elastin, tenascin tissue deposition
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there are differences among the various inhaled steroids and delivery systems that
could indicate a “preferred” product and delivery device for inhaled steroid therapy.

II. Why Compare Inhaled Steroids?

Following the introduction of inhaled steroid therapy in the early 1970s, questions
were raised regarding the dose dependency of their effects and about methods to
limit the potential for adverse effects. At that time, the standard dose of an inhaled
steroid, specifically beclomethasone dipropionate, was 400 mg per day and rarely
exceeded 1000 mg per day. In a series of elegant studies, Toogood and associates
demonstrated the dose-response relationship of beclomethasone dipropionate on
an array of clinical and pulmonary function parameters (15). Using the asthma
attack frequency as a primary outcome measure, they demonstrated that in oral
steroid–dependent asthmatics, 200 mg of BDP per day reduced the frequency of
attacks by 12%. Increasing the dose to 1600 mg per day would reduce the attack
rate by 22%. The reduction in attack frequency came at the cost of a dose-related
increase in cortisol suppression. Figure 1 summarizes the log dose-response rela-
tionships for clinical and pulmonary function parameters for beclomethasone
dipropionate. A correlation analysis of the dose-response study failed to identify
clinical parameters that would predict a steroid response, but it did identify fixed
obstructive lung disease to predict a poor response (16).

This group of investigators then turned their attention to evaluating the
dose-response relationship of another inhaled steroid, budesonide, on asthma con-
trol, pulmonary function, and laboratory measures in comparison to oral pred-
nisone in prednisone-dependent and nondependent asthma patients (17). This
model consisted of a 2-week placebo period followed by graduated increases in
the dose of the steroid medication. Each of the three doses was administered for
a period of 2 weeks, and clinical, pulmonary function, and laboratory measures
were obtained after the second week of treatment. The first dosing series of the
steroid medication was followed by a 4-week washout period. Then the same se-
quence was started with the alternate steroid medication.

Dose-response relationships were demonstrated for both medications. Using
this model, equivalencies were established for various efficacy and systemic ef-
fect measures. The investigators concluded that the dose required to eliminate re-
currently disabling asthma relapses was about 2.0 mg of budesonide per day or
�40 mg of prednisone per day. They also concluded that the doses causing simi-
lar systemic effects based on the measures of 8 a.m. serum cortisol and blood
eosinophil counts that were equivalent to 	15 mg of prednisone per day were bu-
desonide doses 	1.84mg/day/70 kg adult or 26.3 mg/kg/day. This dose of pred-
nisone is known to be associated with steroid-induced adverse effects, such as
osteoporosis. Of great interest was their observation that the level of systemic

Evaluation and Comparison of Inhaled Steroids 391

16-M1775  10/11/2001  12:30 PM  Page 391



392 Szefler and Martin

Ta
b

le
 2

D
os

ag
e 

G
ui

de
lin

es
 P

re
se

nt
ed

 in
 th

e 
N

at
io

na
l A

st
hm

a 
E

du
ca

ti
on

 P
ro

gr
am

 E
xp

er
t P

an
el

 R
ep

or
t I

I:
 

E
st

im
at

ed
 C

om
pa

ra
tiv

e 
D

ai
ly

 D
os

ag
es

G
lu

co
co

rt
ic

oi
d

L
ow

 d
os

e
M

ed
iu

m
 d

os
e

H
ig

h 
do

se

A
du

lts
B

ec
lo

m
et

ha
so

ne
 d

ip
ro

pi
on

at
e

16
8

–5
04

 m
g

54
0

–
84

0 
mg

�
84

0 
mg

42
 m

g
/p

uf
f

(4
–1

2 
pu

ff
s—

42
 m

g)
(1

2
–

20
 p

uf
fs

—
84

 m
g)

(�
20

 p
uf

fs
—

42
 m

g)
84

 m
g

/p
uf

f
(2

–
6 

pu
ff

s—
84

 m
g)

(6
–1

0 
pu

ff
s—

84
 m

g)
 

(�
10

 p
uf

fs
—

84
 m

g)
B

ud
es

on
id

e 
T

ur
bu

ha
le

r
20

0
–

40
0 

mg
40

0
–

60
0 

mg
�

60
0 

mg
20

0 
mg

/p
uf

f
(2

–
4 

pu
ff

s)
(4

–
8 

pu
ff

s)
(�

8 
pu

ff
s)

Fl
un

is
ol

id
e

50
0

–1
00

0 
mg

10
00

–
20

00
 m

g
�

20
00

 m
g

25
0 

mg
/d

os
e

(2
–

4 
pu

ff
s)

(4
–

8 
pu

ff
s)

(�
8 

pu
ff

s)
Fl

ut
ic

as
on

e 
pr

op
io

na
te

88
–

26
4 

mg
26

4
–

66
0 

mg
�

66
0 

mg
M

D
I:

 4
4,

 1
10

,
(2

–
6 

pu
ff

s—
44

 m
g)

 o
r

(2
–

6 
pu

ff
s—

11
0 

mg
)

(�
6 

in
h

—
10

0 
mg

)
22

0 
mg

/p
uf

f
(2

 p
uf

fs
—

11
0 

mg
)

(�
3 

pu
ff

s—
22

0 
mg

)
D

PI
: 5

0,
 1

00
,

(2
–

6 
in

ha
la

ti
on

s—
50

 m
g)

(3
–

6 
in

h
—

10
0 

mg
)

(�
6 

in
h

—
10

0 
mg

) 
or

25
0 

mg
/d

os
e

(�
2 

in
ha

la
ti

on
s—

25
0 

mg
)

T
ri

am
ci

no
lo

ne
40

0
–1

00
0 

mg
10

00
–

20
00

 m
g

�
20

00
 m

g
ac

et
on

id
e 

10
0 

mg
/p

uf
f

(4
–1

0 
pu

ff
s)

(1
0

–
20

 p
uf

fs
)

(�
20

 p
uf

fs
)

16-M1775  10/11/2001  12:30 PM  Page 392



Evaluation and Comparison of Inhaled Steroids 393
C

hi
ld

re
n

B
ec

lo
m

et
ha

so
ne

 d
ip

ro
pi

on
at

e
84

–
33

6 
mg

33
6

–
67

2 
mg

�
67

2 
mg

42
 m

g
/p

uf
f

(2
–

8 
pu

ff
s—

42
 m

g)
(8

–1
6 

pu
ff

s—
42

 m
g)

(�
16

 p
uf

fs
—

42
 m

g)
84

 m
g

/p
uf

f
(1

–
4 

pu
ff

s—
84

 m
g)

(4
–

8 
pu

ff
s—

84
 m

g)
 

(�
8 

pu
ff

s—
84

 m
g)

B
ud

es
on

id
e 

T
ur

bu
ha

le
r

10
0

–
20

0 
mg

20
0

–
40

0 
mg

�
40

0 
mg

20
0 

mg
/d

os
e

(1
–

2 
in

ha
la

ti
on

s—
20

0 
mg

)
(�

2 
in

ha
la

ti
on

s—
20

0 
mg

)
Fl

un
is

ol
id

e
50

0
–7

50
 m

g
10

00
–1

25
0 

mg
�

12
50

 m
g

25
0 

mg
/d

os
e

(2
–

3 
pu

ff
s)

(4
–5

 p
uf

fs
)

(�
5 

pu
ff

s)
Fl

ut
ic

as
on

e 
pr

op
io

na
te

88
–1

76
 m

g
17

6
–

44
0 

mg
�

44
0 

mg
M

D
I:

 4
4,

 1
10

,
(2

–
4 

pu
ff

s—
44

 m
g)

(4
–1

0 
pu

ff
s—

44
 m

g)
 o

r
(�

4 
pu

ff
s—

11
0 

mg
)

22
0 

mg
/p

uf
f

(2
–

4 
pu

ff
s—

11
0 

mg
)

(�
2 

pu
ff

s—
22

0 
mg

)
D

PI
: 5

0,
 1

00
,

(2
–

4 
in

ha
la

ti
on

s—
50

 m
g)

(2
–

4 
in

ha
la

ti
on

s—
10

0 
mg

)
(�

4 
in

ha
la

ti
on

s—
10

0 
mg

)
25

0 
mg

/d
os

e
(�

2 
pu

ff
s—

25
0 

mg
)

T
ri

am
ci

no
lo

ne
40

0
–

80
0 

mg
80

0
–1

20
0 

mg
�

12
00

 m
g

ac
et

on
id

e 
10

0 
mg

/p
uf

f
(4

–
8 

pu
ff

s)
(8

–1
2 

pu
ff

s)
(�

12
 p

uf
fs

)

So
ur

ce
: 

N
at

io
na

l 
A

st
hm

a 
E

du
ca

ti
on

 a
nd

 P
re

ve
nt

io
n 

P
ro

gr
am

 E
xp

er
t 

Pa
ne

l 
R

ep
or

t 
2:

 G
ui

de
lin

es
 f

or
 t

he
 D

ia
gn

os
is

 a
nd

 M
an

ag
em

en
t 

of
 A

st
hm

a.
 N

at
io

na
l

In
st

itu
te

s 
of

H
ea

lth
, N

at
io

na
l H

ea
rt

, L
un

g,
 a

nd
 B

lo
od

 I
ns

ti
tu

te
, P

ub
l. 

N
o.

 9
7-

40
51

, 1
99

7.

16-M1775  10/11/2001  12:30 PM  Page 393



glucocorticoid activity was much lower than that produced by the dose of pred-
nisone needed to achieve an equivalent level of antiasthmatic response. They
therefore concluded that the use of high-dose inhaled budesonide is reasonable in
patients with severe asthma who would ordinarily require continued prednisone
therapy.

394 Szefler and Martin

(µg)

Figure 1 The group mean change in asthma attack frequency per 2 weeks during beclo-
methasone aerosol (BA) treatment is plotted against log dose BA. Targets indicate values
significantly improved compared with the pre-BA “baseline” values (p � 0.05 or better).
The I bars illustrate the variability among these patients in their response to the drug at each
dose tested. (From Ref. 16.)
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The first attempt to compare one inhaled steroid to another was reported by
McCubbin et al. (18). These investigators measured the effects of treatment on the
immediate response to an allergen challenge in sensitized patients and on 24-hour
urinary free cortisol and constructed a three-point dose-response curve for beclo-
methasone dipropionate (50 mg/inhalation), triamcinolone acetonide (100 mg/
inhalation), and flunisolide (250 mg/inhalation). They studied 25 subjects in a
randomized, parallel, single-blind study. Dosing began at the lowest dose (one in-
halation four times per day for flunisolide and two inhalations four times per day
for the others) and continued for one week and then was doubled sequentially until
the third dose was completed. The investigators derived relative potencies for the
three study preparations and concluded that they were approximately equivalent
for both topical and systemic effects when the dose was expressed in micrograms.
This model was proposed as a method to compare relative topical and systemic ef-
fects, but it has not been widely applied, possibly because their efficacy endpoint,
partial suppression of the immediate response to an allergen challenge, is not re-
garded as clinically meaningful.

With growth in information about the efficacy of inhaled steroids and the
recognition of chronic inflammation as a component of asthma, inhaled steroids
rose to the forefront of asthma care in the early 1990s. Expert panels concluded
that because inhaled steroids improved asthma control, reduced hospitalizations,
increased pulmonary function, and reduced airway inflammation, they should be
the cornerstone in the management of persistent asthma, especially moderate and
severe forms. Consequently, a series of steroids characterized by increasing topi-
cal potency and suitability for aerosol administration were developed. As of June
2001, five inhaled steroids were available in the United States for asthma therapy:
beclomethasone dipropionate, triamcinolone acetonide, flunisolide, budesonide,
and fluticasone propionate. It is likely that a sixth inhaled steroid, mometasone,
will be available soon. In addition, the recognition of the ozone-depleting prop-
erties of the chlorofluorocarbons (CFC) prompted the move to an alternate pro-
pellant, such as a hydrofluoroalkane, or a dry powder, breath-actuated delivery
system. The simple change to these alternate delivery systems can affect particle
size, however, and possibly influence the proportion of the actuated dose delivered
to the lung (19,20).

Until recently, expert panels considered the inhaled steroids equivalent on a
mg-per-mg basis (1). With the introduction of fluticasone propionate, it was recog-
nized that its higher potency resulted in significantly greater cortisol suppression
at doses exceeding 1500 mg than had been previously recognized with the other
inhaled steroids (Fig. 2) (21). It should be noted that both steroids were evaluated
with pressurized metered dose delivery (pMDI) systems. Observations related to
differences in cortisol suppression with comparable doses of inhaled steroids (21)
prompted the NHLBI Expert Panel to evaluate the relative potencies of the vari-
ous inhaled steroids (2,22). Based on receptor-binding properties and limited
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comparison studies of beneficial and systemic effects, the NHLBI Expert Panel
developed a potency scale for the various inhaled steroids along with dosage
guidelines for older children and adults as well as young children (Table 2).

Potency was defined by assay systems, such as the skin blanching technique,
and by glucocorticoid receptor-binding studies that have not been verified as stan-
dards for asthma clinical response. Even to estimate the true potency of a medi-
cation requires a miminum of three carefully selected doses, and five doses are
necessary to describe the dose-response curve from absence of effect through the
dose-related increases in effect to plateau effect (Fig. 3). Defining a dose-response
curve for a clinical endpoint thus appears cumbersome and difficult. Unfortu-
nately, no long-term, placebo-controlled, randomized, prospective studies have
been done to substantiate the inferences drawn from short-term studies of safety
of inhaled steroids.

The amount of published information on dose-response for safety and effi-
cacy of various available inhaled steroids differs markedly; some have been stud-
ied extensively, and others have been studied hardly at all. In general, doses under
400 mg per day seem unlikely to cause clinically significant systemic effects. In-
terestingly, several studies have indicated that small changes in growth velocity
can be observed with doses as low as 400 mg per day administered to children for

396 Szefler and Martin

Figure 2 AUC24h values for each treatment expressed as a percentage relative to AUC24h

(placebo). (From Ref. 21.)
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periods of one year or less (23–27). Very little information is available for any
inhaled glucocorticoid at doses exceeding 2000 mg per day. One marker, cortisol
suppression, is very sensitive and shows a dose-related effect. Cortisol suppres-
sion has been noted with relatively low doses of some inhaled steroids and is noted
with all available inhaled glucocorticoids given in doses of 1500 mg per day (28).
What is not clear is how the endpoint measured, cortisol suppression, is related
to the risks of adrenal withdrawal syndrome or with clinically significant sys-
temic adverse effects. Until recently, systemic effects, such as significant reduc-
tion in bone density (associated with a risk of fracture), cataracts, hypertension,
and growth impairment, were thought not to occur with conventional doses of
inhaled glucocorticoids. However, several studies, although retrospective and
uncontrolled, have raised concern about the effects of long-term use of inhaled
glucocorticoids, especially high doses, on glaucoma and cataracts (29–32). It is
not clear whether individual steroids can vary in their effect on the different target
organs.

At a meeting of the Pulmonary and Allergy Drug Advisory Panel, the U.S.
Food and Drug Administration (FDA) raised concerns about the effect of inhaled
steroids on growth velocity in children. They also concluded that more informa-

Evaluation and Comparison of Inhaled Steroids 397

Figure 3 Simulated dose-response curve showing minimal effect, increasing effect with
dose, and plateau or maximum effect.

r
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tion is needed about safe dosage schedules in children less than 5 years of age for
all asthma medications, especially inhaled steroids, now that early recognition,
early intervention, and long-term use are advocated (33). Dose-response studies
are available defining the degree of cortisol suppression for a few inhaled steroids
(14,18,21,28,34). Similar studies are needed to define dose-response relationships
for efficacy. Excellent summaries have defined the adverse effects of inhaled glu-
cocorticoids (14,35). In general, more information is needed for the safe use of
these medications in patients at potential risk for adverse glucocorticoid effects
(elderly, postmenopausal women, young children) for all inhaled glucocorticoids
at various dosage ranges, especially high-dose inhaled steroids used for moderate
to severe asthma (36,37).

The recent attention to risk for adverse effects has prompted a movement to
limit doses to the low to medium range. Of interest, a recent study by Sont et al.
(37) evaluated the level of asthma control resulting from inhaled steroid dose
adjustments using airway hyperresponsiveness as an additional guide to long-
term treatment. This study used the approach of adjusting inhaled steroid dosage
according to levels of clinical symptoms, bronchodilator use, peak expiratory
flow variability, and FEV1 in one group (reference group) and according to the
same criteria plus the addition of another, airway responsiveness, in another (AHR
strategy group) (Table 3). Based on the score determined at 3-month interval
evaluations, the dose could be adjusted to no inhaled steroid or low-, medium-, or
high-dose inhaled steroid.

After a 2-year follow-up, the investigators made several interesting obser-
vations. First, they observed greater improvements in asthma control and pul-
monary function with the AHR strategy. Second, biopsy samples obtained before
and after 2 years of treatment showed significant reductions in reticular layer
thickness and reduced eosinophil inflitration only in the AHR strategy group. Fi-
nally, they observed that a higher proportion of patients in the AHR strategy group
required high and moderate-dose inhaled steroid therapy (Fig. 4). These obser-
vations suggest that patients with persistent asthma would receive better control
and better resolution of inflammation, and the consequences of chronic inflam-
mation, such as airway remodeling, if treatment were based on periodic measures
of airway hyperresponsiveness. However, this strategy would result in treatment
with higher doses of inhaled steroids, at least temporarily. On a cautionary note,
clinical experience and available literature suggest that aggressive therapy rarely
normalizes AHR, usually changing the provocative dose of methacholine and his-
tamine by no more than two fold. Therefore, attempting to normalize AHR could
result in protracted therapy and incur risk for adverse effect with little gain in re-
sponse. Therefore, the application of measures of AHR requires careful consider-
ation. Perhaps other measures, such as sputum eosinophils, or an alternative mea-
sure of ongoing inflammation could be included as indicators for the adjustment
of inhaled steroid therapy.
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III. Where Are We Now?

Currently, persistent asthma is considered a disease of chronic inflammation. Sev-
eral studies have suggested that this chronic inflammation can contribute to de-
clining pulmonary function over time and possibly to altered lung growth in chil-
dren (3– 6). This has prompted a movement for earlier intervention and prolonged
therapy to alter the course of the disease (7,11–13). In addition, if the observations
by Sont et al. (37) are applied, it could mean not only earlier use, but also higher-
dose therapy for extended periods of time.

This necessitates the careful evaluation of the topical to systemic effect re-
lationship of the available inhaled steroids and delivery systems. FDA has recom-
mended the evaluation of surrogate markers to measure the effect of medications,
especially in determining bioequivalence. The identification of surrogate markers
is an attempt to focus the evaluation, but the marker must be clinically meaning-
ful and reflect a desired therapeutic outcome. In addition, a “gold standard” in-
haled steroid and delivery system would simplify comparisons.

In the absence of a gold standard, most clinical studies have addressed ques-
tions of comparative effects by testing one or two doses of, at most, two steroids.
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Figure 4 Actual daily doses of inhaled steroids (mg; mean � SEM) according to the
AHR strategy and the reference strategy. The median difference in treatment with inhaled
steroids was �400 mg during the 2-year follow-up. Treatment requirement decreased with
both strategies. However, the decrease with the AHR strategy was somewhat greater than
with the reference strategy. (From Ref. 37.)
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The available studies are limited by problems of inconsistent methods of delivery,
failure to monitor adherence with treatment, and narrow spectrum of measures of
efficacy—usually consisting of clinical symptoms, use of rescue therapy along
with peak flow and periodic spirometric measures— over a relatively short period
of treatment, usually 3 months. There is a critical need for standardization of these
testing procedures (2,14,22,38– 40).

A marker for asthma control should predict the clinical consequences of
poor outcomes. Some possible candidates are summarized in Table 1 and include
pulmonary function changes, measures of inflammation, and measures of disease
progression. Other potential markers are listed in Table 4. In evaluating the effects

Evaluation and Comparison of Inhaled Steroids 401

Table 4 Candidate Surrogate Markers for the Assessment of Response to 
Asthma Therapy

Disease parameters
Asthma control

Symptom-free days—number of days there is no disruption in activity or need for 
additional medical attention or therapy

Need for rescue therapy, e.g., as needed b2-adrenergic agonists
Treatment failure, e.g., time to a first significant asthma exacerbation that requires 

systemic corticosteroid therapy
Progression of severity, e.g., the advancement to a next level of treatment

Pulmonary function
FEV1—requires maximal effort of a forced expiration for a reliable measurement
FEV1/FVC—requires maximal effort of a forced expiration for a reliable 

measurement
Peak expiratory flow—facilitates the collection of daily records in the home setting
Resistance—requires the use of forced oscillometry and may be useful in young 

children
Airways hyperresponsiveness—requires patient cooperation and a standardized 

procedure
Adverse effects of treatment

Inhaled glucocorticoids
Cortisol suppression—serial plasma collections over a 12- or 24-hour period
Linear growth

Stadiometry—most informative measure if performed with a reliable instrument 
and trained personnel

Knemometry—short-term measure that may be a useful bioassay procedure to 
detect a systemic effect, but long-term predictive value is poorly defined

Osteopenia
Bone densitometry—most reliable indicator to obtain measures that are predictive of 

clinical risk for fracture; generally requires long-term treatment to detect an effect
Bone markers—easily obtained objective measure of effect but not predictive of long 

effects; some bone markers reflect bone deposition and others resorption
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of an asthma medication such as inhaled steroids, one also has to identify a marker
for adverse effects of clinical concern, such as growth suppression, cataracts, and
osteoporosis (Table 4). There is no single short-term surrogate marker for either
the best asthma outcome (e.g., control of disease progression) or for the most
significant adverse effects (growth retardation, osteoporosis). Evaluating available
markers for asthma progression, such as a decline in FEV1, and for adverse effects
on linear growth and bone development takes a long period of time (i.e., years) to
measure changes of statistical and clinical significance.

IV. What Would We Like to Know in Order to Advance
Inhaled Glucocorticoid Therapy?

The previous discussion raises important questions related to patient care about
the many inhaled glucocorticoids and delivery systems available. Can we define a
minimally effective dose for the available inhaled glucocorticoids? Is this dose
age-specific? Does it change with the use of different delivery systems? Are there
maximum safe doses of the various inhaled glucocorticoids? For patients who do
require high-dose inhaled steroid therapy, how can the risk for adverse effects be
minimized? Is there a single objective marker that can be used to define the “best
clinical outcome”? What is the best way to monitor disease progression?

V. How Do We Get the Necessary Information?

To define a “preferred” inhaled steroid and delivery system, it is necessary to con-
duct carefully designed clinical trials evaluating dose-response relationships for
selected efficacy and systemic effect parameters. It is also important to define a
“standard” for this class of medications for study comparisons in order to limit the
complexity and interpretation of future comparative studies. To identify mini-
mally effective and maximally safe doses, it is additionally important to examine
various categories of disease severity since maximal achievable response may
differ based on level of severity (41). It is also important to identify meaningful
surrogate markers of long-term outcomes. This measure should attempt to incor-
porate an analysis of the progressive nature of the disease to evaluate surrogate
markers in projecting efficacy or unwanted systemic effects. To evaluate the risk
of adverse effects, it is also important to evaluate all patient populations, includ-
ing young children, women, and ethnic minorities.

VI. The Approach of the National Heart, Lung and Blood
Institute’s Asthma Clinical Research Network

Five inhaled steroids are currently available in the United States for asthma
therapy and possibly two more will be introduced by the time of publication.
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Budesonide is the only nonhalogenated inhaled steroid. Budesonide and fluti-
casone are the only inhaled steroids available in a dry powder breath-actuated 
delivery system. Recently, a hydrofluoroalkane-based propellant for a pressurized
metered dose inhaler was approved. There is also the possibility that additional
new inhaled steroids will be approved (e.g., mometasone) that reportedly have less
systemic absorption than presently available inhaled steroids, or new drugs with
effects similar to steroids, e.g., blockers of transcription factors, such as NF-�B,
AP-1, or NF-AT (40,42).

Although available guidelines describe inhaled steroids as the preferred long-
term control medication for persistent asthma, especially disease of moderate or
greater severity, expert panels have not had sufficient information to identify a pre-
ferred inhaled steroid (2,22,38). The ideal inhaled steroid and delivery system
would have little or no systemic effect with a high level of topical activity in the
lung (Fig. 5); in other words, they would have a high therapeutic index. For ex-
ample, in Figure 5, treatment A is more potent than treatment B because lower
doses achieve comparable effect. In addition, treatment A is more efficacious than
treatment B because its maximal effect is greater.

To address these questions, it is important to identify reliable measures that
could be obtained in short-term studies that bear significant clinical relevance.
One approach is to define a measure of clinical benefit, such as an increase in
FEV1, and then assess comparative levels of systemic effect, such as cortisol sup-
pression: an alternative approach is to identify a level of systemic effect and then
examine comparative levels of beneficial effect.

The NHLBI’s Asthma Clinical Research Network designated the compari-
son of inhaled steroids a significant therapeutic issue meriting a concentrated ef-
fort and sought to develop techniques of comparison that are reliable and easily
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Figure 5 Simulated dose-response curves depicting a comparison of two inhaled ste-
roids. Inhaled steroid A is not only more potent, showing a similar effect to inhaled steroid
B at lower doses, but it also has a greater maximal effect at high doses.
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applied to a clinical research setting (38). The approach taken has been to obtain
dose-response measures of systemic effect for different inhaled steroids and then
to evaluate the relative pulmonary effects of treatment, with doses providing
equivalent systemic effects.

A. Markers of Systemic Effect

The most significant potential adverse effects of inhaled steroids include growth
suppression, reduction in bone density, and cataracts. Unfortunately, measuring
these effects requires large numbers of patients and long study periods. In lieu of
reliable indicators for these significant clinical effects, attention has turned to
measures of cortisol suppression as an indicator of systemic effect.

Although cortisol suppression cannot be directly extrapolated to a concern-
ing clinical toxicity, it is an easily obtained and quantifiable measure of systemic
availability (14). There are special considerations for the procedures used to mea-
sure cortisol suppression. In the past, cortisol suppression was assessed by measur-
ing the adrenocortical response to stimulation with ACTH. This test was origi-
nally designed to measure dysfunction of the adrenal gland. It became apparent
that the dose of ACTH used was supra-physiological and not sufficiently sensitive
to detect small levels of adrenal suppression. Attempts at developing a more sensi-
tive test, by using a low dose of ACTH, have not been sufficiently reliable to use
in clinical studies (43).

Other methods for measuring cortisol suppression utilized either urinary or
serial plasma cortisol measurements. Urinary cortisol measurements are usually
obtained over 24- or 12-hour time periods. Although this test can be sufficiently
reliable, it is highly dependent on the subject’s adherence to the urine collection
schedule. Serial plasma collections can provide reliable measures of cortisol sup-
pression, but they require a specialized study unit to assure reliable and safe col-
lection techniques. Blood samples are usually collected every hour over 24 hours
or, alternatively, over a 12-hour nighttime period. It is important to carefully regi-
ment the collection procedure to assure reproducible results. For the ACRN stud-
ies, several measures of cortisol suppression will be tested. These include 12-hour
serial plasma cortisol and 24-hour urine cortisol measurements.

B. Markers of Beneficial Effect

Several markers of clinical benefit have been used in studies including pulmonary
function measures, determination of as needed b-agonist therapy for symptoms,
evaluation of airway hyperresposiveness (histamine, methacholine, exercise,
adenosine), and markers of inflammation. In general, measures of pulmonary
function such as peak flow and FEV1 improve quite rapidly and with low doses of
inhaled steroids (22,41,44). Although useful for comparisons of effect, these pul-
monary function measures often fail to demonstrate a dose-response relationship
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in clinical studies (41,45). One proposed marker of inflammation, exhaled nitric
oxide, has shown a dose-response relationship to inhaled steroid dosing, but its rele-
vance to the measurement of chronic inflammation is still controversial (46,47).
To date, a careful evaluation of sputum cytology, e.g., sputum eosinophils, in re-
lation to inhaled steroid dose has not been conducted. If this measure is used, it
will necessitate the enrollment of subjects with a specified number of sputum
eosinophils in order to measure a response.

Attempts to identify a dose-response relationship of steroid effect using a
measure of airway responsiveness, such as the provocative dose of histamine or
methacholine, have been disappointing. The changes in airway responsiveness are
usually limited to one doubling dose and are insufficiently broad to define a dose-
response relationship. In addition, this measure is time dependent, improving
with treatment even after a year of continuous therapy. One measure of airway re-
sponsiveness that shows promise as a discriminator of a dose-response effect is
exercise challenge. Exercise challenge is attractive since this is a clinically mean-
ingful measure of an asthma outcome that is relevant to real-life situations. A
study conducted by Pedersen and Hansen in severe asthmatic children reported a
dose-response relationship for inhaled budesonide using exercise challenge (48)
(Fig. 6). This is the only study to date using this measure as an indicator of inhaled
steroid response, and it needs to be replicated.
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Figure 6 Percent of maximum achievable protection (mean and 95% confidence limits)
against fall in FEV1 (�) and FEF 25–75 (�) after exercise in 19 children treated with 100,
200, and 400 mg of budesonide per day in randomized sequence. Each treatment period was
4 weeks. (From Ref. 48.)
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The Asthma Clinical Research Network (ACRN) is incorporating a battery
of markers of pulmonary and clinical response, as well as proposed markers of in-
flammation in its comparisons of inhaled steroids. These will be summarized in
the following project description.

C. The ACRN Study Design

In order to evaluate the comparative systemic and beneficial effect of inhaled ste-
roids, the ACRN developed a series of studies that are now in progress.

Dose of Inhaled Corticosteroid with Equi-systemic Effect (DICE)

This series of studies was designed to quantify the level of cortisol suppression for
increasing doses of selected inhaled steroids. The study design, summarized in
Figure 7, is being conducted in two phases:

Phase I (pilot study)—evaluation of two inhaled steroids to verify study
procedures

Phase II—expanded study with five inhaled steroids incorporating defined
markers of systemic effect

The purpose is to develop an experimental paradigm to characterize inhaled
steroids in terms of systemic effect (cortisol suppression) so that doses that pro-
duce an equi-systemic effect can be used in the second series of studies to measure
comparative efficacy. The designated levels of cortisol suppression to be defined
include 10% (CS10), 20% (CS20), 30% (CS 30), and 40% (CS40) cortisol sup-
pression of overnight cortisol secretion.

406 Szefler and Martin

Figure 7 DICE Phase I and II study design— outline of core design indicating a total of
7 weeks that incorporates a four-dose incremental procedure for the selected inhaled ste-
roid. The subject receives each dose level for one week. Before starting inhaled steroid and
after each incremental dose, cortisol suppression (CS) is measured via 12-hour serial one-
hour plasma cortisol measurements and a 24-hour urine collection of cortisol measurement.
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The study population includes subjects with mild to moderate asthma,
18– 45 years of age. Asthma criteria include FEV1 65–90% predicted, 12% rever-
sibility with inhaled albuterol, and PC20 methacholine �8 mg/mL. In addition,
subjects must have a baseline morning plasma cortisol 	5 mg/dL, take no hor-
monal therapy, and be neither morbidly obese nor cachectic. Specific exclusion
criteria were developed for steroid exposure to minimize the possibility of al-
tered cortisol response. These criteria include no oral or injectable steroids within
2 years, no orally inhaled or nasal steroids within one year, and no topical steroids
applied to the skin within one year, with the exception of over-the-counter topical
steroids, and even these cannot have been administered within 2 months of study
participation.

In the Phase I DICE studies, three inhaled steroid treatment arms were eval-
uated: fluticasone propionate (CFC propellant) administered via an OptiChamber,
beclomethasone dipropionate (CFC) without chamber, and beclomethasone di-
propionate (CFC) with Opti-Chamber. The study doses for the two steroids are
summarized in Table 5. There were 20 subjects in each treatment arm.

After receiving placebo and each study dose for one week, the subject re-
ported to the study center at 5:30 p.m. for overnight testing. The subject remained
in the study unit until 8 a.m. the following day. During that time, urine collection
for cortisol were collected from 6 to 11 p.m. and from 11 p.m. until 7 a.m. Hourly
plasma cortisol collection samples were obtained from 10 p.m. to 7 a.m. In addi-
tion, in the Phase I studies, low-dose ACTH stimulation tests were conducted at
7 a.m. The dose of ACTH was 0.5 mg/1.73 m2, and blood samples for cortisol
measurement were obtained prior to ACTH administration and 20 minutes and
30 minutes after the dose. In addition, bone remodeling markers, N-telopeptide in
pooled urine, and osteocalcin in blood were measured.

Recognizing that inhalation technique can greatly influence deposition
of inhaled corticosteroids, consistency in inhalation technique was standardized
using the Technique Assessor TM (Aradigm) controlling for inspiratory flow, vol-
ume inhaled after actuation, and breath-hold time.

Evaluation and Comparison of Inhaled Steroids 407

Table 5 Inhaled Steroid Dosing Schedule for DICE Phase I Study

Beclomethasone Fluticasone
dipropionate, mg propionate, mg

Dose (84 mg/inhalation) (44 mg/inhalation)

1 inhalation twice daily 168 88
2 inhalations twice daily 336 176
4 inhalations twice daily 672 352
8 inhalations twice daily 1344 704
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In the DICE Phase I study, considerable information was obtained, includ-
ing the following:

1. Neither the 6 –11 p.m. urinary cortisol, the 11 p.m. to 7 a.m. urinary
cortisol, nor the combination showed a dose-response effect on cortisol
suppression.

2. Morning low-dose ACTH stimulation testing was not a useful mea-
surement.

3. The overnight AUC plasma cortisol concentration is a sensitive test for
adrenal function.

4. Urine n-telopeptide did not show a dose-response relationship.
5. Plasma osteocalcin did show a trend towards a dose-response rela-

tionship.
6. The application of a spacer did not have a significant effect on altering

cortisol suppression with equivalent doses of beclomethasone dipropio-
nate in the absence of a spacer.

A full protocol evaluating six inhaled corticosteroid preparations was de-
veloped and is now in progress based on experience gained from the DICE Phase
I study. The DICE Phase II protocol, adjusted based on the DICE Phase I experi-
ence, includes.

1. Hourly plasma cortisol concentrations collected for 12 hours, from
8 p.m. until 8 a.m. the following morning. This will serve as the primary
basis for comparison of systemic effect.

2. The incorporation of a 24-hour urine collection with two timed ali-
quots of urine collection, 8 a.m. to 8 p.m., and then 8 p.m. to 8 a.m. the
following morning. The two individual 12-hour increments will be ana-
lyzed and also combined for a total 24-hour collection.

3. Steroid exclusion criteria modified to allow use of oral or injectable
steroids between 1 and 2 years, and inhaled or nasal steroids between
6 months and 1 year, if results of the low-dose ACTH stimulation test
shows normal responsiveness.

Measuring Inhaled Corticosteroid Efficacy (MICE)

Definition of the magnitude of cortisol suppression for a range of doses of selected
inhaled steroids will enable identification of doses that result in equivalent corti-
sol suppression and that can then be compared in a study of their relative beneficial
effects on an array of indicators. This set of ACRN studies is also being conducted
in series.

MICE Phase I— Comparison of two inhaled glucocorticoids, specifically
beclomethasone dipropionate and fluticasone propionate. The selected
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doses for comparison in MICE I are based on DICE Phase I experience
and determination of inhaled steroid doses that result in cortisol suppres-
sion less than 5%, 20 –30%, and 40 – 60%.

MICE Phase II—Expanded study with additional inhaled steroids of clini-
cal interest. The inhaled steroids and corresponding delivery systems will
be selected based on their measured levels of cortisol suppression in the
DICE Phase II study and the clinical measures of efficacy with greatest
reliability as determined from MICE Phase I experience.

The design features for MICE Phase I includes an initial placebo run-in
phase, followed by a sequential series of increasing doses of inhaled steroids. The
study design is summarized in Figure 8. The study doses selected include inhaled
steroid doses that produce minimal cortisol suppression (�5%), 20 –30% cortisol
suppression, and 40 – 60% cortisol suppression. After the three 6-week dosing
schedules of the inhaled steroid under evaluation are complete, the subject re-
ceives a 3-week course of high-dose inhaled fluticasone propionate to define the
maximal effect for the study measures. Following administration of each study
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Figure 8 MICE Phase I study design— outline of core design indicating a total of 24
weeks that incorporates a three-dose incremental procedure for each of the two inhaled ste-
roids studied. A subject would receive either beclomethasone dipropionate or fluticasone
propionate. Each dose level is administered for 6 weeks. After the three steroid dose levels,
the subject receives fluticasone propionate at 2000 mg per day for 3 weeks. Before starting
inhaled steroid treatment and after each incremental dose, cortisol suppression is measured
via 12-hour serial one-hour plasma cortisol measurements and a 24-hour urine collection
of cortisol measurement. Efficacy parameters are measured before starting inhaled steroid
and after each dose increment of the inhaled steroid studied and also after the high-dose
fluticasone propionate treatment. CS � Cortisol suppression; ENO � exhaled nitric oxide;
IS � induced sputum; PC20 � methacholine challenge; BDmax � spirometry before and
with maximum reversibility with bronchodilator; EIB � exercise challenge.
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dose of inhaled steroid for 6 weeks, cortisol suppression is measured via overnight
plasma cortisol (collected in 1-hour intervals from 8 p.m. to 8 a.m.) and urinary
cortisol (two 12-hour increments and a combined 24-hour measurement).

The study population includes patients with FEV1 55–85%; reversible air-
flow obstruction (	12% or �200 mL improvement in FEV1 following two to 
four inhalations of albuterol by metered dose inhaler and a PC20 to methacholine
�8 mg/mL); exercise-induced bronchospasm, as defined as a fall of 	12% fol-
lowing exercise challenge; and baseline morning plasma cortisol concentration
	5 mg/dL. Similar steroid exclusion criteria are applied as described for the DICE
Phase II protocol.

As described in Figure 8, measures of efficacy include FEV1 pre- and post-
bronchodilator, PC20 for methacholine, exercise-induced bronchospasm, peak
flow measured twice daily, asthma control assessment, induced sputum cytology,
and exhaled nitric oxide. The study will be analyzed for the various measures of
efficacy versus incremental increase in dose (cortisol suppression) facilitating a
comparison of two inhaled steroids, inhaled beclomethasone dipropionate and
fluticasone propionate, both administered with a pressurized metered dose inhaled
and Opti-Chamber delivery device. Comparisons of efficacy can then be made
analogous to Figure 1 provided by Toogood and colleagues (15–17). A time-
response analysis can also be conducted to evaluate the comparative onset of ef-
fect (daily peak expiratory flow measures) for the two inhaled steroids. Theoreti-
cally, higher-potency inhaled steroids should result in a more rapid onset of effect.
Based on the results of this study, the most reliable and cost-efficient measures of
efficacy can be selected for the MICE Phase II study, which will use a wider array
of inhaled steroids, and also increase convenience for study subjects. As technol-
ogy improves and the degree of cortisol suppression is lowered, the procedure can
be reversed to identify comparative efficacy and then evaluate corresponding sys-
temic effect.

VII. What Is the Best Way to Select Inhaled
Glucocorticoids?

A. Selecting an Inhaled Glucocorticoid

The present health care system, based on principles of cost management, encour-
ages physicians to utilize the lowest-cost preparation. Unfortunately, this makes it
difficult for the clinician to select the “best” preparation for the patient and does
not reward advances in drug development. However, the emphasis in health care
is gradually shifting to quality control. This direction challenges clinical research
to define reliable markers of quality. Five inhaled glucocorticoids are now avail-
able in the United States with varying potencies, strengths, and delivery systems.
Selection is now based on patient preference, taste, number of actuations per dose,
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frequency of dose, and cost to the patient or health care provider. For the most part,
comparisons have been limited to study of relative effects on cortisol suppression
with limited analysis of relative efficacy. Fluorocarbon propellants are gradually
being removed necessitating reformulation of all pressurized metered dose inhaler
preparations. Market uptake for HFA-albuterol, however, has been slow possibly
due to the associated higher cost or apathy about the issue of environmental pro-
tection. Dry powder, breath-actuated delivery systems will continue to be intro-
duced. This change in delivery system formulation will require careful attention
to patient education, since the technique of administration is different from the
pressurized metered dose inhaler with or without a spacer. Recent studies suggest
that the new delivery systems improve lung delivery (19,20), raising questions
about the dose needed to minimize the amount of drug absorbed.

B. Selecting the Dose of an Inhaled Glucocorticoid

Medication adjustments for asthma control will continue to be based on symptom
reports by patients, monitoring use of rescue therapy, and pulmonary function
when applied. There is inadequate information regarding the dose-response rela-
tionship of inhaled glucocorticoids for clinical effects and systemic effects (38).
The dose-response relationship for efficacy parameters depends on the parameter
measured. For example, reduction in symptoms and improvement in FEV1 may
be affected by relatively low doses, while subtle features, such as airway hyper-
responsiveness and airway normalization may require higher doses over a pro-
longed period of time (15,37,48). Response is also related to duration of treat-
ment. After approximately 2 months of treatment, low doses of inhaled steroids
have effects similar to a medium dose administered for the same duration of treat-
ment (36). Patients with severe persistent asthma may have persistent inflamma-
tion even in the presence of medium to high dose plus systemic glucocorticoids
(49,50). Therefore, it will be useful to incorporate convenient and reliable mark-
ers of inflammation, such as exhaled nitric oxide, sputum cytology, and airway
hyperresponsiveness, as they become readily available for clinical care.

C. Minimizing the Risk of Long-Term Inhaled Glucocorticoid
Therapy

There is no clinical definition of a maximally safe dose and minimally effective
dose. Until this information is available, clinicians should monitor efficacy and
potential adverse effects. Growth measurements in children are easily obtained,
but other measures incur additional costs for laboratory testing, i.e., bone densi-
tometry, tonometry, and slit lamp examinations. Patients at risk should be moni-
tored for specific adverse effects, e.g., growth in children, bone density in post-
menopausal women, and periodic ocular examinations in the elderly, especially in
patients receiving high-dose inhaled steroid for prolonged periods of times, e.g.,
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longer than one year. One should also be prepared in cases of significant physi-
ological stress, e.g., severe asthma exacerbations, accidents, or surgery, where
adrenal insufficiency could be a risk if cortisol response is impaired.

At the present time, based on concerns of risk of long-term, high-dose in-
haled steroids, clinicians frequently elect to utilize low- to medium-dose inhaled
steroids and supplement with nonsteroid long-term control medications, such as
long-acting b2-adrenergic agonists (salmeterol, formoterol), leukotriene modifiers
(zileuton, zafirlukast, montelukast), or theophylline. Although benefits are derived
in pulmonary function, additional information is needed to determine whether
these supplementary therapies are more effective than high-dose inhaled steroid
therapy in altering the course of the disease.

VIII. Prospectus

Inhaled glucocorticoids will remain the cornerstone of managing persistent
asthma for the near future. The leukotriene antagonist class of medications is con-
sidered an alternative form of first-line therapy or additive therapy in the manage-
ment of mild persistent asthma. This is largely based on ease of administration.
Additional studies are needed to determine if the leukotriene antagonists and other
nonsteroid long-term control medications are equally effective in controlling dis-
ease progression. While concern remains regarding the risk of long-term adverse
effects of inhaled steroids, especially at high doses over prolonged periods of time,
new inhaled steroids and new delivery systems are being developed with less sys-
temic absorption.

New insights regarding mechanisms of glucocorticoid effect, for example,
reduction of peripheral inflammation, could lead to enhanced lung delivery or
new drugs that maximize the desired cellular effect of steroids and minimize the
risk for undesirable systemic effects. New insights into asthma management, for
example, further understanding of the concept of “airway remodeling” and its
clinical implications, could lead to identification of better methods to monitor air-
way inflammation, for example, airway hyperresponsiveness, induced sputum,
and exhaled nitric oxide, to guide therapy. In the future, our understanding should
further reduce the morbidity and mortality associated with asthma.
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Discussion

Dr. O’Byrne: The term “adrenal suppression” may not be the best one to use for
what you are measuring. The term “cortisol replacement” may be better as you
are replacing endogenous with exogenous steroid. There is no evidence of true
adrenal suppression with inhaled steroids.

Dr. Szefler: That is a good point, but the commonly used term has been corti-
sol suppression. This reflects a reduction in the plasma or urine cortisol
measurements.

Dr. Derendorf: What was the rationale for measuring cortisol from 10 p.m. to
7 a.m. and not over 24 hours? You may miss the morning peak in some of your
subjects.

Dr. Szefler: We chose a fixed time interval that would be reproducible and con-
venient for study subjects.

Dr. Rohdewald: Did you include in your study the measurement of frequency
of use of b2-antagonists?

Dr. Szefler: Yes, we have collected data on this parameter.

Dr. Brattsand: Do you expect that a selected steroid will be the best under all
conditions (mild–severe, q.i.d.–q.d., etc.)? One steroid may be the best in se-
vere asthma due to a need for some systemic efficacy (see Dr. Denburg’s pre-
sentation), while another is better in mild asthma when given once daily. There
may well be different threshold concentrations and trigger times for achieving
the various antiasthmatic actions. In mild asthma—where the main emphasis is
safety—a preferred glucocorticoid may not need to reach all efficacy levels.

Dr. Szefler: You raise some good points, and this will have to be considered in
the interpretation of the data and subsequent application to clinical practice.

Dr. Schleimer: I am concerned that even the lower doses to be used (�10%
cortisol suppression) may still be high on the efficacy dose response (near the
“plateau”), weakening the ability to detect efficacy differences.

Dr. Szefler: You are correct, and that will have to be considered in the analysis.
The results will likely be parameter specific.

Dr. O’Byrne: I would suggest that you also include an exercise test in the
middle of the treatment period. That might increase the sensitivity.

Dr. Busse: As to the development of study design, you are pushing the proba-
bility of efficacy to a precision that may exceed the precision allowed by the
disease itself. It would seem more appropriate to determine the effect of steroids
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on regulation of the disease, rather than on different preparations of corticoste-
roids. One can then extrapolate these observations to studies of other steroids.

Dr. Hargreave: Is the design cumulative? The response is going to be deter-
mined by the presence and severity of eosinophilic inflammation. My sugges-
tions are to select subjects with sputum eosinophilia.

Dr. Szefler: We did not make an attempt to screen subjects by sputum eosino-
phils, but this will certainly be looked at carefully as a response parameter.

Dr. Rohdewald: Will patients record PEF on a daily basis in a diary? That would
provide a profile with many points indicating improvement of lung function.

Dr. Szefler: Patients in both our efficacy and systemic effect studies collect
twice-daily pulmonary function measures. This will be analyzed as an outcome
variable and will help us determine onset of effect of each dose.

Dr. Georas: You mentioned that 50% inhibition of cortisol secretion is the level
at which you get concerned with inhaled glucocorticoids. I’m wondering how
you came up with this number.

Dr. Szefler: That is just my own empirical assessment. There have not been
studies that have closely looked at the relationship of the magnitude of cortisol
suppression to other systemic effects, such as growth.

Dr. Hargreave: Why do you select 6 weeks? In fact, the steroid acts more
quickly. The longer the duration of use, the more likely the outcome is to be
influenced by external influences such as infection and allergen. What are the
questions that you are asking in these studies? Can you identify a dose re-
sponse? Which outcomes are the best ones to choose? I like to look at inflamma-
tory parameters (e.g., sputum eosinophils, blood eosinophils, and exhaled NO).

Dr. Szefler: We chose 6 weeks to allow a sufficient period of time to reach near-
plateau effect with each dose for pulmonary function, i.e., spirometer measures,
The time relationship could very well be different for other measures, such as
exercise-induced bronchospasm.
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I. Introduction

In this chapter I will review the evidence that inhaled glucocorticosteroid (GCS)
therapy can reverse specific aspects of airway inflammation observed in asthma.
The focus here will be on cellular aspects of inflammation, as airway remodeling
will be covered in Chapter 25.

