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CHAPTER

46 Glucocorticosteroids

Robert P. Schleimer

HISTORY

The glucocorticoid hormones of the adrenal cortex and their synthetic
analogs (hereafter referred to simply as steroids) represent the single
most effective class of drugs for the therapy of diseases of inflamma-
tion. The modern history of these important natural hormones began in
1855 when Addison first described a wasting disease after destruction
of the adrenal gland.' The adrenal gland was subsequently shown to be
essential for life by ablation experiments and restoration with adrenal
extracts. The importance of the adrenal gland in homeostatic processes
is partly related to its role in the regulation of glucose metabolism and
electrolyte levels. Hyperactivity of the adrenal gland was first de-
scribed as a syndrome by Cushing in the 1930s.% This was followed by
a flurry of research that revealed that the main activity found in adrenal
extracts was attributable to adrenal steroids, including cortisol (hydro-
cortisone, the major glucocorticoid in humans), cortisone, corticoste-
rone, and the major adrenal mineralocorticoid, aldosterone. Within just
a few years of the elucidation of the stucture of the adrenal steroids,
cortisone was first used to treat arthritis by Hench et al with such
remarkable results that their work led to the Nobel Prize within the next
year and promoted the testing of steroids in virtually all inflammatory
diseases.> Because many of the undesired effects of steroid therapy
take a substantial amount of time to develop, the impact of these side
effects was not appreciated until the next few years; this revelation
somewhat dampened enthusiasm for these “miracle cure” drugs. A
resurgence of interest in steroids has occurred after the development of
effective, topically active drugs with dramatically reduced side effects.
In the last two or three decades, much work has been directed toward an
understanding of the mechanism of the antiinflammatory action of
these drugs. This chapter focuses on the general pharmacologic aspects
of glucocorticoids,*® the mechanism of their antiinflammatory actions,
and their use in the therapy of allergic diseases, with an emphasis on
asthma.

PHARMACOLOGY
Structure-Activity Relationships

The structures of hydrocortisone and other related natural and synthetic
steroids commonly used orally or parenterally are shown in Figure
46-1. The shaded areas on the structures in Figure 46-1 emphasize
structural variation from hydrocortisone, the parent molecule, in the
other natural and synthetic steroids. Hydrocortisone has a four-ring,
21-carbon structure. Structural elements important for antiinflamma-
tory action are numerous.”’ In the A-ring, the 4,5 double bond and the
3-ketone group are essential for glucocorticoid and antiinflammatory
activity. The addition of a 1,2 double bond, such as is seen in predniso-
lone, prednisone, methylprednisolone, and dexamethasone (see Figure
46-1), increases the glucocorticoid activity relative to mineralocorti-
coid effects. In the B-ring the addition of a 9o-fluoro group, such as is
seen in dexamethasone, betamethasone, and triamcinolone, increases
all biologic activities, both glucocorticoid and mineralocorticoid. In
the C-ring the 11-hydroxyl group is essential for antiinflammatory and
glucocorticoid effects but not for mineralocorticoid effects. For ex-
ample, desoxycorticosterone, which lacks the 11-hydroxyl group, has
mineralocorticoid activity but lacks glucocorticoid effects. Steroids
bearing an 11-ketone group (e.g., cortisone, prednisone) must be first
converted to 11-hydroxy molecules for glucocorticoid activity (see
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below). In the D-ring, the addition of a 16-methyl group eliminates
mineralocorticoid activity (as seen in the case of dexamethasone) (see
Figure 46-1). Removal of the 170 substituent greatly reduces antiin-
flammatory activity (although not completely, as in the example of
corticosterone). This fact has been exploited by the pharmaceutical
industry. As illustrated in Figure 46-2, some topical steroid prepara-
tions are 160, 170i-acetal, or 170t-, 210-ester derivatives (e.g., budes-
onide and beclomethasone dipropionate [BDP]), which are readily
cleaved after absorption, dramatically reducing systemic effects.®”
These glucocorticoids also have high affinity for the glucocorticoid
receptor, increasing their topical actions. All natural and most active
synthetic glucocorticoids contain a 21-hydroxyl group. The relative
potencies and pharmacologic effects of some common glucocorticoids
are shown in Table 46-1.

Synthesis

Adrenal production of hydrocortisone and aldosterone results from a
single branching pathway in which cholesterol is converted, via a
pregnenolone intermediate, to progesterone. Progesterone is sequen-
tially hydroxylated at the 17-, 21-, and 11-positions to form hydrocor-
tisone.* The regulation of adrenal cortex production of hydrocortisone
is illustrated in Figure 46-3. Glucocorticoids are primarily produced in
the zona fasciculata of the adrenal cortex, as a result of stimulation wil_h
adrenocorticotropic hormone (ACTH); in the absence of this trophic
hormone, this area of the adrenal cortex atrophies. ACTH is a product
of the basophil cells of the anterior pituitary gland and is released as a
result of stimulation by corticotropin-releasing factor (CRF), which is
released from the hypothalamus. ACTH (and glucocorticoid) secretion
displays a diurnal rhythm with levels reaching peak values in the early
morning, declining throughout the day to reach their lowest in the early
evening. Additional CRF release, and therefore subsequent ACTH
production and steroid synthesis, can result from environmental Stress
via the input of higher centers to the hypothalamus (see Figure 46-3) of
from increased cirtulating levels of cytokines such as inlerl;uk}l{g}_-ﬂ
(IL-1), TL-2, IL-6, or tumor necrosis factor (TNF, cachectin).” .
These cytokines can also directly induce adrenal cortisol synthesis.