Initially, I will review studies in which direct measurements of airway
inflammation have been made, either pre- and postinhaled GCS therapy or in a
placebo-controlled study. To date, direct measures of airway inflammatory status
include bronchial biopsy, bronchoalveolar lavage or wash, and induced sputum;
all of these methods have been used to evaluate the efficacy of inhaled GCS treat-
ment. Following this, I will address the question of whether directly measuring
airway inflammatory status should be routinely performed in order to tailor the
therapy for specific patients. As invasive procedures would not be practical for this
purpose, this section will focus on the potential role of induced sputum.

17

The Role of Direct Assessment of Airway
Inflammation in Evaluating Inhaled
Glucocorticosteroid Efficacy and in Managing 
the Asthmatic Patient

MARK D. INMAN

McMaster University
and St. Joseph’s Hospital
Hamilton, Ontario, Canada

17-M1775  10/11/2001  12:30 PM  Page 421



II. Direct Measurement of Airway Inflammation to
Assess the Efficacy of Inhaled Glucocorticosteroids

A. Bronchial Biopsy

While evaluation of asthmatic lung tissue can be made postmortem (1), it is only
relatively recently that endobronchial biopsies have been used for the analysis of
tissue from the proximal airways of living asthmatics (2). This technique has made
it possible to evaluate the effects of various treatments on inflammatory indices in
this compartment.

Several investigators have observed beneficial effects of treating asthmatics
with inhaled GCS on biopsy markers of airway inflammation. Jeffery et al. (3)
compared indices of inflammation from biopsies of healthy and asthmatic sub-
jects and also observed the effects of a brief period of inhaled GCS therapy on
these indices (Fig. 1). In that study, asthmatics, having been managed with inhaled
GCS for at least 6 months, had increased percentage of eosinophils infiltrating the
bronchial mucosa compared to normals. Furthermore, mild asthmatics, managed
with only inhaled bronchodilators, had an increased total number of inflammatory
cells infiltrating the bronchial mucosa and a significantly greater percentage of
both eosinophils and mast cells compared to normals. However, the eosinophil
and mast cell percentages in this mild asthmatic group returned to normal after a
4-week treatment with inhaled budesonide (200 mg bid), but not with inhaled
terbutaline (500 mg qid).

Laitinen et al. (4) treated seven mild steroid naive asthmatics with inhaled
budesonide (600 g bid) for 3 months and observed decreased airway responsive-
ness and improved spirometry. Biopsies taken before and after treatment indicated
significant reductions of total numbers of inflammatory cells infiltrating both the
epithelium and lamina propria. Budesonide treatment was also associated with a
decrease in eosinophil and lymphocytes in the epithelial layer and in mast cells,
lymphocytes, and plasma cells in the lamina propria. Following treatment, eosino-
phils were detected in the epithelial layer of only one of these mild asthmatic sub-
jects. Treatment with inhaled terbutaline of another group of similar subjects was
not associated with improvement in epithelial inflammatory indices, although
there was a significant reduction in total inflammatory cells infiltrating the lamina
propria.

Djukanovic et al. (5) evaluated biopsies from asthmatic subjects prior to and
following the commencement of inhaled GCS therapy (beclomethasone 2000 mg/
day for 2 weeks, 1000 mg/day for 4 weeks) that was deemed necessary for optimal
management of their asthma. Although this was an uncontrolled study, it is worth
noting that the clinical improvement (decreased symptoms and airway respon-
siveness and improved spirometry) was associated with reductions in eosinophils
and mast cells in the epithelial and submucosal layer and decreased submucosal
lymphocytes.
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Trigg et al. (6) randomized mild asthmatic subjects to receive either inhaled
placebo or beclomethasone (500 mg bid) for 4 months. There were significant im-
provements in FEV1 in both groups and a trend towards improvement in airway
responsiveness in the steroid-treated subjects only. In the steroid-treated but not
the placebo group there was a significant reduction in the numbers of mast cells
and eosinophils in the bronchial mucosa.

Using a randomized, placebo-controlled parallel group design, Olivieri et al.
(7) observed the effects of 6-week treatment with inhaled fluticasone propionate
(FP), 250 mg bid, in mild asthmatic subjects. Treatment with FP was associated
with decreased airway responsiveness and also with an 83% and 69% reductions
in the number of eosinophils and mast cells, respectively, in the lamina propria.
Placebo treatment was not associated with improvement of any of these outcomes.

Direct Assessment of Airway Inflammation 423

Figure 1 Bronchial biopsy evaluation of inflammatory cells in the airways of normals,
asthmatics receiving ongoing inhaled GCS treatment, and mild asthmatics before and after
4-week treatment with inhaled budesonide (200 mg) b.i.d. * � Different from normals 
(p � 0.05). † � Different than pre-GCS (p � 0.05).
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Most recently, Lim et al. (8) compared inhaled budesonide (800 mg bid) and
placebo for 4 weeks each in a randomized double blind crossover trial in mild
athmatic subjects. When compared to placebo, budesonide treatment was asso-
ciated with an improvement in morning and evening peak expiratory flow and a
reduction in airway responsiveness. Comparison of bronchial biopsies between
treatment arms indicated a 56% reduction in the number of eosinophils and 48%
reduction in the number of macrophages in the submucosa in the steroid-treated
group.

Clearly the results of these studies indicate that treatment of mild asthmat-
ics with inhaled corticosteroids can lead to significant reductions in the numbers
of eosinophils and also, possibly, the numbers of mast cells, lymphocytes, and
macrophages in compartments of the airway wall. Encouragingly, the results of
Jeffrey et al. (3) suggest that inflammatory cell numbers may be reduced to nor-
mal levels in these mild subjects. However, in that same study patients receiving
long-term treatment with inhaled GCS had greater than normal eosinophil num-
bers in the bronchial mucosa. Possibly, these findings indicate that inhaled GCS
cannot normalize eosinophilia in more severe asthmatics. It is also possible that
patient compliance—especially given that treatment in this group was not part of
the study design—was low and that the treatment effect was suboptimal. An-
swering the question of whether inhaled GCS can fully reverse specific aspects of
airway inflammation in severe asthma will be difficult to determine using biosy
studies, as the risk of bronchoscopy may not be justified in this population.

B. Bronchoalveolar Lavage

In addition to obtaining biopsies for the evaluation of airway inflammation,
fiberoptic bronchoscopy has also allowed researchers to perform bronchoalveolar
lavage (BAL) and bronchial washing (BW) for this same purpose. Usually, BW
involves infusing a small volume (approximately 20 mL) through the broncho-
scope and immediately aspirating fluid back into a collection chamber, while BAL
involves the infusion of a larger volume (often 2 � 60 mL), which is also aspirated
into a collection chamber. Although it is not entirely clear which compartment is
sampled using each technique, it is presumed that BW samples proximal airways
while BAL samples the entire airway.

Ädelroth et al. compared inflammatory indices in both BAL and BW be-
tween normal and asthmatic research subjects and also have observed the effects
on these indices of treatment with inhaled GCS (9). Eosinophil percentages were
significantly increased in mild and steroid dependent asthmatics compared to nor-
mals. Unlike the results observed in bronchial biopsy studies, however, there was
no significant reduction in eosinophil percentage in either BAL or BW in the mild
asthmatic subjects following a 4-week treatment period with inhaled budesonide
(200 mg bid) (Table 1).
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Three other groups have also observed that inhaled GCS treatment does not
affect inflammatory indices in BAL from mild asthmatic subjects (6,7). Olivieri et
al. (7) observed that the cellular measurements in BAL before and after 6-week
treatment with inhaled fluticasone propionate (FP), 250 mg bid, were not different,
while there were no differences between the effects of 4-week treatment with
inhaled budesonide (800 mg bid) or placebo (Table 1). Trigg et al. (6) found no
significant changes in BAL following 4-month treatment with beclomethasone,
500 mg bid.

It is worth noting that in all four of these studies, where BAL or BW eosino-
philia was not affected by inhaled GCS, indices of airway eosinophilia as assessed
by bronchial biopsy were reduced in association with treatment. It has therefore
been proposed that BAL may not be a sensitive tool for monitoring airway eosino-
philia (8). However, it is possible that in more severe subjects, where there could
be expected to be a greater percent of eosinophils in BAL or BW, a significant
treatment effect would be observed. This likelihood is supported by observing
the data of Trigg et al. (6) in which subjects with high baseline BAL eosinophilia
appeared to improve following steroid treatment. Another possibility that may ex-
plain the lack of treatment effect of inhaled GCS on BAL eosinophils is that this
outcome measurement reflects airways that are more distal than those sampled
using bronchial biopsy and therefore not receiving optimal treatment from the
delivery devices used in these studies. This possibility would need to be tested by
repeating these studies using delivery devices with smaller particle sizes and
therefore distributing to smaller airways. If this proved to be case, then one might
argue that rather than being an insensitive tool for monitoring anti-inflammatory
effects of inhaled GCS, BAL or BW may provide important information not avail-
able from bronchial biopsy.
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Table 1 Effects of Treatment with Inhaled GCS on Eosinophil Percentages 
in Bronchoalveolar Lavage and Bronchial Washing

Study (Ref.) Treatment Outcome Control Treated p-value

Adelroth et al. (9) Budesonide BAL eosino- 1.80 2.60 �0.05
4 wks (200 mg b.i.d.) phils (%)

Adelroth et al. (9) Budesonide BW eosino- 3.20 2.60 �0.05
4 wks (200 mg b.i.d.) phils (%)

Olivieri et al. (7) Fluticasone BAL eosino- 1.01 0.81 �0.05
6 wks (250 mg b.i.d.) phils (%)

Trigg et al. (6) Beclomethasone BAL eosino- �1.70 �0.40 �0.05
4 mo (500 mg b.i.d.) phils (%)

Lim et al. (8) Budesonide BAL eosino- 1.76 0.81 �0.05
4 wks (800 mg b.i.d.) phils (%)
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C. Induced Sputum

Induced sputum has been used since 1986 to provide a noninvasive means of
assessing the extent of cellular and fluid-phase disturbances in the airway (10 –
12). Measurements made using this technique have proved reproducible and re-
sponsive (13), indicating that it may be a valuable method for assessing the anti-
inflammatory effects of inhaled GCS.

Van Rensen et al. (14) compared the effect on mild asthmatic patients of
4-week treatment with inhaled fluticasone propionate (500 mg b.i.d.) or placebo on
sputum eosinophilia in a double-blind, randomized, parallel group design. In this
study, GCS but not placebo was associated with a two doubling concentration
increase in PC20 . The percentage of eosinophils in induced sputum decreased
significantly after 2 weeks of GCS but not placebo treatment (Fig. 2). This treat-
ment effect was maintained over the 4-week treatment period and was lost after a
2-week washout period (Fig. 2).

Using a double-blind, randomized, crossover design, Lim et al. (8) com-
pared the effects of 4-week treatment with placebo or inhaled budesonide (800 mg
bid) on percent eosinophils in induced sputum. These authors also observed a sig-
nificant reduction (pretreatment: 4.9%; posttreatment: 1.38%) in percent eosino-
phils after GCS treatment. In this study there was an associated reduction in
eosinophils in bronchial biopsy tissue (see above).

Thus, it is clear that analysis of eosinophilia in induced sputum from asth-
matic patients is sensitive to inhaled GSC treatment. While the study by Lim et al.
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Figure 2 Eosinophils expressed as a percentage of total cells recovered from sputum in-
duced from asthmatic subjects before, during, and 2 weeks after a 4-week period of treat-
ment with either placebo or fluticasone propionate (500 mg). * � Different than in placebo-
treated group.
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(8) demonstrated an associated decrease in eosinophils in bronchial biopsy, it is
not clear whether information from these two tests can be considered as equiva-
lent, or whether there are subtle differences in the value of these two tests.

D. Conclusion

Results from several studies are in agreement that inhaled GCS can reduce the
extent of several cellular aspects of asthmatic inflammation. This information has
played a large role in the increased use of inhaled steroids in several countries
and the move to introduce this class of drugs early in the natural course of the dis-
ease in the belief that this will perhaps reduce the ultimate severity of the disease.
However, the information from studies of this type is not particularly useful for
the physician who needs to decide on the appropriate dose of inhaled GCS for
each patient or to determine whether this treatment is achieving the desired anti-
inflammatory effect. Achieving these practically useful aims would require tests
that can monitor the inflammatory state and provide information that can be in-
corporated into management decisions, much as is currently the case for symp-
tom and pulmonary function tests. This issue will be addressed in the following
section.

III. Measurement of Airway Inflammation as a Guide 
for Treatment Decisions

It has been suggested by the Global Initiative on Asthma (GINA) that evaluation
of airway inflammation should be incorporated into the management of the asth-
matic patient. To date there are no studies in which the value of direct measure-
ment of airway inflammation for this purpose has been assessed. However, Sont
and colleagues have provided evidence that incorporating regular measurement of
airway responsiveness into a treatment decision algorithm can result in improved
asthma-related outcomes (15). Specifically, patients in whom the dose of inhaled
GCS was determined by airway responsiveness as well as conventional markers of
disease severity (symptoms, bronchodilator use, and spirometry) fared better in
terms of exacerbation rate and improvements in lung function and airway re-
modeling than did patients who were assessed using only conventional markers.
While these results provide encouragement that individualized treatment based on
direct assessment of each patient can decrease morbidity, it is not clear whether
measurement of nonspecific airway responsiveness is the most appropriate test for
this purpose. While there are many studies demonstrating a significant relation-
ship between the magnitude of airway hyperresponsiveness (AHR) and the extent
of eosinophilic airway inflammation in biopsy, BAL, or sputum (e.g., 16 –19),
there are as many that fail to observe such a relationship (e.g., 9,20 –22). The most
likely explanation for these results is that a component of airway hyperrespon-
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siveness in asthma is related to eosinophilic inflammation (either directly or in-
directly), but the fact that there are many other contributing factors (Fig. 3) can
confound this relationship when a heterogeneous sample of asthmatics is studied.
Thus, the multifactorial basis of airway hyperresponsiveness means that the re-
sults of the study performed by Sont et al. (15) should be viewed with some cau-
tion. If, as the authors propose, GCS dose was influenced by the degree of airway
hyperresponsiveness, subjects with severe AHR due to factors that are not re-
sponsive to GCS treatment would still receive the highest treatment dose. While
this study demonstrated that, on the whole, this approach can lead to a group
benefit, it is likely that more specific information about the nature of the inflam-
mation will result in treatment strategies that are appropriate for the individual pa-
tient. Currently, the only validated methods to describe the nature of airway
inflammation are the direct measurement techniques described above. Of these,
only induced sputum is noninvasive and potentially useful as a tool for directing
therapy on an individual patient basis.

A. Sputum as a Predictor of Which Patients Will Improve 
with GCS Treatment

For sputum to be useful at guiding inhaled GCS therapy, it must provide informa-
tion that will predict whether a specific patient will benefit from added inhaled
GCS. Pavord et al. observed the effects of inhaled GCS therapy in two groups of
asthmatics, one with sputum eosinophilia �3% and one with eosinophilia 	3%
(23). These authors observed that following a 2-month period of treatment with
inhaled budesonide (400 mg bid) there was greater improvement in spirometry,
symptoms, and airway responsiveness in the group with higher baseline eosino-
philia and that there was a significant relationship between the magnitudes of
baseline eosinophilia and the improvement in airway responsiveness observed
with GCS therapy (24). These results, suggesting that a significant level of sputum
eosinophilia is a predictor for a favorable response to GCS therapy in asthma, are
supported by observations that baseline sputum eosinophilia also predicts a
beneficial effect of oral GCS on symptoms and spirometry in patients with COPD
(25) and chronic cough (26). While these studies suggest that sputum can be used
to predict steroid responsiveness, clearly there is a need for well-controlled trials
in asthmatic patients to describe this relationship more precisely.

B. Sputum as a Tool for Identifying Noneosinophilic 
Asthma Exacerbations

Induced sputum can be used to identify symptomatic asthmatic patients who do
not have greater than normal levels of sputum eosinophila. Turner et al. examined
the sputum from 34 consecutive patients presenting with an ongoing exacerbation
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of their asthma (Fig. 4) (27). In this study it was reported that 47% of the patients
had a sputum eosinophilia of less than 4%, which at the time was considered to be
the upper limit of normal. However, a more recent analysis of sputum from healthy
individuals has shown that the upper limit of normal sputum eosinophilia is 2.2%
(mean � 2 SD) (28). When these stricter criteria are applied to the data of Turner
et al. (27), one still observes that greater than 25% of the patients with a current
asthma exacerbation had sputum eosinophil levels in the normal range. Fahy et al.
have also evaluated induced sputum from 18 patients with an ongoing exacer-
bation of asthma and found that 50% of these had less than 2% eosinophils (29).
Futhermore, in the study by Fahy et al. it was observed that in patients with an as-
sociated viral respiratory tract infection, there was a more prominent neutrophilia
in the sputum when compared to patients without an associated infection (85% vs.
57%). In this comparison it was also noted that the eosinophils were also lower in
the group with a viral infection (5% vs. 31%), although this difference was not sta-
tistically significant.

Thus, the information from these studies suggests that induced sputum
could be used in the evaluation of patients experiencing an exacerbation of their
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Figure 4 Eosinophils, expressed as a percentage of total cells in spontaneous or induced
sputum from 34 patients suffering from an exacerbation of asthma. Legend indicates per-
centage of patients with eosinophils less than the indicated level. (Modified from Ref. 27.)
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asthma. While more information is required, it is conceivable that only those
patients with a significant level of sputum eosinophilia should be managed with
initiation of or increased GCS therapy.

C. Sputum as a Tool for Predicting Asthma Exacerbations

Another potential use for induced sputum is to determine the optimal dose of
inhaled GCS therapy in the management of a specific patient, the rationale being
that analysis of sputum could identify the lowest GCS dose that will maintain an
acceptably low level of specific airway inflammation. Recently, Jatakanon et al.
measured inflammatory markers in induced sputum before and during a period of
inhaled GCS reduction (30). In this study all patients were receiving at least 800 mg
inhaled beclomethasone dipropionate (or equivalent) per day prior to the study and
then switched to 200 mg budesonide daily for an 8-week period. It was observed
that in subjects who experienced an exacerbation of their asthma over the course
of the study, there was a significantly higher baseline sputum eosinophilia than 
in those who did not (medians: 13.6 vs. 0.2). Furthermore, increase in sputum
eosinophilia during the course of the study was a better predictor of an exacerba-
tion than was exhaled nitrous oxide.

Based on these results, it appears feasible that measuring the degree of
eosinophilia in induced sputum could be used as a guide for whether a reduction
in the dose of inhaled GCS is appropriate or likely to precipitate an exacerbation.

Based on observations by Jatakanon et al.(30) of the individual patient re-
sponses during the period of reduced inhaled GCS, it appears that sputum eosino-
philia increased approximately 2 weeks prior to the symptomatic exacerbation,
although this was not formally addressed. While it would be desirable to receive
such warning prior to an exacerbation, clearly it is not practical to monitor patients
sputum every 2 weeks.

D. Does Sputum Provide Information That Is Not Available
Clinically?

The above studies indicate that information obtained from induced sputum about
the nature of airway inflammation could be useful in the management of the asth-
matic patient. For this approach to be put into practice, however, it would need to
be demonstrated that the information obtained from induced sputum was superior
to the assessment of inflammatory status that is currently made based on routinely
performed tests. Paramasweran et al. addressed this concern by comparing infor-
mation obtained from induced sputum with a physicians assessment of patient’s
inflammatory status (31). In this study, respiratory physicians were asked to assess
a total of 76 asthmatic patients based on an office visit, spirometry, response to
prior treatment, and a macroscopic description of the patient’s sputum. Physicians
then assessed the patients as being controlled or uncontrolled, predicted the results
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of the sputum analysis (normal, eosinophilic, neutrophilic, etc.), and offered a
treatment plan. The study demonstrated that there was agreement between the
physician’s prediction of the quality of the sputum with the observed quality only
45% of the time. There was abnormal sputum findings in 22% of the patients
whom the physicians described as being controlled. There were normal sputum
findings in 38% of the patients whom the physicians described as being uncon-
trolled. The most striking finding from the study was the lack of agreement be-
tween the physicians’ treatment plan and the quality of the induced sputum (Fig. 5).
If, based on studies reviewed above, one assumes that eosinophilic inflammation
is a predictor of responsiveness to inhaled GCS therapy, then it is clear that rely-
ing on physician impression will result in both unnecessary GCS treatment in
some cases and failure to give appropriate GCS in others.

IV. Summary

The purpose of this review was to summarize some of the evidence suggesting
that there is a role for monitoring patients’ inflammatory status as a means for de-
ciding on appropriate treatment plans. The only noninvasive method of directly
and qualitatively assessing airway inflammation currently available is induced
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Figure 5 Treatment plan based on clinical presentation in patients with normal,
eosinophilic, or neutrophilic induced sputum. Note that there was a decision to increase
GCS in less than 50% of the patients with an abnormally high eosinophilia, but that there
was a decision to increase GCS in almost 50% of patients with either normal or neutrophilic
inflammation. “Other” treatment decisions included adding other treatment, decreasing
GCS, removal from work. (Adapted from Ref. 31.)
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sputum. While there is much evidence to support that induced sputum may be use-
ful in directing therapy, there is a need for trials that will demonstrate that this ap-
proach can result in decreased morbidity in asthmatic patients in a cost-effective
manner.
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Discussion

Dr. Busse: Can you comment on the possibility that sputum and lavage eosino-
phils represent cells from a different location? Furthermore, lavage is usually
performed with large volumes of fluid and may represent airway and tissue
cells. Can you comment on the possibility that eosinophils are more likely to be
associated with exacerbations than chronic persistent asthma?

Drs. Hargreave/Inman: We certainly agree with the idea that sputum and
lavage are sampling cells from different compartments. This is supported by the
frequent observations that sputum eosinophilia is highly sensitive to cortico-
steroid treatment, while to date, BAL eosinophilia seems to be insensitive. As
to whether sputum eosinophils are more likely to be associated with exacerba-
tions than with chronic persistent asthma, this is likely a question of degree. For
example, abnormally elevated sputum eosinophil levels can be observed in very
mild asthmatics, including those who are essentially asymptomatic until chal-
lenged with allergen (Gauvreau et al., AJRCCM 1997; 156:1738–1745). How-
ever, it is well established that the degree of sputum eosinophilia will increase
in association with an exacerbation. Thus, it would not be appropriate to say
that a greater than normal level of sputum eosinophils is indicative of an exacer-
bation, while it might be appropriate to conclude this following a documented
increase in sputum eosinophils in a patient. This is not to say that the simple ob-
servation of a greater than normal eosinophil level might indicate that asthma is
not optimally controlled.

Dr. Busse: Could you comment on the feasibility of sputum samples to measure
chemokines and cytokines?

Drs. Hargreave/Inman: Several groups are measuring levels of cytokines and
chemokines in sputum supernatants (e.g., Kelly et al., JACI 2000; 105:1162–
1168). However, as was observed using spiking experiments in this study, re-
covery of cytokines is not complete and thus, interpretation of measurements
should be made with caution. Recovery may in some examples be improved by
the addition of protease inhibitors during processing. It is likely that different
optimal processing techniques will be found for different mediators.

Dr. Persson: The appearance of plasma proteins in sputum is airway inflam-
mation. It reflects the airways plasma exudation process that involves passage
of almost nonsieved plasma proteins across microvascular-epithelial barriers.
Differing from the cell traffic, plasma exudation indices in airway lumen closely
reflects the intensity and the time course of subepithelial inflammatory extra-
vasation events. Interestingly, sputum analyses during the last 50 years show
steroid-induced inhibition of plasma exudation along with improvement of
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asthma. So, my question is whether you have determined plasma proteins in
your work; if so, what did you observe?

Drs. Hargreave/Inman: We have focused on the measurement of fibrinogen as
a marker of plasma exudation. This marker seems to be responsive to a number
of inflammatory conditions in the airway, including severe asthma exacerbation
(Pizzichini, AJRCCM 1997; 155:1501–1508) and to a greater extent in viral in-
fection of the lower respiratory tract (Pizzichini, AJRCCM 1998; 158:1178–
1184).

Dr. Persson: You demonstrated nicely an increase in sputum eosinophils occur-
ring prior to exacerbation of asthma. Since airway luminal entry of eosinophils
may be a major elimination route for these cells, an increase in sputum eosino-
philia can be seen secondary to increases in airway tissue eosinophil numbers
and particularly during resolution of asthmatic eosinophilic inflammation.
How do you interpret the luminal entry of eosinophils in your study, as a pro-
inflammatory event or as a sign of preceding mucosal tissue processes?

Drs. Hargreave/Inman: We agree that eosinophils observed in sputum may
well reflect cells that are being cleared from the airway tissue. Certainly ani-
mal studies have demonstrated that appearance of eosinophils in the lumen lags
behind their appearance in tissue. However, this does not necessarily imply
that elevated sputum eosinophilia is indicative of recovery from a preceding
process in the tissue. For example, following an allergen challenge, there is an
increase in sputum eosinophils as early as 7 hours after challenge (Gauvreau et
al., AJRCCM 1997; 156:1738–1745), while there is still an elevation in tissue
eosinophils 24 hours after allergen (Woolley et al., AJRCCM 1995; 151:1915–
1924), suggesting that elevations in sputum eosinophils may be observed dur-
ing, rather than following active mucosal processes.

Dr. Denburg: What compartment /layer does the sputum represent—epithelial
or another level?

Drs. Hargreave/Inman: This is obviously a very difficult question, and one to
which we do not know the answer. One approach would be to measure the re-
lationship between sputum eosinophilia and a quantification of the degree of
eosinophilia in different tissue compartments and airway levels. However, gen-
erally the relationship between sputum and tissue eosinophilia has not been
good (Maestrelli et al., AJRCCM 1995; 152:1926; Fahy et al., AJRCCM 1995;
152:53–58). Possibly this indicates that sputum is reflecting compartments
other than those sampled through the bronchoscope. It is also likely, however,
that the variability in both measurements precludes strong correlations.

Dr. Busse: There are preliminary data that airway eosinophils may not come
only from the circulation. Some investigators have data to suggest that airway
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eosinophils may migrate from the airway to lung tissues. This suggests that air-
way cells may be a dynamic collection of cells with the ability to move in and
out of the airways.

Dr. Persson: Quantitatively, the number of cells that may reenter are exceed-
ingly few compared to the number of eosinophils that are actually eliminated by
entering the lumen and dying there or being cleared in the sputum alive.

Dr. Schleimer: Eosinophils may in some sense simply be a marker for TH2

cells. Have you had a chance to look for mRNA for T-cell–specific genes in
sputum?

Drs. Hargreave/Inman: Groups are starting to measure mRNA in sputum
using in situ hybridization techniques. Encouraging results have been reported
(Olivenstein et al., JACI 1999; 103:238–245) indicating that cells expressing
message for TH2 cytokines (IL-4 and IL-5) are increased in sputum from asth-
matics compared to normal controls. Not surprisingly, and in agreement with
your view, this increase in TH2 activity was associated with elevated eosinophil
numbers.

Dr. Busse: Although eosinophils appear in the airway 2– 6 hours after antigen
challenge, IL-5 is usually detected later. This raises the possibility that IL-5
may be more important to maintain eosinophil viability and in the airway rather
than attracting them to the airway—a job for RANTES and eotaxin.

Drs. Hargreave/Inman: I completely agree with this view. In fact, we have
evidence in a mouse model of allergen challenge, suggesting that local airway
production of IL-5 is not needed for eosinophil recruitment, but that IL-5 is re-
quired at a systemic level in order to produce the increase in circulating eosino-
phils (Wang et al., J Clin Invest 1998; 102:1132–1141). These results support
your idea that early increases in airway eosinophils are mediated through the
actions of chemokines (RANTES and eotaxin), together with upregulation of
adhesion molecules, acting on an already existing pool of circulating eosino-
phils. Prolonged recruitment however seems to require the added effects of
IL-5 in stimulating eosinopoiesis.

Dr. Rand: What do we know about the effect of cycling on and off ICS (real life
clinical practice) on inflammatory markers?

Drs. Hargreave/Inman: While to our knowledge the effects of cycling on and
off steroids have not been studied using induced sputum, the effects of steroid
reduction have been documented. In one of these studies (Gershman et al.,
ERJ 2000; 15:11–18), patients were placed on low (100 mg/day) or high doses
(1000 mg/day) of inhaled fluticasone for 42 days and then switched to placebo.
Not surprisingly, there was a rapid reduction in eosinophils following initiation
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of treatment (this was sustained in the high-dose group only). Also not surpris-
ingly, sputum eosinophils increased following removal of treatment, but this
worsening appeared to be slower in the high-dose group, requiring 2–3 weeks
to return to baseline levels. Thus, although this is an area that needs further
study, it appears that short periods off steroids can be tolerated before eosino-
philia (and presumably, as Dr. Schleimer suggests, TH2 activity) increases to
pretreatment levels.
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I. Introduction

Optimal and noninvasive monitoring of the effect of anti-inflammatory drugs in
asthma is important, as asthmatic patients may require life-long, individually tai-
lored treatment with corticosteroids. The lack of success of the traditional param-
eters—lung function, airway reactivity, and symptoms—in monitoring the effect
of corticosteroids, especially in dose-related studies, seems to be related to their
relative insensitivity and slow responsiveness.

It has been suggested that it may take several weeks for inhaled cortico-
steroids to become effective. Recently, a variety of noninvasive approaches such
as exhaled breath analysis (exhaled gases and condensate) and induced sputum
have been developed, which are changing our understanding about the speed of
action of corticosteroids and their effect in asthma. However, sputum induction (1)
cannot be used for day-to-day monitoring, as it provokes transient neutrophilia
(2,3), and the use of exhaled condensate is still in the early stage of development.

Exhaled nitric oxide (NO) as a marker of inflammation is comparable to
invasive measurements of inflammation, such as bronchial biopsies and broncho-
alveolar lavage (4,5) and induced sputum in asthma (6 –8). It is not influenced
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by other anti-asthma drugs, such as albuterol or salmeterol (9–11). The inflam-
matory origin (5,12–15) of elevated levels of exhaled NO in asthma (14,16), its
responsiveness to suppression by corticosteroids (17,18), and accumulating evi-
dence of its association with asthma severity (19–21) makes exhaled NO an ef-
fective and practical marker to monitor the effect of corticosteroid treatment in
asthma. Dose-dependent reduction in exhaled NO has also been reported in mild
asthmatics treated with low doses of budesonide (BUD) (22).

II. General Principles of Exhaled Nitric Oxide Measurements

A. Technical Factors Affecting Exhaled NO Measurements

Most of the measurements of exhaled NO have been made by a variety of com-
mercially available chemiluminescence analyzers and are based on the photo-
chemical reaction between NO and ozone generated in the analyzer. The speci-
ficity of exhaled NO measurements by chemiluminescence has been confirmed
using gas chromatography–mass spectometry (23).

There are two main approaches to measurement of exhaled NO: on-line,
during a single, flow-controlled exhalation against a resistance, and off-line, using
similar controlled exhalation during a single exhalation into reservoir. There are a
few technical factors that should be considered when exhaled NO measurements
are used to monitor asthma treatment (Table 1).

The European Respiratory Society Guidelines on exhaled and nasal NO
measurements were established in 1997 (24). Recommendations for standardized
procedures for the on-line and off-line measurement of exhaled and nasal NO in
adults and children have been published (25). The standardization of techniques
makes it possible to compare the results of clinical trials from different centers.

B. Conditions and Habits Affecting Exhaled NO Measurements

Conditions that may affect NO concentrations in exhaled air should be avoided or
recorded and used for the interpretation of the data (Table 2).
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Table 1 Technical Factors Affecting Exhaled NO Measurement

Increased NO Decreased NO

Low exhalation or sampling flow rate High exhalation or sampling flow rate
Breath holding Spirometric maneuvers (transiently)
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III. Origin of Nitric Oxide in Exhaled Air

The correct use of exhaled NO as a readout for inhaled steroid (IS) efficacy de-
pends on the understanding of its origin in exhaled air. Exhaled NO has multiple
origins, as nitric oxide synthase (NOS) is found in several cell types in the respi-
ratory tract, e.g., epithelial and vascular endothelial cells, macrophages, eosino-
phils, and neurons (26), and cannot be a marker of inflammatory response from a
specific cell type. In fact, in most studies in normal subjects free of inflammation
(27–29), cNOS rather than iNOS was found to be predominant in the airway wall.

Predominantly bronchial epithelial iNOS production has been shown to be
the major source of exhaled NO in conditions in which airway inflammation is
present, and this has been confirmed by direct measurements during bronshoscopy
(4,30) or in tracheotomized patients (31), as well as indirectly by a remarkable
exhalation flow-dependence of exhaled NO and accumulation of NO during a
breathhold (4,32). The inflammatory origin of NOS induction (12,13,15) and re-
lated increase in exhaled NO in asthma (14,16) has been supported by high NO
in exhaled air and increased nitrotyrosine and iNOS in bronchial epithelium of
asthmatics (5) and lung transplant recipients (33). Exhaled NO levels were highly
dependent upon the intensity and extent of expression of iNOS in bronchial epi-
thelium and BAL neutrophilia, but not in the subepithelial area. This confirms that
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Table 2 Physiological, Pathophysiological Conditions, and Habits Affecting
Exhaled NO Measurement

Increased NO Decreased NO

Allergen and/or pollen exposure Menstruation
Air pollution Smoking
Occupational exposure (ozone) Acute alcohol ingestion
Arginine ingestion, nitrite/nitrate-enriched food Mouth washing

Asthma
Unstable/severe COPD Nonasthmatic chronic cough
Allergic rhinitis Pulmonary hypertension
Upper respiratory tract infection Kartagener’s syndrome
Influenza vaccination Primary cilia dyskinesia
LPS administration Cystic fibrosis
Bronchiectasis
Ulcerative colitis
Tuberculosis
Lung cancer
Active pulmonary sacroidosis
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exhaled NO may be not only a valid noninvasive measure of airway inflammation,
but also a marker of the development of airway remodeling.

The profound effect of a nebulized (34 –36) versus a comparable intra-
venous dose (37) of NOS inhibitors on exhaled NO strongly indicates that respi-
ratory epithelium, but not vascular endothelial cells, is the major source of NO in
exhaled air and explains its particular sensitivity to inhaled corticosteroids.

IV. Clinical Relevance of Exhaled Nitric Oxide in Asthma

A. Use of Exhaled NO as Readout for Corticosteroids Efficacy

Oral Corticosteroids

The overall effect of steroids on exhaled NO depends on the prevalence and the
degree of iNOS activation and, therefore, has no effect in normal subjects, and is
more effective in patients with more severe disease.

Oral prednisolone (30 mg daily for 3 days) reduces the elevated exhaled NO
in asthmatic patients, whereas it has no effect on exhaled NO in normal subjects
(34). Oral dexamethasone (4 mg/day for 2 days) similarly has no effect on exhaled
NO or serum concentrations of interferon-g and interleukin-1b in normal subjects
(38). This is presumably because iNOS is the major source of increased exhaled
NO in asthma, whereas the major source of exhaled NO in normal subjects is the
constitutive NOS, which is not suppressed by corticosteroids.

The same dose of prednisolone (30 mg/day), however, given to mild asth-
matics (34) produced a significant but moderate (22%) reduction in exhaled NO
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Figure 1 Effect of oral prednisolone (30 mg/day) on exhaled nitric oxide (NO) in mild
asthmatic patients (–●–) and normal subjects (–
–).
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within 72 hours (Fig. 1), whereas a cumulative dose of methylprednisolone (180 –
500 mg) caused 36% reduction within 50 hours in the majority of severe patients
with acute asthma (39). A large dose (1 mg/kg/day for 5 days) of oral predniso-
lone normalized exhaled NO in infants and young children with wheezing exacer-
bations (Fig. 2a) (40), whereas the same dose in more severe asthmatic children
only shifted their exhaled NO down to the levels of mild-to-moderate asthma in
spite of the improvement in lung function (Fig. 2b) (10).

Recently it has been shown that NO levels correlated with the percentage
improvement in FEV1 from baseline to the poststeroid (30 mg prednisolone/day
for 14 days) postbronchodilator value, with an NO level of �10 ppb at baseline
having a positive predictive value of 83% for an improvement in FEV1 of 	15%
(41), and therefore may be useful in predicting the response to a trial of oral ste-
roid in asthma.
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(a)

(b)

Figure 2 The effect of oral prednisolone on exhaled NO in children with moderate-to-
severe asthma.

18-M1775  10/11/2001  12:31 PM  Page 445



446 Kharitonov and Barnes

(a)

(b)

(c)

Figure 3 (a) The effect of inhaled budesonide (BUD) on exhaled nitric oxide (NO) in
mild asthmatic patients. Mean values � SEM in patients treated with 400 mg BUD (–●–)
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Inhaled Corticosteroids

Exhaled NO has been used successfully to monitor anti-inflammatory treatment
with inhaled corticosteroids in asthma (14,18,42– 44), as it is an extremely sensi-
tive and rapid marker of the effect of steroid treatment (Table 3). A significant re-
duction in exhaled NO levels was observed 6 hours after a single high dose (8 mg)
of BUD (Pulmicort Respules®) in symptomatic moderate asthma (45). Dose-
dependent changes in NO were reported during 3-week treatment with 100/400 mg
BUD in mild asthma (22).

Recently we have shown for the first time that the onset of action of inhaled
BUD on exhaled NO and the time to reach the maximal reduction were dose-
dependent. The higher dose of BUD rapidly reduced NO (within 3 days) and pre-
vented nighttime asthma symptoms in all patients (Fig. 3a,b). This was also asso-
ciated with amelioration in FEV1 (Fig. 3c). The onset of action of 100 mg BUD was
slower and its effect on NO was less, and this was related to a slower improvement
in nighttime symptoms. The difference between the effect of 100 mg versus 400 mg
BUD on NO was apparent within 3 days and was maximal after 5 and 21 days. NO
was further reduced during the third week of treatment with 400 mg BUD, in con-
trast to a minor NO increase in the 100 mg BUD group, which coincided with the
return of asthma symptoms and increased use of b2-agonists.

The time scale of the effect of steroids on exhaled NO was within the scope
of the time needed for inhibition of iNOS activity (24 hours) (46), or nuclear tran-
scription factor �B (30 min) after application of corticosteroids (47). However, the
main effect of corticosteroids on iNOS is probably via inhibition of inflammatory
cytokines, such as TNF-a, or IL-1b, which induced iNOS, or by inhibition of
inflammatory cells such as eosinophils, which express iNOS (48).

The onset of action of steroids on exhaled NO depends not only on their
dose, but also on asthma severity and, perhaps, on formulation and route of their
administration. Thus, oral prednisolone given to mild asthmatics (34) produced
a significant but moderate (22%) reduction in exhaled NO, whereas cumulative
dose of methylprednisolone (180 –500 mg) caused faster and more profound
(36%) reduction within 50 hours in the majority of severe patients with acute
asthma (39). The lack of changes in NO 3 and 6 hours after the first dose of 100/
400 mg BUD in our study may suggest that the dose was too low and the patients
had only mild asthma.
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or 100 mg BUD (–	–) or placebo (–
–). Level of significance of difference between 400 mg
BUD and 100 mg BUD: *p � 0.05. (b) The effect of inhaled 400 mg, or 100 mg BUD, or pla-
cebo on nighttime asthma symptoms in patients with mild asthma. (c) The effect of inhaled
400 mg, or 100 mg BUD, or placebo on FEV1 in patients with mild asthma. Level of
significance of difference from placebo: *p � 0.05.
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An important issue that remains to be resolved is what level of exhaled NO
needs to be achieved during the treatment. Exhaled NO levels in mild asthma are
substantially reduced, but not normalized after a course of different doses (100 –
1600 mg) of inhaled steroids (22,34,44). However, the larger dose (1 mg/kg/day
for 5 days) of oral prednisolone normalized exhaled NO in infants and young chil-
dren with wheezing exacerbations (40), while more severe asthmatic children had
exhaled NO levels reduced to the levels in mild-to-moderate asthma (10).

Affinity for the glucocorticoid receptor (GR) is perhaps another factor influ-
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Table 3 Effect of Corticosteroids on Exhaled NO

Effect Onset
(from (re- Duration Recovery

Drug class baseline) ported) (reported) (reported) Ref.

Corticosteroids
*1600 mg/day BUD (Mil A) ↓ 30% 07 days 18

↓ 34% 14 days
↓ 41% 21 days

*BUD 1600 mg/day (Mil A) ↓ 54% 28 days 42
*BUD 100 mg/day (Mil A) ↓ 29% 28 days 22
BUD 400 mg/day ↓ 50% 28 days
*Pred 30 mg/day, 3 days (Mil A) ↓ 22% 72 h 34
Pred � IS (Sev A) ↓ 40% 48 h 39
Pred 1 mg/kg, 5 days (Sev A) ↓ 46% 05 days 10
Pred 1 mg/kg, 5 days (Mod A) ↓ 52% 05 days 40
Pred � IS, 5 days (Sev A) ↓ 65% 05 days 21
IS (Mil A) ↑ 9 ppb 04 days 81
IS (Mod A) ↑ 24 ppb 15 days
BUD 8 mg nebulized (Mod A) ↓ 31% 06 h 45
BDP 1 mg/day (Mil A) ↓ 28% 07 days 82

↑ 12% 07 days
*BUD 100 mg/day (Mil A) ↓ 15% 05 days Kharitonov et

↓ 27% 07 days al. (ATS 2000)
↓ 20% 21 days
↓ 7% 07 days

BUD 400 mg/day ↓ 26% 03 days
↓ 38% 05 days
↓ 35% 07 days
↓ 44% 21 days
↓ 3% 05 days

BUD: Budesonide; Pred: prednisolone; IS: inhaled steroids; ↓: decrease; ↑: increase; *: placebo-
controlled randomized trial; Mil A: mild asthma; Mod A: moderate asthma; Sev A: severe asthma;
ppb: parts per billion (volume by volume).
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encing the effect of steroids on NO. Fluticasone propionate (FP), for example, has
a threefold higher GR affinity than BUD, as it is more lipophilic than BUD, and
its half-life of active steroid-receptor complexes is longer (�10 h vs. 5 h). There-
fore, the rate of association of FP with the receptor is faster, and the rate of disso-
ciation is slower than BUD (49). The high affinity of FP might be the reason for
a profound and stable NO reduction by 76% after 2 first weeks and 77% after
4 weeks of treatment reported with 1000 mg/day FP (44). Indeed, NO levels were
not fully recovered (83% of the baseline) 2 weeks after stopping of treatment.
High-dose BUD (1600 mg/day), however, reduced exhaled NO by only 48% at the
end of the third week, with further reduction to 54% after 4 weeks of treatment
(18,22,42). The levels of NO were not fully recovered 2 weeks after FP was
stopped, while NO levels in our study returned to the almost pretreatment values
within 3–5 days regardless of the dose of BUD.

Speed, magnitude, and duration of changes in exhaled NO caused by ste-
roids may be useful not only to monitor therapeutic efficacy of steroids, but also
to assess their side effects, which are difficult to measure if conventional meth-
ods are applied. Thus, despite the greater cortisol suppression caused by FP, there
were no differences between the effect of FP or BUD on FEV1 or blood eosino-
phils (50).

Inhaled and Oral Corticosteroids

The mechanisms of airway inflammation in asthmatic patients who respond well
to corticosteroids could be different from those patients with severe persistent
asthma who remain symptomatic despite corticosteroid treatment. With exacer-
bations, the number of eosinophils capable of expressing iNOS and producing NO
(48,51) or prevalence of neutrophilic inflammation and oxidative stress (52) may
increase, and this may also explain a further elevation of exhaled NO in these pa-
tients despite high-dose inhaled and/or oral steroid treatment (19,52). Thus, over
half of children with very severe asthma had raised NO levels, indicating persist-
ing airway inflammation and oxidative stress despite maximal doses of cortico-
steroids (53).

The rationale to quantify endogenous NO formation as the sum of its
N-oxides is that nitrite has a relatively short half-life (110 s) (54) and may be fur-
ther oxidized to nitrate (NO3

�) by hydroxyl radical, hypochlorous acid, or various
heme proteins (55). Therefore, it is difficult to distinguish whether the nitrite aque-
ous solution is derived from NO synthesis, peroxynitrite, or S-nitrosothiols. The
significance of these various oxidative processes depends on local levels of NO2

�

and O2
� formation. Thus, autoxidation of NO with O2 is of a particular importance

in asthma where NO production is elevated, and increased levels of nitrotyrosine
have been correlated with elevated levels of oxidants (56). The presence of nitro-
tyrosine in the airways of patients who died of status asthmaticus supports the
concept of widespread airway and parenchymal inflammation in asthma (57).
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Corticosteroids reduce the formation of reactive oxygen species and nitro-
tyrosine in bronchial biopsies (5) and BAL (58) in asthma or formation of NO2

�/
NO3

� in nasal lavage and nitrotyrosine in nasal mucosa in allergic rhinitis (59).
However, considering the importance of oxidative stress in severe persistent

asthma, a combination of corticosteroids with antioxidants and/or NOS inhibitors
may be considered in these patients.

B. Effect of Other Treatment on Exhaled NO

Inhaled b2-Agonists

The short-acting b2-agonist salbutamol (5 mg via nebulizer or 400 mg by metered-
dose inhaler) has no acute effect on exhaled NO (9,10,60). Similarly, 1 week of
treatment with a long-acting inhaled b2-agonist, salmeterol, did not reduced NO
in adults or children (9–11). This is entirely consistent with the fact that inhaled
b2-agonists do not have any effect on chronic inflammation in asthma and vali-
dates the use of exhaled NO to measure inflammation independently of airway
caliber.

Leukotriene Antagonists

A leukotriene synthase inhibitor (pranlukast) inhibits the rise in exhaled NO when
the dose of inhaled corticosteroids is reduced (61). Rapid reduction of exhaled NO
has been recently reported within 2 days of starting montelukast, leukotriene re-
ceptor antagonist, in children with asthma (Table 4). The mechanism of this mod-
erate 15% (62) or 30% (63) reduction is not clear, but it may reflect an inhibitory
effect on inflammatory cytokines and, therefore, a reduced impact on iNOS. These
data may also suggest an anti-inflammatory role for leukotriene D4 receptor an-
tagonism in the treatment of children with mild to moderate asthma.

iNOS Inhibitors, Prostaglandins, and Other Drugs

The use of NO modulators, e.g., iNOS inhibitors, or prostaglandin PGE2, is
presently at the stage of clinical research. Potentially, NO modulators may be
important in management of severe asthma in which a combination of airway
inflammation and oxidative stress together with an inherited or acquired resistance
to steroids makes their treatment difficult.

Endogenous NO may play an important role in persistent airway inflam-
mation and hyperresponsiveness, and treatment with aminoguanidine, a specific
iNOS inhibitor, which has direct scavenging activities against H2O2, hypo-
chlorous acid, and peroxynitrite (64) may be beneficial. Both aminoguanidine and
NG-nitro-L-arginine methyl ester (L-NAME) can be safely given and have been
known to cause a significant reduction in exhaled NO in asthmatic patients (34,35)
(Table 5). More long-term treatment will be required to demonstrate whether NO
contributes to the persistence of asthmatic inflammation.
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Table 4 Effect of Nonsteroidal Drugs on Exhaled NO

Effect
(from Onset Duration Recovery

Drug class baseline) (reported) (reported) (reported) Ref.

Nonsteroidal anti-inflammatory
drugs ↓
*Ibuprofen 2.4 g, (N after i.v. 

endotoxin) 83
b2-Agonists

*Terbutaline (Mil A) No effect 18
*Salbutamol, *salmeterol (Mil A) No effect 11, 84, 85

Interleukin inhibitors
*IL-4 receptor* (Mod A) (Neb) ↓ 8 ppb 4 days 15 days 81

Leukotriene antagonists
*Montelukast (Mil A) ↓ 15% 2 days 62
*Montelukast (Mil A) ↓ 20% 14 days
*Montelukast (Mil A) ↓ 30% 28 days 63
After end of treatment ↑ 19% 14 days
Pranlukast (Mil A) ↓ 4 wk 61

↓: decrease; ↑: increase; *: placebo-controlled randomized trial; Neb: nebulized; i.v.: intravenous;
N: normal subjects; Mil A: mild asthma; Mod A: moderate asthma; ppb: parts per billion (volume by
volume).

Table 5 Effect of NOS Inhibitors on Exhaled NO

Effect
(from Onset Duration Recovery

Drug class baseline) (reported) (reported) (reported) Ref.

NOS inhibitors
*L-NMMA (N) ↓ 44% 15– 45 min 4 h 34
*L-NMMA (Mil A) ↓ 40%
*L-NAME* (N) ↓ 53% 15– 45 min 4 – 6 h 35
*Aminoguanidine (Mil A) ↓ 67%
*Aminoguanidine (N) ↓ 28% 15– 45 min 4 – 6 h
*Aminoguanidine (Mil A) ↓ 53%

*L-NAME (Mil A) ↓ 55% 30 min 2 h 36
L-NMMA (N) (i.v.) ↓ 10% 30 min 37
L-NAME (N) (Neb) ↓ 37% 10 min

L-NMMA: NG-monomethyl-L-arginine; L-NAME: NG-nitro-l-arginine methyl ester; ↓: decrease;
↑: increase; *: placebo-controlled randomized trial; Neb: nebulized; i.v.: intravenous; N: normal sub-
jects; Mil A: mild asthma.
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Prostaglandins E2 and F2a decrease exhaled NO in normal and asthmatic
subjects irrespective of changes in airway caliber (65). This effect occurs rapidly
and is presumably due to an inhibitory effect of cyclooxygenase products on NOS
directly rather than through altered gene transcription (66).

Despite positive changes in PC20 in asthmatics treated with seratrodast, a
TXA2 antagonist, there were no differences in either exhaled NO or sputum eosino-
phils (67). The effect of theophylline and cromones has not yet been reported.

C. Exhaled NO and Other Means of Asthma Monitoring

Symptoms, Lung Function, and Airway Hyperreactivity

There is accumulating evidence about the strong relationship between exhaled
NO, clinical signs and symptoms of asthma, especially during acute episodes or
asthma exacerbations. However, longitudinal studies are needed to confirm that
exhaled NO may be used not only for a short-term management but also as a guide
for long-term management and treatment of asthma of differing severity.

The traditional means of monitoring asthma are not sensitive enough to
demonstrate a dose-dependent effect of inhaled steroids, especially in mild
asthma. The fundamental limitation of lung function and PC20 measurement,
which reflect airway obstruction and airway hyperresponsiveness, in monitoring
of asthma is that they are not directly related to airway inflammation. In addition,
FEV1 has little room for improvement in mild asthma and PC20 is affected by cor-
ticosteroids and cannot be routinely performed in severe asthmatics. Both param-
eters are slow to change and lack a discriminating power to distinguish the effect
of different doses of steroids.

For example, only moderate positive changes in FEV1 and PC20 were seen in
mild asthma after 4 weeks of treatment with a high (1600 mg) dose of BUD, but
these changes were not significantly different from the placebo group (42) Indirect
inhaled spasmogens, such as AMP, might be more specific and demonstrate dose-
dependent changes in PC20 when compared with placebo after moderate (400 mg/
day) or high (1600 mg/day) but not low (100 mg/day) doses of inhaled steroids, as
has been shown for the novel corticosteroid ciclesonide (68). However, a signifi-
cant reduction in exhaled NO, which was better than the placebo and which co-
incided with improvement in asthma symptoms and lung function, was seen after
this and much lower doses of BUD—100 mg and 400 mg (22). The latter changes
were also dose-dependently different.

The advantage of exhaled NO measurements is that the changes in NO
during steroid treatment are dose-dependent and precede the improvement in
symptoms, FEV1 (17), and sputum eosinophils, (6) in asthma. Recently, we have
demonstrated that 400 mg BUD rapidly reduced NO within 3 days and abolished
nighttime asthma symptoms in all patients (unpublished observation). This was
also associated with amelioration in FEV1. The onset of action of 100 mg BUD was
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slower, and its effect on NO was less marked, which was reflected in a slower im-
provement in nighttime symptoms.

Rapid recovery of exhaled NO levels on stopping steroid treatment precedes
the reduction in lung function, with FEV1 or PC20 returning to the pretreatment
level over 1 week (69). Exhaled NO measurements may therefore serve as a fast-
responding indicator to assess patient compliance with therapy and to titrate ste-
roid treatment. For example, increasing levels of exhaled NO, asthma symptoms,
and use of b2-agonists during the third week of treatment with a low dose of BUD
might be an indication of loss of asthma control and a need to increase the dose of
steroids. On the other hand, our data further support the fact that most patients
with mild-to-moderate asthma may require low doses of steroids taken once daily
to achieve or to maintain adequate control (70).

The relationship between exhaled NO and FEV1 depends on the severity of
asthma. There is no strong link between exhaled NO, FEV1, and symptoms in mild
steroid-naïve asthma measured under stable conditions (14,16). However, higher
concentrations of exhaled NO were linked to recent symptoms of bronchial ob-
struction (71), and NO was 2.6 times higher in children with recent symptoms
compared with symptom-free subjects (71). Exhaled NO correlated with symp-
tom frequency and with rescue b2-agonist use and is significantly higher in those
patients with difficult /severe asthma who have the highest symptom score where
changes in lung function may have limited sensitivity (19).

Induced Sputum

The combination of exhaled NO measurements and sputum induction is the most
beneficial approach for the use of these noninvasive assessments of airway inflam-
mation in asthma. Recently it has been shown that a combination of sputum eosin-
ophilia and increased NO levels resulted in a positive predictive value of 72% and
a negative predictive value of 79% in predicting the response to a trial of oral ste-
roid in asthma (41). Elevated levels of exhaled NO have been validated against in-
vasive measurements of inflammation such as bronchial biopsies or BAL (4,5,30)
and induced sputum (6), and a significant correlation has been found between ex-
haled NO and iNOS positive granulocytes in sputum eosinophils (7,8).

One of the most attractive features of exhaled NO measurements is that they
can be repeated at short intervals without affecting endogenous NO production or
causing discomfort to the patients. This is invaluable to study an acute effect and
onset of action of a variety of drugs that influence NO production in patients of
different severity and age.

Sputum induction, however, can cause an excessive bronchoconstriction
despite pretreatment with salbutamol (8) and significant fall in Sao2 (72) during
the inhalation of hypertonic saline solution, as well as neutrophilia detectable for
at least 24 hours (2) thereafter, and other changes in their cellular and biochemi-
cal composition, both in healthy subjects and mild asthmatic patients (3,73).
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We have shown that after inhaled steroid dose reduction, exhaled NO and
sputum eosinophil numbers are increased in parallel with loss of airway function
(74). Exhaled NO has a low threshold for the effect of steroids, and therefore, even
a low dose of locally applied steroids is capable of significantly reducing exhaled
NO. The use of sputum eosinophil (Eos) as readout for steroid treatment efficacy
might be limited. It has been shown that only high (1600 mg/day) or medium
(400 mg/day) (42,68) but not low (100 mg/day) doses (22,68) of inhaled steroids
were able to significantly reduce the number of Eos in sputum. No dose-dependent
changes were observed in sputum Eos after either low, moderate (22), or high (68)
doses of inhaled steroids. Sputum Eos may not reflect the full extent of asthma
severity, or the effect of inhaled steroids, as the cellular and biochemical compo-
sition of the larger airways [higher presence of Eos, neutrophils, and eosinophil
cationic protein (ECP)] is different from the peripheral airways (higher presence
of macrophages, surfactant protein) and depends on the duration of sputum in-
duction (75).

However, the combined use of exhaled NO measurements and sputum in-
duction is of particular importance in severe persistent or steroid-resistant asthma,
which is associated with elevated levels of exhaled NO (19,52), despite high-dose
steroid treatment, neutrophilia (52), and oxidative stress. It has been shown that
elevated ECP levels, but not Eos numbers, in induced sputum of corticosteroid-
dependent asthmatics with recent exacerbations may be a more accurate assess-
ment of airway inflammation in these patients (76). The correct identification of
these patients by their profile of inflammatory cells and mediators in sputum is
crucial, as they may require a different treatment.

V. Future Directions

There has been an interesting attempt to direct treatment with steroids in patients
with moderate asthma according their levels of PC20 to methacholine (77). Apart
from small changes in PC20 (1.1 double dilution), the major limitation of this and
other single parameter–based guidelines is its relatively weak link with airway
inflammation. The advantage of exhaled NO is that it has a much stronger associ-
ation to airway inflammation, asthmatic/atopic inflammation in particular, and is
much more sensitive to anti-inflammatory treatment so that the control of the dis-
ease can be improved without the risk of overtreatment.

Measurements of lipid mediators, such as cysteinyl-leukotrienes and
other eicosanoids, in induced sputum (78) and exhaled condensate are promising
approaches. However, the methodological issues, such as considerable within-
subject variability of most sputum eicosanoid concentrations (78), needs to be ad-
dressed. Exhaled condensate is less contaminated with saliva and proteins and is
easy to collect in a controlled fashion and perhaps therefore has the advantage. Re-
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cently, we have determined significantly different levels of leukotriene E4, C4, D4,
and B4 in exhaled condensate of patients with asthma of different severity before
and after treatment with corticosteroids.

Therefore, a combination of exhaled NO measurements with determina-
tion of other inflammatory markers and mediators in exhaled breath condensate,
such 8-isoprostane (79, 80), leukotrienes, and prostaglandins, is a promising non-
invasive approach towards asthma and COPD management.

Objective, noninvasive, and effort-independent monitoring of respiratory
symptoms in adults and children with asthma is vital for optimizing their anti-
inflammatory treatment. Recently, we used a quantitative method for tracking
breath sounds overnight and during the day in mild-to-severe asthma patients. The
overnight wheeze scores were over 20 times higher in moderate asthmatics on in-
haled steroids when compared with mild steroid–naïve asthmatics (unpublished
observation).

A combination of a cornerstone asthma sign, such as wheeze (also related
to airway obstruction) with a variety of inflammatory markers in exhaled breath
and exhaled condensate may be clinically useful in the detection and management
of cytokine-mediated inflammatory lung disorders.
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Discussion

Dr. Seale: The Bisgaard (AJRCCM, 1999) study showed a 20% reduction in
NO after montelukast. Do you regard this as a clinically significant reduction
in NO and what do you think is the mechanism for this reduction in NO?

Dr. Kharitonov: It could be regarded as a clinically significant reduction in
exhaled NO, as it was associated with the positive changes in FEV1 and asthma
symptoms. The effect of leukotriene antagonists on exhaled NO may be due to
a reduction of inflammatory cytokines and their impact on iNOS. We have
shown that prednisolone (30 mg/day), for example, given to mild asthmatics
produces a significant but moderate (22%) reduction in exhaled NO within 72
hours.

Dr. Derendorf: Can you give us a feel for the reproducibility? What is the intra-
and inter-individual variability?

Dr. Kharitonov: The coefficients of variation of NO measurements made at
two consecutive days varied between 12% for exhaled NO and from 7% to
11.8–13% for nasal NO. In a large population sample of young adults the re-
peatability of NO measurements, estimated by calculating the intraclass corre-
lation coefficient (ICC), was 0.98 representing the range within which 95% of
pairs of repeated measurements would be expected to lie, as 4.58 ppb. Indi-
vidual variability of exhaled NO levels is low, providing the measurements
were made on subjects free of URTI or without asthma exacerbation. For ex-
ample, no significant difference in NO measured at 371-, 54- and 60-day inter-
vals was seen in three normal subjects and over 55, 28 and 20 days in three
clinically stable asthmatic patients. Therefore, the level of reproducibility of
NO measurements is acceptable for biological measurements, which normally
have coefficients of variation between 2–15%.

Dr. Edsbäcker: Does endogenous control affect the assessments of exhaled
NO; i.e., is there any diurnal variation in NO readouts? Has NO been studied in
inhaled steroid studies having an oral steroid sparing design; i.e., what is the
local effect component in the overall NO reduction by steroids?

Dr. Kharitonov: There is no diurnal variation in exhaled NO measurements.
Exhaled NO has not yet been studied in inhaled steroid/oral steroid sparing de-
sign studies.

Dr. Selroos: Are NO measurements useful for monitoring the disease? With
high initial doses there seems to be a rapid normalization of NO levels and they
remain low.

Dr. Kharitonov: The onset of action of inhaled budesonide (BUD), for ex-
ample, on exhaled NO and the time to reach the maximal reduction are dose-
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dependent. We have shown that the higher dose of BUD rapidly reduced NO
(within 3 days), which coincided with the improvement in nighttime asthma
symptoms and FEV1 in all patients. The onset of action of 100 mg budesonide
was slower and its effect on NO and symptoms was less. It has been shown that
exhaled NO levels were substantially reduced, but not normalized, after a
course of different doses (100 to 1600 mg) of inhaled steroids in mild asthmat-
ics. In contrast, a large dose (1 mg/kg/day for 5 days) of oral prednisolone given
to infants and children with wheezing exacerbations was able to normalize their
exhaled NO. However, the same dose given to more severe asthmatic children
had exhaled NO levels reduced only to the levels in mild-to-moderate asthma.

Dr. Pedersen: You presented the data as a percentage change from baseline
without actually giving the baseline value. That makes it difficult to get a feel-
ing for the severity calculated in this way. We found a 70% reduction in exhaled
NO during treatment with 200 mg budesonide/day. That would not have fit with
your data where you combine data from two studies (one with budesonide and
one with FP). This raises the question of whether it is appropriate to combine
the studies in the way you did?

Dr. Kharitonov: The baseline NO levels are obviously important. Recently, it
has been shown that exhaled NO of �10 ppb at baseline has a positive pre-
dictive value of 83% for an improvement in FEV1 of 15% and therefore may be
useful in predicting the response to a trial of oral steroid in asthma. The com-
parison between the studies can be made by either baseline levels comparison
and/or by the effect of different doses of steroids on these baseline NO levels.

Dr. Brattsand: Dr. Schleimer listed that the blocking activity of glucocorticoids
on NOS is not restricted to iNOS. If also cNOS is blocked, that may be nega-
tive as Tulic and Sly (ERJ 1999;14(suppl 30):157s) reported that raised cNOS
is coupled to reduced hyperresponsiveness (in vivo studies in challenged rats).

Dr. Kharitonov: The most likely effect of steroids on NOS is via reduction of
the impact of cytokines on the iNOS.

Dr. Jeffery: Is the measurement of NO telling us more about the extent of per-
turbation of the epithelium rather than eosinophilic inflammation per se? What
happens in response to viral infection?

Dr. Kharitonov: The predominant source of exhaled NO is epithelium with a
contribution from eosinophils. Therefore, it is a reflection of perturbation of the
epithelium. Exhaled NO is elevated during viral infection.

Dr. Persson: The time course of effects of steroids on established airway
eosinophilia may not have been well examined, neither in animal nor in human
studies. Since steroids inhibit eosinophil traffic to the asthmatic airways but
may not affect the pathways of eosinophil elimination (apoptosis, cytolysis, and
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airway luminal entry) the inhibition of established eosinophilia could reflect
“normal” dwell times of eosinophils in the airway mucosa. Now, you compared
the effect of inhaled steroids on NO and sputum eosinophilia: both were re-
duced after 1 week. Do you have data on the rate of steroid-induced lowering of
eosinophil numbers in the sputum?

Dr. Kharitonov: The time-course for the exhaled NO and sputum eosinophils
is different. It is slower in case of the eosinophils. I have not presented any data
on 1-week reduction in eosinophils.

Dr. Inman: What would happen to the increased NO during a viral infection if
inhaled steroids were given?

Dr. Kharitonov: It has not been studied yet, I’m afraid. I would expect that ste-
roids will be less effective in reducing exhaled NO levels.
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I. Introduction

Asthma is characterized by airway inflammatory and remodeling processes,
thought to be responsible for the variable airflow obstruction and respiratory
symptoms observed in asthma (1,2). The main preventive pharmacotherapeutic
agents of asthma are corticosteroids (3,4). A significant breakthrough in asthma
therapy occurred about three decades ago, when corticosteroids became available
as inhaled preparations, reducing the potential for systemic effects while achiev-
ing excellent therapeutic results. Inhaled corticosteroids (ICS) are the most potent
of the anti-inflammatory drugs commonly used in asthma treatment. Their action
is thought to result mainly from the reduction of the number and activation of
inflammatory cells in the bronchial mucosa and through their inhibitory effects on
different mediators and cytokine synthesis (5,6).

ICS commonly used in the treatment of asthma include beclomethasone
dipropionate (BDP),* budesonide (BUD), fluticasone propionate (FP), triamcino-
lone acetonide (TAA), and flunisolide (FLU). Agents such as mometasone furoate
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(MF) and ciclesonide (CS) are currently being studied. Although these agents are
considered to have a local effect on airways cells and constituents, there may be a
variable degree of systemic absorption depending on the nature and dose of the
agent as well as the site and degree of lung deposition. ICS are generally consid-
ered to have no clinically relevant systemic effects at doses below or equivalent to
800 –1000 mg/day of BDP in adults and 400 –800 mg/day in children, although at
moderate to high doses they may produce variable changes in markers of systemic
effect (7–9). In the following document, we will present the main markers used
to determine systemic action of corticosteroids and illustrate their comparative
changes following ICS administration by referring to recent studies and analyses
(Table 1).

466 Boulet

Table 1 Markers of Systemic Effect of Glucocorticosteroids

Changes in adrenal function
Plasma cortisol level
Periodic plasma cortisol levelsa

24-hour urinary free or overnight cortisol excretion
Response to ACTH stimulation (short and long tests, high-dose and low-dose)

Bone metabolism and density
Bone formation:

Serum osteocalcin
Plasma level of bone-specific alkaline phosphatase
Procollagen peptides

Procollagen type 1 N-terminal propeptide (PINP)
Procollagen type 1 carboxy-terminal propeptide (PICP)

Bone resorption:
Urinary hydroxyproline
Urinary calcium
Urinary pyridinium cross-links

Pyridinoline
Deoxypyridinoline

Cross-linked carboxyterminal telopeptide of type I collagen (ICTP)
Tartrate-resistant alkaline phosphatase

Growth in children: height velocity and statural height (stadiometry, knemometry)
Cutaneous changes: skin thickness, bruising
Ocular effects: intraocular pressure, cataracts
Central nervous system
Blood and bone marrow
Other metabolic effects

aMeasured several times during day and night to evaluate diurnal variation.
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II. Pharmacokinetics of Glucocorticosteroids

Corticosteroids may cause systemic effects by their absorption through the gut and
lungs into systemic circulation (Fig. 1). The total systemic effect of an ICS will
therefore depend on the amount of drug deposited into the airways and the amount
absorbed from the gastrointestinal tract, which then becomes available systemi-
cally. These vary considerably from one drug and one inhalation device to another,
so that the therapeutic effect over systemic absorption (or side effects), defined as
the therapeutic ratio, should be determined for each drug preparation and type of
inhaler used.

Apart from the dose delivered, factors such as the extent of first-pass hepatic
metabolism, the site of lung deposition, and other pharmacokinetic properties of
ICS act as major determinants of the topical versus systemic effects of those
agents. The available inhaled ICS show differences in systemic bioavailability,
particularly at high doses. A low systemic bioavailability is preferable to reduce
the risk of systemic effects. Factors such as receptor affinity, elimination half-
life, and lipophilicity may affect efficacy, as well as also systemic bioavailability
(10,11). A better “pulmonary targeting” of ICS, from increasing the local /sys-
temic effect ratio, may result from low oral bioavailability, rapid systemic clear-
ance, high plasma protein binding, and slow absorption from the lungs (12). Theo-
retically, a high water solubility may reduce tissue retention and thereby increase
elimination of the drug, reducing the risk for systemic effects. A long elimination
half-life may reduce between-dosing fluctuations of serum concentrations of the
drug, although studies using oral corticosteroids suggest that it is mostly the per-
sistent plasma levels and not the magnitude of the peak plasma concentrations that
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Figure 1 Pharmacokinetics of inhaled corticosteroids.
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induce detrimental systemic effects such as those on the hypothalamic-pituitary-
adrenal (HPA) axis (13).

The newer lipophilic ICS have, however, shown a large total volume of dis-
tribution with systemic tissue retention and somewhat low detectable plasma con-
centrations. Modes of administration also influence systemic availability by alter-
ing the dose deposited in the oropharynx and the lungs, and the influence of the
delivery devices, spacers, and technical factors related to administration should be
considered when comparing different drugs (14).

III. Markers of Systemic Effects

A. Effects on Adrenal Function

Adrenal Function and Systemic Corticosteroids

Plasma cortisol levels, maintained through adrenal secretion under the regulation
of adrenocorticotropin-releasing hormone from the pituitary gland, range from
about 100 to 300 nmol/L during the day and show a few nocturnal peaks. Exoge-
nous administration of systemic corticosteroids causes a negative feedback on
steroid receptors in the anterior pituitary gland and hypothalamus, resulting in a
suppression of corticotropin-releasing hormone and corticotropin, which in turn
causes a reduction in cortisol secretion from the adrenal cortex (15). Depending
on the mode of administration, the dose and duration of use, systemic cortico-
steroids may lead to prolonged adrenal suppression with adrenal cortex atrophy
and impaired adrenal response to unusual stress (e.g., surgery) if the exogenous
steroid therapy is stopped or insufficient.

Although clinically significant adrenocortical insufficiency is rare among
ICS-dependent patients, the influence of ICS on the adrenal axis is nevertheless
used frequently as a parameter for evaluating the systemic activity of these drugs
(16 –20).

Methods of Assessment

Among the tests that evaluate this axis are those that measure basal HPA secretory
function, such as morning (07:00 –08:00 a.m.) plasma cortisol level, 24-hour in-
tegrated plasma cortisol levels, 24-hour urinary free cortisol excretion, and over-
night urinary cortisol excretion. Screening of the HPA axis function may be done
from single morning plasma cortisol level determination, although this last test is
less sensitive than repeated plasma cortisol measurements to detect small changes
in basal cortisol excretion.

The response to stimulation testing with tetracosactrin (ACTH high dose,
250 mg, or low dose, 500 ng or 1 mg—this last being more discriminative and pos-
sibly reducing the risk of hypersensitivity reaction) may assess adrenal reserve
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while insulin-induced hypoglycemia and metyrapone tests may test the entire
HPA axis (15). Response to pyrogenic and vasopressin challenges may also assess
HPA function. The insulin stress test is the usual “standard,” but sensitivity and
specificity of these tests are uncertain. The short tetracosactrin test is currently the
most used.

In regard to the circadian variation in cortisol secretion, repeated plasma
cortisol levels over 24 hours or overnight, and the 24 hours free urinary cortisol
(or its metabolites) excretion are sensitive measures.

Influence of ICS on Adrenal Function

Excellent reviews have been published of studies on the effect of ICS on the HPA
axis (7,8,16 –18,21–22). Studies show variable results, probably due to differ-
ences in factors such as duration of dosing of ICS and the various methods used
to assess HPA axis suppression. Dose-ranging studies have shown that there is a
dose-related suppression of HPA axis, the steep part of the curve being over an
ICS dose equivalent to 800 mg/day BDP. High doses of ICS in asthma could in-
duce a decrease in morning plasma levels and 24-hour urinary cortisol in propor-
tion to the total daily and cumulative dose of ICS (23,24).

The following studies illustrate the use of different markers to determine the
comparative influence of the most frequently used ICS on HPA axis parameters.
First, in regard to adult asthmatics, in a study of 78 patients taking inhaled ICS
(mostly BDP) at a median dose 1600 mg/day for a median duration of 13 months,
20% of patients had changes in the ACTH test and urinary-free cortisol suggesting
adrenal dysfunction (25). A close correlation was observed between the maximum
cortisol measured during hypoglycaemia and both urinary free cortisol and post-
tetracosactrin cortisol. In another study, BUD or FP, respectively, given at 800 or
750 mg/day for one week and 1600 or 1500 mg/day for another week, administered
with a dry-powder inhaler, caused no significant suppression of early morning cor-
tisol, while both drugs attenuated the posttetracosactrin serum cortisol at low and
high doses (26).

Clark and Lipworth compared the effects of FP and BUD given on a micro-
gram equivalent basis by metered dose inhaler on overnight urinary cortisol ex-
cretion and plasma cortisol levels at 08.00 hours in asthmatic patients (27). With
repeated dosing across a dose range of 250 –1000 mg twice daily, fluticasone pro-
pionate produced significantly greater reduction in both plasma and urinary corti-
sol than budesonide. The authors suggested that factors contributing to the systemic
effects of fluticasone comprised enhanced receptor potency, prolonged receptor
residency time, greater tissue retention, and a longer elimination half-life. Other
studies also showed a greater effect of FP than BUD on adrenal axis (28,29). How-
ever, these differences are more obvious at high than at low/moderate doses of
ICS, and the doses required to control asthma have been shown to be less for FP
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than BUD or BDP (16,30,31). This stresses the fact that when we look at the 
systemic effects of ICS, the therapeutic/systemic effect ratio should always be
considered.

In the child population, most studies found no significant changes in uri-
nary free cortisol excretion in children on FLU 100 and 200 mg/day, BDP up to
400 mg/day, and BUD up to 800 mg/day (17). Lipworth et al. showed no evidence
of significant adrenal suppression after repeated twice-daily administration of
200 – 400 mg/day of FP or BUD given via a large volume spacer, using overnight
urinary cortisol excretion (32). This indicates a good safety profile in children of
these ICS at conventional dose levels. Fitzgerald et al. found that in children with
persistent asthma, FP 750 mg/day was as effective as BDP 1500 mg/day when both
were delivered through a spacer device for 12 weeks; a mild reduction in adrenal
production of cortisol, of similar degree for the two drugs, was, however, observed,
as assessed with 24-hour urinary free cortisol (33).

Meta-analyses of the studies looking at the influence of ICS on systemic
parameters have been done. One looked at 34 studies evaluating the effects of ICS
on the HPA axis, 21 using urinary cortisol measurements, and 13 08:00 h plasma
cortisol levels (7). Variable degrees of reduction of adrenal function were found
and FP had a steeper dose-related systemic activity than BDP, BUD, or TAA.
These effects were mostly evident with doses over 800 mg/day.

In two meta-analyses of the comparative effects of FP, BUD, and BDP,
Barnes et al. also found a variable dose-related suppression of HPA axis, but no
differences between FP and BUD (FP given at half-doses of BDP) at low doses
in regard to serum cortisol, while at higher dosages there could be differences in
favor of FP (34). In this meta-analysis, half-doses of FP were similar to BDP in
regard to effects on HPA axis.

Although variable from a study to another, in general FP produced more
effects on adrenal function in both adults and children than BUD on a mg-per-mg
basis, although the dose required to control asthma was lower with FP. Fur-
thermore, high doses of BUD and FP had fewer effects on adrenal function than
BDP (36).

Confounding Factors

When looking at the potential effects of ICS, many factors should be taken into
consideration, such as dose, timing, mode and frequency of administration, dura-
tion of treatment, compliance with medication, previous or concurrent use of oral
ICS, and the population studied (Table 2). The additive and much more potent
influence of oral ICS is particularly important when evaluating these effects.
Compliance with 24-hour urine collection may be poor and should be checked.
Fractionated overnight or early morning collection may be alternatives (21).
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Conclusions

Changes in adrenal function are considered to be good markers of the systemic
effect of ICS. Among the tests available to assess HPA axis, measurements of the
24-hour urinary free cortisol and of serum cortisol concentrations expressed as
area under the curve averaged over 24 hours are accurate markers of changes in
HPA function. For this last test, single or multiple dosing of ICS may be used
to assess systemic effects, as most effects are evident even after a single dose, with
a variance of the response similar to multiple dosing (37). Although sensitivity of
morning plasma cortisol level is low, it may be a good screening test. The influ-
ence of ICS on the HPA axis is quite variable between subjects, but doses under
1000 mg/day of BDP had little or no effect on HPA axis function, while high
doses, particularly equal or greater than 1500 mg/day, could induce variable re-
ductions in cortisol secretion.

B. Effects on Markers of Bone Metabolism

Bone Metabolism and Systemic Corticosteroids

A dynamic equilibrium between bone formation, involving osteoblasts, and bone
resorption, involving osteoclasts, exists in the bone matrix, particularly in tra-
becular bone, which is more metabolically active than cortical bone. Up to 10% of
bone is replaced yearly, about 5% of cortical and up to 20% of trabecular bone.
Systemic corticosteroids may reduce bone mass by inhibiting osteoblast function
and favor bone resorption by increasing osteoclast function. They may inhibit
intestinal calcium absorption and renal calcium reabsorption (secondary hyper-
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Table 2 Factors to Consider When Looking at Systemic Effects 
of Inhaled Corticosteroids

Type of ICS, dosage, duration of treatment, and compliance
Mode, timing, and frequency of administration
Inhalation device (including spacers)
Asthmatic vs. normal control subjects
Associated disease or condition
Asthma severity and control
Past or concurrent use of systemic corticosteroids
Population studied (age, gender, etc.)
Diet, sedentarity, alcohol intake, gonadal status, preexisting osteopenia

(for bone metabolism)
Other current medications
Individual susceptibility
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parathyroidism). Corticosteroids may also potentiate the activity of parathyroid
hormone on osteoblasts. Their inhibitory effects on estrogen and testosterone se-
cretion may further contribute to osteopenia. The main effect of corticosteroids
is a reduction in the formation of new bone (22,36 –38). If, following long-term
use of oral corticosteroids, the process is severe and/or prolonged, it may lead to
osteoporosis and fractures.

Methods of Assessment

Effects of ICS on bone have been evaluated with various serum or urinary mark-
ers of bone formation and resorption, and through measurements of bone density
(39– 41). Markers of bone formation include serum osteocalcin, plasma level of
bone-specific alkaline phosphatase, and various types of serum procollagen pep-
tides such as procollagen type I N-terminal propeptide (PINP) and procollagen
type I carboxy-terminal propeptide (PICP).

Osteocalcin is a calcium-binding gamma-carboxyglutamic acid– containing
noncollagenous protein called bone Gla protein (BGP) and is synthetized by oste-
oblasts. About 25% of osteocalcin escapes into circulation, and circulating levels
reflect osteoblast activity. Different immunoessays using polyclonal or mono-
clonal antibodies are used for its measurement.

Many isoenzymes of alkaline phosphatase are produced by different organs.
Bone-specific alkaline phosphatase is found in the membrane of active osteoblasts
and preosteoblasts, and its level increases during bone formation.

PINP and PICP are released during collagen synthesis and their serum lev-
els correlate with collagen type I synthesis in bone or soft tissue. Their levels fluc-
tuate among subjects.

Main markers of bone resorption include urinary excretion of hydroxy-
proline and calcium, urinary pyridinium cross-links pyridinoline and deoxypyri-
dinoline, cross-linked carboxy-terminal telopeptide of type I collagen (ICTP), and
tartrate-resistant alkaline phosphatase (TRAP).

Urinary excretion of hydroxyproline or calcium are measured after a 12-
hour fast. Hydroxyproline is the collagen amino acid released during collagen
degradation. Present in all types of collagens and other proteins, about 50% of that
found in urine comes from the bone. Diet can influence this test (e.g., gelatin in-
creases urinary levels).

Pyridinoline, present in bone and cartilage, and deoxypyridinoline, mostly
from the bone, are collagen cross-links released by the osteoclast during bone re-
sorption. TRAP is found in osteoblasts and reflect their activity. ICTP is produced
during collagen degradation, and its level correlates with bone resorption.

Markers of bone formation tend to be more sensitive than those of bone
resorption. In this regard, serum osteoblast–derived osteocalcin is considered a
sensitive, specific, and reproducible measurement (21). The more recently devel-
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oped measurements of breakdown products from collagen metabolism mentioned
above are promising but remain to be further assessed as markers of systemic ef-
fects of ICS.

Bone densitometry of peripheral sites such as the radius or central ones such
as the proximal femur or lumbar spine can be used to assess the effects of treat-
ments on bone mineral density (BMD). A low BMD in adults is considered to be
associated with a statistically significant increase in the risk of fractures. Dual-
energy x-ray absorptiometry is currently recommended in osteoporosis manage-
ment (41). Other methods such as ultrasound of the calcaneus and quantitative
computed tomography have sometimes been used in adult patients.

Effects of ICS on Bone Metabolism and Density

In adults, daily doses of inhaled ICS equivalent to �800 mg of beclomethasone
usually exert no or minimal influence on markers of bone metabolism (42– 45). A
lower serum osteocalcin and higher urinary phosphorus level may be found in sub-
jects using more than the equivalent of 1000 mg of inhaled BDP (38,44,45). This
effect varies among ICS and in regard to each parameter, as shown by some of our
recent observations (31). They showed that serum osteocalcin level was signifi-
cantly lower in subjects on BDP compared with those on half-doses of fluticasone,
while other markers of bone metabolism such as urinary N-telopeptide/creatinine
ratio, serum procollagen type I carboxy-terminal peptide, and specific alkaline
phosphatase were not different (31). This suggests that “classical” measures such
as osteocalcin may more accurately reflect the effect of two ICS on bone metabo-
lism compared with more recent markers, although this has to be further evalu-
ated. Furthermore, their comparative values as predictors of clinical outcome re-
main to be determined.

While bone density is unaffected by low doses of inhaled ICS, variable re-
sults have been obtained with high doses (46 –51). No changes in bone density
were found with doses of about 1000 mg/day of BDP. While the effect seems mini-
mal at doses up to 1000 mg/day, higher doses of ICS seem to have the potential to
reduce bone density in a dose-dependent fashion (37,51,52). A recent study was
also reassuring in this regard, showing minimal changes in bone density with
doses of 2000 mg/day of BDP and no change with FP 1000 mg/day in patients
18– 40 years old (53). In this last study, no significant difference was found be-
tween the two groups in markers of bone metabolism such as serum osteocalcin,
bone alkaline phosphatase, PICP, deoxypyridinoline, and C-telopeptide of type 1
collagen.

In children, a reduced bone turnover rate has been found with high doses of
ICS. However, the significance of those changes is still unknown, and there seems
to be no adverse effect on markers of bone metabolism at standard pediatric doses
(54 – 60). A dose-ranging study comparing mg-per-mg equivalent doses of FP and
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BUD administered with a metered-dose inhaler (0.5–2 mg/day) showed a greater
suppression of osteocalcin with FP (27 and 12%) (54). Agertoft and Pedersen per-
formed dual energy x-ray absorptiometry (DEXA scan) in 157 asthmatic children
treated with inhaled BUD at a mean daily dose of 504 mg for a mean of 4.5 years
in comparison with 111 age-matched children suffering from asthma but never
treated with corticosteroids (59). Measures of total body bone mineral density, to-
tal body bone mineral capacity, total bone calcium, and body composition were
obtained. No statistically significant differences were found between the two
groups for these parameters.

The safety of ICS in regard to bone density in subgroups at risk for osteo-
penia such as postmenopausal women has been evaluated (19,48). In reviews of
studies on bone density in asthmatic patients on ICS, we can observe that results
have sometimes been contradictory and that many studies were confounded by
past or current oral corticosteroid therapy and postmenopausal status (19,52).

A decline in bone mineral density of 0.5 standard deviations on average was
observed for each 1 mg increment in the daily dose of BDP or BUD inhaled with
a spacer (51). At doses lower than 1 mg per day, the reduction was too small and
variable to be statistically significant. This is consistent with the observations of
little or no effect on bone mineral density of low to medium doses of BDP admin-
istered by CFC propellant, FP, or BUD in placebo-controlled studies (60).

Unfortunately, no reliable predictor of bone loss has been found. We re-
cently showed that the slight reduction of bone density observed in patients using
moderate to high doses of inhaled corticosteroids could not be predicted by initial
measurements of either bone density or biological markers (46). Changes in these
markers mostly reflect short-term changes, and their impact on long-term bone
metabolism is unclear, as compensatory mechanisms seem to occur.

Finally, studies on chronic obstructive pulmonary diseases (COPD) pro-
vided further information on the potential side effects of ICS. A placebo-
controlled study by Pauwels et al. in a large cohort of patients with smoking-
induced mild COPD (mean age 52) treated with twice daily BUD at a dose of
400 mg/day delivered from a Turbuhaler™ reported no reduction in bone density
over a 3-year period (61). There was even a small but statistically significant dif-
ference in favor of BUD. No difference was noted in the fracture rate between the
two groups.

Confounding Factors

Previous studies on bone density have often been difficult to interpret because con-
trol groups included nonasthmatic subjects, making it impossible to estimate the
confounding effect of the disease itself on this parameter. Many other factors af-
fecting bone metabolism include individual susceptibility, gender, age, osteope-
nia, diet, alcohol intake, physical activity, gonadal status, and use of other med-
ications, such as estrogen replacement therapy, diuretics, or anticonvulsants
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(62,63). Some asthmatic children never treated with corticosteroids may have de-
creased bone density and reduced osteoclacin levels compared to nonasthmatic
children (64).

Conclusions

In conclusion, there is a dose-response effect of ICS on bone metabolism and den-
sity, although this influence seems to be small. Osteocalcin and pyridinium cross-
links are probably the best markers of bone formation and resorption, respectively,
although further studies are needed to evaluate the usefulness and clinical rele-
vance of the more recently proposed markers of bone metabolism. Bone density
measurements by dual-energy x-ray absorptiometry is currently proposed as the
best marker of fracture risk, although its usefulness in the follow-up of inhaled
corticosteroid-dependent asthmatic patients remains to be further documented.

C. Growth in Children

Growth in Children and Corticosteroids

As this topic is discussed in more depth elsewhere in this book and as several ex-
cellent reviews on ICS have discussed this effect thoroughly, we will only briefly
review its use as a marker of systemic activity (65– 69).

Growth during childhood has three phases: a rapid one during the first 2
years followed by a slower steady growth related to growth hormone production
and, finally, the pubertal growth spurt controlled by growth hormones and sex ste-
roids. In asthma, growth may be slow and associated with a delayed puberty, so
that final height is normal except in those with severe disease. Systemic cortico-
steroids may induce different degrees of suppression of growth depending on the
duration, dosage, and individual susceptibility.

Methods of Assessment

Height velocity, or statural height expressed as a height standard deviation score
compared to age and sex-matched standards, are currently measured. A calibrated
stadiometer can be used for this purpose. More precise and sensitive tools, such as
short-term lower-leg growth measured by knemometry, have also been used. This
technique, developed 15 years ago, is highly accurate and has a very low coeffi-
cient of variation. The equipment required, however, is more expensive, and the
results depend on the skill of the observer.

Effects of ICS on Growth

The effects of ICS have been variable according to the groups studied and the
drugs and the methodology used. Both lower-leg and overall growth velocity seem
to be reduced with doses of ICS as low as 400 mg per day of BDP, but longer-term
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consequences are uncertain (66 –71). In a 12-month study, growth velocity of mild
to moderate asthmatic children 6 –16 years old was 4.4 cm/y on BDP MDI 84mg
qid vs. 6 cm/y for theophylline (72). A linear growth of 3.96 vs. 5.40 cm was
found in mild asthmatic children 6 –14 years old on BDP 200 mg bid vs placebo
(73). In a similar group, a slower growth (4.7 cm) was observed with BDP 200 mg
bid than for salmeterol (6.1 cm) (74).

In regard to fluticasone, growth retardation was observed in six severely
asthmatic children after introduction of high-dose FP treatment administered with
a dry-powder inhaler (75). In a double-blind, randomized, parallel-group, multi-
center study, 325 prepubescent children with persistent asthma and normal growth
rates were treated with placebo or inhaled FP powder 50 mg or 100 mg adminis-
tered twice daily by a breath-actuated device for one year (76); prepubescent chil-
dren treated with FP grew at rates similar to placebo-treated control subjects and
at rates equal to expected growth velocity for age.

Agertoft and Pedersen looked at the effects of BUD and FP administered
with a Turbuhaler and Diskhaler, respectively, on short-term lower-leg growth
measured by knemometry in 24 children aged 6 –12 who were receiving 400 mg/
day of drug or placebo for 2 weeks (77). No significant correlation was found be-
tween knemometry and adrenal function measurements. Agertoft and Pedersen
recently reported that children with asthma who have received long-term treat-
ment with budesonide (mean daily dose of 412 mg) attained normal adult 
height (78).

Confounding Factors

A change in growth may be considered a marker of systemic effects of ICS in
children, although many confounding factors should be considered, such as nutri-
tion, hormonal and seasonal changes, the degree of control and severity of asthma
and medication needs to achieve that control, particularly short courses of oral
corticosteroids.

As for the other systemic effects, lung deposition and systemic bioavailabil-
ity can be influenced not only by the nature of the ICS molecule but also by the
type of inhaler used, including the propellant for metered-dose inhalers (chloro-
fluorocarbons vs. hydrofluorocarbons).

Conclusions

In conclusion, compared to other methods, knemometry is considered a sensitive
technique for studying the systemic effects of ICS on growth, but confounding
factors should be considered, and it does not necessarily relate to long-term
growth. Short-term knemometry was found to be more sensitive than 24-hour free
urinary cortisol excretion in detecting systemic effects of exogeneous corticoste-
roids in children, but there was no significant correlation between those two types
of measurements (79). At doses of 	400 mg/day of BDP, short-term suppression
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of growth may be observed with sensitive measures such as knemometry, but the
predictive value of those changes on long-term growth seems to be poor.

D. Skin

Skin and Corticosteroids

Skin thinning and bruising from increased collagen turnover or reduced synthesis
may result from chronic systemic glucocorticosteroid activity. Changes in colla-
gen content of the skin have also been described with ICS (80).

Methods of Assessment

Prevalence of bruising determined from questionnaire and examination and more
precise methods such as ultrasound evaluation of skin thickness are among the
methods used to evaluate skin changes following ICS use (81).

Effects of ICS on Skin

Capewell et al. studied 68 patients on long-term prednisolone or high-dose BDP
compared to controls using ultrasound skin thickness determination and visual
assessment of bruising (81). Prevalence of bruising was, respectively, 80, 48, and
12% for prednisolone, BDP, and controls. Compared with controls, skin was
28–33% thinner on prednisolone and 15–19% thinner on high-dose BDP.

Sixty-nine asthmatic subjects were enrolled in a double-blind crossover
study with BDP or FP at half the dose of BDP for two 4-month periods each. The
frequency of bruising reported by patient questionnaire was not different, but
there were significantly more bruises on physical examination for BDP than for
FP (31). Skin bruising, cortisol response to cortrosyn, and osteocalcin levels were
not significantly correlated with the duration of BDP or FP intake. Other studies
showed variable increases in skin bruising with high doses of ICS (7,31).

In a recent study in patients with chronic pulmonary obstructive disease
(COPD), 10% patients on 800 mg/day of BUD for 3 years had skin bruising com-
pared to 4% in the placebo group (61).

Confounding Factors

Age and concomitant use of oral corticosteroids are major confounding fac-
tors (16,80).

Conclusions

Skin bruising and reduction in its thickness may be considered markers of sys-
temic effects of ICS, but individual susceptibility and other associated factors may
induce wide variations in these measurements. Their role in evaluating systemic
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effects of ICS and the correlation between this parameter and others remain to be
further explored.

E. Ocular Effects

The Eye and Corticosteroids

Long-term use of systemic corticosteroids may contribute to the development of
cataracts, particularly posterior subcapsular (PSC). Topical ophthalmic cortico-
steroids may increase ocular tension and the incidence of secondary open-angle
glaucoma in susceptible individuals.

Methods of Measurement

Slit-lamp eye examination may detect cataracts, and tonometry may be used to as-
sess intraocular pressure.

Effects of ICS on the Eye

In regard to inhaled ICS, most data come from epidemiological studies using case-
controlled or cross-sectional designs. No evidence of cataracts or glaucoma was
found in children treated with inhaled ICS (82,83).

Although the causality relationship may be questioned, a large case-control
study reported a slight increase in the risk of ocular hypertension and open-angle
glaucoma in patients older than 65 years using high doses of inhaled ICS for at
least 3 months, particularly at doses greater than 1.5 mg/day (84). There was no
increase in the risk with low-moderate daily doses of ICS. However, although the
results of this study were statistically significant, its clinical importance remains
uncertain, and the influence of cofactors on this risk has to be determined.

An association between current and cumulative doses of ICS and PSC
cataracts has been suggested in a large adult population–based study (85); the
highest prevalence of PSC was in those with a lifetime dose exceeding 2000 mg
of beclomethasone. However, the overall increased risk was small (1% in the non-
ICS group and 2% in the ICS treatment group). The role of confounding factors
cannot be excluded.

Confounding Factors

They are similar to the other markers previously discussed (Table 2). Observations
should take into account the possibility of unrelated preexisting or concomitant
disease. The risk of age-related cataract may increase with smoking, poor diet
with insufficient antioxidant vitamin intake, ultraviolet B exposure, and diabetes.

Conclusions

In conclusion, when used at high doses, ICS may possibly increase the risk of
glaucoma and cataracts in predisposed individuals, although further studies are
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required to confirm those observations and evaluate their significance. As these
effects are very rare and seem to occur only in certain subgroups of asthmatic
subjects, measurements of intraocular pressure and evaluation for cataracts are
not very useful to determine the comparative systemic action of medications in
current trials.

F. Other Effects

Metabolic

There is no evidence of significant metabolic effects of ICS on cholesterol,
triglycerides, carbohydrate metabolism, or insulin concentrations (7). The rare
anecdotal cases of increased blood glucose in some subjects suggest that it is un-
likely to be a significant effect (86). In the previously mentionned COPD study, no
increase in diabetes, myopathy, or PSC cataracts was observed with BUD (61).

Influence on Blood and Bone Marrow

ICS may reduce blood eosinophils and lymphocytes and increase circulating neu-
trophils. BDP was reported to cause a greater reduction of lymphocytes and
eosinophils than BUD (87). ICS reduce eosinophil activation and survival by in-
hibiting cytokines such as GMCSF, IL-3, and IL-5 (88). Wood et al. showed that
in subjects with mild stable asthma, inhaled BUD (400 mg/d) over 8 days signifi-
cantly attenuated the allergen-induced early and late asthmatic responses, the
degree of increase in sputum and blood eosinophils, and the baseline numbers of
total bone marrow CD34� cells, CD34� IL-3R a� cells, and IL-5–responsive
Eo/B– colony- forming units (CFU) (89). Although allergen inhalation signifi-
cantly increased Eo/B-CFU grown in the presence of IL-3, GM-CSF, or IL-5
alone and, in combination, CD34� IL-5 R alpha� cells, these increases were not
affected by budesonide treatment.

Central Nervous System

Although psychiatric disturbances have been associated with oral steroids, they
are very rarely associated with ICS, and in the few cases described they were re-
versible with the discontinuation of the drug (90).

IV. Which Is the Best Marker of Systemic Effects of ICS?

Further studies remain to be done to determine the best way to assess and compare
systemic effects of ICS, both for safety surveillance in clinical practice and for
comparative studies in view of regulatory issues. For this last, a sensitive test may
be used, while for clinical follow-up, a test with a good clinical significance is pre-
ferred. Although HPA axis and bone metabolism markers are currently used to
evaluate the systemic effect of ICS, the former is usually preferred as it has been
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more fully documented. Although there may be correlations between markers of
adrenal function and bone metabolism, these are generally weak and it is not prac-
tical to use one of these as a surrogate for the other.

Serum cortisol concentrations averaged over 24 hours are equally or more
precise and sensitive than alternative measurements; single doses of about 1 mg of
ICS given to healthy control subjects showed a coefficient of variation of about
20% (16 –24%) for this parameter (37). It would be useful to determine if mea-
sures of bone turnover such as serum osteocalcin or the urinary production of
cross-linked N-telopeptides can achieve the degree of precision offered by the
24-hour variation of serum cortisol concentrations (37).

In children it has been suggested that, when corticosteroid treatment is ini-
tiated, knemometry seems more valid as a measure of risk than 24-hour urine free
cortisol excretion to assess the lowest dose at which the systemic activity of ICS
can be detected (78). However, height measurement with a stadiometer is gener-
ally suggested as an adequate method for safety surveillance in clinical practice.