Amines such as histamine or serotonin, as well as prostaglandins such

as prostaglandin E (PGE), have been reported to slimulzncl ‘rcll;f'd?@ of
steroids from the adrenal gland both indirectly and directly Q“”;
on o

lating cortisol regulates its own production by inhibiting secretio
ACTH, as well as by inhibiting the production of cytokines that stimu-
late ACTH release (Figure 46-4).%5:10:11-18 The inhibition of ACTH
secretion by acute increases in glucocorticoids. is one of the most
rapidly occurring steroid effects and requires only minutes: rcmlo\’nl of
steroid readily reverses the effect. However, chronic elevations bl
glucocorticoid in the circulation can produce a more long-lasting mh‘
bition of ACTH secretion that can result in atrophy of the anteror
pituitary and can have serious consequences when patients on chr(?l‘llg
steroid therapy are suddenly withdrawn from treatment. The recove lr)‘
of hypothalamic-pituitary-adrenal (HPA) axis funclimg 72“@,' wl[ﬂli;
drawal of glucocorticoid treatment has been reviewed:[ & .A],.”].O)UCI
recovery of the HPA axis is rapid (i.e., requires days) atter b”el'“'bl:or
week or less) treatment with glucocorticoids, treatment lusung(~ 4
more than a few weeks should be assumed to have a l?“?""‘“.m:
suppressive effect on the HPA axis (i.e., corresponding 10 duration
somewhat to the dose and duration of treatment and lasting up 0 %=




Methylprednisolone Dexamethasone

FIGURE 46-1  Chemical structure of some important oral glucocorticoids.

months) after discontinuation of treatment. Recovery of the adrenal
cortex is generally slower than recovery of hypothalamic-pituitary
function.20

Metabolism and Excretion

Greater than 90% of circulating cortisol is bound to plasma proteins.
There are two plasma protein binding sites of importance for steroids in
the circulation. Cortisol (and some other steroids) binds to the
corticosteroid-binding globulin, transcortin, with high affinity; this
binding site has a relatively low capacity. Relative binding to trans-
cortin of common glucocorticoids is prednisolone = hydrocortisone >
methylprednisolone (approximately 3%) = dexamethasone (approxi-
mately 0.1%).>" Additionally, steroids bind to serum albumin with low
iffinity; this is a high-capacity reservoir. At low concentrations of
crtisol or synthetic steroids such as prednisone, the binding to
anscortin is quantitatively more important in influencing free steroid
lf{\’els. On the other hand, with high steroid doses, the transcortin-
inding site is saturated and the albumin-binding site becomes the
more influential, Many synthetic glucocorticoids such as dexametha-
“one exhibit little or no binding to transcortin. Because pharmacologic
dtions, metabolism, and excretion of steroids are all related to un-
ound steroid concentrations, the binding of circulating steroids to
lfanscortin and albumin can play an important role in modifying glu-
Locorticoid potency, half-life, and duration of action. Thus hepatic
liseases that result in decreased levels of transcortin and albumin can
nfluence steroid efficacy.
he metabolic fate of hydrocortisone is illustrated in Figure
46‘4-4‘5’7 Reduction of the 4/5 double bond and 3-ketone groups yields
i inactive compound that is subsequently conjugated (e.g., by the
Jrmation of a glucuronide) to produce a highly water-soluble steroid
at is readily excreted (step 1 in Figure 46-4). Another common
Metabolic reaction (step 2) is hydroxylation at the 2-position in the

4
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FIGURE 46-2
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Triamcinolone acetonide

Some commonly used topical steroids.
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FIGURE 46-3 Schematic of regulation of glucocorticoid production. Filled FIGURE 46-4  Some major steps for the metabolic deactivation of glucocor-

arrows indicate inhibitory influences; open arrows indicate stimulation.

Table 46-1

ticoids.

Relative Potencies and Pharmacologic Effects of Common Oral Glucocorticoids

POTENCY RELATIVE RELATIVE TO SODIUM- APPROXIMATELY EQUIVALENT
PREPARATION TO HYDROCORTISONE RETAINING POTENCY DOSE (MG) DURATION OF ACTION*

Hydrocortisone 1 1 20 Short
Cortisone 0.8 0.8 25 Short
Prednisolone 4 0.8 5 Intermed%ate
Prednisone 4 0.8 5 Intermed}ate
60-Methylprednisolone 5 0.5 4 Intermediate
Triamcinolone 5 0 4 Intermediate
Dexamethasone 25 0 0.75 Long
Betamethasone 25 0 0.75 Long

*Short, 8- to 12-hour biologic half-life; intermediate, 12- to 36-hour biologic half-life; long, 36- to 72-hour biologic half life.

A-ring. Conversion of the 11-hydroxyl group to a ketone group by 118
hydroxysteroid dehydrogenase yields a compound devoid of gluco-
corticoid activity (step 3). However, the 11-ketone and 11-hydroxyl
steroids are readily interconverted (e.g., see Figure 46-1).>* Other
common metabolic fates are reduction of the 20-ketone group (step 4)
and hydroxylation of the 6-carbon in the B-ring, which is associated
with removal of a fluoride atom in the case of flunisolide (step 5). In
the case of cortisol, greater than 98% of the steroid is metabolized
before being excreted into the urine. Liver mixed-function oxidases
and glucuronyl transferases (among other conjugating enzymes) are
important in the metabolism of many steroids. The susceptibility of
natural and synthetic steroids to the above-mentioned metabolic
transformations can influence the plasma half-life of the compounds.
Thus dexamethasone and triamcinolone are much less susceptible to
many of these biotransformations, a fact that contributes to their longer
half-lives. Further, as a consequence of the need for hepatic metabo-
lism of steroids, liver disease, drugs, or other chemicals that modify
liver function can affect the biologic half-life of administered steroids.
Compounds that induce liver mixed-function oxidases such as barbitu-
rates, diphenylhydantoin, and ephedrine, or many agents of occupa-
tional exposure can shorten the biologic half-life of steroids by increas-
ing the rate of their metabolism.?*-*> On the other hand, compounds
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that interfere with liver mixed-function oxidases, such as troleandomy-
cin (TAO; see below), prolong the plasma half-life and metabolic
action of administered methylprednisolone.2¢27 TAO, which has lim-
ited usefulness because of hepatotoxicity, enhances the antiasthmatic
activity of methylprednisolone but not prednisolone, suggestng that it
has little intrinsic antiasthmatic effects.?”-2® The effect of TAO 111’
“sparing” the metabolic destruction of methylprednisolone probably
explains its efficacy in the combination therapy. .