Finally, there are such large interindividual variability in response to various
doses of ICS that mean results are difficult to extrapolate to a given patient, par-
ticularly if there is a high-risk group for systemic effects (e.g., postmenopausal
women not on hormonal replacement for bone density).

With respect to the issue of comparing one ICS to another for regulatory
purposes, a most interesting two-step approach has been suggested by Toogood
(37,91). As a first step, the relative toxicity of the unknown test drug is compared
to a standard drug in healthy subjects with ideally a precise test such as 24-hour
area under the curve of plasma cortisol. Having determined the systemically
equivalent doses for both drugs, in a second step, the antiasthmatic potency of the
two drugs is determined in asthmatic subjects using systemically equivalent
graded doses of those last in the range considered useful in clinical practice, using
parameters such as expiratory flows or symptoms.

V. Comparison of Systemic Effects of Different ICS:
Some Methodological Aspects

When looking at the comparative effects of different ICS on HPA axis, stud-
ies exploring different dose levels on the steep part of the ICS dose-response curve
are more revealing than single-dose studies (37). If the dose is too low, there may
be a lack of detectable systemic effect of the drugs, or it may be too small to pro-
vide a reliable basis for discriminating between the treatments.

Time of measurement of the parameters used after the last dose administra-
tion may influence the results. A drug with a prolonged half-life can have more in-
fluence on its plasma levels, although it may not reflect exactly the clinically rele-
vant systemic effects. Healthy subjects may be preferred for such comparisons, as
it avoids confounding effects of past or current corticosteroid use and the influence
of the disease. However, it may not reflect exactly what happens in patients with
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airway disease. In fact, the same dose of ICS may possibly induce less cortisol
reduction in asthmatic compared to nonasthmatic subjects, as a result of altered
absorption of the drug from the airways. This favors the use of nonasthmatic sub-
jects for preliminary safety testing; however, further testing should be done in
asthmatics as results cannot be extrapolated.

Compliance to therapy during the trial is of major importance, and it has
been shown that it may be low, therefore underestimating the effects of the ICS
tested. Even pills counts and weighing the canisters may not be accurate if some
dumping occurs during the study.

Chronopharmacology of ICS should also be considered when comparing
two agents. The influence of ICS on HPA axis, for example, will be maximal when
administered at the end of the day, around 10 p.m. Finally, what is a clinically im-
portant change or difference in a specific marker is still a subject of debate.

VI. Clinical Significance of Changes in Markers 
of Systemic Effects

For most markers of systemic activity of ICS, the clinical and particularly the
long-term influence of ICS is uncertain. Furthermore, the possibility that the ob-
served changes in these markers decrease over time has to be studied. Although
there is a potential for adverse effects on parameters such as bone metabolism
when high doses of ICS are used for many years, such effects seem small and quite
variable from one subject to another. In cross-sectional surveys of bone density in
adults treated with ICS, contrary to what is found with oral corticosteroids, there
was no evidence that increased duration of ICS therapy at usual doses was asso-
ciated with an increased risk of bone loss (51, 92); in fact, the opposite may apply
possibly as a consequence of bone restitution triggered by a reduction in previous
prednisone exposure and possibly increased physical activity from better asthma
control with ICS (51). As there is yet no reliable predictor of these changes, a rea-
sonable approach would seem to be to monitor these effects in high-risk groups,
such as postmenopausal women not receiving hormonal replacement therapy, par-
ticularly when high doses of ICS are used for prolonged periods. Nevertheless, al-
though the usually poor clinical relevance of the markers described makes those
not very useful for clinical practice safety monitoring, they may provide a means
to assess the comparative systemic absorption of ICS for research and regulatory
purposes.

VII. How to Reduce Systemic Effects

Mouth rinsing and expectoration after ICS use can slightly reduce systemic ab-
sorption; because of the almost complete hepatic first-pass inactivation of agents
such as fluticasone, it may not be useful to use this method to reduce its systemic
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effects, although it may have other beneficial effects such as reducing oral can-
didiasis (93). Using the pressurized metered-dose inhaler (pMDI) with a spacer
device can reduce the total available systemic dose, although it may have variable
effects on the systemic absorption of inhaled ICS depending on the drug, the de-
sign of the spacer, and the way it is used (91). A likely explanation for a reduction
in systemic activity when inhaled via a spacer is reduced intrapulmonary delivery.

The best option remains to use the lowest dose of ICS required to achieve
adequate control of the disease and, when not sufficient, add medications such
as long-acting b2 -agonists (Lab2A) or leukotriene receptor antagonists (LTRA).
In doing so, even when asthma is moderately severe, we may then be able to keep
the dose of ICS �1000 mg daily in beclomethasone equivalent, as suggested by
most recent guidelines (94,95). It has now been well established that with daily
doses of ICS �1000 mg, the ratio of therapeutic effect over systemic absorption
decreases rapidly (21). Although more long-term studies are required on the ef-
fects of such practice, adding other agents such as Lab2A or LTRA generally im-
prove asthma control and reduce the need for higher doses of ICS (96,97). Known
risk factors for effects such as bone loss (e.g., age, hormonal status, concurrent
diseases) should be assessed and preventative interventions may be proposed. Fi-
nally, the more recently developed ICS such as hydrofluoroalkane-beclometha-
sone dipropionate (HFA-BDP), and mometasone furoate provide additional op-
tions for ICS with a reduced potential of systemic effects compared to BDP with
a cholorofluorocarbon propellant (98,99).

VIII. Conclusion

A variety of markers of systemic absorption of ICS have been used to assess their
comparative effects, the most common being markers of adrenal suppression and
bone metabolism. However, the potential of these parameters to evaluate the spe-
cific side effects of the drugs may be influenced by many cofactors. Moreover, the
magnitude of changes does not correlate with clinical outcome in most instances.
Nevertheless, particularly in homogeneous groups of asthmatic patients and when
confounding factors are taken into consideration, they may offer a useful estimate
of the systemic effect of the ICS drugs. The identification of a simple and accurate
marker of systemic effects of ICS is still needed, and the comparative value of
those currently used remains to be further assessed (100).
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Discussion

Dr. Seale: Are there studies (possibly with oral steroids) of both bone mineral
density (BMD) and serum markers in which BMD was reduced? From such a
study it may be possible to determine the magnitude of change in serum mark-
ers at which BMD is affected.

Dr. Boulet: To my knowledge, there is no marker of bone metabolism that
could act as a predictor of reduction in bone mineral density. In a recent study
we found no correlation between changes in various serum markers of bone me-
tabolism and changes in bone density. (Boulet LP, Milot J, Gagnon, L, Poubelle
PE, Brown J. Long-term influence of inhaled corticosteroids on bone metabo-
lism and density: Are biological markers predictors of bone loss? Am J Respir
Crit Care Med 1999; 159:838–844).

Dr. Pedersen: We have the same experience. Marker levels or steroid-induced
changes in bone markers are not predictive at all for changes in bone mineral
density. It seems that often a decrease in markers of bone formation is paral-
leled by a decrease in markers of bone degradation indicating that the turnover
rate is reduced. That may not have any long-term adverse effects, even though
the changes in markers were statistically significant.

Dr. Szefler: Most of the studies regarding adverse effects of inhaled cortico-
steroids have been conducted in heterogeneous, relatively normal populations.
Are there studies available on patients at relative risk, for example, of reduction
in bone density in elderly females?

Dr. Boulet: Some studies done in this particular population showed no influ-
ence of ICS on bone density, but this seemed to be due to the influence of estro-
gen replacement therapy. More studies are required in this type of patient.

Dr. Georas: I am wondering if we need to consider atopy as a confounding fac-
tor in considering the risk of osteoporosis on inhaled steroids. I am specifically
reminded of a study in which IL-4 was overexpressed in transgenic mice re-
sulting in osteoporosis (Lewis DB, Liggitt HD, Effmann EL, Motley ST, Teitel-
baum SL, Jepsen KJ, Goldstein SA, Bonadio J, Carpenter J, Perlmutter RM.
Osteoporosis induced in mice by overproduction of interleukin 4. Proc Natl
Acad Sci USA 1993; 90:11618–11622). Are you aware of an association be-
tween atopy and the risk of osteoporosis? Would you please comment on the
poor correlations between cortisol suppression and delayed bone growth? What
are the mechanisms for this, and what does this tell us about the use of cortisol
suppression as a surrogate marker of systemic side effects?

Dr. Boulet: I am not aware of a significant effect of atopy as a confounding
factor in the evaluation of the risk of osteoporosis on inhaled corticosteroids.
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The often poor correlation between cortisol suppression and delayed bone
growth suggest that one cannot really be used as a surrogate marker of the ef-
fects of the other. This may suggest a different susceptibility of the end organ
to the drug or probably more often the associated influence of other confound-
ing factors.

Dr. Newman: All studies of HPA axis function must be interpreted carefully in
light of the marker used. Recently we completed a study looking for the best
marker of cortisol suppression as compared to the gold standard of 24-hour
serum cortisol measurements. All measures, including 24-hour urine cortisols,
ACTH levels, CRH stimulation, and AM serum cortisols, showed no or weak
correlations with 24-hour serum cortisols. Therefore, it appears that studies that
don’t use serial serum cortisol measurements may lead to misleading results and
incorrect conclusions.

Dr. Boulet: I agree with your comment. We should be careful in the interpreta-
tion of these results.

Dr. Selroos: AstraZeneca PMS data indicates a very low frequency of adverse
events with budesonide. Based on 7 billion patient treatment days, approxi-
mately only 640 reports have been filed.

Dr. Derendorf: In many comparative studies, attempts are made to relate the
potency in fixed ratios, e.g., 1:2. However, we are dealing here with complex
relationships between dose and effects combined with circadian rhythms and
different devices. This may be too much for our brains to handle intuitively, and
computer simulations may be helpful.
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Because inhaled corticosteroids (ICS) have demonstrated high efficacy in reduc-
ing airways inflammation and controlling asthma symptoms, international asthma
management guidelines recommend the use of ICS as the preferred therapy for the
management of persistent, symptomatic asthma in children and adults. In clinical
practice, however, the actual effectiveness of ICS therapy in controlling asthma
has been shown to be significantly reduced by poor patient adherence. Clinical
researchers are frustrated when they develop highly effective and safe asthma
therapies that do not translate into the asthma control breakthroughs anticipated.
Clinicians are often puzzled and discouraged when their patients seek medical ad-
vice for the management of their asthma and then promptly disregard their doc-
tor’s recommendations. As we have previously reviewed in Severe Asthma (1) and
Fatal Asthma (2), poor adherence to asthma medication regimens is widespread,
even when asthma is severe. As asthma has increasingly become recognized as a
chronic disease that requires preventive treatment, it now shares many of man-
agement problems of other chronic diseases, such as hypertension and diabetes. It
is a truism in the management of all chronic diseases, including asthma, that pa-
tient nonadherence is both common and a frequent cause of poor disease control.
Because human behavior is the necessary interface between good therapies and
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therapeutic effectiveness, it behooves both the clinical researcher and the clini-
cian to understand the factors associated with patient adherence. This chapter up-
dates our reviews of adherence issues in asthma published in 1995 (3) and 1998
(2), with a particular focus here on adherence to ICS therapy. We will review the
relationship between adherence to ICS therapy and asthma morbidity, as well as
the prevalence of nonadherence to ICS therapy recommendations. In addition, we
will discuss the patient factors associated with nonadherence, including types of
nonadherence and unique barriers to adherence in special populations. Finally, we
will review general clinical strategies that have been identified as useful in im-
proving patient adherence.

I. Inhaled Steroid Adherence and Asthma Morbidity

The effectiveness of ICS therapy in real-world clinical practice should be evident
in marked improvement in markers of asthma morbidity, such as asthma symp-
toms, urgent care utilization, and hospitalizations. Conversely, patient nonadher-
ence to ICS should result in measurable disease exacerbations. Case-control stud-
ies, which examine the relationship between level of ICS adherence and asthma
morbidity, are not only useful in providing a quantitative estimate of the effec-
tiveness of ICS therapy, but also in defining the parameters of nonadherence that
result in increased risk.

The most extreme examples of asthma risk are fatal and near-fatal asthma.
Ernst et al. (4) examined the relationship between use of ICS and the risk for
fatal or near-fatal asthma among 12,301 residents of Saskatchewan, Canada. The
source population for this study was created from the Canadian Health Insurance
file, and use of asthma medications was assessed using the Out of Hospital Pre-
scription Drug data files. After adjusting for use of other asthma medication and
other markers of high risk, results showed that dispensing of at least one canister
of ICS per month for 12 months was associated with reduced risk of fatal and
near-fatal asthma (O.R � 0.01; CI � 0.2–0.6). It is of interest that of the 269 pa-
tients who had been dispensed ICS in the previous year, only 37 (14%) had been
dispensed amounts congruent with appropriate compliance over the course of the
year (i.e., 12 or more canisters). Ernst et al. suggest that this is most likely due to
erratic dispensing (i.e., failing to refill prescriptions), rather than regular use of
very low doses of ICS. They conclude that their data support the value of ICS in
reducing the risk of fatal and near-fatal asthma, but this reduced risk appears to be
dependent on appropriate adherence with ICS therapy.

A related marker of high-risk asthma morbidity is hospitalization for
asthma. Several studies have examined the relationship between ICS use and rates
of hospitalization for asthma. Blais et al. (5) investigated a cohort of 2059 hos-
pitalized asthmatic patients (5–54 years of age) and estimated the effectiveness
of ICS in preventing rehospitalization for asthma (using the same database and
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definitions as Ernst et al. (4) above). In this study the relative effectiveness of
ICS therapy was estimated for different durations of therapy. Regular use of ICS
was defined as patients who had filled at least one prescription of the medication
every 90 days. This classification was based on the minimum daily recommended
use of ICS (i.e., one canister every 50 days) and was expanded to account for some
level of noncompliance (�55% compliant). Results showed that patients who
started ICS therapy within a month of their initial hospitalization were three times
less likely to be readmitted to the hospital for asthma in the 16 –90 days after this
initial hospitalization (RR � 0.3; CI � 0.2–0.6). ICS use during the first 15 days
or 4 –12 months after the initial hospitalization did not reduce risk. Initiation of
ICS therapy within 2 years was associated with similar reductions in risk up to
6 months (RR � 0.6; CI � 0.4 –0.9). The investigators concluded that patients
may require up to 15 days of therapy before ICS begin to offer protection against
readmission. They also suggest that the observed reduction in the protective effect
of ICS beyond 6 months may result from a bias introduced if patients with less
severe asthma are more likely to discontinue therapy in the first year while patients
with higher risk asthma continue to use ICS therapy.

Donahue et al. (6) observed similar associations between ICS use and re-
duced risk of hospitalization among 16,941 asthmatic patients enrolled in a U.S.
managed care group. After controlling for markers of asthma severity (i.e., sex,
age, amount of b-agonist use, ambulatory care), they found that use of ICS ther-
apy was associated with a relative risk of hospitalization of 0.5 (CI � 0.4 –0.6).
However, unlike the Ernst et al. study(4) examining risk of fatal and near-fatal
asthma, they found no evidence of a dose-response relationship between ICS dis-
pensing and reduced risk for hospitalization. In fact, as shown in Table 1, dispens-
ing of only one canister of ICS was associated with the same relative risk of hos-
pitalization as dispensing more than eight canisters of ICS. In contrast, increased
dispensing of b-agonists was associated with increased risk of hospitalization. The
failure to observe any dose-response relationship between ICS use and risk in
this study may be attributable to other risk or protective factors that overwhelm
the dose-response relationship. For example, patients who are prescribed ICS may
be more likely to be receiving specialist care and hence better quality (rather than
quantity) asthma management. These patients may also differ from those not
prescribed ICS therapy in important, but unmeasured dimension of risk, such as
socioeconomic factors.

II. Rates of Adherence with ICS and /or Other 
Preventive Asthma Drugs

A. Primary Adherence with ICS Therapy

Before patients can begin to adhere to ICS therapy, they must first fill their pre-
scriptions. Research suggests that between 6 and 44% of all initial prescriptions
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are not filled (7–11). The failure to fill a prescription is classified as “primary non-
adherence,” while the inappropriate use of prescribed medication is classified as
“secondary noncompliance” (12). Once dispensed, conservative estimates indi-
cate that almost half of the prescription medications each year are not taken as
prescribed (13). These statistics suggest that estimates of adherence to inhaled
corticosteroids that are drawn from clinical trial settings (where medications are
provided and adherence is monitored) reflect the maximum probable ICS adher-
ence levels. The real life sequlae to a clinician’s prescribing of ICS therapy will
include a range of less desirable patient outcomes, including a failure to fill the
initial prescription, erratic or underuse of ICS therapy, and premature discontinu-
ation of therapy.

Studies based on pharmacy databases are particularly useful for determin-
ing primary adherence with ICS therapy (14). Watts et al. (12) examined primary
nonadherence in patients with asthma by matching prescriptions written with
those filled over a period of 3 months. The study included both new and repeat
prescriptions for asthma medication. The setting of the study was geographically
isolated and therefore no prescriptions were expected to be filled outside the area.
Of 359 documented prescriptions written, 251 (approximately 70%) were filled.
Of the prescriptions filled, most were filled by the sixth day (91%), with the vast
majority filled on the same day as the clinic visit (76%). Patients with lower socio-
economic status showed decreased relative odds of filling their prescriptions
(RR � 0.84) compared to patients of high socioeconomic status. Neither gender
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Table 1 Relative Risk for Asthma Hospitalization Among Members of Harvard
Pilgrim Health Care, 1991–1994

Relative risks (95% CI)

Inhaled Total Age 0 –17 y Age 18– 44 y Age 	45 y
steroids (n � 16941) (n � 6562) (n � 7689) (n � 2690)

None 1.0 1.0 1.0 1.0
�0 –1 0.4 (0.3–0.6) 0.3 (0.2–0.5) 0.5 (0.3–0.8) 0.5 (0.3–1.0)
�1–2 0.6 (0.5–0.9) 0.8 (0.4 –1.4) 0.4 (0.2–0.7) 1.0 (0.5–1.8)
�2–3 0.3 (0.2–0.5) 0.3 (0.1–0.8) 0.2 (0.1–0.4) 0.5 (0.2–1.2)
�3–5 0.3 (0.2–0.4) 0.3 (0.1–0.6) 0.1 (0.1–0.3) 0.6 (0.3–1.3)
�5–8 0.3 (0.2–0.5) 0.3 (0.1–0.8) 0.2 (0.1–0.4) 0.5 (0.2–1.1)
�8 0.4 (0.2–0.6) 0.5 (0.1–2.0) 0.3 (0.1–0.7) 0.6 (0.2–1.3)

Number of hospitalizations for asthma per person-year among recipients and nonrecipients of inhaled
steroids within various categories of b-agonist dispensing for persons in the Harvard Pilgrim Health
Plan from October 1991 through September 1994. Error bars indicate 95% confidence intervals. The
relative risks (reference group: individuals who received no inhaled steroids or b-agonists), number of
persons hospitalized, and total number of persons in each stratum are also provided.
Source: Ref. 6.
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nor age had an influence on primary adherence in this study. In a similar study
by Kelloway et al. (15), medical records were compared to data from pharmacy
claims in order to calculate adherence rates for theophylline and ICS therapy. Pa-
tients had theophylline adherence rates of 73% in the younger group (age 12–17)
and 80% in the older group (age 18– 65). Adherence rates for ICS were 30% and
57% in the younger group and older group, respectively. Since these primary ad-
herence estimates are based on refill rates, they represent the maximum possible
levels of adherence and do not provide any information on the day-to-day patterns
of medication use in the home.

B. Secondary Adherence with ICS Therapy

Self-Reported Adherence to Therapy

Patient self-report, whether by diary card or clinical interview, is the most com-
monly used measure of adherence to ICS. Self-report measures have the advan-
tage of simplicity, low cost, and appropriateness to the clinical care setting. Nu-
merous studies and reviews have documented, however, that self-report measures
have highly variable validity (16).

Despite their limitations, self-report measures are the only appropriate mea-
sures for assessing reasons for noncompliance. For example, Van Es et al. (20)
used focus group interviews to collect information about adolescent experiences
with adherence to asthma therapy. Results found that the teens usually reported
forgetting in the morning if they were in a hurry or when their normal routines
were interrupted. Participants who had no daily routine stated that they often for-
got to use their daily medication “rarely gave a thought to it,” or made a conscious
decision not to take their medication. Some participants stated that they had de-
liberately decided to discontinue therapy. Reasons mentioned for these teenagers
stopping treatment included not seeing any effect from their preventive treatment,
bad taste of medicines, and not having asthma symptoms all the time.

Survey research that assesses patient adherence with therapy is also reliant
on self-report measures. Population-based surveys, however, have the potential to
measure asthma patient behavior outside the constraints (and potential demand
characteristics) of the clinic setting. In a survey of those 400 adult asthma patients
prescribed ICS therapy, Chambers et al. (21) found that only 38% of the respon-
dents reported that they used their ICS therapy as prescribed on most days.

Medication Measurement of Adherence with Therapy

While more labor intensive than self-report, medication measurement is often
used as an objective assessment of adherence in clinical trials. In two 6-month
studies, Toogood et al. (22) investigated the influence if different dosing regimens
(qid or bid) on response to inhaled budesonide among adult outpatients with
chronic asthma (22,23). To monitor adherence to the protocol regimen, all budeso-
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nide canisters were weighed before they were given to the participants and again
upon return at each clinic visit. Toogood et al. reported adherence, by canister
weight, to the prescribed budesonide regimen at 97% throughout the study. Over-
adherence was also observed in some participants, with adherence ranging from
78 to 155%. In a separate study comparing qid budesonide to bid budesonide,
Malo et al. (23) found that both the qid and bid treatment groups were approxi-
mately 85% adherent to their prescribed regimens, according to canister weight.

Different forms of therapy or modes of delivery may influence rates of
adherence. In a pilot study of 72 adult patients with mild asthma, Hughs et al. (24)
examined patient adherence to three different forms of therapy: montelukast so-
dium tablets, fluticasone aerosol, and budesonide dry powder inhaler. Pill counts,
canister weights, and remaining doses were collected to assess adherence to the
different regimens. Adherence was calculated by dividing doses taken by doses
prescribed. The investigators found different levels of adherence for each therapy,
with montelukast mean daily adherence at 97.3% of prescribed, inhaled flutica-
sone at 85.6%, and 78% of prescribed for dry powder budesonide, suggesting that
mode of therapy may influence adherence.

Celano et al. (25) examined anti-inflammatory metered-dose inhaler adher-
ence in low-income, urban, primarily African American children with asthma.
Estimated metered-dose inhaler adherence was determined by weighing canisters
and calculating the ratio of the number of puffs used over the study period to
the number of puffs prescribed. Estimated metered-dose inhaler adherence in
this study was 44% for all participants and only 12% of the children had rates
above 75%.

Electronic Measures of Adherence

While medication measurement provides an objective method to document total
ICS use, it is not useful for assessing patterns of inhaler use and is vulnerable to
deliberate emptying [i.e., “dumping” (26)]. With the advent of electronic moni-
tors, such as the Nebulizer Chronolog (Medtrac Technologies, Lakewood, CO),
investigators were given a powerful new strategy for objectively measuring ad-
herence. The Chronolog monitoring device had the ability to measure the date and
time of each metered-dose inhaler actuation. While these actuations represented
presumptive uses, they provide a detailed picture of real world use of medication.

Using a Nebulizer Chronolog, Gibson et al. (27) have also studied compli-
ance with inhaled prophylactic medication among preschool children. Electronic
monitoring data revealed generally variable and poor adherence in the study group
of 29 asthmatic children, ages 15 months to 5 years. Median compliance was 50%
of study days having full compliance, with an overall median of 77% of the pre-
scribed doses taken during the average 2-month monitored period. Asthma symp-
toms recorded on diary cards showed little relationship to medication compliance.
Dosing frequency was unrelated to compliance. [This is in contrast to the study
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by Coutts et al. (28) described above), in which participants who were prescribed
prophylactic regimens twice a day were adherent on 71% of the days, compared
to only 18% of study days for those with four times daily regimens.] The Gibson
et al. study is striking in that it reflects poor adherence even among parents who
had a clear understanding that adherence was being monitored and who had been
provided with careful explanations of the importance of adherence with prophy-
lactic medications. The authors note that this poor adherence might reflect persis-
tent misunderstandings or concerns about the side effects of the medications.

In a 6-week study, Mann et al. compared adherence with bid or qid dosing
of inhaled flunisolide in patients with asthma (29). All participants were initially
instructed to use their flunisolide bid to establish baseline adherence (Time 1).
After 3 weeks, half of the participants were instructed to change their dosing to
qid for 3 weeks (Time 2). Adherence was monitored electronically in both groups
throughout the study. The group that had the bid dosing for 6 weeks showed no
difference in adherence between T1 and T2 and had fewer than prescribed inhala-
tions on approximately 37% of study days. The group which went from bid to qid
dosing almost tripled the percentage of days with fewer than eight inhalations
from 20% during T1 to 50% during T2. Overuse was observed in over 20% of pa-
tient study days. The investigators reported on one participant who did not use the
medication during the study intervals but “dumped” his medication by actuating
the Chronolog repeatedly on his two clinic visit dates.

Apter et al. (30) used electronic monitoring to evaluate adherence with
b-agonist and beclomethasone in a group of 13 adult patients with asthma. Twelve
of the 13 patients were prescribed qid dosing. During this 9-week study patients
maintained asthma diaries for symptoms and peak flow measures. The total per-
cent of prescribed ICS adherence for each patient ranged from 11 to 106%, with
mean daily beclomethasone compliance of 64% for the group. They note that if
compliance were defined using a criteria of taking at least 75% of prescribed doses
[as described by Mawhinney et al. (31)], then only 38% of the patients could be
considered compliant.

In a series of small (9–11 patients) studies using an electronic monitor,
Yeung et al. (32) examined ICS use over a period a 2–3 weeks. When patients
were aware of monitoring 60% of the patients were fully compliant, 20% were
partially compliant (taking just 70% of the prescribed dose), and 20% were non-
adherent. When patients were unaware of the monitoring, 6 of 11 took between
30 and 51% of the prescribed doses. In both of these studies patients tended to
overreport inhaled steroid use.

III. Forms of Nonadherence

Understanding patient nonadherence to ICS therapy requires a recognition that
there are different forms of nonadherent behavior with diverse contributing fac-
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tors. Careful clinical interviewing can probe to uncover these problems and set the
stage for identifying appropriate strategies for ameliorating these difficulties.

A. Erratic Nonadherence

Perhaps the form of nonadherence that is most common and most acknowledged
by patients and providers is missed doses because of forgetfulness, changing
schedules, or busy schedules. Erratic nonadherers understand their prescribed reg-
imen and would like to adhere appropriately, but they find that they have trouble
complying because the complexity of their lives interferes with adherence or be-
cause they have not prioritized asthma management. Patients who have changing
work schedules or chaotic lifestyles may have difficulty establishing the habit of
a new medication regimen. For some patients Monday-to-Friday adherence is
fine, but weekends or holidays disrupt medication routines. Strategies to improve
erratic adherence center on simplification of the regimen (e.g., once daily dosing),
establishing new habits through linking (e.g., MDI next to the toothbrush), and
cues and reminder aids (e.g., pill organizers).

B. Unwitting Nonadherence

Many patients may be inadvertently nonadherent to the prescribed therapy be-
cause they failed to fully understand either the specifics of the regimen or the ne-
cessity for compliance. Studies have found that patients frequently forget instruc-
tions given to them by a physician during a clinic visit.(33) Metered dose inhalers,
unlike pill bottles, do not typically have attached labels that list dosing instruc-
tions. In asthma management it is common for patients to misunderstand the dif-
ference between PRN medication and daily medication. Or they may interpret the
prescription for “ICS twice every day” as meaning “ICS twice every day—when
you have symptoms.” Patients may overuse their inhaled b-agonist because they
have never been given clear guidelines as to when to discontinue home treatment
and seek medical assistance. The ubiquity of unwitting nonadherence is illustrated
in a study by Donnelly et al. (34). The investigators interviewed 128 Australian
parents of children with asthma about their attitudes, beliefs, and their knowledge
of asthma and asthma medications. Only 42% of parents had basic understanding
of the mode of action of b-agonists, 12% of methylxanthines, 12% for cromogly-
cate, and 0% for inhaled steroids. Approximately half of the parents reported that
sodium cromoglycate and inhaled steroids were used to prevent asthma attacks,
while 40 –50% were unsure of the mode of usage. The majority of parents re-
ported using antibiotics, antihistamines, and decongestants in treating their child’s
asthma. The authors suggest that this poor parental understanding of asthma medi-
cations may result from inadequate doctor-patient communication, which may
contribute to the high prevalence of nonadherence in asthma. In a study of adult
asthmatics and COPD patients in the Netherlands, Dekker et al. (35) found that
20% of the patients using pulmonary medications admitted that they did not know
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the prescribed daily intake. Twenty-nine percent thought that their regular daily
medication was actually to be used “short-term” or “as needed.” Only 51% cor-
rectly perceived that their medications were to be taken regularly.

C. Intelligent Nonadherence

Sometimes patients alter, discontinue, or even fail to initiate ICS therapy on
purpose. This deliberate nonadherence is called intelligent nonadherence, reflect-
ing a reasoned choice, rather than a necessarily wise choice (36). Patients who feel
better may decide that they no longer need to take prescribed medications. Fear of
perceived short- or long-term side effects of ICS may cause some patients to re-
duce or discontinue dosing. Patients may abandon a therapy because taste, com-
plexity, or interference with daily life may convince them that the disadvantages
of therapy outweigh the benefits. Some patients may find a variation of the pre-
scribed therapy works better than the doctor-prescribed regimen. In fact, given
the well-documented underuse of ICS, the effectiveness ICS therapy in the man-
agement of asthma suggests that many patients manage quite well with altered or
reduced dosing. This deliberate nonadherence, like all nonadherence, does not
necessarily result in worsening asthma. In every clinical practice there are patients
who have knowingly altered their prescribed therapy, yet their physician may
never uncover this modification. Regardless of the source of medication non-
adherence, the necessary first step to addressing the problem is identifying the
problem through effective, open-ended patient-provider communication. Only
through the use of careful interviewing and active listening will the asthma care
provider be equipped with the information necessary to establish and reinforce
appropriate medication adherence (37). The time constraints placed on clinicians
time by managed care represents a serious barrier to this recommendation.

IV. Factors Associated with ICS/Other Adherence

A. Asthma Severity

Because of the significant burden of symptoms and the risk associated with more
severe asthma, it would seem logical that patients with severe disease would have
a greater incentive, and hence likelihood, of adhering with prescribed therapy. In-
deed, it could conversely be argued,  that for some asthmatic patients more symp-
tomatic disease is the consequence of inadequate compliance with treatment. For
example, Milgrom et al. (18) found in a study of pediatric asthmatic patients that
prednisone bursts were more common in those patients who were found by elec-
tronic monitoring to be the least adherent with inhaled anti-inflammatory therapy.

It has also been suggested that active asthma symptoms should serve as a
cue for improved medication adherence. Research on the relationship between
asthma severity and adherence to therapy presents a mixed picture. Studies by
Watts et al. (12) and Ernst et al. (4) have reported that patients with more severe
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asthma are more likely to fill prescriptions for their asthma medication. However,
in studies that closely examine day-to-day use of asthma medication, the occur-
rence of disease exacerbations (e.g., reduced peak flow asthma symptoms) does
not appear to be related to improved adherence (38– 40). For example, Mann et al.
(41) examined this hypothesis by measuring the relationship between patient ad-
herence with qid beclomethasone and periods of increased asthma severity. Ten
adult patients with moderate to severe asthma were monitored over a 9-week pe-
riod using Nebulizer Chronologs to measure inhaler adherence and peak flow
monitoring to measure airflow obstruction. In addition to PEFR, daily asthma
symptom scores and daily use of albuterol assessed asthma severity. Mean beclo-
methasone compliance for the study group was 67%, with underuse reported on
69% of the days and overuse on 11% of the days. Beclomethasone compliance de-
creased progressively over the 9 weeks, with 60% mean adherence at week nine.
They found that variations in PEFR values, symptom scores, and albuterol use
were found to be unrelated to beclomethasone adherence. The investigators con-
cluded that compliance with inhaled steroids was not modulated by asthma sever-
ity (as measured by PEFR) or by symptoms.

B. Patient Beliefs About ICS and Asthma

Regular adherence with ICS therapy is dependent upon the patient’s acceptance
that asthma is a chronic disease that requires preventive treatment. In addition, pa-
tients must feel comfortable that the prescribed therapy is effective in achieving
the desired treatment goals and that therapy is safe for long-term use. A number
of studies have confirmed that patient beliefs about their asthma and the pre-
scribed therapy are strongly associated with the likelihood of adherence. When
patients don’t believe that their asthma is chronic or that it requires preventive
treatment, compliance with therapy is generally episodic.

The relationship between asthma beliefs and adherence with preventive
therapy was clearly illustrated in a study by Adams et al. (42). The investigators
interviewed adult patients in Wales using qualitative interviewing strategies and
identified three common self-perspectives among this group: deniers/distancers,
accepters, and pragmatics. Each of these perspectives was associated with very
different patient beliefs about the nature of asthma and the use of preventive medi-
cation. The half of the sample who were classified as deniers/distancers (N � 15)
claimed that they did not have asthma (despite a doctor diagnosis and prescribed
medications) or reported that they had “slight” or “not proper” asthma. These pa-
tients stated that asthma had no effect on their lives, and they rarely took their
reliever medications. With additional probing, however, these patients revealed
that they used their reliever surreptitiously and that they had developed complex
behaviors to avoid physical symptoms (e.g., not running, staying indoors in cer-
tain seasons). None of these patients were using their prophylactic asthma medi-
cations. These patients rejected the label of “asthmatic” (which they consid-
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ered stigmatizing) and instead described their breathing difficulties as an acute,
situation-specific problem or as a “bad chest.” Those patients classified as ac-
ceptors, on the other hand, accepted the chronic nature of asthma and had internal-
ized the social identity of “asthmatic.” These patients sought to achieve a normal
life through the use of good asthma-management behaviors, rather than by denial.
In contracts to the deniers, who perceived preventive medications as a source of
stigma, acceptors saw these medications as an aid to normalization. Acceptors
were most apt to use preventive asthma medications. Pragmatics (N � 6) were less
neatly categorized, although in general they were closer to the acceptors than to
deniers. While these individuals may not have embraced an asthma diagnosis in
the proactive manner of the acceptors, they were attempting to reconcile their lives
and self-image with the social identity of “asthmatic.” While they used their
prophylactic medications, they might not have been using them in the approved
manner. These individual’s level of self-disclosure and self-presentation shifted
according to the relevant audience. This analysis suggests that patient beliefs may
influence adherence with preventive asthma therapy.

Parents and patients who are concerned about using steroids may underdose
or discontinue long-term use in a self-determined effort to be “steroid-sparing.”
Boulet et al. (43) conducted a telephone survey of over 600 adult asthmatic pa-
tients in Canada in order to understand patient perceptions about the role of ICS
in the treatment of asthma and the potential side effects of this therapy. Thirty-nine
percent of those surveyed had used intermittent or regular ICS in the past year.
While the majority of patients classified their disease as “mild,” the high level of
symptoms reported suggested that patients might be underestimating the severity
of their disease. As shown in Table 2, patients frequently had misperceptions
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Table 2 Perception of the Role of Inhaled Corticosteroidsa

Ever used Past 12 months
inhaled corticosteroid

corticosteroids use
(n � 272) (n � 235)

✗ Opens the airways—relieves constriction 43 41
✓ Reduces inflammation/swelling of the airways 22 24
✓ Prevents asthma attacks 14 16
✗ Relieves an asthma attack 11 12
✓ Gets asthma symptoms under control 7 8
✗ Builds up/strengthens lungs 3 3
Don’t know 12 11

aCheckmark (✓) is considered a good answer; “✗” is considered a false answer. Answers are respec-
tively true or false according to current knowledge.
Source: Ref. 43.
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about the role of ICS, even patients who had recently used this treatment. Over
40% of patients believed that ICS opened up the airways to relieve bronchocon-
striction, while less than a quarter of the patients reported that ICS reduced airway
inflammation. This fundamental misunderstanding of the mechanism of ICS sug-
gests that these patients may also not understand the underlying chronic inflam-
mation that characterizes asthma and the need for preventive therapy. Forty-six
percent of these patients indicated that they were reluctant to take ICS on a regu-
lar basis, and only 25% of patients reported that they had discussed their fears and
concerns about ICS with their primary care provider. Misperceptions about the
side effects and long-term consequences of ICS use were also common (Table 3).
Thirty-eight percent believed that ICS doses would need to be increased over time
to maintain effectiveness, while 36% believed that ICS therapy becomes less ef-
fective over time. Concern about side effects was high (59%), with the most fre-
quently cited fears being weight gain (29%) and building huge muscles (24%).
Boulet and colleagues concluded that information about the safety and usefulness
of ICS does not seem to have reached many patients with asthma. This study also
suggests that health care providers must initiate conversations with patients to
proactively address possible concerns about ICS therapy that might interfere with
patient adherence.

In a similar study conducted in the United States, Chambers et al. (21) sur-
veyed 694 asthmatic patients 18– 49 years of age who had been prescribed ICS in
1995–96. Patients were identified for this study by review of medical records
within the TriState Primary Care Research Network, a network of family practice
providers in the greater Philadelphia area. All data analysis was conducted on the
394 survey forms that were returned and eligible (i.e., within age range and asthma
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Table 3 Concerns About Inhaled Corticosteroid Use

% of
Concern subjects

Fear of side effects 59
Need for higher doses over time to match effectiveness previously experienced 38
May become less effective when used on a long-term basis 36
Causing weight gain 29
Building huge muscles 24
Causing infections 20
Making bones brittle/susceptible to fractures 16
Stunting growth 14
Causing cataracts 8
Causing diabetes 7

Source: Ref. 43.
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diagnosis). The majority of these patients were symptomatic and reported experi-
encing nighttime or daytime symptoms within the previous 4 weeks. Most notable
in this survey was the low level of self-reported adherence with therapy, with 62%
of patients reporting less than regular twice-daily ICS use. Thirty-six percent of
these patients endorsed the option “Some days I use it at least twice, but on other
days I don’t use it at all,” while 22% reported that they no longer used ICS. Four
percent of patients claimed that they have never used ICS. Those who were less
than fully adherent were asked the reasons they were not using ICS, and as shown
in Table 4, the most frequent reason cited was that they only used therapy when
they believed they need it. This is consistent with a patient belief that their asthma
is an episodic disease, rather than chronic disease, and that therapy can and should
be adjusted to match disease exacerbations. The high level of symptoms reported
by this group, however, argues that this self-titrating is ineffectual in fully con-
trolling asthma symptoms and reducing asthma risk.

Psychological models of disease management have suggested that medica-
tion compliance may be related to the patient’s perceived vulnerability to the nega-
tive consequences of illness (44), with an increased sense of risk associated with
better adherence. In pediatric research several studies have suggested parents who
consider their children’s health to be fragile or vulnerable (based on real events or
not) will be vigilant and adherent with health care recommendations (45– 47).
Spurrier et al. (48) examined the relationship between asthma management strat-
egies used by 101 parents of children with asthma and this parent’s perceptions of
their child’s vulnerability to illness. The study found that after controlling for the
frequency and severity of asthma symptoms, those parents who felt their child had
greater vulnerability to illness were more likely to use regular preventive medica-
tions, take the child to the doctor, and keep the child home from school. The au-
thors suggest that one possible explanation of this finding is that “parents who do
not perceive their child to be medically vulnerable may discontinue administering
regular medication” (48).
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Table 4 Most Frequent Reasons for Not Using ICSa

Reason %

I use it only when I need it 62
I don’t like using medicine unless I feel sick 33
I don’t want to use steroids 27
I feel fine 22
I don’t like the side effects 18

aBased on 247 respondents that did not report using ICS at least twice a
day almost every day; respondents were allowed to select multiple items.
Source: Ref. 21.
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C. Regimen Factors in Asthma Therapy

A number of studies across a range of chronic diseases have found that character-
istics of the prescribed treatment regimen are strongly associated with patient
adherence (49). In general, the longer the duration of therapy, the more frequent
the dosing, and the more complex the regimen (e.g., multiple devices or tasks), the
poorer patient compliance. Actual or perceived treatment side effects and the cost
of therapy can also reduce adherence levels. The logic of this relationship is clear
to most clinicians; however, all too often asthma therapy choices are driven by
habit rather than a careful matching of regimen characteristics to each patient’s
preferences and abilities. Selecting medications, delivery devices, or dosing fre-
quency should be a negotiated and individualized process between the clinician
and the patient that considers not only the asthma severity, but the patient’s life-
style, past adherence history, beliefs and concerns about medication, ability to pay
for medications, and other medication regimens.

Considerable interest has been directed in recent years to developing an ef-
fective and safe once-a-day therapy for asthma because of its presumed advantage
for patient compliance. However, while the evidence is convincing that dosing
regimens greater than twice a day lead to decreased adherence (19), the data are
equivocal on the superiority of once-a-day dosing over twice-a-day dosing (50 –
54). For some patients once-daily dosing may simplify their daily regimen and
decrease inadvertent missed doses due to forgetfulness. However, for the patient
who is intentionally decreasing or discontinuing therapy because they believe that
they no longer need to use it (43) or because they are concerned about side effects
(21), once-daily dosing is unlikely to improve adherence (55). Apart from adher-
ence considerations, once-daily asthma therapy appears to be preferable for most
patients. Venables et al. (56) examined patient preference in asthma therapy and
found that 61% of patients expressed a preference for once-a-day treatment, 12%
preferred twice-a-day treatment, and 27% expressed no preference. While prefer-
ence may not necessarily lead to improved compliance, it may well reduce the bur-
den of therapy and enhance the patient’s quality of life.

V. Adherence Issues in Special Populations

A. Children

For pediatric patients assessing and improving asthma medication, adherence
requires that the clinician appreciate the family context in which medication use
occurs and open communication about asthma management between the health
care provider and the family. This communication starts with reviewing parent and
patient concerns about the potential long- and short-term side effects (real or
imagined) associated with ICS. It is important to consider ICS therapy in terms
of the family’s priorities, rather than the clinician’s. Dismissing the potential for
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negative consequences of ICS or minimizing the importance of some risks, such
as minor growth suppression, can discourage parents from honestly expressing
concerns. Instead of arguing with their doctor, many parents will simply not initi-
ate ICS therapy, or use it only during acute excerbations. When a clinician is
authoritarian in expressing their belief that ICS therapy is the best choice for the
child, parents who alter therapy because of concerns will generally not reveal
these changes for fear of being judged a bad parent or because they don’t want to
“disappoint” the doctor.

Another important consideration in pediatric adherence with ICS therapy is
identifying who in the family is responsible for delivering asthma medications to
the child. Responsibility for medication administration generally shifts as a child
grows from total parent management for a young child to shared medication man-
agement for the school-age child to complete self-management for the adolescent.
There can be great diversity among families in how medication management is
implemented. Day care providers, grandparents, and siblings may assume respon-
sibility for regular asthma medication delivery in some households. In chaotic,
troubled families, primary responsibility for medication monitoring may be con-
fused. The age at which a child is capable of assuming responsibility for remem-
bering to take daily medication is highly variable. In some families children may
be expected to manage their own medication early, less because the child has
demonstrated sufficient responsibility, and more because the parent believes the
child is “old enough to do it” (57). Because of the highly variable and often shift-
ing family responsibility for a child’s medication use, it is therefore necessary for
the physician to review with both the parent and the child medication use habits in
order to develop an adherence profile.

Research on adherence in pediatric chronic diseases has underscored the
particular vulnerability of the adolescent to medication adherence problems
(58,59). Rule testing, acting out, and rejection of parental authority may be nor-
mal and inevitable behaviors during adolescence, but they can significantly inter-
fere with responsible asthma management. Some adolescents may deny disease
severity and undertreat or ignore asthma symptoms. Family conflict and a denial
of disease severity in an adolescent with severe asthma should therefore suggest a
patient at a higher risk for nonadherence with ICS therapy.

B. Elderly

Some barriers to adherence to ICS therapy are more common in older patients
and warrant particular attention in clinical management. For example, while pa-
tients of any age are at risk for forgetting to take their medication, for some older
patients memory difficulties may be exacerbated by other medications or early
dementia. In addition, older patients are often receiving treatment for several
other chronic health conditions. The resulting polypharmacy is a well-recognized
problem for many seniors, presenting both pharmacological and adherence risks
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(60 – 62). Treatment of these multiple ailments can result in complicated and
burdensome medication regimens that require dosing multiple times of day. Clini-
cians treating treating older patients for asthma should carefully review all pre-
scribed medications, be attentive to potential memory difficulties, and assist the
patient in integrating ICS therapy into their existing regimens.

Just as with pediatric patients, older patients may be particularly concerned
about the risks of steroid-related side effects. For seniors, however, the focus may
be on how ICS therapy will influence the risk of osteroporosis or cataracts. Pa-
tients may hesitate to question their health care provider or voice their concerns
about ICS therapy, and instead express their fears through underuse or discontin-
uation of therapy. Therefore, even for patients who appear accepting of therapy,
physicians should encourage discussion concerning the patient’s beliefs about the
risks of ICS therapy.

Another barrier to adherence faced by some older patients is the cost of pre-
scribed medication. Patients whose only form of health insurance is Medicare may
be faced with unmanageably high pharmacy bills if they are on therapy for several
chronic illnesses. Research suggests that these cost barriers may encourage some
patients to deliberately reduce their dosing to “stretch” their medication (63). Pa-
tients may be embarrassed to raise the issue of the cost of their prescribed medi-
cations with their physician (64). Sensitive questioning on the part of the clinician
can help identify this barrier—for example, “There are several factors that we can
consider in selecting the right therapy for you. For many patients the cost of the
medication is an important factor. How important is cost of medication for you?”

C. Cultural Differences

A patient’s culture and lay beliefs about illness and treatment can influence ac-
ceptance and adherence to ICS therapy. Patients raised in different countries or
cultures may have health belief systems or health practices at variance with their
health care provider. These divergent beliefs may influence asthma management
through competing therapies, fear of the health care system, or distrust of pre-
scribed therapies. This was demonstrated in a study by Pachter and Weller (65),
which examined the relationship between the level of cultural integration of inner-
city Puerto Rican families attending an asthma clinic and compliance with pre-
scribed asthma therapy (65). They found that medication adherence (as measured
by serum theophylline levels) was low overall, with only 15 out of 28 patients con-
sidered compliant (7–22 mg/mL). Patients’ preferred language, asthma severity
and chronicity, socioeconomic status, age, and gender were unrelated to adher-
ence. However, they found that those families with a bicultural orientation were
more adherent than those families with a traditional Puerto Rican orientation.
Pachter and Weller suggest that integration into American culture may be an im-
portant variable to consider in achieving adherence to asthma therapy for ethni-
cally and culturally diverse patients.
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Cultural differences between patients and physicians do not require being
born in another country. The culture of poverty may create different perspectives
on how best to manage asthma. While income per se does not predict compli-
ance, the multiple covariates of poverty and inner city living may make adherence
with asthma self-management more difficult. Barriers to compliance related to
low income can include inconsistent primary health care, inability to pay for
asthma medications, lack of transportation, family dysfunction, and substance
abuse (66 – 69).

VI. Intervention Strategies to Improve Patient Adherence
to ICS Therapy

A. Doctor-Patient Communication

Regardless of the source or form of adherence problem experienced by a patient,
the single most important strategy to address patient adherence is improved com-
munication between the clinician and patient. Studies suggest that the usual clinic
visit results in over half of all patients leaving their clinician’s office uncertain of
their doctor’s instructions and their prescribed therapy (33). And even if a patient
understands the specifics of the prescribed regimen, they often are uncertain of
why they are taking particular medications. Research suggests that patients will
be most likly to adhere with therapy that they believe is effective and feasible to
carry out (70); thus the patient who is uncertain about what they should be doing,
or why exactly it is important, is unlikely to be adherent with therapy. The quality
of doctor-patient communication has been shown to be a contributing factor in
levels of patient adherence (71,72). Despite the central importance of this ex-
change, the realities of limited time, competing demands, and cultural and edu-
cational differences frequently contribute to the communication gulf between
doctors and patient. Dimatteo has suggested that “for the therapeutic relationship
to be successful and for the physician’s advice to improve the patient’s life, doc-
tors and patients must communicate and agree on treatment goals. Patients must
be given the opportunity to assess the potential risks or drawbacks in a proposed
treatment and its potential effect on the quality of their lives” (70). Table 5, drawn
from the work of Roter and Hall (72a), provides a general medical model of open-
ended communication between a clinician and a patient, with the goal of enhanc-
ing patient motivation for adherence. As discussed above, cultural differences
based on ethnicity, race, educational level, socioeconomic status, and regional
beliefs may influence the process of doctor-patient communication. Pachter and
others (33,65,72,73) have noted that patient-held beliefs and behaviors about dis-
ease management may be discrepant with those of their physician. Patient beliefs
about the value, role, and risks of ICS do not necessarily match those of the treat-
ing physician. These differences may result in patients failing to initiate therapy,
using ICS erratically or discontining use when symptoms remit, and these prac-
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tices will not usually be revealed in the standard medical office visit. For some
asthmatic patients and parents of asthmatic children the regular use of any medi-
cation is troubling, particularly when the asthma is not currently symptomatic. In-
termittant use of ICS to treat asthma exacerbations may be considered appropriate
asthma care by a patient with frequent periods of remission. Successful doctor-
patient communication is dependent on a recognition and respect for patient be-
lief systems and a willingness to both educate and work with a patient to identify
a feasible, effective, and acceptable asthma therapy.

B. Promotion of Patient Adherence

Several studies have suggested that asthma self-management programs may be
one effective strategy for improving patient adherence (74). Asthma education
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Table 5 Educating and Motivating Patients for Adherence

Objective Example

Assess the patient’s knowledge, beliefs, and expec-
tations about treatment so that misunderstand-
ings and misinformation may be discussed.

Clearly describe treatment plans and goals. Use
simple, direct language. Avoid technical jargon.

Discuss any concerns or reservations the patient
may have about the plan, including the ability to
adhere—physically, emotionally, and financially.

If the patient shows reluctance to commit to the
plan, negotiate treatment options and
modifications until you are both comfortable
with a plan to which the patient can commit.

Check understanding of the treatment plan and
goals by asking the patient to repeat it back in
his or her own words.

At every future visit, assess the patient’s adherence.
Instead of simply asking, “Any problems?” use
an “information-intensive” approach.

Probe for nonadherence in a nonjudgmental and
nonthreatening manner. If this is done, patients
are often quite willing to acknowledge diffi-
culties.

Whenever possible, provide feedback to the
patient.

Source: Ref. 72a.

“What do you know about your
condition? What do you think
would help?”

“Insulin helps your body store the
sugar that’s in your blood. This
will lower your blood glucose.”

“Will you be able to follow this
plan? Can you afford the medi-
cations?”

“What do you think would work
better for you? Instead of taking
this pill three times a day, could
you take it once a day?”

“Let me make sure you understand
this. Tell me what you’re going
to do.”

“Which medications are you tak-
ing? What dose? How often?
Have you had any side effects?”

“Many people have trouble re-
membering to take their medica-
tion. Do you ever forget to take
yours? Do you ever intentionally
stop taking the medication?”

“You lost 5 pounds since the last
time I saw you. That’s great!”
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programs teach a range of information and skills related to control of symptoms
through allergen control, self-monitoring, and use of an asthma action plan. In
addition, education about the benefits of the consistent use of anti-inflammatory
medication, even when not symptomatic, is an important learning objective for all
asthma self-management programs. While all patients should be encouraged to
participate in asthma self-management programs, many patients reject participa-
tion in such organized activities. For this reason, clinicians and their staff will need
to integrate key asthma education concepts into regular clinic visits.

When a physician identifies a compliance problem, an attempt should be
made to adapt the therapy to the patient’s ability and lifestyle and preference. In
many cases it is easier, and ultimately more effective, to change the asthma regi-
men than it is to change the patient behavior. For example, a spacer or alternative
delivery system (such as the Turbuhaler) should be encouraged for any patient
who fails to master the use of an MDI. ICS regimens should be customized for
each patient, not only based on the disease profile, but also recognizing the patient
behavior profile. While TID use of inhaled anti-inflammatory medications may be
the optimal treatment on paper, for the patient who finds it difficult to adhere to
this regimen a more “user-friendly” treatment plan should be considered. Poor
compliance with even state-of-the-art therapy will not achieve effective asthma
management. For this reason, alternative, viable treatment plans may need tailor-
ing to the patient’s preferences and practices. Reduced dosing, altered dose tim-
ing, “double-puffing,” the use of long-acting forms of medication, and the use of
non-ICS therapy should all be considered as appropriate and effective tailoring
strategies.

C. Monitoring Patient Adherence

The final component of improving patient adherence is ongoing monitoring of ad-
herence. Physicians who rely on their “clinical judgment” to pick out nonadherent
patients make one of the most common mistakes in assessing adherence. In fact,
research has consistently found that physicians are poor judges of patient compli-
ance, with accuracy rates often not much better than chance (49). Many of the
sociodemographic factors that physicians and others presume are associated with
compliance, such as level of education, race, income or gender, are actually poor
predictors of adherence. The most common reason that clinicians make inaccurate
assessments of ICS adherence, however, is the simple failure to explicitly ask the
patient about their patterns of ICS use. Clinicians often do not directly discuss ICS
adherence issues with patients unless their “clinical judgment” leads them to be-
lieve the patient is grossly noncompliant. And when a health care provider does
question a patient about ICS use patterns, the communication strategy used may
discourage patients from candidly expressing difficulties and concerns about their
therapy. Queries such as “You aren’t having any problems taking your inhaler are
you?” or “Are you taking your inhaler the way we discussed?” may discourage
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open disclosure. Use of closed-ended questions such as “Are you using your in-
halers?” will tend to elicit limited yes/no responses rather than useful information
about erratic adherence patterns. Research suggests that the most effective com-
munication between doctors and patients about medication adherence requires
asking questions that explore the complexity of appropriate medication adherence
over time (75). Effective assessment of ICS adherence should include questions
about patient beliefs about the efficacy and risks of ICS therapy, past patterns of
adherence with ICS or other preventive therapies, patient criteria (as opposed to
provider expectations) for adequate adherence, and discussion of any financial,
physical, psychological, or social barriers to ICS adherence.

VII. Summary and Recommendations

The benefits of appropriate adherence to ICS therapy is reflected in research that
has demonstrated that ICS use is associated with improved control of asthma
symptoms, decreased risk of hospitalization, and decreased risk of fatal and near-
fatal asthma. Unfortunately, the potential benefits of ICS therapy are adversely
impacted for many asthma patients by the frequently poor levels of ICS adher-
ence. Noncompliance with ICS therapy can result from forgetting, misunder-
standing, or deliberate alterations in prescribed regimens. The best predictors of
ICS adherence include patient beliefs and characteristics of the regimen. Patients
often have concerns about asthma or its treatment that they may not articulate
without effective doctor-patient communication. The clinician’s goals for this ex-
change should be to discover the patient’s knowledge, beliefs, and feelings about
asthma and ICS therapy, to negotiate a feasible and effective regimen that is ac-
ceptable to the patient, to assess adherence with therapy, and to reinforce and en-
courage appropriate asthma management.

Finally, by linking adherence with ICS therapy to the patient’s own goals
(e.g., sleeping through the night or participating in sports), rather than abstract
medical indices such as FEV1, the clinician can make the value of adherence more
immediate and salient to the patient. With ongoing education and reinforcement,
the clinician can help patients learn that through self-management they can con-
trol their asthma and lead relatively unrestricted lives.
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Discussion

Dr. Rohdewald: Are you able to compare compliance in case of ICS with com-
pliance to other prescriptional drugs taken on a regular basis?

Dr. Rand: Research suggests that average patient adherence with ICS therapy
is 50% of prescribed dose or less. This is very comparable to rates of adherence
seen for other forms of chronic disease therapy, such as hypertension and dia-
betes. Patient adherence tends to be worst for prophylactic regimens.

Dr. Boulet: You mentioned that education is important to increase compliance
to therapy and rightfully what type of educational intervention is critical. We
found that the beliefs of the educators and their ability to motivate patients to
use their medication correctly is a major determinant of compliance. We should
also promote “intelligent” compliance so that they can learn how to reduce or
increase their corticosteroid dose according to their action plan and asthma
control criteria. Finally, in our study (Chest 1998; 113:587), a large number
of patient’s concerns about asthma drugs had not been addressed, and when
they were told about those, the majority were reassured and mentioned that they
would be more inclined to follow physician instructions.

Dr. O’Byrne: Do once-daily drug regimens improve adherence, and are com-
binations inhalers likely to improve adherence?

Dr. Rand: While research clearly suggests an adherence advantage for therapies
no more frequent than twice-daily dosing, the data is equivocal on the superi-
ority of once-a-day dosing over twice-a-day dosing. Several studies have re-
ported comparable rates of adherence for twice-daily therapy compared to
once-daily therapy (1– 4). Apart from adherence considerations, once-daily
asthma therapy appears to be preferable for most patients. Venables et al. (5)
examined patient preference in asthma therapy and found that 61% of patients
expressed preference for once-a-day treatment, 12% preferred twice-a-day
treatment, and 27% expressed no preference. While preference may not neces-
sarily lead to improved compliance, it may well reduce the burden of therapy
and enhance patients’ quality of life.

Dr. Talton: Is there a difference in compliance/adherence when a patient knows
he or she is being monitored?

Dr. Rand: Our research suggests that when patients in clinical trials know that
they are being monitored with electronic inhaler devices, deliberate inhaler
emptying prior to follow-visits (i.e., “dumping”) is eliminated. In addition,
when known monitoring is combined with feedback, there appears to be a
beneficial effect on adherence rates (6). Known monitoring does not appear to
be sufficient, however, to significantly improve overall rates of adherence.
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Prof. Dolovich: What is the role of nontraditional herbal medicines in patient
nonadherence to inhaled medication?

Dr. Rand: No research had been reported on the effect of use of alternative
therapies (e.g., herbal remedies) on adherence to asthma therapy. Our studies
suggest, however, that parents of children with asthma commonly use “home
remedies,” such as teas, coffees, and over-the-counter drugs (e.g., deconges-
tants, cough medicines), along with prescribed asthma medications (7).

Prof. Dolovich: Patients can trigger some electronic monitors without actually
inhaling the medication. Are there any monitors that are foolproof?

Dr. Rand: There are no foolproof inhaler monitors. The current MDILog device
made by Medtrac Inc. records not only the discharge of the inhaler, but also
shaking of the inhaler and the actual inhalation. While it is probably possible to
fool any electronic device, in our experience patients who are nonadherent are
unwilling to go to the daily effort to deceive monitoring devices. Such efforts
take at least as much time as adhering to therapy.

Dr. Schleimer: In one slide, it was stated that 18% of patients who chose not
to use ICS did so because of the side effects. Was this due to actual side effects
experienced or fear of side effects? ICS are clearly very safe medications and
the possibility of offering low-dose preparations over the counter should be
considered. From a compliance perspective, what would be the anticipated in-
fluence of this type of change?

Dr. Rand: Patient beliefs about the potential side effects of medications are
as powerful in effecting adherence as actual side effects. As the data from
the Boulet et al. (8) study indicated, patient misperceptions about the role of
side effects associated with ICS therapy are widespread and strongly argue for
improved patient education for all patients prescribed ICS therapy.

Dr. Denburg: Are there country-by-country differences in adherence? If com-
pliance is a problem even in clinical trials, how does this impact on guidelines
for asthma management and on our estimates of safety of IS?

Dr. Rand: I’m not aware of any published studies that have compared adher-
ence rates across different countries. In general, the adherence literature sug-
gests that poor adherence with ICS therapy is a common problem internation-
ally; however, it is possible that there are country-by-country differences.
Patient beliefs about the seriousness of asthma, the risks of ICS therapy, and the
role of alternative forms of therapy (e.g., herbal healers) may play a role in
cross-cultural differences in adherence.
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I. Introduction

As described in other chapters in this volume (see Chaps. 9 and 10), the critical
inactivation of the currently used inhaled steroids (IS) occurs mainly in the liver
and involves oxidative metabolism by cytochrome P450 3A enzymes. However,
even when first-pass hepatic inactivation is very efficient [approaching 99% for
fluticasone propionate (FP) (see Chap. 10) and mometasone furoate (MF) 1)], the
large airways/lung absorbed fraction has a wide body distribution (2), before
undergoing its final hepatic inactivation (see flow scheme in Fig. 1). The more
lipophilic an IS is, the larger is its volume of distribution (VD) and the longer its
plasma half-life (see Chap. 10) (2,3). Lipophilicity also enhances the receptor
affinity (2), and together these properties contribute to systemic activity of potent
IS, which, depending on dose and individual sensitivity, in rare cases may reach
adverse levels (see Chaps. 3, 15, and 19). Awareness of the systemic bioavailabil-
ity of IS maintains steroidophobia among many doctors and patients, limiting the
use of this key therapy (see Chap. 20) (4). Development of novel IS, with a profile
that further limits their systemic potential, would therefore encourage a broader
and earlier use of IS in mild asthma and rhinitis.
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A more acceptable profile might be achieved if steroid inactivation is initi-
ated already during the systemic uptake and disposition (see Fig 1). This requires
that mechanisms in addition to CYP450-mediated hepatic inactivation would have
to be exploited, for example, hydrolytic inactivation reactions. However, because
such reactions are widespread, this introduces a risk of steroid inactivation also
within airways/lung, leading to reduced therapeutic efficacy. While introduc-
ing higher steroid concentration at the administration site could to some extent
compensate for that risk, an even better approach would be to exploit metabolic
differences between the airways/lung target and the rest of the body. Application
of such approaches to improve the topical selectivity of drugs has been termed
“extrahepatic” or “soft drug” (soft steroid) design (5,6). Current IS are not true
soft drugs, as they have to reach the liver for inactivation. At the application site
a soft steroid is active by itself and is then predictably inactivated in vivo during
its systemic distribution, preferably in a single metabolic step (see Chap. 22).

A key issue for the profile of soft steroids is whether they should be com-
pletely free of systemic steroidal activity or not. The systemic spillover of current
liver-inactivated IS results in plasma concentrations of 0.1–2 nmol/L lasting for
some hours (7–9). These levels are similar to the in vitro KD (50% receptor satura-
tion) values for these compounds (2,10). This suggests that even such low levels
of circulating steroid may exert some anti-inflammatory and immunosuppressive
activity in the bone marrow, blood compartments, and elsewhere. As studied in
vitro, modulation of growth factor, cytokine, and chemokine production/action is
possible at these low steroid concentrations (see Chap. 11). However, it has been

522 Thalén et al.

Figure 1 Overview of the systemic disposition of inhaled steroids. (Adapted from Ref. 2.)
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difficult to document a therapeutic contribution by such low plasma levels of IS
in vivo. Toogood et al. (11) and Lawrence et al. (12) compared the antiasthmatic
efficacy of an IS regimen with that of a high oral dosing, so that both regimens
gave similar area under the curve (AUC) of plasma steroid level. The clinical out-
come was just a marginal efficacy by the oral route, suggesting a low therapeutic
contribution by such low plasma steroid concentrations. One weakness of the
study design is that inhalation and oral dosing result in different shapes of plasma
level curve, even though the overall AUC is the same. Peak plasma levels are at-
tained rapidly after inhalation, compared to low but sustained levels after oral in-
take. If induction of positive systemic actions requires a steroid peak in plasma
(surpassing some threshold), then the relevance of the above comparitive design is
unclear. A final answer as to whether soft steroids should have a systemic bioavail-
ability or not will probably come first from clinical studies with such appropriate
drugs, and the answer may well vary depending on disease severity. For example,
in mild asthma a compound with a strictly topical selectivity may be effective
enough, while some systemic activity may be indispensable in more severe forms
to affect the systemic components of the disease.

One of the most successful approaches for the development of soft
drugs (5,6) has been to start their synthesis from inactive metabolites (Fig. 2).
For example, one route of cortisol metabolism is the stepwise oxidation of the
17b-hydroxyacetone side chain, forming the inactive 17b-ketocarboxylic and
17b-carboxylic acids (13). However, when such acids are properly esterified, they
are transformed to active glucocorticoids. If such esters are administered to an
inflamed tissue, these compounds can trigger local glucocorticoid receptors and
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Figure 2 The principle to design soft steroids from inactive metabolites. R is the sub-
stituent (normally acyl) that adds glucocorticoid activity to the soft steroid. Esterases will
in vivo hydrolyze the active steroid to its inactive metabolite.

21-M1775  10/11/2001  12:32 PM  Page 523



then subsequently undergo hydrolysis via blood and tissue esterases back to their
corresponding inactive acids. Starting from a 17b-ketocarboxylic acid metabo-
lite of the systemically active steroid fluocortolone, Laurent et al. designed the
topical steroid fluocortin butyl ester (FCB), primarily intended for topical skin use
(14). FCB is a rather weak steroid with a several fold lower glucocorticoid recep-
tor affinity and topical anti-inflammatory potency compared to dexamethasone
(15). In vitro, FCB is metabolized by human blood to its corresponding, inactive
17b-ketocarboxylic acid (16). This occurs also in vivo but at a slow rate, as re-
flected by a plasma t1/2 of 2.5 hours after iv injection of FCB to man (16), which
is not shorter than for the liver-inactivated budesonide (see Chap. 10). When given
by inhalation as a dry powder formulation, FCB ameliorated allergic rhinitis (17)
at daily doses of 2–8 mg (divided into two to four daily applications). Hitherto,
however, there are no reports as to the efficacy of FCB when administered once
daily, in contrast to proven once-daily efficacy of the currently used IS. Further-
more, in bronchial provocation tests, FCB at a dose of 8 mg daily (divided into
four daily inhalations) did not protect against bronchial obstruction, as well as a
10-fold lower dose of BDP did (18).

Butixocort propionate (BXP) is a steroid that can undergo some extra-
hepatic metabolism (19). When the 21-thiol ester BXP is hydrolyzed, it becomes
a substrate for the enzyme S-methyl transferase (located in blood and tissues),
which can convert the steroid 21-thiol to a S-methyl ether. This partial deactiva-
tion of BXP, combined with its only moderate glucocorticoid potency (20), may
account for its reported lack of systemic activity after inhalation (21). The anti-
asthmatic efficacy of BXP, as well as of FCB, proved to be too low for commer-
cial introduction, but it was unclear whether that depended mainly on their low re-
ceptor affinity or on their local inactivation. Subsequent soft steroid development
has aimed at achieving the following: (1) to enhance the receptor affinity to a level
equivalent to the currently used IS, and test whether that can better compensate for
the risk of a rapid local inactivation (here examplified with an Astra project);
(2) to combine an enhanced receptor affinity with a more moderate rate of hydro-
lytic inactivation (here examplified with loteprednol etabonate (see Chap. 22);
and (3) to achieve a higher metabolic stability specifically within the airways/
lung, compared to blood and peripheral tissues (here examplified with a recent
GlaxoWellcome project). These projects have focused on search for structures
that optimize interactions with both the glucocorticoid receptor and the active site
of inactivating esterases. The glucocorticoid receptor is normally very strict in its
acceptance of proper ligands, but the soft steroid projects have shown that the re-
ceptor may accept steroids with bulky substituents in the 17b-position. Esterases
are still rather poorly characterized, regarding both their overlapping substrate
specificities and their tissue and blood distribution (22,23), making it of little
use to perform structure-activity studies on individual esterases. For these reasons
the soft steroid projects have been based on empirical, rather than on rational drug
design.
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The main chemical approaches for new soft steroids have been based on
synthesis of 17b-carboxylic and 17b-thiocarboxylic acid esters or these acids with
other esterase-sensitive substituents. The R substituent in these structures (Fig. 2)
was varied to enhance both the glucocorticoid receptor affinity and the rate of hy-
drolytic biotransformation. However, not all 17b-carboxylic or 17b-thiocarboxylic
acid esters are hydrolyzed by plasma or tissue esterases. Fluticasone propionate
(FP), for example, is a 17b-thiocarboxylic acid ester (Fig. 3) that is fully stable in
blood and tissue, but undergoes a rapid hepatic oxidative metabolism by CYP450
3A, generating the inactive 17b-thiocarboxylic acid (9,24a). One of the pioneers
of the soft drug concept, Nicholas Bodor, designed loteprednol etabonate (LE) for
local use, and this drug has been approved as a safer steroid for topical ophthalmic
therapy. LE has a high receptor affinity (25) and a rapid inactivation rate in rat
plasma but less so in dog plasma (26,27). Its pharmacological and clinical docu-
mentation is described in Chapter 23.

II. Astra Soft Steroid Project

In 1981 Astra started a soft drug project based upon easily hydrolyzed steroid
17b-carboxylic acid esters. This type of structure was selected because both the
hydrolysis rate to the inactive 17b-carboxylic acid metabolite and the level of glu-
cocorticoid receptor affinity were highly influenced by different substituents at the
chiral center (asterisk-marked carbon atom in the structural formula of Table 1),
as well as by changes to the terminal alkyl of the ester group. Fluoro substituents
introduced into 6a- and 9a-positions of 16a, 17a-acetals (U.S. patent 4,950,659)
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Figure 3 The 17b-thiocarboxylic acid ester fluticasone propionate and the 17b-carboxylic
acid ester loteprednol etabonate.
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and 17a-esters (U.S. patent 4,804,656) increased their glucocorticoid receptor
affinity.

The structure-activity relationship of a series of carbonate esters (Table 1)
showed that their receptor affinities (studied in vitro in subcellular homogenates)
varied significantly according to the substituents and the stereochemistry at the
17b-ester group chiral center. With the selected compound, itrocinonide (D5159),
a receptor affinity was achieved similar to budesonide, thereby fulfilling one of the
project aims. Thus, even if itrocinonide was broken down within the target tissue,
it might initially mediate a strong receptor trigger, since the formation and trans-
location of the steroid receptor complex occur within a few minutes of agonist
addition. It was thought that the steroid located deep within the conformationally
changed receptor might possibly be metabolically more stable over the triggered
receptor cycle than is the case for nonliganded steroid. Support for a “hit-and-run–
like activity” hypothesis for glucocorticoids (i.e., maintenance of steroid activity
without the continuous presence of steroid in medium) was at that time provided
by Alan Munck’s group using steroid-pulsed thymocytes (28). They showed that
although hydrocortisone could be washed away from the thymocyte incubation
medium within minutes, its ability to modulate mRNA and protein synthesis with

526 Thalén et al.

Table 1 Structural Basis of Astra’s Soft Drug Project Based on 17b-Carbonate Esters—
Importance of Methyl Substitution and the Stereochemistry at the Ester Chiral Center
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Receptor affinity (RBA, determined in rat thymus cytosol) is given in relation to budesonide � 1.
Itrocinonide (D5159) was selected as the candidate drug.

21-M1775  10/11/2001  12:32 PM  Page 526



subsequent functional activities persisted for some hours (28). One aim of the
Astra soft steroid project was to see whether a hit-and-run–like trigger would
be applicable also for inducing anti-inflammatory activity, and, if so, could be ex-
ploited for soft steroid design.

While methyl substitution at the chiral center of the 17b-carbonate ester
group raised the glucocorticoid receptor affinity (Table 1), it only marginally af-
fected the rate of the hydrolytic breakdown. On the other hand, variation of the ter-
minal alkyl of the ester group significantly influenced the rate of formation of the
inactive 17b-carboxylic acid metabolite. The two diastereomers created by intro-
duction of mono methyl substitution at the ester chiral carbon differed four-fold
in receptor affinity (Table 1), while both had similar high hydrolytic rate. Itrocino-
nide was selected as a tool and candidate drug from a series of derivatives (U.S.
patent 4,950,659), as it combined a high receptor affinity with a rapid rate of hy-
drolysis. The pathway resulting in the selection and evaluation of itrocinonide was
as follows: measurement of receptor affinity in rat thymocyte cytosol, hydrolysis
rate in rat and human lung tissue and plasma in vitro, pharmacological profiling
in animal airways/lung inflammation models, systemic effects in volunteers, and
finally antiasthmatic efficacy of a dry powder formulation in patients.

Itrocinonide had a similar low water solubility when compared with beclo-
methasone dipropionate and FP (�0.1 mg/mL). Preclinical experiments showed
that the bioavailability of intratracheally instilled itrocinonide was markedly im-
proved by including additives like Tween or lactose to the formulations. These
were subsequently used in pharmacological experiments with this mode of ad-
ministration.

Itrocinonide was hydrolyzed in all animal and human tissues tested. When
incubated with human blood at 37�C, its half-life was 30 minutes, and in human
lung homogenates its breakdown was even faster. The breakdown was enzymatic,
as in vitro addition of the nonspecific esterase inhibitor PMSF largely blocked
formation of the corresponding 17b-carboxylic acid metabolite (referred to in
Figs. 4 and 6 as I). The rapid hydrolysis of itrocinonide significantly affected its
in vivo pharmacokinetics (Fig. 4). When itrocinonide was intratracheally instilled
into rats at a dose of 0.6 mg/kg, even plasma samples obtained at early time points
contained principally the hydrolytic metabolite I), suggesting a very effective
first-pass inactivation before or during systemic uptake/distribution.

A. Topical Efficacy/Selectivity in Animal Models

Supporting the hit-and-run hypothesis of the project, the rapid inactivation of itro-
cinonide was still compatible with topical anti-inflammatory efficacy in animal
airways/lung models. Acute intratracheal instillation of itrocinonide inhibited
both the immediate and late allergic reactions in guinea pigs and the Sephadex-
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induced pulmonary edema in the rat. The doses required for inhibition varied with
the steroid sensitivity of the species, with guinea pigs needing higher steroid doses
(1.6 –5 mg/kg) than rats (0.3 mg/kg). Within these species itrocinonide was just
a couple of times less potent than budesonide. However, more importantly, the
ratio between its anti-inflammatory efficacy in airways/lung and its systemic ste-
roid activity (i.e., in the rat thymus involution and in guinea pigs plasma cortisol
depression) was much better than the corresponding ratio for budesonide. In
sheep, acute inhalation of an aerosol formulation of itrocinonide (2 mg/animal) was
shown to inhibit the development of the late allergic reaction (W. Abraham et al.,
unpublished).

The topical selectivity of itrocinonide was studied more closely in the Seph-
adex model. In this model, alveolitis and bronchiolitis is induced by intratracheal
instillation of Sephadex beads (consisting of cross-linked dextran to which rats
have an innate hypersensitivity). The Sephadex model is characterized by a rich,
interstitial and intraluminal infiltration of various inflammatory cells, including a
high proportion of eosinophils, and the formation of an interstitial edema raising
lung weight and impairing respiration (29). The inflammation is glucocorticoid-
sensitive, but liver-inactivated IS (e.g., budesonide and fluticasone propionate)
lack topical selectivity in this model as their antiedematous efficacy is paralleled
by reduced thymus, spleen, and body weights (30). In this model, itrocinonide
achieved good topical efficacy with minimal systemic actions when administered
as a single steroid instillation in the acute (one-day) test. In the subacute test
(where Sephadex was instilled and steroid was inhaled the first day, followed by
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Figure 4 Plasma concentration (nmol/L) of itrocinonide and its corresponding acid me-
tabolite D5150 (I) after intratracheal instillation in rats.
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once-daily steroid inhalation for 3 further days) itrocinonide was also effective,
achieving a 60% reduction of edema (Fig. 5) with minimal systemic activity (re-
duction of thymus weight). In contrast, inhalation of budesonide at an equipotent
antiedema dose was accompanied by a 40% reduction (p � 0.001) of thymus
weight (Fig. 5).

These in vivo results showed that: (1) topical application of a soft steroid
gives a much better pulmonary selectivity than for liver-inactivated glucocor-
ticoids, (2) selectivity can be achieved even when hydrolysis starts within the tar-
get organ, thereby supporting a hit-and-run hypothesis for glucocorticoid anti-
inflammatory activity,  and (3)  when compared to budesonide, itrocinonide had
a much lower potency by inhalation than by intratracheal instillation. The lower
potency of inhaled itrocinonide may be due to impaired absorption (the inhalation
formulation did not contain solubilizing additives) and/or to the wider lung distri-
bution by inhalation, resulting in a generally shortened local dwell time of intact
itrocinonide.
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Figure 5 Effect of repeated inhalations of itrocinonide and budesonide on lung weight
gain (interstitial pulmonary edema) and thymus weight in Sephadex-treated rats. The ste-
roids were inhaled for 10 min, once daily over 4 days. Over the inhalation period the rats
were anesthetized and intubated with a tracheal tube. Micronized steroid powder was
delivered via a Wright Dust Feeder. The doses relate to estimations of the airways/lung-
deposited fraction. N � 8 rats/group. Significance values are calculated against nondrug–
treated Sephadex controls (**p � 0.01; ***p � 001).
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B. Results in Human Testing

Itrocinonide was delivered to humans as a dry powder formulation by Turbuhaler.
Its impressive systemic tolerance was confirmed in volunteers and asthmatics. Its
iv kinetics revealed a plasma clearance of 4.4 L /min (threefold greater than bude-
sonide) and a plasma t1/2 of approximately 30 minutes (1/5 that of budesonide and
FCB), thereby confirming a rapid, extrahepatic metabolism. Only very low levels
of intact itrocinonide were detected in the plasma after inhalation of a 7.5 mg dose
(Fig. 6), while higher levels of the hydrolytic metabolite (I) were present even
at early time points. Furthermore, the same rapid inactivation of itrocinonide oc-
curred in asthmatics as in healthy volunteers and remained constant after dosing
by inhalation for one week. The profile of itrocinonide contrasts to that of inhaled,
liver-inactivated steroids where early plasma samples contain mainly levels of
intact steroid, due to their better systemic bioavailability from airways/lung
(3,7–9). In accordance with its low plasma level, itrocinonide lacked measurable
systemic glucocorticoid activity. In a crossover study (Fig. 7) 12 volunteers, who
had received inhaled itrocinonide (20, 40, or 80 mg) at 10:00 p.m. the night before
showed a normal morning plasma cortisol rise and overnight urinary cortisol,
compared with the reduced readouts after taking budesonide (3.2 mg). A better
systemic tolerance was also observed for itrocinonide (8 mg) following b.i.d. in-
halation over 6 days, compared with budesonide (0.8 mg).

The therapeutic efficacy of dry powder (Turbuhaler) formulations of itro-
cinonide was tested in four trials in patients with asthma and in one trial in birch
pollen–induced seasonal rhinitis. In a study of steroid-naive asthmatics, three
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Figure 6 Plasma concentrations of itrocinonide and its inactive acid D5150 (I) after
inhalation of a 7.5 mg Turbuhaler formulation. Mean � SEM of three volunteers.
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parallel groups (�40 patients/group) were treated over a one-month period with
either placebo or itrocinonide 0.5 or 2 mg b.i.d. Compared to run in, morning peak
flow rates deteriorated 14 L /min in the placebo group and 5 L /min in patients
taking low-dose itrocinonide (0.5 mg b.i.d.), while the peak flow rate improved by
7 L/min over the run in (p � 0.007, compared to the change in the placebo group)
in patients taking the higher dose (2 mg b.i.d.) of itrocinonide. In a study with
steroid-dependent asthmatics (requiring 0.2–1 mg conventional IS), itrocinonide
(4 mg b.i.d.) was compared to placebo as substitution for the earlier steroid treat-
ment. Following 2 weeks of treatment, itrocinonide was more effective than pla-
cebo in preventing the decline in FEV1 (p � 0.06 between the groups). Inhala-
tion of itrocinonide (4 mg b.i.d.) for one week afforded a slight, but nonsignificant,
protective effect on exercise-provoked asthma, while protection by budesonide
(0.4 mg b.i.d.) was statistically significant. In the allergen challenge test, a single
inhalation of itrocinonide (8 mg, 10 min before provocation) very weakly reduced
the late obstruction (31). In a rhinitis study, a total of 25 patients/group received
either placebo or itrocinonide (4 mg b.i.d.) for one month during the birch pollen
season. Itrocinonide improved the overall symptom score (p � 0.01), reduced
H1-antagonist consumption (p � 0.03) and improved the other subscores, with the
exception of the “blocked nose” symptom.

Thus, itrocinonide did exert some antiasthmatic and antirhinitic efficacy,
which must be strictly topical since the substance lacked measurable systemic ac-
tivity. Even though itrocinonide had a much higher receptor affinity than its fore-
runner, FCB, and an affinity equivalent to budesonide, this advantage was not
sufficient to compete with the efficacy of current IS. One pharmacological limita-
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Figure 7 Plasma cortisol concentrations after acute inhalation of 40 mg itrocinonide or
3.2 mg budesonide, both in Turbuhaler formulation, at 10 p.m. Mean of 12 volunteers.
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tion of these clinical studies was that the steroid was inhaled as a dry powder for-
mulation, which due to device restrictions lacked solubilizing additives. Because
such additives improved the airways/lung bioavailability of itrocinonide in pre-
clinical models, the bioavailability of the human dry powder formulation may
have been compromised. We do not know whether a more prolonged local pool of
itrocinonide in tissue would have been attained, resulting in a better efficacy, if the
bioavailability of the dry powder formulation could have been optimized.

By raising the dose to 7.5 mg (Fig. 6) it was possible to reach a similar initial
plasma peak (approximately 2 nmol/L) for intact itrocinonide that was attained
for intact budesonide after a 0.5 mg dose (7). Because even this dose had poor
clinical efficacy, this suggests that for the formulation used, the local inactivation
of itrocinonide in airways/lung tissue was too rapid for clinical efficay. This is
supported by in vitro studies showing a short half-life for itrocinonide in human
lung homogenate.

III. GlaxoWellcome Soft Steroid Project

In a series of patent applications (WO 97/24365, WO 97/24367, and WO 97/24368)
and in one short communication (32) GlaxoWellcome (GW) described a soft drug
project based on compounds that are very rapidly inactivated by human plasma,
but not by the S9 fraction of human lung tissue. Their chemical entities consist of
g-butyrolactone derivatives of pregnanes and androstanes. The g-butyrolactone
ring can be opened by specific plasma esterases, yielding a hydrophilic metabolite
with low glucocorticoid receptor affinity. Figure 8 shows the structure of one pre-
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Figure 8 Structure and hypothetical metabolism of one preferred g-butyrolactone de-
rivative, exemplified in WO 97/24365.
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ferred compound (from WO 97/24365) and its hypothetical metabolism. The me-
tabolising enzyme (32) is claimed to be paraoxonase EC 3.1.8.1 (WO 99/01467),
an esterase having a much lower activity in lung tissue than in plasma (33,34). The
better stability of g-butyrolactone derivatives in lung tissue depends on the low
paraoxonase activity there and their resistance to conventional (PCMB-, PMCF-
eserine–sensitive) esterases (32).

The compounds selected by GW have high glucocorticoid receptor affinity,
reaching that of current IS, and a good topical efficacy in animal models (WO
97/24365, WO 97/24367, WO 97/24368). The t1/2 in human plasma in vitro at
37�C is just one or a few minutes (32). For the compound examplified in Figure 8,
the claimed higher metabolic stability in lung tissue was confirmed as its t1/2 was
at least 10-fold higher in rat and human lung tissue than in corresponding plasma
(data on file, AstraZeneca). When the in vivo profile of this compound was com-
pared to itrocinonide in the acute Sephadex test following intratracheal steroid
administration, the g-butyrolactone derivative had a somewhat higher topical anti-
edema potency, but otherwise the two soft drugs reached the same high topical
selectivity (data on file, AstraZeneca).

IV. Current Status of Soft Steroids

The clinical efficacy of the soft steroid approach based on a rapid and nondif-
ferentiated hydrolytic breakdown has hitherto been disappointing. The clinical
results with itrocinonide do not support the hypothesis that effective topical anti-
inflammatory efficacy can be achieved through a short pulse of a potent, but bio-
labile steroid. It is likely that for these compounds insufficient levels of intact ste-
roid will be maintained at their site of action to trigger corticosteroid receptors
after their initial turnover. This kinetic profile contrasts with current IS, which
have a good metabolic stability during their local tissue binding (8,35–37). In
addition, for budesonide special circumstances prevail, since its reversible ester-
ification adds an extra tissue pool (38) contributing to its once-daily efficacy (39).

Itrocinonide was found to possess a weak antiasthmatic and antirhinitic effi-
cacy, which might correspond to a budesonide dose in a range of 50 –100 mg.
Because no systemic adverse actions are known for budesonide at such low doses
(see Chaps. 3, 15, and 19), it is not possible to conclude whether conventional
IS at these low levels or the use of soft steroids will achieve the best therapeutic
ratio. However, soft steroids might still compete therapeutically with weak anti-
asthmatic drugs like leukotriene antagonists and cromones. Alternatively, by
choosing steroid esters with a slower hydrolytic rate, it may be possible to reach
some selectivity preference over current IS. The extended clinical evaluation of
loteprednol etabonate will tell whether that drug at respirable doses can attain soft
drug characteristics also for respiratory disorders, where the kinetical conditions
differ from those in the eye.
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In the GlaxoWellcome soft steroid project a differential metabolic approach
is used in that these drugs can have a longer survival time in airways/lung tissue
(outside blood vessels) than in plasma. However, more information is required
about the paraoxonase content of the interstitial fluid, and whether that may affect
drug stability around target cells. The clinical and kinetic outcomes of that project
may help answer key issues about the future prospects of this novel approach.
Open questions are, what level of efficacy can best be reached and is there a re-
quirement for some systemic activity in order to attain the full steroidal efficacy,
as proposed in this volume (see Chap. 11). If the latter appears true, the future of
soft steroids will be restricted to milder forms of asthma.

Addendum in Proof

A poster was presented at ATS 2000 on preclinical properties of the g-butyrolac-
tone soft steroid GW 215864X, reporting a lower topical potency in the rat
lung, than would be awaited from its high receptor affinity and potency in cellular
assays (40). According to Adis R&D Insight 2000, Accession numbers 10129 and
10130, the development of GW 250495 and GW 215864 (covered within above
GW patent applications) has been discontinued for the asthma indication. This
suggests that even with this interesting approach it is difficult to maintain suffi-
cient hydrolytic stability in the inflamed airway wall, where there may be a higher
rate of plasma exudation.
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Discussion

Chapter 21

Dr. O’Byrne: There were at least two other “soft” steroids that were shown not
to be effective in asthmatics. Were all of these esterase-sensitive steroids also?

Dr. Brattsand: Fluocortin butylester is broken down by tissue and plasma
esterases. Butixocort propionate is partially deactivated by S-methyl transfer-
ases in blood and tissue. The metabolism of tipridane is too poorly studied to
draw clear conclusions about its metabolism in lung and blood.

Dr. Schleimer: We still struggle with the question of whether there are systemic
effects of ICS which contribute to clinical efficacy. In Judah Denburg’s and
Paul O’Byrne’s studies, it is possible that the bone marrow effects are indirect
and exerted in the lung. These drugs could be useful to answer this question.
Are you aware of any studies?

Dr. Brattsand: No, not yet at the bone marrow level.

Dr. O’Byrne: We have previously shown that two of the “soft” steroids were
ineffective in protecting against allergen-induced late responses, which is very
sensitive to treatment with conventional inhaled glucocorticoids.

Dr. Denburg: Evidence that a beneficial systemic effect may be important in
designing new IS comes from the clinical observation that treatment of one
compartment of the airways (upper or lower) enhances management of the other
in patients with asthma and/or rhinitis (Greiff et al., ERJ 1999; 11:1268–1274).
The hemopoietic response may offer an explanation for this phenomenon, but
other mechanisms (e.g., T-cell migration) may also be important.

Chapter 23

Dr. Jeffery: In respect to the BUD-21-palmitate, have you conducted labeling
experiments in vivo, experimentally, to demonstrate the major cellular local-
ization to macrophages, Clara cells, type II cells or other cell types?

Dr. Brattsand: As we have not performed microautoradiographic studies
within airway tissue, we don’t know the distribution among these cell types.
However, based on BAL we can state a much more longlasting uptake into
alveolar macrophages of rats instilled with 21-palmitate liposomes than of rats
given a conventional budesonide formulation.

Prof. Dolovich: What is the contribution of mucociliary clearance to the re-
moval of the inhaled liposome formulation from the lung, given that it becomes
an approximately 6 mm diameter aerosol postinhalation into the humid lung?
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Dr. Brattsand: The liposomes are formed first when the formulation comes in
contact with water, explaining why some liposomes can be larger than the nor-
mal size limitation for inhalation (but the inhaled formulation has naturally to
fulfill this limitation). The smallest liposomes have a potential to rapidly fuse
with membranes, while the larger liposomes formed at central airway level may
be transported away by mucociliary clearance, if not taken up by phagocytic
cells.

Dr. Hochhaus: The kind of liposomes you described need to be actively taken
up. What is the variability in uptake among asthmatics or healthy volunteers?

Dr. Brattsand: This does not seem to be a major problem; as in the clinical
trials performed with liposome or proliposome formulations, the individ-
ual spreading of efficacy has not deviated much from that of conventional
budesonide.

Soft Steroids 539
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I. Introduction

A number of allergic diseases, including asthma and rhinitis, are reaching epi-
demic proportions within industrialized countries (1). In most of these countries,
almost half of the population demonstrates sensitization to one or more environ-
mental allergens, and in some of them, 25% of children under 14 years of age have
asthma and 20% have eczema (1). It is becoming clear that these rising trends
are due both to increased exposure to sensitizing allergens and to reduced stimu-
lation of the immune system during critical periods of development (1). Even if
most allergic diseases are not life threatening, they can cause considerable dis-
comfort for the individual and a considerable total cost of treatment for the soci-
ety. For example, in the United States in the early 1990s, asthma had a prevalence
of around 4% and caused an estimated total yearly cost of $6.2 billion ($3.6 bil-
lion direct medical cost and $2.6 billion indirect cost; cost per patient per year
being around $640) (2).

At present, corticosteroids are the most effective treatment available for
atopic diseases (3,4). Inhaled corticosteroids are the mainstay of therapy for pa-
tients with chronic asthma, and nasal steroids are the most effective treatment for
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allergic rhinitis. Antigen challenge of the nose, lung, eye, or skin is known to
produce a biphasic clinical reaction consisting of an early phase reaction (e.g.,
congestion and rhinorrhea of upper airways, wheezing, lacrimation, and edema of
eyes) and a late phase response. Topically applied steroids have been shown to be
able to inhibit both the early and the late phase of the allergic response to antigen
challenge, and they also have proven capable of suppressing the eosinophilic in-
flammation underlying all allergic diseases. However, significant portions of the
topically applied drugs (e.g., lung, nasal mucosa, gastrointestinal tract, or skin)
will reach the general circulatory system. Consequently, resulting systemic side
effects, such as adrenal suppression, effects on bone and growth, skin thinning and
easy bruising, or increased risk of cataracts and glaucoma, together with local side
effects, such as oral candidiasis or dysphonia, may limit their applications.

Furthermore, traditional corticosteroids are subject to different oxidative
and/or reductive metabolic conversions. Formation of various steroidal metabo-
lites, which may be active or even toxic, can lead to complex, undesirable situa-
tions, as all these compounds may be present simultaneously and in various time-
dependent concentrations. An illustrative example is provided by hydrocortisone
(cortisol) (1, Fig. 1) (5). Hence, there has been a continuous search for cortico-
steroids that undergo nonoxidative, extrahepatic metabolism to minimize the risk
of systemic absorption.

II. Soft Drugs

Soft drugs represent a possible solution, as they may eliminate the problems
caused by the possibility of formation of various metabolites and they can mini-
mize systemic side effects. Soft drug design approaches represent new approaches
aimed to design safer drugs with an increased therapeutic index by integrating me-
tabolism considerations into the drug design process (6,7). The soft drug concept
was introduced in 1976 (8) and reiterated on a number of occasions in 1980 –81
(9–14). Soft drugs are new therapeutic agents that undergo predictable metabo-
lism to inactive metabolites after exerting their therapeutic effect. They are de-
signed by building into the molecule, in addition to the activity, the most desired
way in which the molecule is to be deactivated and detoxified subsequent to ex-
erting its biological effects. The desired activity is generally local, and the soft
drug is applied or administered at or near the site of action. Therefore, in most
cases, they produce pharmacological activity locally, but their distribution away
from the site results in a prompt metabolic deactivation that prevents any kind of
undesired pharmacological activity or toxicity.

Inclusion of a metabolically sensitive site into the drug molecule makes pos-
sible the design and the prediction of the major metabolic pathway and avoids the
formation of undesired toxic, active, or high-energy intermediates. Hence, in soft
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drug design, the goal is not to avoid metabolism, but rather to control and direct
it. If possible, inactivation should take place as the result of a single, low-energy,
high-capacity step that yields inactive species subject to facile elimination. Most
critical metabolic pathways are mediated by oxygenases that exhibit not only
interspecies but also interindividual variability and are subject to inhibition and in-
duction (15). In different individuals, half-lives of foreign compounds may vary as
much as 10- to 50-fold (15). Furthermore, the rates of hepatic monooxygenase
reactions are at least two orders of magnitude lower than the slowest of the other
enzymatic reactions (16). Therefore, it is usually desirable to avoid oxidative path-
ways and slow, easily saturable oxidases and to design soft drugs that are inacti-
vated by hydrolytic enzymes. Metabolism can be more reliably carried out by
ubiquitous esterases, because they are widely distributed, nonspecific, and much
less susceptible to saturation and inhibition. Because diseases can alter the organs
responsible for the metabolism of bloodborne substances, it is better not to rely on
metabolism or clearance by organs such as liver or kidney since blood flow and
enzyme activity in these organs can be seriously impaired, especially in critically
ill patients.

Carboxylic ester hydrolases (EC 3.1.1) efficiently catalyze the hydrolysis of
a variety of ester-containing chemicals to the respective free acids. They exhibit
broad and overlapping substrate specificity toward esters and amides, and the
same substrate is often hydrolyzed by more than one enzyme. Consequently, their
classification is difficult and still is in a somewhat confused state, despite the im-
portant roles that carboxylesterase (EC 3.1.1.1) and/or other carboxylic ester hy-
drolases, such as arylesterase (EC 3.1.1.2) and cholinesterase (EC 3.1.1.8), play
in the metabolism of many xenobiotics (17–23). Humans have been shown to ex-
press carboxylesterase in the liver, plasma, small intestine, brain, stomach, colon,
macrophage, and monocytes (23). It should be mentioned that esterase activity
varies quite strongly between species (17–23). For example, the stability of ali-
phatic esters frequently employed in prodrug and soft drug designs usually in-
creases in the rat � rabbit � dog � human order (24,25), but there might be
considerable variability. Nevertheless, we have recently succeeded in developing
a quantitative structure-metabolism relationship (QSMR) model that accounts for
80% of the variability in the log half-lives of 67 noncongener carboxylic esters for
in vitro human blood data and that should be useful in estimating approximate
rates of hydrolysis even ahead of synthesis (26,27).

The general principles of soft drug design and their practical applications
have been reviewed in the literature (6,7,28–30). A number of already marketed
drugs, such as esmolol (Brevibloc™), an ultra–short-acting b-blocker, remi-
fentanil (Ultiva™), a unique ultra–short-acting opioid analgesic, or loteprednol
etabonate (Lotemax™,  Alrex™), a soft corticosteroid, resulted from the success-
ful application of such design principles (7). Within the corticosteroid field, vari-
ous attempts have been made to separate local and systemic effects by integrating
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moieties susceptible to facile, extrahepatic metabolism into the corticosteroid
structure (31–37). Here, we will concentrate mainly on an attempt that at present
can be considered as the most successful one along these lines. It is a classic, inac-
tive metabolite-based soft drug approach that started from a true inactive metabolite
of prednisolone (9) and ultimately yielded loteprednol etabonate (7) (Fig. 2).