Local metabolism of endogenous cortisol at tissue Sies has re-
cently been found to regulate steroid action. For example, 1 lﬁ_- hydr o
ysteroid dehydrogenase (11 HSD [step 3, Figure 46-41) "protectsll
mineralocorticoid receptors in the kidney from cortisol and prqbalzh)
dampens the antiinflammatory effects of endogenous stermd's in _ﬁ
skin and lungs®*-3? by quantitative conversion of hydrocortls(?ﬂj_‘
those tissues to cortisone, which has no intrinsic receptor-bin ,‘"f
activity. Inhibition of this enzyme by a compound found in hchr;ce’
glycyrrhetinic acid, produces mineralocorticoid effects in the ki 31
(by allowing hydrocortisone access to mineralocorticoid regegtors) aerll .
antiinflammatory effects in the skin. The possibility that similar C(;)o—
pounds will have efficacy in the lungs has been raised.?! Local mztia e
lism occurs with some inhaled glucocorticoids. Beclomethasone Eic
pionate is converted to beclomethasone 170 propionate (BMP), W



is a high-affinity, active glucocorticoid. Recent studies using the in-
haled glucocorticoid budesonide in rat and human lung indicate a
prolonged retention of the glucocorticoid resulting from a reversible
fatty acid conjugation forming highly lipid-soluble compounds. Tt has
been suggested that this leads to a slow release of active budesonide
upon deesterification of the fatty acid conjugated drug.**~*> Formation
of fatty acid—esterified budesonide has been proposed to prolong the
local activity of this compound in the airways by providing a depot of
active drug.

Administration and Absorption

Both natural and synthetic steroids are lipophilic compounds that are
readily absorbed after oral, subcutaneous, intravenous, or topical ad-
ministration. Phosphate or hemisuccinate esters of glucocorticoids are
commonly used intravenously because of their improved water solubil-
ity. After topical application to the skin, significant quantities of steroid
can remain locally for prolonged periods. Similarly, depot preparations
of steroids are available in which a subcutaneous injection releases
steroid into the circulation for prolonged periods of time.* Steroids are
commonly used orally for the treatment of chronic asthma.>**” How-
ever, the use of topical steroids for the treatment of asthma, allergic
thinitis, and dermatologic conditions is rapidly increasing because of
reduced incidence of side effects.?” Parenteral steroid administration is
sometimes used for the treatment of severe exacerbations of asthma or
anaphylaxis.®® In patients who have intact liver metabolic function,
prednisone is often used because it is less expensive than prednisolone.
One study suggests that methylprednisolone may penetrate the lungs
better than prednisolone.®® A recent study comparing the use of oral
prednisone and intravenous methylprednisolone in severe exacerba-
tions of asthma indicated no additional benefit of intravenous glucocor-
ticoid and substantial cost savings by using the oral glucocorticoid
preparation.>®

A subset of asthmatic subjects who are “resistant’ to the antiasth-
matic actions of steroids has been described.**** Leukocytes from
these patients have been shown to be resistant to steroids in vitro
despite having apparently normal steroid receptor numbers. It is pos-
sible that this resistance is the result of insufficiencies in receptor
alfinity for the steroid, binding to the glucocorticoid response element
(GRE), interaction of the steroid-receptor complex with transcription
factors, or posttranscriptional events (see below).**

Factors Influencing Local and Systemic Activity
of Presently Available Inhaled Glucocorticoids

Many of the important factors that influence the ability of an inhaled
Steroid to have specificity for actions in the lung are summarized
i Figure 46-5. Values for these tables are derived from several
Sources.*>*7 For compounds with a low oral bioavailability, the
majority of the dose that ends up in the systemic circulation is absorbed
fiom the lungs. The volume of distribution gives some insight into
Ussue binding. These data and some direct evidence suggest that
luticasone propionate and budesonide bind well to lung tissue.
{\lth.ough inhaled steroids have a range of affinities for the glucocor-
licoid receptor, all inhaled steroids have a high affinity compared with
Most oral glucocorticoids. The plasma half-life for the steroids varies
O¥era substantial range as well, from less than 2 hours for budesonide,
funisolide, and triamcinolone acetonide to over 5 hours for BDP/BMP
and fluticasone propionate.

When steroids are inhaled using a typical metered-dose inhaler
MDI), over half of the drug is deposited in the mouth and pharynx and
s“h_sequent]y swallowed. A small proportion, perhaps 10% to 20% , is
fih\_'ered to the lungs. Addition of a spacer device and/or mouth rinsing
tn increase the proportion of drug that is delivered to the lungs and
®duce local side effects, such as dysphonia and thrush. Because such
‘}‘afge proportion of drug is swallowed, it is important that inhaled
¥eroids have a low oral bioavailability (see Figure 46-5).