At this point it should be mentioned that some other steroid drugs, such as
fluticasone propionate, tipredane, or butixocort 21-propionate, have been errone-
ously called soft drugs on different occasions (4,38). Contrary to the previously
mentioned soft drug design principles, these structures are metabolized primarily
in the liver by oxidative processes and not by extrahepatic hydrolysis. Thiol ester
corticosteroid structures have been shown to be metabolized primarily in the liver
by oxidative processes, rather than by hydrolysis in the plasma (39). Fluticasone
propionate (FP) itself was found to have a terminal half-life of 7.7–8.3 hours in
12 healthy male subjects after inhaled administration of 500, 1000, and 2000 mg
of drug using a metered-dose inhaler. In these subjects it produced dose-related
cortisol suppression; the highest administered dose of FP resulted in cortisol con-
centrations that were lower than the limit of detection (40). The slow elimination
of FP led to accumulation during repeated dosing. This accumulation may explain
the marked decrease in plasma cortisol seen during treatment with fluticasone pro-
pionate within the clinical dose range (41).

There also is some misconception regarding soft drugs, particularly soft ste-
roids. Often, the soft nature is associated with fast hydrolytic degradation, but this
is not necessarily so. Too fast hydrolysis could result in very weak activity. The
desired increase of the therapeutic index can be achieved only if the drug is
sufficiently stable to reach the receptor site and the target organ and to produce its
desired effect, but the free, non–protein-bound drug undergoes facile hydrolysis
to avoid unwanted, systemic side effects. In order to successfully separate the de-
sired local activity from systemic toxicity, an adequate balance between intrinsic
activity, solubility/lipophilicity, tissue distribution, protein binding, and rate of
metabolic deactivation has to be achieved, particularly for long-term activity. In
the case of slow, sustained release to the general circulatory system from the de-
livery site, even a relatively slow hydrolysis could result in a very low, almost
steady-state systemic concentration.

III. Loteprednol Etabonate

As mentioned, a classic soft drug approach (14,42–57) recently ended success-
fully and yielded loteprednol etabonate [7, (11b,17a)-17((ethoxycarbonyl)oxy)-
11-hydroxy-3-oxoandrosat-1,4-diene-17-carboxylic acid chloromethyl ester;
chloromethyl 17a-ethoxycarbonyloxy-11b-hydroxy-3-oxoandrosta-1,4-diene,
17b-carboxylate], an active corticosteroid that lacks serious side effects and that
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received final FDA approval in 1998 as the active ingredient of two ophthalmic
preparations, Lotemax™ and Alrex™. Loteprednol etabonate became the only
corticosteroid to receive FDA approval for use in all inflammatory and allergy-
related ophthalmic disorders, including inflammation following post– cataract
surgery, uveitis, allergic conjunctivitis, and giant papillary conjunctivitis (GPC).
Currently, it is also being developed for treatment of asthma, rhinitis, colitis, and
dermatological problems.

Topical corticosteroids represent an important class of drugs used to treat
ocular inflammations and allergies as they are the most effective ocular anti-
inflammatory compounds and offer the broadest range of treatment. However, a
number of contraindications severely limit their usefulness. In addition to the gen-
eral systemic corticosteroid side effects, they can also produce a number of ocular
complications such as elevation of the intraocular pressure (IOP) and resultant
steroid-induced glaucoma, induction of cataract formation, and secondary com-
plications. Ocular administration of corticosteroids usually produces increased
IOP as a result of increased resistance to aqueous humor outflow, but the precise
mechanism of decreased outflow is not known (58). The mechanism of steroid-
induced cataract is somewhat obscure (59), but the most prominent hypothesis
involves the formation of Schiff bases between the steroid C-20 ketone group and
nucleophilic groups such as e-amino groups of lysine residues of proteins. Schiff
base formation is potentially followed by a Heyns rearrangement (60) involving
the adjacent C-21 hydroxyl group and affording stable amine-substituted adducts
(61– 64).

A. Design Considerations and Development History

The soft drug approach to be described here resulted in an active corticosteroid
that is void of these serious side effects. As already mentioned, hydrocortisone (1)
undergoes a variety of oxidative and reductive metabolic conversions (Fig. 1) (5).
One of its major metabolic routes is oxidation of the dihydroxyacetone side chain,
which through a 21-aldehyde (21-dehydrocortisol) and a 21-acid (3, cortisolic
acid) ultimately leads to formation of cortienic acid (4). Cortienic acid is a major
metabolite excreted in human urine, and it lacks corticosteroid activity; therefore,
it is an ideal lead for the inactive metabolite-based approach of soft drug design
(6,43,65). The design process (Fig. 2) directly involves restoring the important
pharmacophores found in the 17a and 17b side chains to afford soft corticoste-
roids 5. We felt that suitable isosteric/isoelectronic substitution of the a-hydroxy
and b-carboxy substituents with esters or other types of functions should restore
the original corticosteroid activity but incorporate hydrolytic features to keep
toxic levels of corticosteroids from accumulating and producing local or systemic
adverse affects. Modifications of the 17b ester function and the 17a hydroxy func-
tion, together with other changes [introduction of D1, fluorination at 6a (X2)
and/or 9a (X1), methylation at 16a or 16b (R3)], led to a host of analogs repre-
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sented by the general structure 5. Over 120 of these soft steroids (5) have been
synthesized. The first soft analogs of this kind were synthesized soon after the
introduction of the soft drug concept (8) during the late 1970s, followed by a sys-
tematic synthetic study performed in collaboration with Otsuka Pharmaceutical
Company (Japan) in 1980 –1981 (14,42,66). Critical functions for activity are a
haloester in the 17b position and a novel carbonate (42,45) or ether (67) substitu-
tion in the 17a-position.

Incorporation of 17a carbonates or ethers was preferred over 17a esters to
enhance stability and to prevent formation of mixed anhydrides that might be
produced by reaction of a 17a ester with a 17b acid functionality. Such mixed an-
hydrides were assumed toxic and probably cataractogenic. The 17a carbonates
were a new class of corticosteroids, and they turned out to be difficult to obtain
from normal corticosteroid derivatives. However, after oxidative removal of the
C-21 carbon, their synthesis proved relatively easy (45). Initial activities were de-
termined by classical cotton pellet granuloma tests and by human vasoconstrictor
studies (6,13,66,68,69). A variety of 17b esters were synthesized, and they showed
very different activities. Since this position is an important pharmacophore that
is quite sensitive to small modifications, the freedom of choice was relatively lim-
ited. For example, while chloromethyl or fluoromethyl esters showed very good
activity, the chloroethyl or a-chloroethylidene derivatives were very weak. Simple

Loteprednol Etabonate 547

Figure 2 Design and metabolism of soft corticosteroids (5). Loteprednol etabonate (7),
a soft steroid, is an active anti-inflammatory compound that lacks the IOP-elevating side ef-
fect of the other steroids used to treat ophthalmological diseases.
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alkyl esters also proved virtually inactive. Consequently, the 17b chloromethyl
ester was maintained constant and various 17a-carbonates with different substitu-
ents on the steroid skeleton were selected for further investigation. For a number
of derivatives, the therapeutic index was determined as the ratio between the anti-
inflammatory activity and the thymus involution activity. As illustrated in Table 1,
classical steroids, regardless of their intrinsic activity, have very similar therapeu-
tic indices, but loteprednol etabonate, the soft steroid, provides a significant im-
provement. Many of the other soft steroids also showed a dramatic improvement
in the therapeutic index (43,70). Recent studies on binding to rat lung cytosolic
corticosteroid receptors showed that some of the compounds approach and even
exceed the binding affinity of the most potent corticosteroids known (Table 2).

Selection of loteprednol for development was based on various properties.
In addition to the therapeutic index, availability, synthesis, and “softness” (the rate
and easiness of metabolic deactivation) also had to be considered. Even if the route
of development was technically easy, it involved various companies due to finan-
cial problems. First, as mentioned, it involved Otsuka Pharmaceutical Company
(1980 –1985) in performing synthesis, preclinical studies, animal toxicology, and
limited Phase I /II human studies directed toward dermatological use. Xenon Vi-
sion Inc., which was specifically established to explore the potential ophthalmic
use (1986 –1991), performed regulatory animal toxicology, Phase I and Phase II
human studies, and the establishment of proof of concept in giant papillary con-
junctivitis and allergic conjunctivitis. Finally, the involvement of Pharmos Corpo-
ration and Bausch and Lomb Inc. (1992–1996: Phase III studies in giant papillary
conjunctivitis, allergic conjunctivitis, uveitis, and post– cataract surgery) led to
submission of the New Drug Applications in 1995 and 1996, respectively.

Early studies in rabbits (46,49) and rats (50) demonstrated that, consistent
with its design, 7 is indeed active, is metabolized into its predicted metabolites
(8,9), and these metabolites are inactive (45). The highest ratio of metabolites to
unchanged drug was found in the cornea, suggesting that the primary site of me-
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Table 1 Comparison of Loteprednol Etabonate (7) with Other Steroids

Treatment N ED50
a Rel. pot. TD50

b Rel. pot. TIc

Loteprednol etabonate (0.1%) 8 178.0 0.48 10,000 0.02 24.0
Hydrocortisone 17a-butyrate (0.1%) 8 121.0 0.70 369 0.57 1.3
Betamethasone 17a-valerate (0.12%) 8 84.8 1.00 212 1.00 1.0
Clobetasone 17a-propionate (0.1%) 8 2.9 29.70 11 19.30 1.5

aAnti-inflammatory activity in the cotton pellet granuloma test (mg/pellet).
bThymolysis potency (mg/pellet).
cTherapeutic index: the ratio of the relative potency for the ED50 to the relative potency for the TD50;
betamethasone 17a-valerate has been assigned arbitrarily a value of 1.
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tabolism is the cornea (46). Loteprednol etabonate concentrations in the aqueous
humor paralleled the concentration-time profile found in the cornea but were
about 100 times lower, suggesting that the origin of loteprednol in the aqueous
humor is the cornea. As high levels of corticosteroids in the aqueous humor
are believed to lead to ultrastructural changes in the trabeculum leading to de-
creased outflow and increased IOP, this should also make loteprednol less likely
to raise IOP.

In rats, the metabolism and excretion of loteprednol etabonate was found to
be dose-dependent (54). As the intravenous (i.v.) administered dose increased
from 1 mg/kg to 20 mg/kg, the half-life (t1/2 ) increased from 16 to 49 minutes,
and the total clearance (CLtot) decreased from �120 to 60 mL/min/kg, all values
higher than the physiological hepatic blood flow in rats (58 mL/min/kg) (54). In
dogs, after i.v. administration of the relatively high dose of 5 mg/kg, loteprednol
etabonate had a terminal half-life of 2.8 hours, a mean residence time of 1.7 hours,
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Table 2 Relative Binding Affinities (RBA) of Representative Soft (5 with R2 � COOR
2)
and Reference Glucocorticoids to the Glucocorticoid Receptor of Rat Lung
(RBAdexamethasone � 100)

No. R1 R
2 R3 X1 X2 RBA

LE (7) CH2Cl C2H5 H H H 320
5602 CH2Cl n-C4H9 H H H 110
5606 CH2SCH3 C2H5 H H H 3
5608 C2H5 C2H5 H H H �1
5613 CH3 CH2Cl H H H �1
5614 C2H5 C2H5 H F H �1
5618 CH2Cl CH2OCH3 H H H 16
5702 CH2Cl CH3 H H H 180
5628 CH2Cl C2H5 a-CH3 F H 740
5649 CH3 i-C3H7 H H H 3
5651 CH2OC2H5 i-C3H7 H H H �1
5673 CH2Cl C2H5 a-CH3 F F 2100
5685 CH2CH2Cl i-C3H7 H H H 1
5711 CH2F C2H5 H H H 200

Acid metabolites (substituted cortienic acids) are inactive:
H R2 R3 X1 X2 �1

Dexamethasone (DEX) 100
Beclomethasone dipropionate (BDP) 50
Beclomethasone monopropionate (BMP) 1300
Budesonide (BUD) 940
Fluticasone propionate (FP) 1900
Triamcinolone acetonide (TA) 200
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and a total clearance of about 1 L /h/kg (51). Loteprednol showed a plasma pro-
tein binding of �90% and, according to limited studies in dogs and rats, a very
low oral bioavailability of close to 0% (51). Its pharmacokinetic profile indicated
that, when absorbed systematically, it is rapidly transformed to the inactive metab-
olite 8 and eliminated from the body mainly through the bile and urine (50,51,54).
In dogs, both oral and i.v. administration resulted in over 90% excretion, mostly
as acidic metabolites in feces, an observation supporting the facile elimination of
the metabolites to the bile. In vitro plasma hydrolysis data are misleading due to
the high concentrations used. In whole body cases, multiple hydrolytic (esterases)
metabolism sites and much lower concentrations generated by therapeutic con-
centrations result in facile hydrolysis of the free, non–protein-bound loteprednol
etabonate.

It did not effect the intraocular pressure in rabbits (49), an observation
confirmed later in various human studies (71,72). A study in known corticosteroid
responders (71) showed that subjects (n � 10) receiving loteprednol etabonate
(0.5%) had a mean IOP elevation of 3.0 mmHg over a period of 42 days, whereas
subjects receiving prednisolone acetate (n � 9) had a mean IOP elevation of
7.4 mmHg (Fig. 3). Because the protocol required discontinuation of the treatment
upon significant IOP elevation, it is likely that the IOP would have continued to
increase in the prednisolone acetate group had several patients not been inter-
cepted with topical b-blocker therapy. A long-term use (	28 days) study based
on pooled data showed that IOP elevation greater than 10 mmHg, a dreaded side
effect of steroid therapy, occurred in 1.7%, 0.5%, and 6.7% of patients taking lo-
teprednol etabonate (formula concentrations of 0.5% or 0.2%, n � 901), vehicle
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Figure 3 Mean intraocular pressure (IOP) in known corticosteroid responders receiv-
ing loteprednol etabonate (LE, 0.5%; n � 10) or prednisolone acetate (PA, 1.0%, n � 9).
(Modified from Ref. 71.)
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(n � 583), and prednisolone acetate (formula concentrations of 1%, n � 164),
respectively (72). For loteprednol etabonate, 11 out of the 15 patients with IOP
elevation greater than 10 were in the GPC studies, where the higher incidence is
likely due to the reservoir effect of soft contact lenses absorbing the drug. For
patients who did not wear contact lenses, the same numbers were 0.6%, 1.0%, and
6.7%. Loteprednol etabonate has, therefore, a lower propensity to cause clinically
significant elevations in IOP than prednisolone acetate and, in patients not wear-
ing contact lenses, this propensity is similar to that found in subjects receiving
vehicle (Fig. 4). Recent Phase IV data (Bausch & Lomb Pharmaceuticals, pre-
sented at the 3rd International Symposium on Ocular Pharmacology and Pharma-
ceutics (ISOPP), Lisbon, Portugal, February 10 –13, 2000) demonstrated that,
consistent with the soft nature, long-term use of loteprednol etabonate (with an
average of 100 days) still did not show any typical corticosteroid side effects such
as IOP elevation.

Consistent with the soft nature of this steroid, systemic levels or effects can-
not be detected even following chronic ocular administration (73). Plasma levels
of loteprednol etabonate and its primary metabolite (8) were below the 1 mg/L de-
tection limit in 10 healthy volunteers who received the drug (one drop, 0.5%) in
both eyes eight times daily for 2 days and four times daily for a further 41 days (73).

B. Ophthalmological Applications

Clinical studies proved that loteprednol etabonate is a safe and effective treatment
for contact lens–associated giant papillary conjunctivitis (GPC) (74 –76), sea-
sonal allergic conjunctivitis (77–79), postoperative inflammation (Fig. 5) (80,81),
or uveitis (82). Most of these clinical results were recently reviewed in detail by
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Figure 4 Pooled data showing the percent of patients with IOP elevation greater than 10
mmHg among patients not wearing contact lenses and treated for more than 28 days. The
number of patients within each group was as follows: placebo, n � 304; loteprednol
etabonate (LE), n � 624; prednisolone acetate (PA, 1%), n � 164. (Data from Ref. 72.)
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Noble and Goa (83) and Howes (84). In addition to its already approved uses,
loteprednol etabonate is also being developed for the treatment of colitis, atopic
dermatitis, and asthma based on promising results from animal studies (53,54).

IV. Effect of Loteprednol Etabonate on Airway Activity

Recent studies demonstrated that loteprednol etabonate (LE, 7) can advanta-
geously be used in many other inflammatory conditions where separation of activ-
ity and side effects is very important, including asthma and rhinitis (85–89).

A. In Vitro Studies

In vitro studies in human blood and nasal polyp cells, which are considered to be
an adequate model of chronic respiratory mucosal inflammation, from six patients
aimed to compare the effects of LE and other corticosteroids showed that LE has
activity similar to dexamethasone (DEX) or beclomethasone dipropionate (BDP).
The corresponding IC50 values for inhibition of endotoxin (lipopolysaccharide,
LPS)-induced release of tumor necrosis factor-a (TNFa) in 1:5 diluted human
blood and for inhibition of anti-IgE–induced granulocyte-macrophage colony-
stimulating factor (GM-CSF) release in dispersed nasal polyp cells are shown in
Figure 6 (86). Inhibition of cytokine biosynthesis is thought to be an important me-
chanism through which steroids exert their anti-inflammatory effects (89). TNFa
is a proinflammatory cytokine released from several inflammatory/immuno-
competent cells, and there is considerable evidence suggesting that TNFa up-
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Figure 5 Resolution of anterior chamber inflammation in postcataract inflammation
with intraocular lens implantation. The percent of resolved cases are shown for each visit
during placebo (n � 213) and loteprednol etabonate 0.5% (n � 211) treatment. (Data from
Refs. 80,81.)
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regulation occurs in asthmatic patients. GM-CSF has been shown to be produced
by cells present at inflammatory response sites, such as T lymphocytes, macro-
phages, and endothelial and mast cells and is assumed to be an important mediator
for inflammatory reactions.

B. In Vivo Studies

Loteprednol etabonate was shown to be equipotent with the highly used beclo-
methasone dipropionate (BDP), in various in vivo experimental models of aller-
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Figure 6 IC50 values (nmol/L) with 95% confidence limits for inhibition of endotoxin
(LPS)–induced release of TNFa in 1:5 diluted human blood and for inhibition of anti-
IgE–induced GM-CSF release in dispersed nasal polyp cells for loteprednol etabonate (LE),
dexamethasone (DEX), and beclomethasone dipropionate (BDP). (Data from Ref. 86.)
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Figure 7 Effect of loteprednol etabonate (LE, 0.1–20 mg/kg) and beclomethasone dipro-
pionate (BDP, 0.01–1 mg/kg) on allergen-induced eosinophilia in bronchoalveolar lavage
fluid (BALF) 48 h after allergen-challenge in actively sensitized Brown-Norway rats by
single intrapulmonar dry powder administration 2 h prior to challenge. Data are mean �
SEM. Notation: SC � lactose-treated/saline-challenged control group; OVAC � lactose-
treated/OVA (ovalbumin)-challenged control group; ���p � 0.001 compared to animals
sham-challenged with saline (SC); *p � 0.05, **p � 0.01, and ***p � 0.001 compared to
vehicle-treated, allergen-challenged animals (OVAC).
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gic diseases, such as ovalbumin (OA)-induced rhinorrhea and OA-induced lung
eosinophilia in actively sensitized Brown-Norway (BN) rats (Fig. 7). This is a
well-characterized animal model for allergic asthma, as these animals respond to
sensitization by developing high levels of circulatory antigen-specific IgE (see the
response of the placebo-treated/OA-challenged OVAC control group in Fig. 7).
In these experiments of OA-induced airway eosinophilia in actively sensitized
BN rats, compounds were given 2 hours prior to OA challenge intratracheally as
a dry powder. The animals were challenged by inhaling OA aerosol. The number
of eosinophils in bronchoalveolar lavage fluid (BALF) were counted for 48 hours
postchallenge. Eosinophilia in BALF was reduced dose dependently by LE
(Fig. 7) with an ID50 of 0.44 mg/kg i. pulm., comparable to that of BDP (0.11 mkg
i. pulm.) and significantly better than that of dexamethasone (DEX, 10 mg/kg i.
pulm.) (85,87,89).

In similar studies involving late phase allergic eosinophilia in guinea pigs,
eosinophilia in BALF was reduced dose dependently by LE (ID50 � 29 mg/kg), by
DEX (ID50 � 134 mg/kg), and by BDP (ID50 � 19 mg/kg) (Fig. 8) (85,89). In this
set of experiments where the OA challenge was applied 2 hours after the dose with
steroids, fluticasone propionate (FP), a highly potent steroid, showed the highest
activity (ID50 � 0.89 mg/kg). It was found, however, that when LE and FP were
compared in a study (85) with longer separation (6 hours) between administration
of steroids and OA challenge, LE still showed a strong activity with ID50 � 77 mg/
kg, but FP showed only a very weak and not dose-dependent effect (Fig. 9). These
data indicate that LE produced a strong anti-inflammatory effect in vivo after
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Figure 8 ID50s (mg/kg) for reduction of eosinophilia in BALF in late phase allergic
eosinophilia in guinea pigs for loteprednol etabonate (LE), dexamethasone (DEX), and
beclomethasone dipropionate (BDP). (Data from Ref. 85.)
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intranasal and intrapulmonary administration. In comparison to FP, LE showed
significantly longer-lasting action.

LE also has been evaluated in a sheep model for asthma (T. Ahmed, per-
sonal communication). The same six sheep were used in all three studies. After
measurement of baseline values of specific lung resistance (SRL), the sheep were
treated with equivalent doses of either LE or BDP dissolved in tetraglycol as 5%
solutions and delivered as aerosols. SRL measurements were made, and one hour
later the animals were challenged with the Ascaris suum antigen. After the chal-
lenge, measurements were made hourly between 1 and 6 hours and every 30 min-
utes from 61⁄2 to 8 hours. As summarized in Figure 10, both LE and BDP inhibited
the late phase response. Loteprednol etabonate is being now developed for the
treatment of allergic conditions, such as rhinitis and asthma.

556 Bodor and Buchwald

Figure 9 Comparison between the effects of loteprednol etabonate (LE, 10 –300 mg/kg)
and fluticasone propionate (FP, 0.5–50 mg/kg) on allergen-induced eosinophilia in BAL-
fluid 24 h after allergen challenge in actively sensitized guinea pigs by single intratracheal
dry powder administration 2 h prior to challenge (left side) and 6 h prior to challenge (right
side) (LE 300 mg/kg, FP 5.0 mg/kg i.t.). When the corticosteroids were administered 6 h
prior to challenge, a strong effect was still observed for loteprednol etabonate, but no effect
was observed for fluticasone propionate. See Figure 7 for notation. (Data from Ref. 85.)
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Understandably, a reduced risk of steroid-related side effects is an impor-
tant aspect of intranasal or intrapulmonary administration. Preliminary studies in
domestic pigs indicated that LE has no influence on plasma cortisol levels in this
species following intranasal or intrapulmonary administration even at high doses
(89). The influence of LE on thymus involution was extensively investigated in
rats (88,89). Following 5-day intrapulmonary treatment (drugs were directly
blown into the lungs), LE caused only minimal thymus involution even at a high
intrapulmonary dose of 20 mg/kg/day, whereas BDP (1 mg/kg/day), budesonide
(BUD) (0.5 mg/kg/day), and FP (1 mg/kg/day) all caused significant (p � 0.05)
thymus involutions at considerably lower doses. A quantitative comparison of the
therapeutic indices for intrapulmonary administration in rats, calculated, for ex-
ample, as the ratio of the toxic dose TD25 that causes 25% thymus involution to
the effective dose ED50 that causes 50% BAL eosinophilia inhibition, clearly
shows LE as being superior to FP and much superior to BDP, even when the ID50s
for the effects with the shorter separation between steroid administration and
OA challenge are used for comparison. However, a reliable quantitative compari-
son could not be made at this stage, because essentially all doses tested for LE
(0.1–20 mg/kg/day) produced no significant thymus involution, and because no
sufficient data (only at two concentrations) are available for BDP and FP to esti-
mate TD25 for thymus involution. Another study based on once-daily s.c. dosing
for 5 days also found that, in contrast to BDP (1 mg/kg), BUD (2 mg/kg), and
FP (1 mg/kg), loteprednol etabonate (1 and 10 mg/kg) does not cause significant
(p � 0.01) thymus involution (Fig. 11) (89).
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Figure 10 Comparative results obtained in a sheep model of asthma for equivalent doses
of loteprednol etabonate (LE) and beclomethasone dipropionate (BDP) showing that both
drugs inhibited the late phase response.
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V. Conclusions

Topical application of active corticosteroids that undergo nonoxidative, extra-
hepatic metabolism can provide improved, safer treatments of allergic diseases by
minimizing the risk of systemic absorption and, therefore, the occurrence of side
effects. Loteprednol etabonate, a soft corticosteroid that contains 17a carbonate
and 17b ester side chains and that was designed by using an inactive metabolite-
based approach, lacks serious side effects and already received FDA approval for
use in all inflammatory and allergy-related ophthalmic disorders. Since experi-
mental evidence indicates that it also produces strong and long-lasting anti-
inflammatory effect after intranasal or intrapulmonary administration, currently
it is being developed for the treatment of allergic conditions, such as rhinitis and
asthma.
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I. Introduction

A weakness of current inhaled steroids is that the bulk of the inhaled substance is
rapidly absorbed from airways/lung. Thus, the Cmax of budesonide, for example,
is reached approximately 0.5 hour after inhalation, indicating a rapid absorption
(1,2). In the central airways, however, esterification of budesonide into lipids gen-
erates a reservoir that is only slowly hydrolyzed back to the active compound. This
can to some extent compensate for the rapid absorption (3,4). A substantial sys-
temic uptake of inhaled steroids occurs very rapidly from the peripheral part of
the respiratory tract, where it contributes mainly to the adverse effects of steroids.
One approach to improve the topical efficacy and reduce the undesirable systemic
effects of inhaled steroids would be to prolong the intraluminal deposition time.
The water solubility of fluticasone propionate (FP) is 100-fold lower than budeso-
nide (0.1 and 16 mg/mL, respectively) (5) which may explain why inhaled FP also
has a longer mean absorption time (6 –8 hours compared to 40 min for budeso-
nide). However, because of its higher systemic activity, FP obviously would re-
quire an even longer intraluminal deposition time in order to decrease the plasma
concentration even further to reduce its unwanted systemic activity. In the central

565

23

Development of Inhaled Steroids Based Upon
Prodrugs with Prolonged Intraluminal Retention Time

BENGT AXELSSON, PER BÄCKMAN, PER STRANDBERG, 
and RALPH BRATTSAND

AstraZeneca Research and Development
Lund, Sweden

23-M1775  10/11/2001  12:33 PM  Page 565



airways a very long dissolution time may be a problem as it can reduce the topi-
cal efficacy because insoluble particles will be removed by mucociliary clearance.
By contrast, in the more distal airways and in the lung, where mucociliary clear-
ance is less pronounced, a prolonged deposition time might result in better topical
efficacy and reduced systemic activity and therefore improved selectivity of in-
haled steroids. In this case, glucocorticoid-sensitive airway diseases like COPD
and interstitial lung diseases like alveolitis /granulomatosis may be better treated
by slow release steroid formulations.

II. Aim of Astra Project

One approach to improve the topical efficacy/selectivity of inhaled GCS was to
decrease their water solubility in the aqueous epithelial lining fluid and thereby
prolong the local deposition time and prevent rapid absorption from distal airways
and lung. The substitution of a lipophilic acyl chain in the 21-position of the active
GCS, D5119, enhanced the compound’s lipophilicity (Fig. 1). D5519 possesses a
higher receptor affinity and faster hepatic metabolism (6) than budesonide and a
receptor affinity and low oral bioavailability similar to FP and mometasone furo-
ate. Although the water solubility of D5519 is similar to budesonide, the palmitic
acid ester, D5522, is more than 1000 times lower. As such, D5522 has a negligible
apparent receptor affinity due to its fatty acid acylation and can thus be considered
a prodrug (7). Hydrolysis of the prodrug by lipases in vivo, however, yields the
very potent glucocorticoid D5519. Based on in vitro studies the extracellular li-
pase activity of the epithelial lining fluid does not allow substantial hydrolysis and
uptake of D5522.

566 Axelsson et al.

Figure 1 Structure of the D-ring of the lipophilic prodrug D5522, and the active gluco-
corticosteroid D5519.
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III. Lipid Formulation for Attaining Bioavailability 
of D5522

The very low water solubility of D5522 (�1 ng/mL) implies that the prodrug re-
quires special formulation to achieve bioavailability from the airways/lung. If
absorption is incomplete or inefficient, compound accumulation in lower parts of
the lung may be a problem due to a lack of mucociliary clearance in that region.
By using phospholipids as a co-solvent for D5522, a bioavailable, lipase-sensitive
formulation has been developed. The critical importance of this formulation is
shown in Figure 2, where the lipase activity toward D5522 in crystalline form or
in the phospholipid formulation was compared. While there was almost complete
release of D5519 from the lipid formulation, crystalline D5522 was not subject to
lipase metabolism. The lipid formulation comprises the phospholipids, dipalmi-
toylphosphatidyl choline, and dimyristoylphophatidyl choline and is similar to
one used previously in a liposomal formulation of the palmitic acid ester of bu-
desonide (8). However, the latter comprised preformed liposomes, while the dry
D5522 formulation is a molecular mixture of D5522 and lipids that spontaneously
form liposome-like structures when hydrated. In the subsequent presentation the
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Figure 2 Generation of D5519 from D5522 after exposure to pancreatic lipase. D5522L
(solid line) and crystalline D5522 (dotted line) were incubated with pancreatic lipase in
vitro. At different time periods an aliquot of the incubation mixture was analyzed and the
amount of D5519 determined. The amount of D5519 is expressed as a percentage of added
D5522.
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lipid formulation is given the suffix L (D5522L) while D5522 refers to the com-
pound in general.

IV. Pharmacological Testing

The functional importance of prolonged intraluminal deposition time has been
tested in a model of Sephadex-induced lung inflammation in rats. In this model,
bronchiolitis and alveolitis are induced following intratracheal instillation of
Sephadex beads (see Refs. 9–11). The model is characterized by:

A bronchiolitis with infiltration of white blood cells, which include a high
proportion of eosinophils

An alveolitis, which develops as an interstitial edema, followed by granu-
loma formation

Impaired respiration
Bronchial hyperresponsiveness

Using edema formation as an easily quantifiable marker of inflammation,
D5522L administered by inhalation demonstrated a 10-fold better anti-inflamma-
tory potency than budesonide (Fig. 3). Furthermore, D5522L achieved a superior
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Figure 3 Local and systemic effects of inhaled budesonide and D5522L in a Sephadex-
induced lung alveolitis /bronchiolitis model in rats. Sephadex was instilled on day 1, and
the rats were administered steroids by inhalation daily up to day 4 and then sacrificed on
day 5. The data represent mean values, n � 6. *p � 0.05; ***p � 0.005.
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therapeutic ratio when the antiedema and systemic effects were compared. Thus,
D5522L inhibited lung edema formation by 90% with just a 20% reduction of thy-
mus weight. By contrast, an equieffective anti-inflammatory dose of budesonide
was accompanied by an 80% reduction in thymus weight. These in vivo studies
therefore confirm the topical selectivity of D5522L compared with budesonide.

The alveolar macrophage is an important inflammatory cell in the lung, and
consequently a likely target for steroid action. To determine whether alveolar
macrophages contribute to the hydrolysis and efficacy of D5522, BAL cells (con-
sisting predominantly of macrophages) from rats instilled with D5522L were in-
vestigated ex vivo with regard to distribution, duration, and function of the com-
pound. When steroid uptake and distribution into alveolar macrophages were
compared some hours after intratracheal instillation of either radioactively labeled
and hydrated D5522L or D5519, there was significantly higher incorporation of
D5522L than of D5519 (data not shown). To study the functional relevance of this
enhanced and prolonged cellular disposition, BAL macrophages were stimulated
ex vivo with LPS and the release of TNFa was measured. Both D5522L and its
active component D5519 completely inhibited TNFa release by cells collected
60 minutes after steroid instillation. D5522L was 10-fold more potent in this re-
spect (Fig. 4). In BAL cells taken 6 hours after steroid administration, complete
inhibition of TNFa release by D5522L was still apparent, but only weak inhibi-
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Figure 4 Effect of hydrated D5522L and D5519 on LPS-induced TNFa release from
BAL cells ex vivo after in vivo dosing. Lavages were performed 1, 6, 25, and 49 hours after
i.t. instillation of the GCS. The data represent mean values, n � 8. *p � 0.05 compared
with saline-treated animals.
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tion was observed in cells from animals administered with D5519. When the cells
were assayed for TNFa release 25 hours after steroid administration, only the
inhibitory effect of D5522L was significant. Both compounds were inactive when
BAL cells were tested 2 days following steroid administration.

The prolonged, topical antiallergic efficacy of D5522L compared to budeso-
nide has also been documented in the allergic sheep model (W. Abraham, unpub-
lished). Development of the early and late phase reactions after allergic provoca-
tion of Ascaris suum–sensitive sheep were studied in this well-characterized model
(12,13). Pretreatment with budesonide (300 mg by inhalation 0.5 and 12 hours
before challenge) resulted in 50% inhibition of the early phase reaction and total
inhibition of the late phase reaction. A similar level of inhibition effect was ob-
tained with D5522L but at lower doses (2 � 100 ug) (data not shown). However,
when compounds were administered 36 and 24 hours prior to allergen challenge,
the effect of budesonide was lost, whereas D5522L still retained its inhibitory ac-
tivity in both early and late phase reactions (Fig. 5). This clearly demonstrates that
D5522 in lipids possesses a prolonged duration of action compared with conven-
tional GCS.

V. Deposition, Luminal Spreading, and Uptake
Mechanisms of D5522L

Inclusion of the naturally occurring phospholipid components of D5522L permits
a rapid hydration of the steroid in the phospholipid bilayer. Figure 6 shows the hy-
dration of a D5522/lipid powder after administration to rat trachea. Five minutes
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Figure 5 Effect of Ascaris suum challenge on lung resistance (RL) following adminis-
tration of GCS (triangles) or placebo (squares) 24 and 36 hours before antigen challenge.
The data represent mean values, n � 4. *p � 0.05 compared with control animals.
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after exposure, a substantial amount of fluorescent lipid material was observed in
the upper and lower trachea (Fig. 6a). The material adhered to the epithelial sur-
face, most probably embedded in the mucus layer (invisible in these images). The
presence of large liposome-like structures formed from partly hydrated powder is
clearly observed in Figure 6b.

The time course for the airways/lung distribution of radioactively labeled
and hydrated D5522L (labeled in steroid moiety) following instillation into rat tra-
chea is shown in Figure 7. Samples from different areas of airway/lung were ex-
cised at 5 minutes (the earliest possible time point) and 60 minutes, and the total
radioactivity was measured. Sixty minutes after administration, the total amount
of radioactivity was similar to the total amount measured at 5 minutes. This
demonstrates the slow uptake of D5522 and is in accordance with previous stud-
ies with liposomal preparations of budesonide palmitate (8). Analysis of individ-
ual lung sections, however, revealed significant differences in the distribution of
D5522 at 5 minutes and 1 hour. D5522 was found to redistribute over this time pe-
riod from its initial deposition in the upper and lower trachea to more peripheral
lung regions. The mechanism of redistribution is unknown, but the surface prop-
erties of the lipid formulation, and the small volume applied (1.5 mL), suggest that
it may occur via the lung surfactant layer.

D5522 requires hydrolysis to the active compound D5519 in order to exert
its anti-inflammatory activity. Therefore, a kinetic comparison between the con-
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Figure 6 (a) Image showing hydration of fluorescent D5522L powder after administra-
tion to rat trachea. The fluorescent probe was located in the phospholipid moiety. The black
arrow indicates the presence of circular liposome-like structures and the bright white area
is D5522L powder. The dot-like appearance in the subepithelial region is caused by auto-
fluorescence. (b) Electron micrograph showing formed liposomes in the trachea.
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centration of active GCS in the trachea and lung following inhalation of D5522L
and those obtained following inhalation of budesonide was carried out in rats
(Fig. 8). Following administration of equimolar doses of compound, the animals
were sacrificed and the trachea and lung excised. D5519 and budesonide were ex-
tracted from the tissues and the concentrations of steroids were assayed by a com-
bination of LC-MS/MS. During the first 4 hours following inhalation, the tracheal
budesonide concentration was markedly higher than that of active D5519, but at
later time points the concentrations equalized. However, there was a marked dif-
ference in the lung tissue levels. With the exception of the first hour following ad-
ministration, a much higher peripheral lung concentration of active D5519 was
found compared with budesonide. This observation agrees with the data reported
above (Figs. 3 and 4) of a significantly higher topical anti-inflammatory efficacy
and selectivity of the prodrug D5522L in the peripheral lung compared to a con-
ventional inhaled steroid.

The disposition of the D5522 and the phospholipid moieties of hydrated
D5522L have been analyzed at various time points in the rat. In two separate ex-
periments, the disposition of radiolabeled D5522 (labeled in the steroid moiety)
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Figure 7 Distribution of radioactively labeled and hydrated D5522L (labeled at the
steroid moiety) after intratracheal administration to rats. Samples from different areas of
the lung were excised 5 and 60 minutes after steroid administration, and associated radio-
activity was measured.
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and dipalmitoyl-phospatidylcholine (labeled in the choline moiety) were deter-
mined at different times in tracheal and lung samples (Fig. 9). The similar dis-
tribution of the two compounds suggested that the clearance of D5522 from the
airways was mechanistically coupled to that of the carrier lipid and could there-
fore explain the prolonged deposition and slow tissue uptake/release of D5522/
D5519. It might also imply that the two compounds behave similarly due to the
similar physiochemical properties of the phospholipid and lipophilic prodrug.

The similar uptake and disappearance of D5522 and phospholipid in the
absence of lipase activity (in the BAL fluid) suggested that a significant propor-
tion of D5522 is taken up and activated in the form of a “lipid complex.” The low
transport of hydrated D5522L across epithelial cells in vitro (data on file at Astra-
Zeneca) suggests that the release and uptake of D5522 from the lipid complex re-
quires the participation of target cells with phagocytic or endocytic capacity. In
view of the likely fusion of inhaled endogenous lipid with natural surfactant (14),
the target cells are those involved in the turnover of natural surfactant, i.e., alveo-
lar macrophages, Clara cells, and type II cells (14, 15). The current hypothesis for
the distribution and uptake mechanisms of D5519 from the D5522L formulation
are summarized in Figure 10.
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Figure 8 Tissue concentration of D5519 and budesonide in lung and trachea after in-
halation of D5522L and budesonide, respectively. D5519 and budesonide were extracted
from the tissues and the amount of steroid was quantified using LC-MS/MS.
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Figure 9 Tissue levels over time following intratracheal instillation of hydrated D5522L
to rats. Tritiated phosphatidyl choline (squares) and D5522 (circles) were administered at
separate occasions as D5522L. The amount of radioactivity in lung and tracheal tissues is
expressed as percentage of administered radioactive dose.

Figure 10 Schematic presentation of proposed cells involved in the activation of D5522
to D5519 in the lung from hydrated D5522L.
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VI. Conclusion and Prospects

The potent and prolonged anti-inflammatory efficacy of the D5522L formulation
results from the slow activation of the prodrug and localized release of the very
potent steroid, D5519. Administration of the D5522L powder to the respiratory
tract causes a rapid hydration of this formulation and leads to the formation of
a dispersed, mobile, slow-release reservoir of D5522 in the airway lumen. Phar-
macokinetic studies in dog and humans suggest that the majority of D5522 depos-
ited in the airways/lung is absorbed as D5519 over several hours (mean absorp-
tion time in humans is 14 hours). The resulting plasma steroid levels are quite low
and comprise very little intact D5522, indicating the efficiency of the hydrolytic
process (data in files of AstraZeneca). A minor fraction of the airway-deposited
steroid may be transported, by mucociliary clearance, to the oropharynx and swal-
lowed, ultimately being inactivated in the liver and/or gut. BAL fluid does not re-
lease D5519 from D5522L to a significant extent (in vitro data), which suggests
that the uptake/hydrolysis of D5522 is tissue-associated. Consequently, low levels
of active steroid are slowly released in the peripheral part of lung. The kinetics of
this process differs from steroid disposition following administration of a con-
ventional inhaled steroid. However, even at central airway level the D5522L for-
mulation exerts anti-inflammatory activity in human airways as it in trials in
asthma mediates an anti-asthmatic efficacy similar to budesonide. The kinetic and
dynamic results with D5522L in rat lung models suggest, however, that optimal
exploitation of this new formulation principle would be in conditions charac-
terized by peripheral airways inflammation, for example, COPD and lung
parenchymal disorders, where there is an urgent unmet need for improved and
safer therapy. Here, the D5522L formulation serves as a novel lead for the future
development of lipophilic prodrugs, where this formulation principle can mark-
edly enhance both topical efficacy and selectivity of local steroid action.
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I. Introduction

During the past decade there has been a major paradigm shift in the approach to
drug development. The commonly used approach has been based to a large extent
on the generation of applicable animal models for human disease and the use of
such animal models for screening of drug candidates. In rare situations, the cellu-
lar or molecular basis for the disease has been understood at a level that allowed
the development of drugs based on defined cellular or molecular targets. The new
approach that is slowly taking over the drug development field is based on iden-
tification of well-defined molecular targets whose inhibition or activation are ex-
pected to result in a therapeutic effect. Once such molecular targets are defined,
they are used for establishment of high throughput assays that are used for screen-
ing of chemical libraries to identify potential drug candidates. The inflammation
field provides excellent examples for this paradigm shift. While early efforts were
mostly focused on the development of useful animal models for human inflamma-
tory diseases, most of the current effort has been invested in the identification of
relevant molecular targets, which can be used to develop high throughput screens
for potential anti-inflammatory drugs.
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Because most of the long-term effects of inflammation are due to changes
in gene expression, much effort has been placed on the identification of tran-
scription factors involved in the activation of inflammation-induced genes and
genes encoding inflammatory mediators. Although several transcription factors
involved in the induction of such genes have been identified, this review is focused
on only two: AP-1 and NF-�B.

II. Mechanisms of AP-1 and NF-kB Activation

AP-1 is a dimeric, sequence-specific transcriptional regulator composed of mem-
bers of the Jun and Fos families of basic region-leucine zipper (bZIP) DNA-
binding proteins (1). AP-1 is not a single protein but a collection of Jun:Jun and
Jun:Fos dimers that can bind to the AP-1 recognition site. Owing to the large num-
ber of jun, fos, and related genes, the regulation of AP-1 activity is complex and
occurs at several distinct levels (2). Most relevant to inflammation is the regula-
tion of AP-1 activity by members of the mitogen-activated protein kinase (MAPK)
family. These protein kinases, which include the ERKs, the JNKs, and the p38s,
migrate to the nucleus upon their activation in response to proinflammatory stim-
uli and phosphorylate transcription factors, including the Jun proteins, that are
involved in the induction of AP-1 activity (3–5). All MAPKs appear to be ca-
pable of phosphorylating members of the TCF transcription factor family at their
C-terminal activation domain and thereby enhance their ability to induce fos gene
transcription (6,7). Members of the JNK group, but not other MAPKs, phosphory-
late the activation domains of Jun and ATF2 proteins and enhance their ability to
activate target genes, including the c-jun gene, which codes for a major com-
ponent of AP-1 (8–11). The p38s, on the other hand, phosphorylate and activate
members of the MEF2 group of transcription factors, some of which are also in-
volved in induction of c-jun transcription (12,13). Thus MAPKs contribute to
induction of AP-1 activity both by enhancing the transcription of jun and fos
genes, leading to higher levels of Jun and Fos proteins, which bind AP-1 sites as
dimers, and by increasing the transcriptional activity of both newly synthesized
and preexisting Jun proteins (2).

Like AP-1, NF-�B is also a dimeric, sequence-specific transcriptional regu-
lator. NF-�B dimers are composed of members of the Rel family of DNA-binding
proteins and, like AP-1, represent a heterogeneous collection of dimers with dif-
ferent activities that bind to a common DNA sequence—the �B site (14,15).
NF-�B activity is regulated at several different levels, through a number of distinct
mechanisms, but one form of regulation based on cytoplasmic-nuclear distri-
bution predominates: In nonstimulated cells, NF-�B dimers are kept in the cyto-
plasm through interaction with specific inhibitors—the I�B proteins. All I�Bs
contain a common core domain composed of seven ankyrin repeats, which di-
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rectly contact the core domain of all NF-�B proteins—the Rel homology domain
(16 –18). Through steric hindrance, the first two ankyrin repeats of I�B pre-
vent the recognition of the nuclear localization sequence (NLS) present in the
C-terminal portion of the Rel homology domain (16,17). The major I�B proteins
(I�Ba, I�Bb, and I�Be) also contain an N-terminal regulatory domain with two
conserved serine residues (S32 and S36 in I�Ba) that are rapidly phosphory-
lated in response to different pro-inflammatory stimuli (18). Once N-terminally
phosphorylated, the I�Bs, still bound to NF-�B dimers, are recognized by an E3
ubiquitin ligase complex, E3I�Ba (19). The binding of the E3I�Ba complex results
in recruitment of an E2 ubiquitin conjugating enzyme, which catalyzes the trans-
fer of ubiquitin to a conserved arginine found just N-terminally to the I�B phos-
phorylation sites (18). Polyubiquitinated I�B is then recognized by the 26S pro-
teasome, resulting in its rapid degradation. The released NF-�B dimers are then
transported to the nucleus, where they bind �B sites on target genes to induce their
transcription.

Although this elaborate pathway relies on the concerted action of a large
number of different proteins, it is the activation of a single enzyme, the I�B kinase
(IKK), that sets the entire process in motion. IKK is a complex composed of three
subunits, IKKa, IKKb, and IKKg (20 –23). Whereas IKKa and IKKb are the cata-
lytic subunits of the complex, IKKg is the regulatory subunit. IKKa and IKKb
form homo- and heterodimers via a leucine zipper motif, and this dimerization is
essential for their activity and/or activation (24,25). The IKKa/IKKb dimers asso-
ciate through an interaction with an as-yet undetermined number of IKKg mole-
cules to form a large IKK complex, which is a dimer of IKKa/IKKb dimers (25).
In addition to formation of this large complex, the IKKg subunit is required for
responsiveness to yet-to-be-identified IKK activators (23,26). These activators are
most likely IKK kinases (IKK-Ks), which activate IKK via phosphorylation of
two conserved serines at the activation loops of IKKa and IKKb (27).

Although purified recombinant forms of IKKa and IKKb display the same
substrate specificity, phosphorylating the two serines that are needed for I�B ubiq-
uitination, IKKb is a more efficient I�B kinase than IKKa (Y. Chen and M Karin,
unpublished results). These results are consistent with those of genetic analysis
that point out clear functional differences between IKKa and IKKb (28–30). Al-
though IKKa-deficient mice exhibit severe developmental abnormalities, which
indicate a role for IKKa in the differentiation of epidermal keratinocytes and pos-
sibly other cell types, the activation of IKK and NF-�B in response to proinflam-
matory stimuli seem to be perfectly normal in Ikka�/� mice and cells (28). By
contrast, IKKb-deficient mice die at mid-gestation due to massive liver apoptosis,
a phenotype that is essentially identical to that of mice with targeted disruption of
the RelA gene, which codes for the major NF-�B p65 subunit (29,30). The liver
apoptosis in both of these mutants is due to the absence of NF-�B activity which
is normally required for counteracting the pro-apoptotic effect of tumor necrosis
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factor (TNF)a, which is produced in large amounts by fetal liver (31). Consistent
with these results, cells derived from Ikkb�/� mice exhibit severe defects in acti-
vation of IKK and NF-�B in response to proinflammatory stimuli (29).