MOLECULAR BIOLOGY

Iﬁh_eﬁzgi(m of steroid hormones requires the steps delineated in Figure
difys Free hormone (i.e., that not bound to albumin or transcortin)
cly S¢S across the plasma membrane\and become§ as:somated with a

SS=Specific steroid receptor (e.g., for glucocorticoids vs. sex ste-

-
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roids). After the association of steroid with the receptor, a molecular
transformation of the steroid-receptor complex takes place, involving
dissociation of heat shock proteins, phosphorylation of the receptor,
dimerization of receptors, and translocation into the nucleus where it
binds to a specific GRE in the chromatin. This binding is mediated
through elongated zinc-associated structural elements termed zinc fin-
gers specific for the GRE. Glucocorticoid-receptor complexes then
dissociate from this binding site, glucocorticoid receptors are recycled
to the cytoplasm, and reassociation with heat shock proteins occurs
before glucocorticoid binding can again take place. Present models of
how steroids modify gene transcription are shown in Figure 46-7. In
the case of steroid induction of transcription, binding of the steroid-
receptor complex to the GRE leads to catalysis by ribonucleic acid
(RNA) polymerase, and the new transcripts undergo posttranscrip-
tional processing and are transported to the cytoplasm where they are
translated and new proteins are formed (Figure 46-7, A). After post-
translational processing, the new proteins are either released from the
cell (in cases of proteins designed for export) or exert intracellular
activity.

The suppressive effects of glucocorticoids are believed to be the
most important in mediating their antiinflammatory actions.*® The
molecular mechanisms by which glucocorticoids influence gene ex-
pression are summarized in Figure 46-7, B and C. Suppression of the
expression of inflammatory genes can occur through several mecha-
nisms.*® These include direct farget gene repression, in which case
binding of the GR to a “‘negative” GRE in the promoter of a target gene
can suppress expression of the gene (see Figure 46-7, B). GR can also
exert gene repression by indirect mechanisms. GR is able to bind to
numerous activating transcription factors, including AP-1, CREB,
OCT-1, NF-IL-6, and others. Binding to these transcription factors
interferes with their ability to activate inflammatory gene expression
by preventing their interactions with promoter sites to which they bind
(see Figure 46-7, C, top). This interaction can be bidirectional. Thus
high levels of transcription factors can theoretically suppress glucocor-
ticoid action by neutralizing receptors (a potential mechanism of glu-
cocorticoid resistance). Glucocorticoids can also repress gene expres-
sion by inducing inhibitors of transcription factors. A good example is
IxB, a protein that prevents NF-kB from entering the nucleus and
activating inflammatory genes®*>! (Figure 46-7 C, middle). Whether
GR activates IkB via a GRE is not firmly established. Another mecha-
nism of indirect target gene repression hinges on the fact that most
genes of inflammation have AU-rich elements. These are 3° RNA
sequences that target the messenger RNA (mRNA) for rapid degrada-
tion. Glucocorticoids have been shown to destabilize AURE-contain-
ing mRNAs by an as-yet-undefined mechanism>? (see Figure 46-7, C,
bottom). The relative importance of the above mechanisms in gluco-
corticoid action is likely to vary depending on the cell type, cytokine
produced, and cell activation stimulus.

There are several consequences of these molecular mechanisms of
steroid action:

1. The responsiveness of a given cell type to glucocorticoids is
determined in part by the number of glucocorticoid receptors in
that particular cell type.®® Thus there are cases in which a given
target cell type has reduced steroid receptor numbers and so
displays reduced steroid responsiveness. This can also result
from impaired access of the receptor to the GRE because of the
presence of other deoxyribonucleic acid (DNA)-binding moi-
eties or a steroid receptor with a weak steroid or GRE-binding
domain.

. Steroid receptor antagonists have been developed that bind to
the receptor but do not allow either translocation or productive
interaction with the GRE, preventing the action of glucocorti-
coids. These compounds are useful in vivo in antagonizing
undesired steroid actions.”*>°
3. The requirement of transcription and translational events for

steroid action is often responsible for a significant time delay
between exposure of a given cell type or tissue to steroid and the
eventual steroid effect.

4. In the case of indirect repression (see Figure 46-7, C, top),
overproduction of a transcriptional activator (e.g., AP-1) could
antagonize steroid actions by binding GC receptors.

5. The requirement for transcription and translation in many ste-
roid responses can render steroid actions sensitive to inhibitors
of either transcription or protein synthesis.
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Factors influencing local and systemic acfivity of presently available inhaled glucocorticoids

B -

2. Oral bicavailibili

transported fo the i
e |CS are all efficientl

1. Delivery device/delivery method
e Presence of a spacer and mouth rinsing can reduce the oral
deposition of inhaled dose by up to 90%.

* Drug cbsorbec?, in the stomach and intestine is immediately

ver by the hepatic portal system.
y metabolized by the liver during this first

pass. A small percentage survives this hepatic transit intact:

Oral Bioavailability of Inhaled Glucocorticoids

BDP BUD

FLUN FP TAA

= 6-11%

21% <1% 10%

3. Volume of distribution

and other fissues.

characteristics:

(Vp)

e The Vp, for ICS is determined in part by binding to lung

® |CS vary in their tissue binding.
* Tissue binding is related to water solubility and other

Vo (L/Kg) | NA

H,0 sol (ng/ml)

BDP/BMP| BUD FLUN FP TAA
27413 1.8 3 1.4-2.1
0.1/10 14 100 0.04 40

4. Plasma clearance/terminal half life
e Persistence of Flasma levels (t; /2 or half life) of ICS

reflects the balance
tissue binding sites

between metabolism and flux from
into the circulation.

e Sysfemic side effects relate to receptor binding affinity,
plasma concentration, and maintenance of elevated plasma

levels:

BDP/BMP| BUD FLUN FP TAA
GR binding* [0.4/13.5| 9.4 1.8 1185220 N 2.3-816
Clearance (L/min) NA 9-1.5 1.0 0.9 0.8-1.2
t1 /2 (terminal) 15 1.5-2.8 1.6 3.1-14 155

* Relative to dexamethasone.

FIGURE 46-5

6. The half-life of steroid-receptor complexes and the proportion
of steroid receptors that are bound by drug are determined by
affinity of a given steroid for the receptors. The more potent,
longer-lasting steroids (e.g., the 60.- and 9o-fluorinated steroids,
such as most inhaled steroids) have greater affinity for the
steroid receptor.

METABOLIC EFFECTS

Glucocorticoids regulate carbohydrate, lipid, and protein metabolism;
water and electrolyte homeostasis; and the functions of most major
organ systems, including the lung, the kidney, the cardiovascular sys-
tem, and the nervous system.*® The variety of glucocorticoid actions
on these systems is diverse and beyond the scope of this review. The
glucocorticoid namesake effect, regulation of glucose metabolism,
includes stimulation of glucose formation, reduction of the peripheral
usage of glucose, and promotion of glucose storage in the form of
glycogen. These actions of glucocorticoids maintain glucose levels
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Factors influencing local and systemic activity of presently available inhaled glucocorticoids.

during periods of starvation—an action that may protect cerebral cen-
ters, which are restricted to glucose for metabolic energy. Glucocorti-
coids stimulate the gluconeogenic formation of glucose from amino
acids derived from muscle and bone, one consequence of which 18
muscle wasting and osteoporosis during prolonged steroid usage- Gl?'
cocorticoids facilitate release of fatty acids from neutral Jipids ";
adipose tissue with chronic use and produce rearrangements of body fd
localization. Several clinically used glucocorticoids (such as hydfOC_Or;
tisone and prednisolone) have mineralocorticoid properties, produlclﬂlal
salt retention by stimulating reabsorption of sodium at the renal disté
tubules.

EFFECTS OF GLUCOCORTICOIDS ON THE
PRODUCTION OF INFLAMMATORY CELLS

: SR s mg
The oral or intravenous administration of glucocorticoids (e.g. 51(1)um-
of prednisone) causes marked changes in circulating leukocyt® hils
bers. Most striking of these changes is a fall in the number of basop



>

2. GC binds
to GR

Transcortin

1. Free GC enters
the cell

—70

FIGURE 46-6

cosinophils, and monocytes to approximately 20% of the normal circu-
lating quantity of each of these cell types.’®-3® Recirculating lympho-
cyte numbers also fall but not as dramatically. The nonrecirculating
lymphocytes, that is, those that remain in the circulation and generally
do not enter the lymph, are only modestly depressed by steroid admin-
istration.”” A greater fall in the number of T cells than B cells causes a
relative enrichment of B cells.>*°° Among T cells, steroids cause a fall
in helper/inducer (CD4) but not cytotoxic/suppressor (CD8) cell num-
bers.®:%2 Null and natural killer (NK) cell numbers are not influenced
by acute steroid administration.®

Changes in leukocyte number occur within 4 to 6 hours and abate
by 24 to 48 hours after a single steroid dose. In contradistinction
0 the effects of steroids in reducing basophil, eosinophil, and
monocyte numbers, steroid administration elevates the number of
lieutrophils in the circulation.®*> The increase in neutrophils that
(ollows administration of steroid probably results from combined
effects of a decreased egress of these cells from the blood, increased
Survival, a decrease in the size of the marginated granulocyte pool,
and an increase in production of neutrophils by the bone marrow.%-°°
The increased production of neutrophils by the bone marrow may
be one of the more important effects because steroid treatment in
p;ttients with impaired marrow function causes little increase in
tirculating neutrophil levels.®” However, the decrease in the size of the
Marginated granulocyte pool must also play a substantial role because
the levels of neutrophil alkaline phosphatase, a marker of neutrophil
Maturity, indicate that a large proportion of the additional neutrophils
fOl_md. in the blood after steroid administration are mature neutro-
plnlx.“’ There is a selective effect of steroids in vitro on the prolifera-
tion of eosinophils and neutrophils from human bone marrow cultures;
Steroid treatment inhibits formation of eosinophil colonies but en-
han}?es formation of neutrophil colonies in culture.®®:°° The decrease in
C0sinophils in blood after steroid treatment is probably not exclusively
the result of decreased bone marrow production of eosinophils, how-
ever, because studies with radiolabelled eosinophils indicate that the
fosinophil half-life and transit times are relatively long.”® Recent
Sludies have shown that the release of eosinophils from the bone
Marrow of sensitized mice challenged with allergen is inhibited by
glucocorticoid treatment.”’ Thus the fall of eosinophil numbers in the
“culation of steroid-treated individuals probably results from the
“ombined influence of reversible sequestration, apoptosis, reduced

CHAPTER 46  Glucocorticosteroids 643

Nucleus

b (o

- -

4. Occupied GR dimerize

and are phosphorylated f
\ 6. GR are
e \Y/'d

Sl

5. GR complex
enters the
nucleus

Molecular basis of glucocorticoid action. For explanation, see text.

production of eosinophils, and reduced release of eosinophils from the
bone marrow.

Because eosinophils are now recognized to play an important role
in the pathogenesis of allergic diseases such as asthma, particular
interest has been paid to factors that maintain their survival in vivo and
in vitro (see Chapter 19). In vitro, glucocorticoids inhibit the prolonga-
tion of eosinophil survival induced by granulocyte-macrophage
colony-stimulating factor (GM-CSE), IL-3, and IL-5.7>73 In addition
to inhibiting the ability of these cytokines to prolong eosinophil sur-
vival and activate eosinophil function, steroids can also inhibit the
production of these cytokines. This effect is readily demonstrated in
vitro,”* and stress (which increases glucocorticoid levels) and the
administration of cortisone both cause an 80% decrease in the total
level of colony-stimulating factors in mouse serum.”>7¢ One study of a
patient with hypereosinophilia demonstrated that steroid treatment
reduced elevated serum cytokine levels (mostly GM-CSF) to the nor-
mal range.”” Although the source of cytokines in vivo is unclear, recent
studies have implicated lymphocytes in experimental late phase reac-
tions to antigen challenge, as well as in chronic allergic diseases. These
studies have demonstrated increased cytokine production in allergic
reactions’®® and increased numbers of activated lymphocytes (i.e.,
those expressing IL-2 receptors) in bronchial biopsies of asthmatic
patients and after antigen challenge in the skin.®! These cells resemble
the T helper 2 cell (Th2) subtype in rodents, which produces IL-3, IL-4,
IL-5, and IL-6, along with some other cytokines but not IL-2 or
interferon-y (IEN-y). Because lymphocyte-derived cytokines are now
felt to play a role in allergic inflammation, inhibition of lymphocyte
cytokine production by steroids, a well-characterized phenomenon,
may thus be an extremely important steroid mechanism in the inhibi-
tion of the experimental late phase reaction and chronic allergic dis-
eases (see below).”*8!