III. Involvement of AP-1 and NF-kB in Inflammatory
Responses

Several lines of evidence indicate that AP-1 and NF-�B are instrumental in gene
induction responses triggered by proinflammatory stimuli. First, the protein ki-
nases involved in the activation of AP-1 and NF-�B, the MAPKs and IKK, respec-
tively, are rapidly activated in cells exposed to proinflammatory stimuli, including
interleukin (IL)-1, TNFa, components of bacterial cell walls, and double-stranded
(ds) RNA, a product of viral infections (32,33). Second, transgenic or knockout
mice and cells that are defective in activation of AP-1 or NF-�B exhibit defi-
ciencies in induction of cytokines, chemokines, and other molecules involved in
inflammatory responses (33–36). For instance, T cells derived from Jnk1�/� or
Jnk2�/� mice exhibit defects in expression of several cytokines, including IL-2,
IL-4, and g-interferon (IFN), that are normally induced in response to antigenic
stimulation (34,35). Jnk2�/� fibroblasts exhibit defective induction of type I IFN
in response to dsRNA and IL-6 and IL-12 in response to dsRNA, IL-1, or LPS. De-
fects in induction of type I IFN and other cytokines are also exhibited by Ikkb�/�

fibroblasts (33,37), and lethally irradiated mice whose hematopoietic system was
reconstituted with Ikkb�/� stem cells exhibit major defects in the development
and activation of B and T cells in response to antigenic stimulation (U. Senftleben,
Z.-W. Li, and M. Karin, unpublished results).

Although the proinflammatory stimuli that lead to activation of AP-1 and
NF-�B are diverse, at least some of them act through common mechanisms. The
binding of IL-1 to its heterodimeric receptor results in the recruitment of several
signaling proteins, including a protein called TRAF6, to the cytoplasmic domain
of the signaling subunit of the IL-1 receptor (38,39). The latter protein is a mem-
ber of the Toll family, which includes several other proteins, called Toll-like recep-
tors (TLR), that function as the signaling subunits of receptors for components of
bacterial cell walls, such as lipopolysaccharide (LPS) and lipoteichoic acid (40).
The signals delivered both by IL-1R and the TLRs depend on the recruitment of
TRAF6 (41). Two other members of the TRAF family, TRAF2 and TRAF5, are
recruited to TNF receptors and are required for activation of various effector
functions, including JNK and IKK activation. The mechanism of TRAF2- and
TRAF6-mediated signaling was examined in detail and found to be based on the
activation of various downstream effector proteins via a N-terminal effector do-
main (32). One of the proteins that interact with the N-terminal effector domain of
TRAF2 is the MAPKKK MEKK1, whose catalytic activity is stimulated through
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this interaction (32). Through the generation of Mekk1�/� cells, MEKK1 was
shown to be required for JNK activation by TNFa, IL-1, LPS, and dsRNA (Y. Xia
et al., unpublished).

Other evidence for the importance of AP-1, JNK, NF-�B, and IKK comes
from the genetic analysis of innate immune responses in Drosophila, which are
functionally similar to innate immune and inflammatory responses in mammals
(5,40). Genetic and functional analysis has provided ample evidence for the con-
servation of the signaling pathways leading to activation of members of the AP-1
and NF-�B families in response to challenge of Drosophila larvae with various
proinflammatory stimuli, including LPS.

IV. Physiological Inhibitors of Inflammation,
AP-1 and NFkB

Further evidence for the importance of AP-1 and NF-�B in activation of inflam-
matory responses comes from the effect of physiological inhibitors of inflamma-
tion on AP-1 and NF-�B or on the pathways involved in their activation. First and
foremost among these inhibitors are glucocorticoid (GC) hormones. GC are re-
leased by the adrenal gland and for a long time have been known as potent nega-
tive regulators of inflammation and immune responses (42). Both naturally occur-
ring and synthetic GC have been used since the late 1940s as anti-inflammatory
and immunosuppressive drugs (43,44). Despite severe side effects, GC are still the
drug of choice for treatment of certain chronic inflammatory diseases, such as
asthma (45). GC are known to inhibit the induction of most cytokines and chemo-
kines, including IL-1, IL-2, IL-3, IL-6, g-IFN, TNFa, and GM-CSF (46). They
also block the induction of metalloproteinases, such as collagenase and stromely-
sin, in response to proinflammatory stimuli (47,48).

Analysis of the mechanism responsible for inhibition of collagenase gene
induction revealed that GC inhibit the activity of AP-1, the transcription factor
responsible for collagenase induction in response to proinflammatory stimuli
(47,48). The inhibition of AP-1 activity is most likely due to direct interaction be-
tween Jun proteins and the activated GC receptor (46 – 48). A dimerization defec-
tive mutant of the GC receptor (GRDim�

) fails to bind DNA and induce expres-
sion of GC-regulated genes but can still inhibit the activity of AP-1 and block the
induction of collagenase and other genes that are induced in response to pro-
inflammatory stimuli (49). Mice that carry the GRDim�

mutation in their genome
are viable, although they fail to induce classical GC target genes, such as tyro-
sine aminotransferase, in response to hormonal treatment (50). Most importantly,
however, in these mice GC can still inhibit AP-1 activity and prevent the induction
of AP-1 target genes (50). These results suggest that the most important function
of the GR is negative regulation of inflammation-induced genes rather than induc-
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tion of GC response genes (46). However, while these results confirm the in vivo
importance of the inhibition of AP-1 activity, they shed little new light on the
mechanism by which GR exerts this function. Although initially it was believed
that the interaction with GCR inhibits the binding of AP-1 to DNA (48), further
work suggested that AP-1 remained bound to DNA in GC-treated cells in which
the induction of AP-1 target genes is inhibited (48). It is possible that docking of
GR onto AP-1 prevents a productive interaction between AP-1 and components of
the basal transcriptional machinery. Alternatively, GR can compete with AP-1 for
binding of an important co-activator.

Another gene induced by various proinflammatory and antigenic stimuli is
the IL-2 gene, which codes for a major T-cell mitogen. Induction of IL-2 tran-
scription is also inhibited by GC and part of this effect is due to inhibition of
AP-1 activity (51). However, detailed analysis of targets for GC-mediated inhibi-
tion within the IL-2 promoter revealed that some of the inhibitory activity is also
targeted towards an NF-�B binding site (51). Indeed, GC were found to inhibit the
activation of NF-�B by a variety of proinflammatory stimuli (51,52). Two mecha-
nisms were proposed to account for the observed inhibition. First, GC were found
to induce the expression of I�Ba (51,52). Once I�Ba accumulates it translocates
to the nucleus to induce the export of NF-�B to the cytoplasm. In support of this
mechanism, the inhibition of NF-�B by GC was shown to require new protein syn-
thesis (51). A second mechanism was proposed to be based on direct interaction
between GR and NF-�B, similar to the interaction between GR and AP-1 (53).
However, in those cell lines where the subcellular distribution of NF-�B was ex-
amined, it was noted that whereas the activated GC receptor resides in the nucleus,
the inhibited NF-�B dimers are located in the cytoplasm as long as the cells are
exposed to GC (51). Regardless of the details of the mechanism by which GC in-
hibit AP-1 and NF-�B, this inhibition is likely to account for most of their anti-
inflammatory and immunosuppressive activity (46).*

Another class of compounds recently identified as physiological inhibitors
of inflammation are cyclopentenone prostaglandins (PGs), most notably 15-deoxy
PGJ2 (54,55). Cyclopentenone PGs have been known for quite some time to be
capable of inhibiting NF-�B activation or activity (56). Neither the mechanism
nor the physiological significance of this inhibition was clear until recently. Para-
doxically, like other PGs, the synthesis of PGJ2 depends on the activity of cyclo-
oxygenase (COX), especially COX2, which serves as a major target for non-
steroidal anti-inflammatory drugs (NSAIDs). It was recently observed, using a rat
model for lung inflammation (pleurisy), that administration of a COX2 inhibitor
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prior to the induction of inflammation prevented the onset of inflammation, ex-
actly as expected (54). However, when the COX2 inhibitor was given 24 hours
after induction of inflammation, it prolonged, rather than terminated, the inflam-
matory episode (54). This effect was attributed to inhibition of 15-deoxy PGJ2

synthesis, which unlike the synthesis of PGE, an established inflammatory medi-
ator, peaks at later stages of inflammatory episodes (54). The analysis of the mech-
anism by which 15-deoxy PGJ2 inhibits NF-�B activation revealed that 15-deoxy
PGJ2 is a potent inhibitor of IKK activity (55). Strong but indirect evidence sug-
gests that 15-deoxy PGJ2 directly reacts with a cysteine residue within the activa-
tion loops of IKKa and IKKb and thereby prevents their activation. A mutant of
IKKb in which this cysteine has been replaced with an alanine is no longer sensi-
tive to inhibition, and its transient expression prevents the inhibition of NF-�B ac-
tivation by 15-deoxy PGJ2 (55). These findings suggest the existence of a negative
regulatory loop that promotes resolution of inflammation. Activation of NF-�B
results in induction of various target genes, including the one coding for COX2
(57). Elevated expression of COX2 results in increased production of PGs. Early
in inflammation, COX2 catalyzes mostly the production of inflammatory PGs,
such as PGE, but later in inflammation, due to an unknown switch in specificity or
subcellular localization, it catalyzes mostly the production of anti-inflammatory
cyclopentenone PGs, such as 15-deoxy PGJ2 (54). As 15-deoxy-PGJ2 forms co-
valent adducts with IKK catalytic subunits, its increased production results in
slow but sustained inhibition of IKK, thereby promoting the resolution of inflam-
mation (55).

Another negative regulator of inflammation is the cytokine IL-10, which can
suppress the synthesis of IL-1, IL-2, IL-6, IL-8, TNFa, IFNg, and other cytokines
by activated leukocytes (58). This inhibition occurs mostly at the transcriptional
level (59). Examination of the effect of IL-10 on various transcription factors in-
volved in inflammation revealed that it inhibits the activation of NF-�B but has
no effect on AP-1 or another bZIP transcription factor, NF-IL6 (60). So far, the
mechanism by which IL-10 inhibits NF-�B activation is not understood. Never-
theless, IL-10 is a promising anti-inflammatory drug for treatment of chronic dis-
orders, such as inflammatory bowel disease (61).

V. Development of AP-1 and NF-kB Inhibitors

The findings discussed above suggest that inhibitors of AP-1 and NF-�B or of the
signaling pathways that lead to their activation can be developed into clinically
useful anti-inflammatory drugs. The development of such drugs, however, de-
pends on the identification of potent and specific AP-1 and NF-�B inhibitors. Sev-
eral approaches can be taken to the development of such inhibitors. At first glance,
the simplest approach would be to target the DNA-binding domains of these tran-
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scription factors and screen for or develop small molecules that will inhibit their
binding to DNA. It has been possible to develop DNA-based decoys that titrate
sequence specific transcriptional regulators and thereby prevent their binding to
target genes. However, such decoy molecules are relatively large and, being some
type of an oligonucleotide and therefore highly polar, they do not enter cells very
well. Furthermore, due to the high affinity with which AP-1 and NF-�B bind to
their specific DNA sites, it is rather unlikely that small, cell-penetrating molecules
will be able to interact with their DNA-binding domains with the same or higher
affinity and specificity as the natural DNA target. As DNA binding by both AP-1
and NF-�B factors requires the formation of protein dimers, it seems plausible
that another approach to inhibit their binding to DNA could be based on targeting
of their dimerization domains. However, structural analysis indicates that both
AP-1 and NF-�B proteins use rather large and hydrophobic interaction surfaces to
mediate dimerization, and it is therefore rather unlikely that small molecules will
be able to disrupt such highly efficient interactions.

In light of these considerations it appears that the protein kinases involved
in the activation of AP-1 and NF-�B may be the preferred and most susceptible
targets for drug-mediated inhibition. Indeed, protein kinases are enzymes and
therefore act catalytically rather than stoichiometrically. Also, as enzymes, pro-
tein kinases possess a well-defined catalytic pocket that is engaged in binding of
a relatively small molecule—ATP (62,63). Although all protein kinases bind ATP,
the residues that line up the ATP-binding site differ from one kinase to the other,
thus providing an opportunity for the development of specific inhibitors, all of
which compete with the binding of ATP. Initially, protein kinase inhibitors were
identified through screening of natural product libraries as well as defined chemi-
cal libraries. Such screens have resulted in the identification of quite a number of
different and relatively specific protein kinase inhibitors. Biochemical analysis of
the mechanism by which such inhibitors affect their protein kinase targets revealed
that most of them are competitive inhibitors of ATP binding and therefore are
likely to target the ATP-binding site (64). Indeed, in a few cases structural studies
have confirmed the binding of protein kinase inhibitors at the ATP-binding site
(64). Such results have led to the development of a more specific and systematic
approach to the identification of protein kinase inhibitors. This approach is based
on the preparation of highly diverse combinatorial libraries based on an adenine
nucleus (65). Such libraries contain millions of different ATP analogs and there-
fore should be a very rich source for competitive inhibitors of ATP binding. Pre-
liminary analysis of such libraries have already resulted in the identification of
relatively potent and specific protein kinase inhibitors (65). Using such libraries
as sources of inhibitors and purified recombinant forms of MAPKs and IKK, it is
only a matter of time until specific MAPK and IKK inhibitors will be identified
and tested for their ability to inhibit the activation of AP-1 and NF-�B and thereby
prevent the induction of inflammatory responses.
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Discussion

Dr. Brattsand: Do you see JNK inhibitors mainly as a substitute for or as a
complement to glucocorticoids? Do you think that JNK activation contributes
to glucocorticoid resistance?

Dr. Karin: JNK inhibitors can be used alone as well as as a complement to
glucocorticoids.

Dr. Schleimer: I was interested to see that the JNK inhibitor blocked TNF and
IL-1 production but not IL-8. Does this imply that TNF and IL-1 are not im-
portant inducers of IL-8 production? Is the lack of effect on IL-8 production
true for other chemokines? Have you used your unique compound libraries
to look for inhibitors of JAK enzymes involved in STAT6 activation? Since
STAT6 seems to be so important in Th2-cell development, this seems worth-
while. Do you suspect the JNK inhibitors will prove to be equally effective
against Th1 and Th2?

Dr. Karin: These data are preliminary and certainly don’t mean that TNF and
IL-1 do not regulate IL-8. No work on JNK inhibitors has been done. In my
mind, JNK inhibitors should inhibit both Th1 and Th2 functions.

Dr. Busse: The observation that JNK activation could occur in PKR�/� mice is
intriguing because this may be a pathway not affected by steroids. The ques-
tions I have are, what cell line was this process evaluated in, and what secretory
events were evaluated in response to dsRNA?

Dr. Karin: The dsRNA work was done in fibroblasts. We found that JNK acti-
vation contributes to IL-6, IL-8, and IL-12 induction.

Dr. Stellato: It has been shown recently that the ability of JNK inhibitor to
downregulate LPS-induced TNFa production from monocytes was lost in mice
in which the AURE of the 3
UTR of TNFa mRNA was mutated, implying that
JNK targets AURE-dependent posttranscriptional and translational regulatory
elements. Do you have any information about the potential targets of JNK in
these pathways?

Dr. Karin: We are working on the role of JNK in mRNA stabilization, but this
work has not progressed to the point where I can answer your question.

Dr. Georas: What exactly is the role of calcineurin in mediating activation of
JNK, and how do you think JNK inhibitors will compare with some of the
selective calcineurin antagonists being developed?

Dr. Karin: Calcineurin-mediated Ca affects JNK activity in T cells. JNK in-
hibitors may generate similar effects to the calcineurin inhibitors in T cells.

Anti-inflammatory Drug Development 589

24-M1775  10/11/2001  12:33 PM  Page 589



Dr. Denburg: TNFa has some positive effects on hemopoiesis and also protects
against nephritis in lupus-prone MRL mice. Have you examined the effects of
JNK inhibitors on hemopoiesis or in MRL mice?

Dr. Karin: Not yet, but we know that the related MAPK, p38b is required for
erythropoiesis.

Dr. Brattsand: When you think forward about potential JNK inhibitors for res-
piratory diseases, do you think they will be applied by systemic or local admin-
istration? From the drug development point of view, it would be easier to reach
efficacy and topical selectivity by local therapy.

Dr. Karin: Depending on the actual inhibitor eventually developed, it should be
useful to use them both systemically and topically. Of course, when possible,
topical application may be desired.
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I. Introduction

Asthma is a chronic inflammatory condition of both “large” and “small” conduct-
ing airways: activated T-helper lymphocytes, eosinophils, and mast cells are in-
creased in number, and this is linked to structural changes occurring in the airway
wall, the last referred to as airway wall remodeling (1,2). There is an associated
increase in airway responsiveness to a variety of stimuli not normally causing such
reaction in normal healthy individuals. In addition to the chronic inflammation of
asthma, there may be acute bouts of inflammation with episodic symptoms, in-
cluding wheezing, breathlessness, chest tightness, and cough, usually associated
with variable airflow obstruction that is at least partially reversible either sponta-
neously or following treatment. The reliance on reversibility for the clinical defi-
nition of asthma as distinct from the airflow obstruction associated with chronic
obstructive pulmonary disease (COPD) is not without difficulty (Fig. 1). While the
clinical and tissue differences between the nonsmoking asthmatic with reversible
airflow obstruction and the smoker with COPD are reasonably clear (3), a signifi-
cant proportion of asthmatics (particularly in the older age group) demonstrate
relatively poor reversibility. Likewise, many patients with COPD may show sig-
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nificant airway reversibility, associated with some of the inflammatory and airway
structural features of asthma (4).

Inhaled corticosteroids are highly effective agents in the treatment of mild
to moderate asthma: they reduce airway inflammation, decrease symptoms, and
improve lung function (5–7). However, about 10 –15% of asthmatics respond
poorly to inhaled or oral corticosteroids, and (as in COPD) this is often associ-
ated with accelerated decline in lung function even in the absence of a history of
smoking (8,9): symptoms persist and inflammation continues in spite of steroid
treatment (Fig. 2). The current premise is that the accelerated decline in forced
expiratory flow over time is the result of a shift from episodic acute to chronic
inflammation and consequent airway wall remodeling. The remodeling results in
a thickening of the airway wall, reduction of the airway lumen, and a marked in-
crease in resistance to airflow (Fig. 3) (10,11).

Acute inflammation is the response of a vascularized tissue to injury: it pro-
tects the host and restores tissue to normal by a process of healing in which there
is a process of transient remodeling. The concept of “remodeling” implies that
a process of “modeling” must have preceded it. For example, the lung in utero
undergoes extensive modeling and remodeling: these processes are entirely appro-
priate to the normal process of lung development. Accordingly, the working defi-
nition of remodeling proposed herein is “an alteration in size, mass or number of
tissue structural components that occurs during growth or in response to injury
and/or inflammation. It may be appropriate, as in lung development or the acute
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Figure 1 Interrelationship between asthma and chronic obstructive lung disease (COPD).
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reaction to injury, or ‘inappropriate’ when it is chronic as, for example, in: asthma,
COPD or fibrosing alveolitis.” For example, in wound healing (in the skin) there
is swelling/edema, rapid restitution of the denuded areas by epithelial de-
differentiation, proliferation, and migration from the margins of the wound. This
is associated with an inflammatory reaction: i.e., early infiltration of the injured
tissue by neutrophils and later by lymphocytes and macrophages. Reticulin is de-
posited within days, and this may mature to form interstitial collagen, a scar, by
2–3 weeks. In addition, healing may involve contraction of the surrounding tissue
by myofibroblasts that may proliferate transiently in relatively large numbers
(12,13). Thus, normal tissue architecture is restored consequent to an inflamma-
tory and appropriate remodeling process in which a number of inflammatory cyto-
kines and growth factors are involved. All of the components of wound healing
and many of the cytokines involved appear also in asthma, but in asthma both the
inflammation and remodeling persist and the consequences are inappropriate to
the maintenance of normal (airway) function. The reasons for the persistence are
unknown but may be the result of repeated inhalation of allergen or exposure to
high concentrations of allergen or a genetically influenced abnormal host inflam-
matory response or defect in the repair process. It is currently presumed that there
is a continuum between the chronic inflammation, remodeling and loss of func-
tion in asthma (Fig. 4), but as yet there is no evidence for this. It could be that the
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Figure 2 Decline of lung function (FEV1) in a subgroup of male nonsmokers with severe
asthma. (Adapted from Ref. 9.)
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Figure 3 Diagrammatic representation of the thickened airway wall in asthma (on right)
as compared with the normal.

Figure 4 Interrelationship between acute and chronic inflammation and airway wall re-
modeling.
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mechanisms responsible for the maintenance of chronic inflammation and those
that perpetuate remodeling are distinct. Thus it should not be assumed that cor-
ticosteroids, acknowledged as powerful anti-inflammatory agents, should also
attenuate or reverse the remodeling process. Second, theoretically it would not
be helpful to reduce that component of (acute) inflammation that is protective to
the host. Thus, the targets for steroid treatment in asthma should ideally be (1) the
chronic inflammatory elements, e.g., lymphocytes, monocytes/macrophages, and
the chronic tissue eosinophilia, and (2) any aspect of the remodeling process that
is inappropriate to normal airway and lung function, e.g., goblet cell hyperplasia,
reticular basement membrane thickening, and an increase in the mass of bronchial
smooth muscle.

The following considers the distinct components of the airway wall that
are considered to be “injured” and inappropriately remodeled in asthma and the
current evidence and controversies regarding the effects of corticosteroids in in-
fluencing such remodeling.

II. Surface Epithelium

Histologically, damage and shedding of the airway surface epithelium are reported
in asthma postmortem (Fig. 5), but this change is highly variable, with some air-
ways having intact surface epithelium even in the presence of marked inflamma-
tion and other structural changes. Loss of the epithelium induces a healing process
that either results in complete restoration of the columnar/cuboidal epithelium
with normal proportions of goblet and ciliated cells or, if the injury is repeated,
squamous cell metaplasia and/or goblet cell hyperplasia. Histologically, damage
and shedding of airway surface epithelium appears to be an early feature of asthma
as it is prominent in biopsy specimens of patients with stable mild disease: it is
not a usual feature of smokers with bronchitis or COPD (Fig. 6) (14 –16). Loss of
superficial epithelium is normally accompanied by mitotic activity in the remain-
ing cells (see Ref. 17), albeit there are unpublished data indicating that the mitotic
response in asthma may be abnormally suppressed. Aggregations of platelets to-
gether with fibrillary material thought to be fibrin have been observed in associa-
tion with the damaged surface. The greater the loss of surface epithelium in biopsy
specimens, the greater is the degree of airway responsiveness (14). It is recognized
that there is inevitably artefactual loss of surface epithelium during the taking and
preparation of such small biopsy pieces, even normally, which makes interpreta-
tion of the epithelial loss seen in bronchial biopsies difficult (18). In the author’s
opinion, the observed loss in biopsies reflects the fragility (but not loss) of the
epithelium in vivo and the consequent loss of an already loosened epithelium that
occurs during the bronchoscopy procedure. The fragility of the epithelium in vivo
in asthma is supported by the frequent appearance of clusters of sloughed epi-
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thelial cells in sputa (19) and the increased presence of bronchial epithelial cells
in bronchoalveolar lavage of asthmatics with mild disease (15).

There are few studies of the effects of steroids on epithelial integrity and
epithelial cell composition. The biopsy study by Lundgren and colleagues (20)
demonstrated that periods of up to 10 years of treatment of asthmatic patients with
inhaled beclomethasone (400 mg daily) were associated with repair of damaged
ciliated epithelium as assessed by scanning electron microscopic examination. In
another study in which tissues had been prepared for transmission electron mi-
croscopy (TEM), bronchial biopsies obtained before randomization were com-
pared with those obtained from patients after 3 months of treatment with 750 –
1200 mg daily of budesonide (21). Compared to the biopsies taken from subjects
given the placebo, TEM of biopsies taken from the steroid-treated group demon-
strated a restored ciliated to goblet cell ratio, greater numbers of intraepithelial
nerves, and fewer inflammatory cells (21,22).

Epithelial goblet cell hyperplasia and submucosal gland enlargement is a
feature of fatal asthma (23). Many asthmatics suffer from excessive production
of mucus, which, together with the inflammatory exudate, forms highly tenacious
plugs that block the airways (24). Goblet cell hyperplasia is a feature of asthma
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(a) (b)

Figure 5 Histological sections stained with haematoxylin and eosin (H&E). (a) Part of
the airway wall of an accidental nonasthmatic death showing intact airway epithelium, a
thin reticular basement membrane (RBM) (arrow) and small blocks of airway smooth
muscle (ASM) (small arrow). (b) A case of fatal asthma showing sloughing of the surface
epithelium, a homogeneously thickened and hyaline RBM (arrow), a marked infiltration of
the mucosa by inflammatory cells and enlarged ASM (small arrow). Scale � 80 mm.
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(a)

(b)

Figure 6 H&E-stained sections of bronchial biopsies. (a) Section from a case of mild
atopic asthma showing the sloughing of the epithelium (small arrow) and the early thick-
ening of the RBM (arrow). (b) In contrast, a case of a smoker with COPD has an intact ep-
ithelium that shows squamous metaplasia (small arrow) and a RBM (arrow) of normal
thickness. Scale � 60 mm.
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(25,26) and also of bronchitis (27): this aspect of remodeling can also be repro-
duced in animal (rodent) “models” of these two human conditions following re-
peated exposure to inhaled allergen or to cigarette smoke, respectively (28–30).
For example, 2 weeks of passive daily exposure of laboratory rats to cigarette
smoke induces airway goblet cell hyperplasia. The effect of cigarette smoke can
be attenuated by concurrent (intraperitoneal) administration of dexamethasone,
prednisolone, or hydrocortisone (in order of descending effectiveness) (31). In the
sensitized atopic mouse model, repeated intratracheal allergen challenge induces
a dose-related goblet cell hyperplasia in the large airways and a mucous meta-
plasia in the smaller airways that normally lack this cell type: there is also an
IL5-dependent eosinophilia (32). When a “subclinical” infection with a strain of
human respiratory syncytial virus is superimposed on the model of atopic asthma,
there is recruitment of monocytes and lymphocytes to the airways associated with
discharge of mucin from goblet cells. Daily systemic treatment with dexametha-
sone during the period of allergen challenge results in a reduction of the numbers
of inflammatory cells and a dose-related suppression of the developing increase in
goblet cells (Fig. 7): moreover, similar treatment with the steroid during the reso-
lution phase shortens the time taken to recover to normal (33).

In respect to the epithelium’s role in inflammation, there is also experimen-
tal evidence in vitro that steroids can attenuate the production of epithelial-derived
pro-inflammatory molecules such as eotaxin and monocyte chemoattractant pro-
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Figure 7 Bar chart showing reduction by dexamethasone (dex) of ovalbumin (OA)–
induced goblet cell hyperplasia (GCH) in the mouse. Groups: A, saline challenge � sa-
line treatment; B, OA � saline; C, OA � dex (0.1 mg/kg/day); and D, OA � dex
(1 mg/kg/day). (Adapted from Ref. 33.)
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tein (34,35). Moreover, dexamethasone dose-dependently inhibits adenovirus-
induced ICAM-1 expression by epithelial cells responsible for inflammatory cell /
epithelial cell interaction and adhesion (36). Thus, the effects of inhaled steroids
would be expected, in vivo, to reduce the attraction, retention, and accumulation
of inflammatory cells in the epithelium and protect against consequent epithelial
injury and remodeling.

III. Reticular Basement Membrane

Recurrent epithelial injury or failure of the epithelium to repair normally would
result in the continued release of epithelial-derived factors (such as transform-
ing growth factor beta), which would affect not only the epithelium per se but
also structures lying deeper in the airway mucosa. Thickening of the subepithelial
reticular basement membrane (RBM) (i.e., the lamina reticularis) has long been
recognized as a consistent change in extrinsic, intrinsic, and occupational forms
of asthma (14,37– 40) (see Figs. 5b and 6a). This example of remodeling, when
homogeneously thickened and hyaline in appearance, is very characteristic of
asthma and is not found in COPD (see Fig. 6b). The reticular basement membrane
is not present in the fetus (at least up to 18 weeks of gestation) but develops in nor-
mal, healthy individuals, presumably during childhood: its thickening in asthma
occurs very early on (41), even before asthma is diagnosed (42). The thickening
remains even when asthma is mild and well controlled by antiasthma treatment
(43), and it is present postmortem in patients with a long history of asthma but
who have not died of their asthma (39) (Fig. 8). The extent of thickening is maxi-
mal early on in the development of asthma, and it does not appear to increase
significantly in thickness with time or severity of disease, albeit the last is debated.
The reticular basement membrane is immunopositive for collagen types III and V,
for fibronectin, but not laminin: consequently its thickening in asthma has been re-
ferred to as “subepithelial fibrosis” (38). In the author’s opinion this is an unfor-
tunate application of the term “fibrosis” as the thickened layer of reticulin is ultra-
structurally distinct from the “banded” (65 nm periodicity) collagen, which lies
deeper in the interstitium of the airway wall, or that which comprises a scar. In
contrast to interstitial collagen the reticular basement membrane is composed of
thinner fibers of reticulin linked to a tenascin-rich matrix in which there are sugars
together with entrapped molecules such as heparin sulfate and serum-derived
components such as fibronectin. These entrapped molecules may modulate the
state of differentiation, integrity, and function of the overlying surface epithelium
and may, in the author’s opinion, provide an osmotic gradient that encourages its
thickening by swelling. Interestingly the thickened layer does not behave as a bar-
rier to the transmigration of inflammatory cells, which presumably by the release
of enzymes (e.g., metalloproteases) pass through it. The thickening shows a posi-
tive association with airways hyperresponsiveness and the frequency of asthma
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attacks and with the numbers of fibroblasts and “myofibroblasts” that lie external
and adjacent to it (44,45).

Can the RBM thickening of asthma be reversed? Evidence to support the
capacity for the RBM to reduce in thickness comes initially from studies of sub-
jects with occupational, toluene diisocyanate–induced asthma (46). In this study
bronchial biopsies were taken at diagnosis and 6 months later, after cessation of
the occupational exposure when the thickness of the RBM was found to be signifi-
cantly reduced in spite of evidence of continued inflammation. In another study,
the results of a placebo-controlled bronchial biopsy study of inhaled fluticasone
(250 mg) given for 6 weeks showed a significant withingroup reduction in RBM
thickness in the FP-treated group (47). However, in the author’s opinion, compari-
son of the FP-treated group with the placebo renders the reductive effect of FP
questionable. The randomization starting levels in the active group were unfortu-
nately much higher than the placebo, and the final value after reduction with FP
was similar to that of the placebo (see Fig. 9). Tenascin and fibronectin are extra-
cellular matrix components expressed normally during morphogenesis and in re-
pair after injury. Interestingly, there is increased immunoreactivity for tenascin
in the RBM of patients with chronic and seasonal asthma, and in the latter group,
inhaled budesonide (800 mg daily) prevented the birch pollen–induced increase in
tenascin (48). Further support for the efficacy of inhaled steroids in reversing
RBM thickening comes from a prospective, randomized, single-blind, parallel
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(a) (b)

Figure 8 Scanning electron micrographs (SEM) of the epithelium and its RBM. (a) Cili-
ated epithelium with an RBM (arrow) of normal thickness. Scale � 40 mm. (b) A thickened
RBM (arrow) in a case of a man with 25-year history of asthma but who did not die of his
asthma. Scale � 10 mm.
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trial with a 2-year follow-up of the effects of inhaled corticosteroid (budesonide
or beclomethasone) given at a range of doses to mild to moderate asthmatics (49).
A treatment strategy aimed at reducing airway hyperresponsiveness (AHR) (i.e.,
the AHR strategy) in addition to the recommendations of the then current guide-
lines was more effective in controlling asthma and reducing inflammation than
that of the then current guidelines alone (i.e., the reference strategy). Quanti-
fication of bronchial biopsies demonstrated that the thickness of the RBM was
significantly reduced after 2 years of treatment, but only in the AHR strategy
group, and the difference was significant when compared with the reference strat-
egy group (Fig. 10). In another placebo-controlled study of 1000 mg BDP daily
given over 4 months, there were significant reductions reported in the thickness of
the subepithelial components that immunostained for type III collagen (50). How-
ever, the interpretation of these results is equivocal, as the measurements of RBM
thickness were more than three times higher than the average of values obtained
by all other investigators in the field. It is likely that the authors were measuring
the RBM as well as the deeper interstitial collagen, which also stains for type III
collagen.

In contrast, an earlier TEM study of mild asthmatics biopsied before and
after treatment with either steroid or beta-agonist, demonstrated no significant re-
ductive effect on the RBM thickness following inhaled budesonide (400 mg daily)
or terbutaline given over 4 weeks (51). The same study also reported the results of
a cross-sectional analysis of a group of more severe asthmatics and found no
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Figure 9 Graph showing the effects of 6 weeks of treatment with an inhaled steroid on
the thickness of the RBM. (Adapted from Ref. 47.)
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significant effect of inhaled steroids given for up to 10 years (average 3.5 years) in
spite of marked reductions in the numbers of inflammatory cells. The same group
of workers recently demonstrated that the RBM of asthmatics who required regu-
lar inhaled steroids for adequate long-term control had a RBM that was signifi-
cantly thicker than a group of subjects with COPD free of steroid treatment but
matched for age and disease severity (43) (see Table 1).

Thus, the effects of steroids on RBM thickness in asthma are still debated.
On balance, the evidence appears to favor a reductive effect, but more confirma-
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Table 1 Thickness (mm) of Reticular Basement Membrane � SEM

Airway level Normal CB alone CB � COPD Asthma

Lobar 3.7 � 0.3 4.9 � 0.2 4.1 � 0.4 8.3 � 0.5*
Subsegmental 4.3 � 0.4 4.6 � 0.2 4.3 � 0.3 8.3 � 0.6*

*p � 0.05 compared with normal, CB, or CB � COPD.
Source: Ref. 43.

Figure 10 The effects of two distinct treatment regimens given over 2 years to asthmat-
ics, using the current guideline recommendations (reference-strategy) and using the addi-
tional endpoint of reduction in airways hyperresponsiveness (AHR strategy). The latter is
associated with a significant reduction of the RBM thickness. (Adapted from Ref. 49.)
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tory studies are required and the mechanism by which this could be brought about
needs to be elucidated.

IV. Interstitial Collagen and Elastic Tissue

In contrast to the fibrotic changes recognized to occur in COPD, the evidence for
fibrosis in asthma is, at best, controversial. There are reports of increased airway
wall collagen in mild asthma (52). The amount of subepithelial interstitial colla-
gen, referred to by the authors as “subepithelial fibrosis,” is reported to increase
with the severity of asthma and to correlate with loss of lung function (53). How-
ever, others researchers demonstrate little or no change in collagen content in
asthma and no relationship of collagen mass to the severity of disease (45).

Most researchers agree that transforming growth factor beta (TGF-b) is a
potent pro-fibrotic cytokine: associations between TGF-b and the number of fibro-
blasts in asthma have been demonstrated (53,54). Yet the data as to whether or not
tissue TGF-b is increased in asthma are contradictory (45,53–55). The immuno-
histochemical results of examination of biopsies in mild asthma by Trigg and
colleagues (50) for the identification of collagen type III likely included measure-
ments of interstitial collagen as well as components of the RBM. The steroid-
related reductive effects these authors reported indicate that steroids may reduce
overall collagen mass (at least in the mucosa) in asthma. In contrast, there was
no effect of corticosteroid on either the amount of collagen or elastic tissue of the
airway wall when electron microscopy and stains for elastic are applied to the
airways and lungs of both mild and fatal cases of asthma. As a positive control
for the procedure, there were, however, reductions found in the cases of cystic fi-
brosis (56).

Fibroblasts are the main cells responsible for the production of connective
tissue matrices, and they are key cells involved in normal repair. Their number,
activity, and contractility are regulated by a variety of pro-inflammatory mediators
and growth factors. One much implicated factor is, again, TGF-b, whose source
may be, initially, the damaged epithelium (referred to above) and later the fibro-
blast per se. The concentrations of TGF-b are reported to be increased in broncho-
alveolar lavage fluid (BALF) of asthmatics, and the increases are reduced in asth-
matic subjects following 3–12 months of treatment with FP (750 mg bd). During
this time there are significant improvements in airways responsiveness and lung
function (i.e., FEV1) (57). It appears also that the auto-induction of TGF-b1 by
fibroblasts in culture can be inhibited by steroid (budesonide) and that the effect
of a single dose can be sustained for 24 hours (58). Interestingly, steroids augment
fibroblast contraction by inhibition of the release of prostaglandin E, a prostanoid
that normally inhibits fibroblast contraction (59). The biological relevance of the
last observation is presently unclear: it may be of greater relevance in the treat-

Remodeling and Steroids in Asthma 605

25-M1775  10/11/2001  12:34 PM  Page 605



ment of small airways of subjects with COPD where scarring and irreversible
contraction of airways is known to occur. Fibroblast function in asthma does
appear to be altered: those harvested from biopsies of asthmatics are reported to
proliferate less well and have a shorter life span than those obtained from normal
individuals. In addition, those from asthmatics respond by proliferation (i.e., in-
corporate tritiated thymidine into their DNA) to either platelet-derived growth
factor-BB or dexamethasone, while fibroblasts from the biopsies of nonasthmatic
individuals do not (60). These data require confirmation, and their biological sig-
nificance needs to be understood.

V. Airway Vessels

Dilatation of bronchial mucosal blood vessels, congestion, and wall edema are
also consistently reported features of fatal asthma, and these can account for con-
siderable swelling of the airway wall (see Figs. 11 and 12) (61– 63). Vasodilata-
tion, congestion, and mucosal edema are cardinal signs of inflammation (64). The
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Figure 11 Transverse section of a bronchus in a case of fatal asthma stained with H&E
to show lumenal plugging, many dilated and congested bronchial vessels (V), inflamma-
tion and areas of ASM (arrow) in the airway wall. Scale � 180 mm. (Courtesy of Professor
Heard.)
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formation of granulation tissue in which new vessels appear is a normal part of
the healing response. There are indications that there may be new growth of bron-
chial vessels that contribute to the increased vascularity of the airway wall in mild
asthma (65) and particularly when asthma is severe (66). In the former mild group,
7 asthmatics who did not receive inhaled corticosteroids had a significantly greater
number of and greater area of the mucosa occupied by bronchial vessels than
11 nonasthmatic controls: these changes correlated with the degree of airway re-
sponsiveness and percentage change in FEV1 after bronchodilator. Those receiv-
ing inhaled corticosteroid (beclomethasone, 200 –1500 mg daily) had a statisti-
cally significantly reduced vessel area and a trend to fewer vessels than those not
treated (67).

VI. Bronchial Smooth Muscle

The percentage of bronchial wall occupied by bronchial smooth muscle is in-
creased in fatal asthma (23) (Fig. 12). The absolute increase in muscle mass is
reported to be particularly striking in large intrapulmonary bronchi of lungs ob-
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Figure 12 SEM of part of the airway wall in fatal asthma showing the thickening of
the wall due to dilatation of bronchial vessels (V) and enlargement of airway smooth 
muscle (ASM) (arrow). Scale � 50 mm.
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tained following a fatal attack as compared with that in asthmatic subjects dying
of other causes (11). The increase in muscle mass is an important contributor to
the thickening of the airway wall and hence to the marked increase in resistance
to airflow, which may become life-threatening (10,68–70). Using a morphomet-
ric technique applied to tissue sections of airways, Dunnill and coworkers (23)
showed that approximately 12% of the airway wall in segmental bronchi obtained
from cases of fatal asthma was comprised of muscle compared to about 5% in nor-
mals. Hogg and colleagues (71) confirmed this trend in airways larger than 2 mm
in diameter and demonstrated a three- to fourfold increase over normal in the area
of the wall occupied by bronchial smooth muscle. In asthma the increase in muscle
mass, in absolute terms, is not as striking in airways of less than 2 mm in diame-
ter (72), albeit the relative contribution of airway wall muscle to overall airway
wall thickness in small airways is greater than that in large airways (Fig. 13). The
relative contribution of muscle fiber hyperplasia (73), hypertrophy (74,75), or
other mechanisms to the increase in muscle mass in asthma is unclear. Two pat-
terns of distribution of increased muscle mass have been described in asthma: one
in which the increase occurs throughout the airways and another in which the in-
crease is restricted to the largest airways (74,75). It is suggested that in the former
there is muscle fiber hyperplasia as well as hypertrophy, in the latter hypertrophy
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Figure 13 Bar chart demonstrating the area of the airway wall occupied by airway
smooth muscle (ASM) in three groups of subjects: nonasthmatics, asthmatics who did not
die of asthma, and those who died in status asthmaticus. The enlargement of ASM is promi-
nent in the large airways of fatal asthma. Pbm � millimeter perimeter basement membrane.
(Adapted from Ref. 11.)
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alone. Thus, smooth muscle cell proliferation (an increase in fiber number) is
likely to be a major contributor to the increase in smooth muscle mass.

The mechanisms that control airway smooth muscle proliferation may be
studied in vitro using the uptake of tritiated thymidine as a marker of DNA syn-
thesis, and the number of cells can be counted to assess the degree of muscle
cell proliferation. A number of agents including cytokines and growth factors
influence the growth of airway smooth muscle (ASM). These include epidermal
growth factor (EGF), insulin-like growth factor (IGF), basic fibroblast growth fac-
tor (bFGF), tumor necrosis factor (TNF), fetal calf serum (FCS), thrombin, and
leukotriene D4 (LTD4). In vitro pretreatment of human ASM with dexamethasone
(100 nM for 60 min) inhibits the mitogenic response (both 3H-thymidine and cell
number) of ASM to thrombin, bFGF, FCS, and EGF, with the greatest and least
inhibitory effects of the steroid seen with thrombin and EGF, respectively. Follow-
ing thrombin, addition of dexamethasone up to 19 hours (but not after 21 hours)
following thrombin treatment produces a similar degree of inhibition as that seen
with pretreatment of ASM by steroid (76). There is also a dose-dependent steroid
(methyl-prednisolone)  inhibition of LTD4-induced ASM proliferation reported
(77). TNF at low doses (0.3–30 pM) appears to have a mild mitogenic effect on
ASM, which can be inhibited by dexamethasone: however, at higher doses (300 pM,
i.e., in the range of concentration detected in BALF) TNF blocks the stimulatory
effects of thrombin (78). Interestingly, the TNF blockade of thrombin-induced
ASM proliferation can also be inhibited by dexamethasone (78). Steroids have
been shown to block ASM proliferation by reduction of intracellular cyclin D1,
both mRNA and protein, via their action at an intracellular site downstream of or
parallel to the ERK (extracellular regulated kinase) pathway (79).

In respect to other mechanisms contributing to the increase in airway
smooth muscle mass, we have observed that solitary contractile cells (referred to
as “myofibroblasts”) appear in substantial numbers during the late phase response
to allergen challenge (Fig. 14). We have suggested that, with repeated exposure to
allergen, these “myofibroblasts” or “fibromyocytes” contribute not only to the in-
creased production of reticulin (i.e., reticular basement membrane) but may also
be precursors of the increased mass of bronchial smooth muscle seen in the air-
way wall in severe asthma (80). We propose that dedifferentiation of existing
smooth muscle and its migration, in the form of a myofibroblast phenotype, to a
subepithelial site occurs in asthma (80): this process may parallel the changes of
vascular smooth muscle described in atherosclerosis (81). This late phase “re-
modeling” response to allergen challenge may also be responsive to pharmaco-
logical intervention. Such clinical experiments to determine the effects of treat-
ment are ongoing: there are no data, as yet, in humans concerning the effectiveness
of steroids, b-agonists, or leukotriene antagonists in inhibiting the initiation of the
myofibroblast response to allergen challenge in asthma.
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(b)

Figure 14 Transmission electron micrograph of the mucosa in bronchial biopsies from
cases of atopic stable asthma. (a) A subepithelial fibroblast lying close to a lymphomono-
nuclear cell (L). Scale � 2.5 mm. (b) A myofibroblast taken from an allergic asthmatic
24 hours after allergen challenge. The myofibroblast is significantly larger than the fibro-
blast and the cytoplasm has filaments organized as bundles running along the length of the
cell membrane. There are bundles of electron-dense condensations (arrows) as in the con-
tractile apparatus of bronchial smooth muscle cell. Scale � 5.0 mm. (From Ref. 80.)

(a)
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VII. Airway Wall Nerves

The topic of airway wall innervation and its relevance to asthma is a large one
(82,83). There are unconfirmed data showing that in fatal asthma there is an
absence of (relaxant) vasoactive intestinal polypeptide (VIP)– containing nerve
fibers and an increase in the numbers of substance P– containing fibers (stimula-
tory to bronchial smooth muscle). The alteration contrasts markedly with the in-
nervation of “disease” control lungs taken at resection from chronic smokers
(84,85). The reduction reported in fatal asthma has not been confirmed by exam-
ination of bronchial biopsies in milder groups of asthmatics (86). The biopsy
study of Laitinen and colleagues (21) reported an increase in the number of intra-
epithelial nerves in asthmatics treated for 3 months with inhaled budesonide, but
the significance of these findings is not yet clear.

VIII. Remodeling and Airflow Limitation

Thickening of the airway wall due to chronic inflammation and inappropriate
remodeling of the airway wall (87) results in an increased resistance to airflow
due to encroachment of the airway lumen by the airway wall, particularly when
bronchial smooth muscle contracts (see Fig. 13). James and colleagues have
shown that airway wall thickening need only be relatively minor to have dramatic
consequences on airflow limitation (68). The relevance of the airway wall thick-
ening to reduced airflow and AHR in asthma has been discussed (88,89). It has
been suggested that for a given degree of smooth muscle shortening, the effect on
reduction of airway radius and increased resistance to airflow (to the power 4)
would be considerably greater if the airway wall were thickened. The concept and
link of airway geometry to AHR has been confirmed by computer modeling. The
model predicts that when the airway wall is thickened in the absence of muscle
contraction, there will be a relatively moderate increase in baseline airflow resis-
tance, but, in contrast, there will be profound increase in resistance when bron-
chial smooth muscle shortens even normally (10,69,70). Indeed, James and col-
leagues have shown that smooth muscle need only shorten by about 40% to
completely occlude the airway lumen. A further consideration is that airway
smooth muscle is not truly circular, but rather it encircles the airway arranged as
two opposing spirals (a so-called geodesic pattern). Normally muscle contraction
thus has the effect of both shortening and constricting the airway. Stiffening of the
airway wall and prevention of airway shortening by thickening of the reticular
basement membrane or wall edema may result in a greater proportion of the force,
generated by bronchial smooth muscle shortening, being redirected to airway con-
striction. Thus, chronic inflammation and remodeling of the airway wall may be
responsible for the airway hyperresponsiveness of asthma. If small as well as large
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airways become involved, such airway wall remodeling may also contribute to
the accelerated decline in lung function (FEV1) observed in more severe subsets
(10 –15%) of asthmatics (8). While inhaled corticosteroids improve markedly
peak flow and FEV1 in mild asthmatics, there are presently no data on the long-
term capacity of steroids to improve lung function of those asthmatics who decline
more rapidly than normal.

IX. Summary and Conclusion

Asthma is a chronic inflammatory condition of conducting airways, and this is
associated with remodeling of the airway wall in both large and small airways. Re-
modeling is considered to relate in some way to airway hyperresponsiveness and
accelerated decline in lung function in asthmatics, but a causal relationship is un-
proven. The remodeling process is driven most probably by persistent epithelial
injury or a failure to repair the epithelium normally. The reparative response in-
cludes (1) squamous and goblet cell metaplasia/hyperplasia following epithelial
loss, (2) hypertrophy of mucus-secreting glands (which originally develop from
the epithelium), (3) thickening of the epithelial reticular basement membrane (i.e.,
the laying down of reticulin), (4) increases in the numbers of bronchial vessels,
and (5) an increase in the numbers of myofibroblasts and in the mass of bronchial
smooth muscle. Steroids are clearly effective in reducing much of the chronic (par-
ticularly eosinophilic) inflammation of asthma and the relevant pro-inflammatory
cytokines and chemokines. There is evidence that steroids may also attenuate as-
pects of the remodeling response, but as the current data are conflicting, further
work on this topic is required. It seems clear that if irreversible alterations are to
be prevented from developing, then early introduction of antiasthma treatment, in-
cluding steroids, would be a logical approach, providing that any of the recognized
side effects of treatment are minimized.
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Discussion

Dr. Schleimer: The term remodeling implies an ongoing process. What is the
evidence that the changes you have described are progressive? When do they
occur during the natural history of the disease?