The effects of steroids on basophils and mast cells have been
extensively studied and this topic has been reviewed.®*%3 The reduc-
tion in circulating basophils produced by steroids occurs by an un-
known mechanism. There is at present little evidence that steroids are
toxic to basophils, and this mechanism seems unlikely. One explana-
tion for the reduced basophil number after steroid treatment is a seques-
tration of these cells in selected vascular beds.>”** Alternatively,
mechanisms involving cytokines (e.g., IL-3) that prolong basophil
survival and increase their generation, as described previously for
000008
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cluded only the mast cells in and adjacent to the epithelium (in contrast
to biopsies, which include subepithelial mast cells), topical steroid
treatment was shown to reduce the number of mast cells and the
histamine content of the scrapings while having no effect on the ability
of the mast cells to release histamine in response to allergen challenge
in vitro.”®?® Thus it seems that topical steroid treatment causes redis-
tribution of mast cells in the nasal tissue, having as its most pronounced
effect a diminution of the most relevant mast cell population—those
residing immediately adjacent to the nasal epithelium. The seasonal
increase in mast cells in the nasal mucosa associated with exposure to
antigen can be profound; mast cell numbers in nasal imprints or scrap-
ings have been observed to increase by up to fiftyfold by several
investigators.”®'%° This increase of mast cells is suppressed in most
studies by steroid treatment before and during the allergen sea-
son.”8-199 Steroids also block an apparent migration of mast cells to the
mucosal epithelium after experimental exposure to antigen in dogs. !
Although a similar migration has been reported in human bronchial
mucosa,' %% the effects of steroids on this phenomenon are unknown.
Glucocorticoids may achieve reduction of mucosal mast cell numbers
in part by inhibiting the local production of mast cell growth factors
(including possibly c-kir ligand, IL-3, IL-4, IL-10, or others) 52103
Some direct effects on mast cell proliferation, production of mast cell
precursors, or migration may also occur. Mast cells from rodents have
been shown to migrate in response to chemokines in vitro.'%* Gluco-
corticoids are effective inhibitors of the expression of chemokines by
airway epithelial cells.'® Thus it is possible that the profound ability of
glucocorticoids to inhibit migration of mast cells to the epithelial
surface relates in part to a suppression of epithelial chemokine produc-
tion. The chemokine receptor CCR3 has been observed on human mast
cells in tissue sections (C. MacKay, MD, personal communication),
suggesting that CC chemokines, such as eotaxin, monocyte chemotac-
til protein-4 (MCP-4) and RANTES (regulated on activation, normal
T cell expressed and secreted), all of which are produced by epithelial
cells in a glucocorticoid-inhibited fashion, may be involved in mast
cell localization. In rats, the loss of mucosal mast cells (during a
parasite infestation) induced by steroids appears to involve engulfment
of the mast cells by macrophages.'® It is not known whether this
phenomenon occurs in humans.

The effect of relatively long-term cutaneous treatment with the
topical steroids clobetasol-17-propionate and fluocinonide on mast cell
numbers in the skin were analyzed.'®” Whereas up to 3 weeks’
treatment with topical steroid had little effect on the histamine levels
in skin biopsies, a 6-week treatment with either steroid caused a
significant reduction in both histamine and mast cell numbers. Discon-
tinuation of the steroid resulted in the slow reappearance of histamine
and mast cells in the skin, which required up to 4 months to reach
near-normal levels. It was suggested that reduced mast cell numbers
and histamine in the skin were the result of a toxic effect of steroids on
the mast cells. This effect of high-dose, high-potency steroids on the
skin has been exploited, with good results, as a “pulse” therapy for
cutaneous diseases, such as urticaria pigmeniosa, associated with mast
cell dysfunction.'®® Several studies have shown that oral steroid
therapy, even over an extended period of iime, does not inhibit the
allergen skin test response.

STRESS, GLUCOCORTICOIDS, ANU THE GENERAL
ADAPTATIONAL SYNDROME

The earliest recognized actions of glucocorticoids were those relating
10 maintenance of homeostasis in glucose metabolism and electrolyte
balance. Subsequently, the decreased resistance of an adrenalecto-
mized animal to the stress of surgery or infection led early workers to
Suggest that glucocorticoids and the elevation of glucocorticoids that
18 seen after stress serve to protect the organism from the harmful
effects of stress.'®® In addition to the other beneficial effects of ste-
toids, it is felt that increased levels of steroids that occur during
infection-related stress may also serve to dampen what would other-
Wise be an overvigorous immune response.'!-!!

ToxIcITY

Acute administration of glucocorticoids produces CNS effects, includ-
Ing changes in mood ranging from euphoria to psychosis, irritability,
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depression, increased appetite, and suppression of the HPA axis. All of
these symptoms are reversed after discontinuation of medication when
they occur as a result of brief steroid administration.''> The more
problematic toxic effects of chronic steroid administration, as illus-
trated in Figure 46-8, include deposition of fatty tissue in the back,
cheek, and abdominal area (so-called moonface, buffalo hump), in-
creased bruisability, osteoporosis, hypertension, a thinning of the skin,
striae, muscle wasting of the extremities with proximal muscular weak-
ness (possibly the result of gluconeogenic action of steroids), and
cataracts®> (see Figure 46-8). Although these effects are normally
associated with high-dose oral steroid usage, as higher dosages of
potent inhaled steroids are used it can be anticipated that these side
effects will be observed more frequently in patients on inhaled steroid
only. Monitoring of patients on chronic steroid therapy for toxicity
should include tests for suppression of the HPA axis, cataracts, hyper-
glycemia, hypertension, and attention to signs of osteoporosis. Therapy
with calcium and 25-hydroxy vitamin D may be indicated in severe
cases of steroid-induced osteoporosis.''® Because steroid-induced os-
teoporosis appears to be irreversible, efforts should be directed toward
prevention of bone loss by the combined use of vitamin D, calcium,
and, if appropriate, estrogen in patients for whom long-term systemic
steroid therapy is anticipated. Endogenous basal adrenal function can
be monitored by early-morning plasma cortisol concentration measure-
ments; this index is well correlated with a patient’s ability to withstand
surgical or hypoglycemic stress.!'*!!> Because there is considerable
variation in normal early-morning values of hydrocortisone, several
measurements must be obtained. Such measurements must be made at
least 12 hours after administration of a patient’s corticosteroid dose to
reduce interference of administered steroids with the hydrocorticosone
assays. Measurement of 24-hour urinary steroids may be a more sensi-
tive indicator of adrenal suppression. Several tests are utilized to assess
HPA responses after stimulation with tetracosactrin, metyrapone, or
insulin. Although these tests can produce some risk to the patient, they
give insight to the adrenal reserve and are felt to be useful.!'® Aggres-
sive withdrawal of systemic steroids can place some asthmatic patients
at risk of sudden death."7-!'® Discontinuation of corticosteroids after
administration for weeks or months produces a steroid withdrawal
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syndrome characterized by general malaise, fever, arthralgia, abdomi-
nal pain, nausea, vomiting, and changes in affect.*® There have been
reports of hydrocortisone sensitivity among aspirin-sensitive asthmatic
subjects. In such cases, use of a different steroid is appropriate.''?

ANTIINFLAMMATORY ACTIONS
Effects on the Function of Cells Involved
in Allergic Inflammation

Mast Cells and Basophils. As discussed previously, glucocor-
ticoids have effects on the localization of mast cells to the airways
mucosa. A reduction of mucosal mast cells can diminish the acute
response to exposure to antigen. Numerous in vitro studies have shown
that human mast cells derived from lung or skin are not influenced with
regard to the release of histamine or leukotriene C4 by previous
exposure to glucocorticoids.'*® Several in vivo studies support this
conclusion. The effect of glucocorticoids on mast cell cytokine re-
sponses may be quite distinct, however.

Because of the clear sensitivity of cytokine gene expression to
glucocorticoids, mast cell cytokine production, if it exists in human
mast cells, may be anticipated to be glucocorticoid sensitive.'?° Early
studies in the author’s laboratory failed to find the generation of
endothelial-activating cytokines by purified human lung mast cells
(B.S. Bochner, R.P. Schleimer, unpublished observations). Recent
comprehensive studies have also failed to find significant generation of
TNF-a from purified human lung mast cells stimulated in a variety of
ways. 2! It has been suggested that human mast cells may generate
TNF-a in skin after challenge with antigen, based on tissue staining
and the inhibitory effects of sodium cromoglycate.'*> Extensive stud-
ies using rodent mast cells indicate that a synthesis of Th2-type cyto-
kines occurs.'?3!>* Positive mast cell staining for several cytokines
has been observed using immunohistochemistry in human tissues, and
positive IL-4 protein generation has been reported in vitro from mast
cell preparations.'*'2® Very small quantities of IL-5 mRNA have been
detected in human lung fragments and purified human lung mast
cells, stimulated with phorbol myristate acetate (PMA) and anti-
immunoglobulin E (anti-IgE), and this response is inhibited by dexa-
methasone.'?” Numerous other laboratories have failed to find genera-
tion of [L-4 or IL-5 from purified human lung mast cells, however. This
may be related in some part to technical issues, however, because
human mast cells grown from cord blood progenitor cells have recently
been reported to elaborate macrophage inflammatory protein-1ot (MIP-
1o, IL-8, and GM-CSF.'?® Several studies have shown the presence of
significant numbers of IL-4 and IL-5 mRNA-positive cells by in situ
hybridization in upper and lower airway tissues. These studies have
further determined that a small percentage (<15%) of the IL-4 and
IL-5-positive cells were mast cells as assessed by immunohistochemi-
cal staining for mast cell markers, suggesting that some cytokine-
positive mast cells may exist in the airways.'**:'3° At 24 hours after
local antigen provocation of allergic rhinitis subjects, double in situ
hybridization/immunocytochemistry of nasal biopsy sections demon-
strated that the percentage of IL-5 and IL-4 mRNA-positive cells
coexpressing immunoreactivity for tryptase was 11.3% and 26%, te-
spectively.'??:13% In asthmatic airways, however, the proportion of IL-4
and IL-5 mRNA-positive cells expressing tryptase (9.8 and 11.9%,
respectively) was relatively less than in the nasal mucosa of subjects
with allergic rhinitis.'®' Recent studies indicate that tryptase-positive
cells in the bronchial mucosa of asthmatic subjects also express mRNA
for IL-13 and IL-16 (Q. Hamid, et al, personal communication). In
addition to Th2 cytokines, mast cells may produce selected chemo-
kines. Using the human mast cell-1 (HMC-1) cell line, production of
several C-C chemokines and inhibition by glucocorticoids has been
observed.!3? Messenger RNA for RANTES, MIP-1¢, and IL-4 has
been observed in mouse mast cells.'*® Human mast cells have been
reported to produce eotaxin.'**!'3> Production of IL-8 and GM-CSF
cord blood—derived mast cells is inhibited by glucocorticoid expo-
sure.'?® Although it is still uncertain to what extent mast cell cytokine
responses occur in asthma or allergic reactions, to the extent that they
do contribute to airways inflammation it is reasonable to expect that
glucocorticoids inhibit these responses. To summarize, mast cell de-
granulation is not inhibited by glucocorticoids in humans, explaining
the relative resistance of the acute phase response to these drugs. Mast

000011

cell cytokine production is of unknown importance in humans. In those
model systems in which mast cell cytokine production has been dem-
onstrated, it is inhibited by glucocorticoids.