Dr. Jeffery: Remodeling involves alterations to epithelium, its reticular base-
ment membrane (RBM), and to deeper components including interstitial col-
lagen, mucus-secreting glands, bronchial blood vessels, and smooth muscle.
The thickening and hyaline appearance of the RBM appears to be a very early
change that occurs in children at least as early as 8 years. Drs. Bush, Payne, and
I have demonstrated a statistically significant thickening in children with symp-
toms of asthma, and the results of Pohnek and coworkers indicate that the thick-
ening begins even before the diagnosis of asthma is made (Pohnek et al., 1997;
Eur Respir J 11:160S). What has impressed me is that the thickening appears to
be maximal at an early time point and is not progressive. Adults with a long his-
tory of asthma and even those who die of their asthma do not appear to have a
thicker RBM than those with mild or newly diagnosed asthma. Similarly with
interstitial collagen deposition, there seems to be no clear association with se-
verity (Chu et al., AJRCCM 1998; 158:1936 –1944). However, the increase in
airway smooth muscle (ASM) mass is likely progressive but only in the signifi-
cant minority of asthmatics whose lung function goes into a more rapid decline
than is normal and in those who have a fatal attack. Those who die of their
asthma have a significantly greater proportion of their airway wall occupied by
ASM than longstanding asthmatics that die of non-respiratory cause (Carroll
et al., ARRD 1993; 147:405– 410).

Dr. Boulet: We previously reported that nonasthmatic patients with allergic
rhinitis or with mild asymptomatic already had evidence of abnormal sub-
epithelial collagen deposition, suggesting that airway remodeling starts before
asthma happens. In that last group, as published recently (Eur Respir J 1999),
when these patients develop symptomatic asthma they show a marked increase
in subepithelial collagen deposition in addition to increased airway inflamma-
tion. However, when we studied recently diagnosed vs. longstanding asthmatic
patients, there was no difference between these two groups in apparent reticu-
lar basement membrane thickness both on baseline and following a high-dose
inhaled corticosteroid treatment. Do you think airway remodeling plays a dif-
ferent role at different stages of the natural history of asthma and responds
differently to inhaled corticosteroids?

Dr. Jeffery: There is some in vitro evidence that corticosteroids are less effec-
tive in inhibiting ASM proliferation, induced by growth factors such as EGF
and IGF, than leukotriene receptor antagonists. I believe there is evidence from
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your own laboratory that dexamethasone actually increases myofibroblast pro-
liferation. This may be of relevance to one mechanism by which muscle mass
increases in asthma.

Dr. Inman: When you said that you would not want inhaled steroids to interfere
with acute inflammatory processes, did you mean these processes in asthma or
in nonasthmatic tissue injury?

Dr. Jeffery: Our airways, whether normal or asthmatic, are repeatedly bom-
barded with particulates, gases, and infection. They respond by mounting an
acute inflammatory response that is designed to protect the host. If steroids
inhibit this, then I would interpret this as bad. However, in asthma the host re-
sponse to injury or allergen appears to be inappropriate, either in type or dura-
tion. It is this latter aspect we need to treat selectively, as it is currently under-
stood to induce the process of airway wall “remodeling.”

Dr. Rand: What if we don’t treat mild asthmatics and the remodeling continues,
what would be the long-term effect?

Dr. Jeffery: I speculate that the long-term effect is irreversible (or difficult-
to-reverse) thickening of the airway wall and reduced lung function associated
with more rapid decline in FEV1 than is normal.

Dr. Persson: Airway permeability should not be listed as evidence for epithelial
damage in asthma in that increased absorption permeability has not been
demonstrated and the epithelial permeability involved in plasma exudation in-
volving luminal entry of even the largest proteins (such as a 2 -macroglobulin)
is not (necessarily) associated with nor does it cause any epithelial derange-
ment. Indeed, the laying down of plasma proteins in the lamina propria, the
epithelium, and on the mucosal surface would perhaps be considered part of
airway remodeling in asthma. My question concerns the thickening of base-
ment membrane that is examined so frequently. Is it a good surrogate marker of
airway remodeling? Does it predict or correlate with other airway effects espe-
cially other remodeling changes?

Dr. Jeffery: As I have stated, RBM thickening occurs early and appears to be
maximal at this early time point. Other changes such as increases in vessel
number, mucus-secreting gland, and ASM mass appear to take much longer. No
statistical correlation has been undertaken, but I would predict that there would
be no associations.

Dr. Stellato: What is the cause of epithelial fragility? Alteration of tight func-
tions or other adhesive molecules? What is the role of epithelial fragility in re-
lation to smooth muscle hypertrophy?
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Dr. Jeffery: Epithelial fragility is unlikely the result of alterations to tight
junctions (zonula occludens) whose major role is to selectively regulate the
transepithelial movement of water, ions, and macromolecules. Instead, it is the
disruption of adhesive intercellular, desmosomal junctions and E-cadherin,
particularly along a plane of cleavage between superficial ciliated and goblet
cells and basal cells attached to the basal lamina. Epithelial disruption caused
by irritant or allergen induces the release of growth factors such as GM-CSF,
TGF-b, IGF, and PDGF. These likely diffuse through the subepithelial tissue
to induce phenotypic changes to muscle blocks and fibroblast. Our continuing
investigations at the electron microscopic level of biopsies obtained during
the late phase reaction to allergen challenge show signs of smooth muscle de-
differentiation, the appearance of a “synthetic” smooth muscle phenotype that
appears to be in the process of migration to the subepithelial zone. At this site
adjacent to the epithelium, myofibroblasts become associated with areas of the
RBM that have dissolved or thinned. Several aspects of this airway response
mimic the atheromatous change described in the vasculature in cardiovascu-
lar disease, and there may be similarity in the mechanisms, which should be
explored.
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Inhaled corticosteroids (ICS) are the most potent form of controller medication
available for the treatment of childhood asthma (1). When administered regularly
and in adequate doses, ICS significantly improve symptoms, bronchial hyperre-
sponsiveness to methacholine and other stimuli, and quality of life in school-aged
children and adults with persistent forms of the disease (2,3). ICS have also been
shown to be effective in controlling symptoms in preschool children, but effects
are usually not as dramatic and consistent in this age group as they are in older
children (4 – 6). What may cause these differences in the efficacy of ICS in infants
and young children with respect to that in older children will be discussed later in
this chapter.

I. Asthma and Airway Inflammation

The effectiveness of ICS in controlling asthma symptoms and bronchial hyper-
responsiveness appears to confirm some of the basic tenets of the inflammatory
theory of asthma. During the last quarter of twentieth century, our concept of
asthma evolved from that of a disease characterized by intermittent attacks of
bronchial obstruction and airway smooth muscle contraction to one in which the
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defining characteristic of asthma was now considered to be the presence of a
chronic inflammatory process of the bronchi (7). According to this theory, asthma
is characterized by a particular type of inflammatory response, usually mediated
by Th-2–type cytokines (8). These Th-2–like responses are associated with IgE-
mediated immunity and with the presence of eosinophil-mediated responses, as
suggested by the presence of eosinophils in the airways of most asthmatics (9). It
was also believed, however, that by itself, this inflammatory response could not be
responsible for the asthma phenotype. Individuals with allergic rhinitis but no
asthma also develop a similar immune response in the airways when challenged
with antigens that they are sensitized against (10). It thus appeared that, together
with a local inflammation, some other factor that was specific to the lung needed
to be present that made subjects susceptible to the type of airway inflammation
that is characteristic of asthma. Nevertheless, since both components seem to be
necessary, many authors strongly believed that by controlling inflammation, the
natural course of the disease could also be reversed.

The basic premise behind this assertion is that chronic airway inflammation,
on the one hand, predisposes to acute and chronic asthma symptoms and, on the
other hand, determines the development of chronic changes in airway structure
and function, a process that has been called “airway remodeling” (11). This pro-
cess was believed to be a progressive and ongoing one, in the sense that it was ac-
tive in subjects with asthma as long as their airway inflammation was not con-
trolled. It was thus quite natural to conclude that chronic administration of a potent
anti-inflammatory agent such as ICS should hamper the progressive nature of the
disease. Given the fact that the chronic structural changes believed to be associ-
ated with airway remodeling were also thought to contribute significantly to the
chronicity of symptoms in asthma, it was legitimate to believe that children treated
with ICS in a systematic manner would show fewer deficits in lung function
growth. Similarly, it was plausible to surmise that adults could show reversibility
of lung function alterations after prolonged treatment with ICS.

The evidence supporting this hypothesis is very scanty (12). Very few stud-
ies have assessed long-term effects of inhaled corticosteroid in asthma, and even
fewer have determined if these effects persist beyond the active treatment period.
Studies by Juniper and coworkers in the early 1990s (13) convincingly showed
that subjects with asthma who were put on regular inhaled budesonide showed
substantial improvements in airway responsiveness, in levels of lung function, and
in clinical asthma severity. These same authors evaluated whether these improve-
ments were maintained when the dose of budesonide was reduced (14). Although
subjects with the reduced dose did not show worsening of bronchial hyperrespon-
siveness, they did show worsening in lung function. Symptoms also started re-
developing in the group placed on a reduced dose as compared with that kept on
full dose treatment. Haahtela and coworkers treated with inhaled budesonide for
2 years 37 patients with newly diagnosed asthma at a dose of 1200 mg per day (15).
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After this treatment, half were assigned to treatment with 400 mg of budesonide
per day and half with treatment with placebo. Much like in the studies by Juniper
et al. (13,14), treatment with reduced dose of budesonide was effective in main-
taining bronchial hyperresponsiveness at a level similar to that achieved with a
higher dose. However, improvement was maintained in only 33% of the patients
receiving placebo, and in this latter group lung function significantly deteriorated
as did bronchial hyperresponsiveness and morning peak flow (15).

These studies were performed in adults, most of who had mild persistent or
moderate persistent asthma. More recently, the results of the Childhood Asthma
Management Program (CAMP) have been reported (16). This study was designed
to evaluate whether continuous, long-term treatment (over a period of up to 
6 years) with either budesonide or an inhaled noncorticosteroid drug (nedocromil)
could improve lung function as compared with treatment for symptoms only (16).
The main hypothesis of this study was that school children with asthma treated for
long periods of time with inhaled corticosteroids would not show the deficits in
lung function thought to be characteristic of active asthma. The authors randomly
assigned over 1000 children aged 5–12 years of age with mild to moderate per-
sistent asthma to receive either 200 mg of budesonide, 8 mg of nedocromil, or pla-
cebo twice daily. The study showed no significant difference between either treat-
ment and placebo in the primary outcome, which was the degree of change in
forced expiratory volume in one second (FEV1) after administration of a bron-
chodilator. The children given budesonide showed significant improvement in air-
way responsiveness to methacholine and in clinical outcomes and symptoms. Of
particular interest was the fact that, during the study period, growth in lung func-
tion was very similar and not statistically different between subjects treated with
ICS, nedocromil, or placebo.

II. Challenging the Inflammatory Theory of Asthma

The results of the studies quoted earlier clearly challenge the hypothesis that un-
controlled, persistent bronchial inflammation occurring at any age by itself can
determine structural changes in the airways in adults and deficits in lung function
growth in children with asthma. Long-term administration of inhaled corticoste-
roids clearly improves bronchial hyperresponsiveness (17) and is able to control
airway inflammation as assessed by bronchoalveolar lavage and by airway biop-
sies (18,19). These effects are associated with significant clinical improvements in
both children and adults with asthma. However, in spite of these remarkable ef-
fects, the data do not support the contention that such a potent anti-inflammatory
drug is able to change the natural course of asthma in children aged 5 or more or
in adults. In these two age groups, suspension of treatment very rapidly reverses
improvements in bronchial hyperresponsiveness (3,15), and levels of lung func-
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tion seem to return to those observed at the beginning of even prolonged periods
of treatment (3,15).

These results suggest to us that, although the inflammatory theory of asthma
has been extremely useful in providing a strategy for the treatment of asthma that
allows one to effectively control symptoms with minimal side effects by use of
inhaled medication, it cannot explain the chronic nature of the disease. In other
words, control of inflammation in schoolchildren and adults with asthma mark-
edly improves their clinical status and airway responsiveness but is unable to re-
verse functional and structural changes in the airways that have probably already
occurred in the airways at the time treatment is started.

III. Natural History of Asthma Symptoms During
Childhood and Early Adult Life

The results of these studies thus suggest the need for a new paradigm to approach
asthma treatment. We propose that this approach will need to be solidly based on
a better knowledge of the natural history of the disease. Fortunately, results have
recently been reported from several long-term prospective studies of asthma in
which follow-up was initiated either at birth or shortly thereafter. The picture that
emerges is clearly complex but offers new very important insights into the factors
that determine the initiation and the chronicity of symptoms in asthma.

We will briefly summarize the main results of these longitudinal studies in
the next few sections.

A. Most Cases of Asthma Begin During the Preschool Years

Perhaps one of the most intriguing results of longitudinal studies of asthma has
been the observation that, in most cases of asthma, the first asthma-like symptoms
occur during the first years of life (20). This observation does not seem to surprise
most pediatricians, but it is not easily accepted by experts in adult asthma. There
are many adult subjects with asthma who, when questioned thoroughly, do not re-
call having ever had symptoms before their adult years. However, when studies are
based on objective data and not on retrospective questionnaires, results clearly
show that most adult subjects with asthma do have reports of asthma symptoms
during the first years of life. Most of these subjects have either forgotten that they
ever had such symptoms or were never told by parents or caregivers about them.
Since remission is a very frequent occurrence during the natural history of asthma
(21), it is not surprising that many adults report to their physicians that their symp-
toms started only a few years earlier. This certainly does not exclude the possibil-
ity that true incident cases of asthma may occur during the adult years. However,
most frequently the first symptoms can be tracked back to early childhood.

The awareness that most cases of asthma begin in early life has focused
the attention of many investigators on this particular age group. Once again, the
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picture that emerges is one of great complexity. Although most future chronic
asthmatics start having symptoms during the first years of life, a large proportion
of children who have symptoms of bronchial obstruction during these years are
not destined to be the future asthmatics (22). The majority of these children have
transient conditions that may also be quite severe, but that are destined to subside
with time. These conditions are usually manifested with symptoms that occur al-
most exclusively during viral infections, with little symptomatology between
acute attacks (23). These transient conditions seem to be associated with either al-
terations in immune responses to viral infections (24), in airway and lung size
(25,26), or in airway responsiveness not associated with chronic inflammation of
the bronchi, as observed in persistent asthma (27). Therefore, the future chronic
asthmatics coexist in early life with a much larger population of young children
who are having very similar symptoms but who do not have atopic asthma. It is
thus not surprising that studies that do not attempt to distinguish between differ-
ent groups of wheezing infants and young children have been unable to show very
strong associations between symptoms in this age groups and asthma later in life.
Moreover, children with transient forms of wheezing may be less likely to respond
to ICS than persistent wheezers (28). This may explain the apparent less effec-
tiveness of ICS in this age group.

B. Symptoms in Childhood Asthma Are Usually Very Variable

A second factor that needs to be taken into account is that controlled clinical trials
are almost invariably based on populations recruited in tertiary care institutions,
in which by definition cases of asthma are more severe than those in the commu-
nity as a whole. Studies based on general population samples invariably show that
most cases of asthma are mild (29), with symptoms that tend to remit and relapse
frequently (30). It is thus very important for the purpose of determining a strategy
for the treatment of asthma to appropriately identify the subjects in whom certain
forms of treatment may be useful because if subjects with mild forms of the dis-
ease are grouped with subjects with more severe forms, important changes occur-
ring in the latter group may be masked by the more benign course occurring in the
former.

C. Severity of Asthma Symptoms Tracks with Age

In spite of this considerable variability within subjects, group analysis shows that
asthma symptoms track markedly with age (21,31). As a consequence, school-age
children with severe asthma are most likely to show continued symptoms up to
their late thirties, with over 80% of these children having moderate or severe
asthma in adult life. Conversely, a large proportion of school-age children with
mild asthma symptoms will have remitted or will show mild symptoms by early
adult life, with only a small minority progressing towards more severe forms of
the disease.
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Interestingly, the same degree of tracking is not apparent between symptoms
occurring during the first 3 years of life and those of school-age children (32). In
this case, although many children with frequent asthma symptoms during the
school years do have symptoms in early life, these may be quite mild. Similarly,
although infants and young children with severe asthma-like symptoms are more
likely to have severe symptoms during the school years, the association is not as
strong as that between symptoms during the school years and in adult life (32).
These results suggest that progression towards chronic asthma is more likely to
occur early in life and, particularly, during the preschool years.

D. Deficits in Lung Function Growth Occur Mainly 
During the Preschool Years

The recently published results from the CAMP study discussed earlier clearly
show that school-age children treated with placebo for prolonged periods of time
do not show significantly larger deficits in lung function growth than those ob-
served among children treated with effective anti-inflammatory therapy (16).
These results strongly support recent observational studies of lung function de-
velopment in asthma. Perhaps one of the longest and most informative of such
studies is the Melbourne Longitudinal Study of Asthma (33). This study was
started more than 30 years ago by Williams and McNicol (34), with the enrollment
of groups of children with different degrees of asthma severity at the age of ap-
proximately 7 years. A group of subjects with more severe asthma and significant
deficits in lung function was enrolled a few years later, at the age of 10. This study
has provided a significant wealth of information, but perhaps its most important
result is the observation that between the ages of 7 and 35, levels of lung function
ran in parallel in the different groups of asthmatics (31). In other words, in spite
of continued, even severe symptoms of asthma, no deficits in lung function growth
was observed after enrollment and up to mid-adulthood. Even the group with se-
vere asthma enrolled at the age 10 and who started follow-up with marked deficit
in lung function showed no further deterioration in lung function level, and this
was independent of treatment with inhaled corticosteroids during follow-up (31).
It is important to stress here that decline in lung function has been reported to be
more steep in subjects with self-reported asthma after the age of 40 (35).

Two scenarios may explain the rather stable lung function observed in sub-
jects with asthma up to mid-adult life. A first possibility is that the basic factor de-
termining asthma chronicity is present at the time of birth, with little influence of
environmental factors acting after birth. This scenario is plausible but unlikely.
There are very wide variations in the prevalence of asthma among populations
with relatively similar genetic backgrounds (36,37). These variations are particu-
larly true for the more severe forms of asthma. Although it has been suggested that
events occurring in utero may have a strong influence in the subsequent risk for
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asthma (38), it is improbable that only factors acting in utero are important deter-
minants of asthma inception.

In support of this contention are the results of the Tucson Children’s Res-
piratory Study (39). This longitudinal survey of the risk factors and natural history
for asthma was started in the early 1980s when over 1000 newborns without neo-
natal lung disease were enrolled. These children have now been followed for two
decades. In a fraction of these children, lung function was measured with the
so-called chest compression technique (40) during the first months of life, before
any manifestation of airway obstruction had occurred. By use of this technique,
maximal flows using partial expiratory maneuvers were obtained and subse-
quently compared with similar flows obtained through voluntary maneuvers at
ages 6, 11, and 16 (41). This study had the characteristic that, for the first time, a
distinction was made between subjects who were having respiratory illnesses with
wheezing during the first 3 years of life but whose symptoms had remitted by the
age of 6 from those who were also wheezing in early life but whose symptoms had
not remitted by the early school years (persistent wheezers). The results showed
that persistent wheezers had levels of lung function shortly after birth that were
not significantly different from those of children who never wheezed during the
first 6 years of life. However, by the age of 6 years, persistent wheezers showed
significant deficits in lung function development when compared with their peers
who either had no asthma-like symptoms during the first 6 years of life or who
started having such symptoms after the age of 3 years (42). Interestingly, these
deficits in lung function did not progress any further between the ages of 6 and 11
years or up to the age of 16 years (41). This occurred in spite of a much higher risk
of continued asthma symptoms at ages 11 and 16 in persistent wheezers than in
children who started wheezing after the age of 3 years.

It is important to stress here that only a small minority of children enrolled
in the Tucson Children’s Respiratory Study and who had asthma during the first
11 years of life were treated with inhaled corticosteroids. Moreover, those in
whom inhaled corticosteroids were prescribed received such treatment for only
short periods of time. This is mainly attributable to the prevailing patterns of
asthma treatment in the United States until the early 1990s, when inhaled cortico-
steroids began to be used much more widely in general practice. The results of the
Tucson Children’s Respiratory Study, therefore, are in agreement with those of
the CAMP study cited earlier, and suggest that the deficits in lung function pres-
ent in asthmatic subjects at the beginning of the school years show no marked pro-
gression even in the absence of treatment with anti-inflammatory drugs.

IV. A Developmental Approach to Asthma Treatment

The results of longitudinal studies of the natural history of asthma and those of
well-designed, long-term studies of continuous treatment with ICS suggest the
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need for new conceptual framework of asthma based on our understanding of the
natural history of the disease. As explained earlier, there is little doubt that active
airway inflammation is crucial in determining persistence of asthma symptoms in
all age groups. However, a form of treatment that has been shown to be extremely
effective in controlling airway inflammation and asthma symptoms seems to have
no effect on the natural history of the disease when started during the school years
or later. It is our contention that the still scanty data available on the natural his-
tory of asthma are compatible with this conclusion. It appears that most of the
deficits in lung function present in subjects with asthma up to mid-adult life are
established very early in life, as are the patterns of disease expression. Moreover,
most subjects with severe asthma in childhood and early adult life start having
symptoms during infancy and early childhood and disease progression seems to
occur mainly during the preschool years.

This latter period of life is characterized by a very fast growth of both air-
way and lung size (43). Moreover, marked changes also occur in the regulation of
airway tone: while most newborns show marked responsiveness to histamine and
other bronchoconstrictors, airway responsiveness decreases markedly with age in
normal subjects (44). It is thus plausible to surmise that a chronic inflammatory
process, persistently activated by continuous exposure to local aeroallergens to
which subjects with asthma become sensitized very early in life (45), may disrupt
the normal process of lung development during this crucial phase.

It is important to stress here that very little is known about the potential
growth effects of the cytokines released during the IgE-mediated immune re-
sponses that are elicited by aeroallergens in young asthmatics. Very recent data
suggest that, at least in animal models of asthma, both IL-13 (46) and IL-10
(47,48) may have direct effects on airway smooth muscle. It is also possible that
these and other cytokines may have important effects on the deposition of colla-
gen and elastin in the growing lung (49). This suggestion is supported by recent
data derived from a rat model of childhood asthma (50). In this model, rat strains
that are genetically predisposed to respond to IgE-mediated mechanisms and in
which these mechanisms are activated very early in life show marked disruption
of lung growth and early development of airway hyperresponsiveness (51).

V. Recognizing Early Asthma

The above scenario suggests that chronic, persistent asthma is a developmental
disease that begins in early life and is progressive mainly during the period of fast
lung structural and functional growth that is characteristic of the preschool years.
We postulate that controlling airway inflammation during crucial periods of lung
development may be an effective strategy of secondary prevention of the disease.
Recognizing early asthma and distinguishing it from other forms of airway ob-
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struction occurring during the preschool years becomes therefore a very important
challenge both for epidemiologists and clinicians. We have recently proposed a
simple asthma predictive index (32) in which young children at high risk of hav-
ing chronic asthma were identified during the first 3 years of life by use of clini-
cal data easily available to any general practitioner. Although such indices may
become useful tools for the clinician, their predictive capacity may still be insuffi-
cient: approximately one third of all children who did develop frequent asthma
symptoms during the school years had a negative predictive index during the first
3 years of life (32). We are convinced, however, that advances in studies of the
genetics of asthma will allow for the development of more accurate predictive 
indices in the near future.

Studies are underway in which children at high risk for the development of
asthma and adults with mild asthma (52) are being treated with anti-inflammatory
drugs for prolonged periods of time in order to determine if such treatment can
change the natural history of the disease. These studies may provide crucial in-
formation not only about the potential role of inhaled corticosteroids in the sec-
ondary prevention of asthma but also about the factors that determine the natural
history of the disease.
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I. Introduction

The reappraisal of bronchial asthma as being a chronic inflammatory disease of
the airways (1) resulted in the late 1980s and early 1990s in a number of asthma
treatment guidelines. Before the introduction of long-acting inhaled broncho-
dilators and leukotriene receptor antagonists, the treatment guidelines recom-
mended a stepwise increase (from step 2 to step 4) in the daily doses of inhaled
corticosteroids. With increasing knowledge about the efficacy and safety profiles
of inhaled corticosteroids, it became apparent that their benefit /risk ratio peaked
somewhere around daily doses of 1000 mg. Up to this dose level a dose-dependent
increase in efficacy can be demonstrated, but increasing the daily dose to 2000 mg
per day and higher increases the risk of systemic side effects and does not result
in additional benefits for the majority of patients with asthma (2). The first guide-
lines to mention a treatment alternative for step 3— a moderate dose of an inhaled
corticosteroid plus a long-acting inhaled b2-agonist—was the Swedish guidelines
published in 1992 (3). This treatment alternative is also recommended in the most
widely distributed document, the Global Initiative for Asthma (GINA) guide-
lines (4).
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A number of clinical studies in adults and children with asthma have indi-
cated that early introduction of an inhaled corticosteroid results in better asthma
control, better airway function, and greater effect on bronchial hyperresponsive-
ness than a delayed initiation of therapy (5–8). In a recent study 335 patients with
asthma were followed for 3–5 years after the introduction of budesonide, usually
at a daily dose of 400 mg twice daily (n � 272), although a starting dose range
from 100 to 800 mg twice daily could be applied (9). When starting the treatment
with budesonide 206 patients (mean age 34 years) had asthma symptoms for less
than 2 years (median duration 14 months) and 129 patients (mean age 39 years)
for longer periods of time (median duration 5 years). Their mean FEV1 was 80.3%
and 75.6% of predicted normal values and mean morning peak expiratory flow
(PEF) was 83.1% and 74.0% of predicted normal values in the two groups, respec-
tively. At the end of the follow-up period, 83% of the patients in the early intro-
duction group were using inhaled steroids in a mean daily dose of 411 mg. In the
delayed introduction group, 99% of the patients required inhaled steroids in a
mean daily dose of 836 mg. In an attempt to achieve stated treatment goals (4) 6%
of the patients in the early introduction group had received the addition of an in-
haled long-acting b2-agonist. In the late introduction group 61% of the patients
had to be treated with an inhaled long-acting b2-agonist, 26% received theophyl-
line, and 21% some other additional treatment, mainly a leukotriene receptor an-
tagonist. Table 1 shows how the treatment goals were achieved, clearly indicating
the benefit of early introduction with inhaled corticosteroids. These figures also
indicate that roughly speaking some 25% of the patients who receive early anti-
inflammatory treatment may need additional treatment in later years in order to
be as well controlled as possible in their asthma, whereas this percentage increases
to approximately 75% if inhaled steroids are introduced later than 2 years after the
first symptoms and signs of the disease.

This review covers results of controlled clinical studies investigating the ef-
ficacy and safety of combination therapies when inhaled long-acting b2-agonists,
theophylline and leukotriene receptor antagonists have been added to doses of
inhaled corticosteroids in comparison with higher doses of inhaled steroids.
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Table 1 Achievement of Treatment Goals

Early Delayed
treatment treatment
(n � 206) (n � 129)

FEV1 � 90% predicted normal 78% 41%
Exercise tolerance normal 77% 24%
Normal sleep 83% 78%
Use of rescue medication �4 times per week 66% 34%
Exacerbations per patient per year requiring prednisolone 0.03 0.4
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II. Inhaled Corticosteroids Plus Long-Acting 
Inhaled b2-Agonists

A. Beclomethasone Dipropionate Studies

Greening et al. investigated the efficacy of 200 mg beclomethasone dipropionate
(BDP) plus 50 mg salmeterol twice daily in comparison with a twofold higher
dose of BDP, 500 mg twice daily, in a 6-month parallel-group study in 429 asthma
patients with remaining symptoms on 400 mg daily BDP (10). The combination
treatment resulted in significantly greater improvements in airway function
(morning and evening PEF; Fig. 1), and in reductions in diurnal variation of PEF,
asthma symptoms, and use of rescue salbutamol. No differences in asthma exacer-
bations or adverse events were found between the two treatment groups.

Woolcock et al. performed a similar type study over 6 months in 738 pa-
tients with more severe asthma, comparing BDP 500 mg twice daily plus either
50 mg or 100 mg salmeterol twice daily with BDP 1000 mg twice daily (11). The
results were very similar to those reported by Greening et al. (10): addition of sal-
meterol provided greater improvements in lung function and symptom control
without alterating the degree of bronchial hyperresponsiveness or exacerbation
rates than did doubling the dose of BDP. No differences were found between the
two salmeterol dose groups.

Wilding et al. (12) determined the effect of adding salmeterol 50 mg twice
daily for 6 months to current treatment in 101 patients with asthma, who were
using at least 200 mg daily of BDP (or budesonide), on the possibility of reducing
their inhaled corticosteroid dose according to a management plan. The study was
double-blind and placebo-controlled. Compared with placebo, salmeterol treat-
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Figure 1 Changes from baseline (�SE) in mean morning and evening PEF during
6 months of study treatment. (From Ref. 10.)
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ment resulted in a 17% reduction in inhaled steroid doses and improved lung func-
tion and symptom control. No differences in number of exacerbations or in use of
oral prednisolone courses were found between the two groups.

A fourth BDP study was reported by Bouros et al. (13). In an open-label
randomized, parallel-group 12-week study in 132 patients symptomatic on 500 mg
daily BDP, addition of formoterol 12 mg twice daily delivered via a pressurized
metered dose inhaler was significantly more effective in improving lung function
and reducing asthma symptoms and need of rescue bronchodilators than doubling
the dose of BDP to 1000 mg daily.

B. Budesonide Studies

Pauwels et al. (14) evaluated the effects of adding formoterol 12 mg twice daily to
either a low dose of budesonide (100 mg twice daily) or a four times higher dose
of budesonide (400 mg twice daily) delivered via Turbuhaler in a double-blind,
randomized, placebo-controlled, parallel-group 12-month study in 852 patients—
the FACET study. The fourfold difference in inhaled corticosteroid dose in this
study is important because dose-response studies with inhaled steroids have failed
to demonstrate statistically significant differences in any outcome variables be-
tween doubling doses (2). Therefore, in the FACET study the higher dose of
the inhaled steroid was given a fair chance in comparison with the combination
treatments.

Because the primary variable of efficacy in the FACET study was the fre-
quency of severe and mild asthma exacerbations, the study started with a 4-week
run-in period during which the patients received a high dose of budesonide, 800 mg
twice daily, in order to be maximally improved and stabilized before random-
ization. In fact, 1114 patients entered the run-in phase, but 262 patients were ex-
cluded as being ineligible.

At entry, patients were using mean daily maintenance doses of inhaled
corticosteroids between 818 and 856 mg in the four treatment groups. Before the
run-in period their mean FEV1 values were between 75.4 and 76.3% of predicted
normal values, and after the run-in period they were between 81.8 and 84.0%.

As in the previously reported studies with BDP and salmeterol, the addi-
tion of formoterol to budesonide resulted in significant improvements in airway
function (FEV1 and PEF) and reductions in asthma symptoms, episode-free days,
awakenings, and need for rescue bronchodilators. The important finding, however,
was the statistically significant reductions in severe and mild asthma exacerba-
tions seen when formoterol was added to both low- and high-dose budesonide
compared to budesonide treatment alone (Fig. 2). Also important was the finding
that the fourfold higher dose of budesonide without formoterol was significantly
more effective in reducing the rate of severe asthma exacerbations compared with
low-dose budesonide plus formoterol. Adding formoterol to budesonide did not
affect the pattern of onset or recovery of the 425 severe exacerbations noticed dur-
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ing the FACET study as measured as changes in PEF values and the use of rescue
bronchodilators before and after an exacerbation (15).

The FACET study thus demonstrated an additive effect of increasing the
dose of budesonide and adding an inhaled long-acting b2-agonist to the budeso-
nide treatment. The beneficial effects of the two treatment options were inde-
pendent and additive. But most importantly, the study demonstrated that adding
formoterol to budesonide treatment did not result in deterioration of asthma con-
trol (14).

In a separate 12-month study with the same design as the FACET study, the
influence on inflammatory markers was evaluated by studying 100 mg budesonide
plus 12 mg formoterol twice daily versus 400 mg budesonide twice daily (16). No
difference in eosinophil numbers in induced sputum could be found. The clinical
variables behaved very similarly compared to those in the main study.

C. Fluticasone Propionate Plus Salmeterol

The studies by van Noord et al. (17), Baraniuk et al. (18), Pearlman et al. (19), and
Condemi et al. (20) all evaluated the efficacy of a low dose of fluticasone propi-
onate (FP) plus salmeterol 50 mg twice daily in comparison with a twofold higher
dose of FP. The results were consistent and very similar to those reported for BDP
plus salmeterol versus a twofold higher dose of BDP (10).

The study by Pearlman et al. (19) had six treatment arms and included
monotherapy with salmeterol, 50 mg twice daily, in addition to placebo, the FP
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Figure 2 Rate of severe asthma exacerbations per patient per year in patients treated
with budesonide Turbuhaler 100 mg or 400 mg twice daily with or without formoterol Tur-
buhaler, 12 mg twice daily. (Adapted from Ref. 14.)
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monotherapies (100 mg and 250 mg twice daily) and the combination treatments
(adding salmeterol 50 mg twice daily to both doses of FP). Salmeterol alone im-
proved airway function more than the monotherapies with FP.

D. Fixed Combinations Products

Because of the favorable results seen in the studies with the combination of an
inhaled corticosteroid and an inhaled long-acting b2 -agonist cited above, fixed
combination products have been developed consisting of FP plus salmeterol
(Seretide® Advair®) and budesonide plus formoterol (Symbicort®).

III. Inhaled Corticosteroids Plus Theophylline

Evans et al. (21) performed a 3-month double-blind, placebo-controlled, random-
ized, parallel-group study in patients still symptomatic when using 67–1000 mg of
inhaled corticosteroids daily (mean doses around 700 mg per day). They received
budesonide 400 mg daily plus 250 or 375 mg of theophylline depending on body
weight (n � 31), or 800 mg of budesonide (n � 31). The patients’ mean morning
PEF values (SE) were 383 L /min (16) and 397 L /min (19) and mean FEV1 values
were 78 and 72% (4) of predicted normal values in the combination group and the
higher budesonide dose group, respectively. All treatments resulted in improve-
ments in lung function, but the lower dose of budesonide together with theo-
phylline improved lung function (FEV1 and FVC) more than the double dose of
budesonide, which, on the other hand, reduced asthma symptoms significantly,
which was not seen in the combination treatment group. No statistically signifi-
cant differences in PEF values were observed. The mean theophylline plasma con-
centration was 8.7 mg/mL in patients receiving theophylline.

In another randomized, double-blind, parallel-group study conducted in
several European countries, 69 patients were treated for 6 weeks with theophylline
plus BDP 400 mg per day, compared to 64 patients treated with BDP 800 mg per
day (22). The mean serum theophylline concentration was 10.1 mg/mL. The study
demonstrated clinical equivalence of theophylline plus BDP 400 mg per day and
BDP 800 mg per day in patients whose asthma is not controlled on BDP 400 mg
per day.

IV. Inhaled Corticosteroids Plus Leukotriene 
Receptor Antagonists

The effects of adding a leukotriene receptor antagonist to treatment with inhaled
corticosteroids have been reported in a number of studies. However, many studies
have so far been published only as abstracts. Hui and Barnes (23) demonstrated in
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10 patients, of whom 9 were receiving inhaled steroids (median dose 800 mg/day),
that adding a single dose of zafirlukast 40 mg (old formulation corresponding to
16 mg of the marketed product) improved FEV1 by 7% compared with placebo.
The study had a double-blind, randomized, crossover design. After 4 hours a high
dose of salbutamol was given. This resulted in a total 26% improvement in FEV1

in the zafirlukast plus salbutamol group compared with 18% in the placebo plus
salbutamol group. These results indicate that the bronchodilating effect of zafirlu-
kast was additive to that of a b2-agonist.

In a placebo-controlled study, patients treated with pranlukast were able to
tolerate a 50% reduction in their inhaled corticosteroid dose from an average of
1900 mg per day of BDP without loss of asthma control measured as unchanged
morning PEF values (24). Furthermore, the placebo-treated patients, but not the
pranlukast patients had a significant rise in serum ECP concentrations and in ex-
haled nitric oxide. In a 12-week, double-blind, randomized, placebo-controlled
study in 226 patients, the addition of montelukast 10 mg once daily resulted in a
47% reduction in the inhaled steroid dose compared to a 30% reduction in the pla-
cebo group. Fewer patients on montelukast (16%) versus placebo (30%) required
discontinuation because of treatment failure (25).

In another study 27 patients not well controlled on 3 months of treatment
with 800 –1200 mg of BDP received pranlukast 225 mg twice daily or placebo for
4 weeks (26). Morning PEF improved significantly by 21 L /min in the pranlukast
group compared with 3 L /min in the placebo group. No differences were found for
daytime or nighttime asthma symptoms, use of rescue b2-agonists, FEV1, or qual-
ity of life measurements.

Virchow et al. added zafirlukast, 80 mg twice daily, or placebo to the treat-
ment of 368 asthmatics still symptomatic despite high-dose inhaled corticosteroid
therapy (mean dose 1600 mg per day of BDP) in a 6-week, double-blind, random-
ized study (27). Their mean age was 48.3 years and mean FEV1 was 64% of pre-
dicted. A gradual improvement in morning and evening PEF was seen, reaching a
statistically significant difference versus placebo at week 6, when morning PEF
had improved 18.7 L /min in the zafirlukast-treated group compared to 1.5 L /min
in the placebo group. Statistically significant differences were also found for eve-
ning PEF, FEV1, and asthma symptomatology (daytime asthma score, b2-agonist
use). An effect on asthma exacerbations was also demonstrated: a 37% decrease
for mild exacerbations compared with placebo (49 in the placebo and 31 in the za-
firlukast group) and a 59% reduction for moderate to severe exacerbations (33 in
the placebo and 13 in the zafirlukast group).

Nayak et al. performed a 13-week, double-blind, parallel-group study in
394 patients (12 years of age) symptomatic on standard doses of BDP (28). They
were randomized to treatment with 400 mg per day of BDP plus 40 or 80 mg
twice daily of zafirlukast or 800 mg per day of BDP. After 13 weeks of treatment,
morning PEF, FEV1, daytime asthma symptom scores, b2 -agonist use, and night-
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time awakenings improved in all groups compared with baseline. However, no
differences between the three treatments were found. Equivalence analysis dem-
onstrated that zafirlukast was at least as effective as a double dose of BDP. Simi-
lar results in another 12-week double-blind, randomized, parallel-group study was
reported by Ringdal et al. evaluating 440 patients (12 years of age) remaining
symptomatic on 400 –500 mg per day of BDP treatment (29). They were random-
ized to treatment with the previous dose of BDP plus zafirlukast 40 mg or 160 mg
per day or to a double dose of BDP. Thirty-six to 38% of the patients in all three
groups improved more than 10% in morning PEF values without a difference be-
tween the groups. Twenty to 26% of the patients experienced an asthma exacer-
bation without differences between the groups.

Miyamoto reported the results of a 6-week, four-arm, placebo-controlled,
double-blind, randomized, parallel-group study evaluating the efficacy of zafir-
lukast 10, 20, and 40 mg twice daily in 340 patients (16 years old) (30). Of these
patients, 243 were eligible for analysis and 161 (66%) were on treatment with in-
haled or oral corticosteroids. Morning PEF increased significantly in all zafirlu-
kast groups by approximately 20 L /min above placebo. The global assessment of
efficacy (based on composite scores) indicated moderate-to-marked improve-
ments in 43, 56, 62, and 20% of patients not using corticosteroids and in 43, 57,
67, and 23% of patients on treatment with steroids in the 10, 20, and 40 mg twice-
daily zafirlukast groups and placebo groups, respectively. Thus, the degree of im-
provement appeared to be independent of treatment with corticosteroids.

V. Trials Comparing Combination Treatments

In a small 2-week double-blind, double-dummy, crossover study in 15 patients
with nocturnal asthma, Selby et al. (31) evaluated the efficacy of salmeterol, 50 mg
twice daily, and theophylline in individually adjusted doses on sleep quality and
cognitive performance. Twelve of the patients were on treatment with inhaled cor-
ticosteroids. Overnight PEF falls were similar during the two treatments, but sal-
meterol treatment resulted in more nights without awakenings, in fewer nocturnal
arousals, and in improved quality of life. Visual vigilance improved on salmeterol,
but otherwise daytime cognition was unaffected. Otherwise no differences be-
tween salmeterol and theophylline were found.

A meta-analysis of nine randomized, controlled clinical studies, containing
a total of 1330 patients, compared the effect of salmeterol or theophylline in pa-
tients with asthma, the majority being already treated with inhaled corticosteroids
(32). The main outcome measurements were morning and evening peak expira-
tory flows rate (PEFR), morning and evening symptom scores, use of salbutamol
as rescue medication, and withdrawal from treatment for any cause. During the
second week of treatment, salmeterol patients had a 10 L /min greater increase in
mean morning PEFR from baseline than theophylline patients (p � 0.001). Simi-
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larly, in the second week the increase in mean evening PEFR from baseline ob-
served with salmeterol was significantly greater (p � 0.01) than that observed
with theophylline. Salmeterol also produced a significantly greater increase in
mean morning and evening PEFR than theophylline at weeks 3 and 4. Patients re-
ceiving salmeterol were free from daytime symptoms for a mean of 51% of days
in the second week compared to 39% for theophylline patients (p � 0.001). Sal-
meterol patients experienced a mean of 63% symptom-free nights compared to
52% for theophylline patients (p � 0.001). Rescue medication with salbutamol
was not required on 49% of days for salmeterol patients and 34% of days for the-
ophylline patients. All results were maintained in the third and fourth weeks of
treatment. Withdrawal and incidence of adverse events leading to withdrawal were
significantly less frequent in patients receiving salmeterol (p � 0.001).

Two studies have compared the effects of salmeterol or montelukast added
to treatment with inhaled corticosteroids on adenosine monophosphate (AMP)
bronchial challenges in patients not adequately controlled on inhaled steroids
alone (33,34). One 2-week study in 20 patients investigated salmeterol 50 mg
twice daily and montelukast 10 mg once daily with AMP challenges after the first
and the last dose. Compared with placebo, both treatments resulted in significant
protection after the first dose, but only montelukast maintained its protective ef-
fect up to the last dose. Montelukast treatment also gave a significant reduction
in blood eosinophil counts indicating an additive anti-inflammatory effect (33). In
the other single-dose, crossover study 12, mild-moderate asthmatics received mon-
telukast 10 mg, salmeterol 50 mg alone, montelukast 10 mg plus salmeterol 50 mg
or 100 mg, and placebo. AMP challenge was performed 12 hours after salmeterol
and 24 hours after montelukast administration. For AMP-PC20 there were sig-
nificant protection after all treatments. There was a numerical trend to suggest an
additive effect when montelukast and salmeterol were combined (34).

Busse et al. administered salmeterol 50 mg (n � 214) or zafirlukast 20 mg
(n � 215) twice daily for 4 weeks to patients using fixed doses of inhaled cortico-
steroids (35). Salmeterol increased mean morning PEF by 30 L /min as compared
to an increase of 13 and 13.2 L /min with zafirlukast. The differences between
the two treatments were statistically significant. Salmeterol also significantly in-
creased the percent of symptom-free days, the percent of days with no rescue
medication, as well as the daily use of rescue medication. No difference between
the treatments was found for asthma exacerbations. Similar safety profiles were
reported. This study indicates that salmeterol is more effective than zafirlukast
when added to inhaled corticosteroids in patients with persistent asthma.

VI. Conclusions

Asthma treatment guidelines recommend the addition of long-acting inhaled or
other controller medication as an alternative to increasing doses of inhaled cor-
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ticosteroids in patients in whom treatment goals are not achieved with inhaled
corticosteroids in daily doses up to approximately 1000 mg. This chapter reviewed
the results of published controlled studies with inhaled long-acting b2-agonists
(formoterol, salmeterol), theophylline, and leukotriene receptor antagonists when
added to treatment with inhaled corticosteroids.

Addition of all three mentioned treatment alternatives to doses of inhaled
corticosteroids was more or equally effective than increasing doses of inhaled cor-
ticosteroids in terms of mean improvements in airway function, symptom con-
trol, and the use of rescue bronchodilator medication. The most effective addition
was the long-acting inhaled b2 -agonist. The inhaled corticosteroid-theophylline
combination is less effective and has a greater risk of side effects. The combi-
nation with an antileukotriene has not been widely compared with other possible
combinations.

Addition of formoterol to a low dose of budesonide was as effective as a four
times higher dose of budesonide in reducing the frequency of mild asthma exacer-
bations. However, a four times higher budesonide dose resulted in a significantly
greater reduction in severe asthma exacerbations compared with the low-dose
budesonide plus formoterol. Nevertheless, addition of formoterol to the high dose
of budesonide further significantly reduced the rate of severe exacerbations.

From available data it appears that patients already treated with inhaled cor-
ticosteroids and with an airway function clearly below predicted normal values,
with nighttime awakenings or with a high use of short-acting b2-agonists for treat-
ment of breakthrough symptoms, the addition of an inhaled long-acting b2-agonist
would be the first choice. Patients on inhaled corticosteroids having repeated se-
vere asthma exacerbations need increased anti-inflammatory medication: an in-
crease in the inhaled steroid dose or the addition of an leukotriene receptor antago-
nist. The value of adding theophylline needs further investigation.
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Discussion

Dr. Jeffery: In a collaboration with my Danish and Swedish colleagues, and
supported by GlaxoWellcome, we have completed two crossover studies com-
paring the effects of placebo, salmeterol, and fluticasone. Firstly, in stable, mild
asthma, salmeterol (given at 50 mg b.d. for 6 weeks) reduces the numbers of
neutrophils in biopsies and also of neutrophil markers in blood. Secondly, in
response to allergen challenge, fluticasone (250 mg b.d.) increases neutrophil
numbers in biopsies whilst salmeterol reduces neutrophils. These actions might
be considered complementary.

Dr. Selroos: I have seen the results of your biopsy studies. The next obvious
step would be to perform a biopsy study evaluating the combined effects of an
inhaled steroid plus a long-acting b2 -agonist.

Dr. O’Byrne: The study design used in many of the “add-on” studies is inap-
propriate as doubling doses of inhaled glucocorticoids have not been shown to
significantly improve the outcomes measured in the studies.

Dr. Selroos: I agree. A fourfold difference in inhaled steroid dose, as in the
FACET study, is required in order to give the inhaled steroid limb a fair chance
to compete in endpoint measurements.

Prof. Dolovich: It is possible that delivery of steroids to the distal lung may be
enhanced if the lung is pretreated with bronchodilator, as I showed in severe
asthmatic subject on ICS with PET imaging. My observations support your
findings using formoterol /budesonide combination therapy, but perhaps the ef-
fect only occurs in the moderate-severe asthmatic.

Dr. Selroos: Your point is well taken. However, the studies in asthmatics that I
am aware of have not been able to demonstrate a significantly improved depo-
sition when a bronchodilator has been given prior to inhalation of an inhaled
steroid. The main reason why we previously recommended the b2-agonist to
be inhaled some 10 minutes before the inhaled steroid dose was the fact that
inhalation of the steroid pMDI (lubricants and propellants) often resulted in
cough, and sometimes even in bronchospasm—which could be avoided by giv-
ing the b2-agonist in advance. With dry powder inhalers, we do not have this
problem.
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