In contrast to the human mast cell, the human basophil is sensitive
to glucocorticoids in vitro. Twenty-four-hour incubation with steroids
produces a marked inhibition of histamine and leukotriene release from
human basophils.'¢'3® This effect of steroids is stimulus-dependent;
that is, IgE-dependent mediator release is inhibited while mediator
release induced by ionophore, phorbol diester, or formyl-methionyl-
leucyl-phenylalanine (fMLP) is not inhibited by steroid treatment.'s”
In vivo treatment of normal subjects with steroid does not reduce
histamine release tested in vitro despite markedly decreasing circu-
lating basophil numbers.>®°° Similarly, patients on long-term steroid
treatment for either allergic diseases or collagen vascular diseases have
normal fevels of circulating basophils (i.e., approximately 1% of total
leukocytes), which release histamine normally to an IgE-dependent
stimulus.®® However, circulating basophils in patients on chronic
steroid therapy are considerably less responsive to the in vitro effects
of steroid on mediator release, possibly because steroid treatment
removes from the circulation those basophils that are sensitive to the
steroid, leaving a subpopulation that is relatively resistant to the
inhibitory effects of the glucocorticoid.®®

Lymphocytes. As discussed previously, treatment of patients
with steroid causes a decrease in total circulating lymphocyte numbers.
However, steroid therapy has relatively modest effects on total immu-
noglobulin levels.'3%'° Large doses of steroid can cause a slight
decrease in the IgG and IgM levels while causing little effect or a mild
enhancement of IgE levels.'*-#! Most studies have focused on total
circulating immunoglobulin, and the question of the effect of steroids
on antigen-specific responses, both primary and secondary, needs to be
carefully addressed. This is especially clear because in vitro studies
show that corticosteroids inhibit early B cell activation events (i.c.,
decreased proliferation with anti-T3 antibody or Staphylococcus au-
reus) but have little effect on later events (e.g., proliferation in response
to B cell growth factors, and the final differentiation to become immu-
noglobulin producers).'*>!*? Interestingly, and somewhat paradoxi-
cally, steroids enhance immunoglobulin production in vitro.'** A mod-
est increase of total IgE has been observed in vivo after steroid
treatment.’*> Glucocorticoid treatment of patients with rhinitis has
been shown to inhibit the seasonal increase of IgE levels.'*°

In vivo glucocorticoid therapy is especially effective in inhibiting
delayed-type hypersensitivity reactions, such as occur with the tuber-
culin test. This probably results largely from inhibition of the emigra-
tion of lymphocytes to the site of antigen challenge'#”-'#%; inhibition of
production of lymphocyte growth and activating factors, including
IL-1, IL-2, and IFN-y; and consequent inhibition of 1ymphocy_te
proliferation.'?-'> Numerous cell types play an important role in
allergic reactions of the airways, including both infiltrating and struc-
tural cells. However, perhaps the single most important cell type 10-
volved in asthma is the T cell.!>* Glucocorticoids modify the expres-
sion of immunoglobulin receptors (for IgG or IgE) on lymphoid
cells.'5+156 Atopic patients have substantially elevated numbers of
lymphocytes and monocytes bearing the low-affinity IgE receptor.
whereas normal patients have little or no Fce receptor—positive lym-
phoid cells.'®> Treatment of atopic subjects with glucocorticoid re-
duces the number of Fce receptor—positive cells to the normal range."”
The impact of this effect of steroids on allergic diseases or reactions has
not been established. '

T cells are the primary antigen-recognizing cells that are respon-
sible for amplification of other elements of the response (inducing Ig
synthesis, mobilizing eosinophils and basophils from bone marrow:
and coordinating local cellular infiltration). The conclusion that T cells
play a central role in asthma is based on both animal and human
studies. Animal studies have shown that depletion of T cells inhibits the
late phase allergic reaction almost completely, including eosinophil
infiltration and changes in airways reactivity.'>” Furthermore, adop-
tive transfer of sensitized T cells can reconstitute late phase reac
tions.'>®15% Antiinflammatory drugs, including glucocorticoids, ¢y
closporin, FK506, and others that target T lymphocytes, are ‘all
effective as suppressants of allergic inflammation in the airways. In it
hybridization has been used to analyze the cytokine mRNA-positive
cells in a variety of allergic reactions and diseases of both the airways




and the skin. In BAL and biopsies from asthmatic subjects, as well as in
late phase reactions, the primary IL-4—and IL-5-producing cell type is
the T cell based on co-expression of CD2 or CD3. Several studies have
shown that the T cells isolated from BAL are primarily of the Th2
phenotype (i.e., producing IL-4 and IT.-5). T cells (CD3-positive cells)
are the major source of IL-4 and IL-5 mRNA in BAL from asthmatic
subjects.'*! Treatment with glucocorticoid, either topically or systemi-
cally, profoundly inhibits the appearance of these cytokine-producing
cells. The relative importance of suppression of lymphocyte cytokine
expression vs. suppression of accumulation of lymphocytes in the
tissue has not yet been determined.'®° T cells isolated from asthmatic
subjects express higher levels of the activation antigen CD25 (the IL-2
receptor), and biopsy tissues from asthmatic patients also have higher
CD25+/CD2+ cells, suggesting an elevation of activated T cells.'®!
The numbers of IL-4 and IL-5 mRNA-positive cells in BAL from
asthmatic subjects correlated significantly with forced expiratory vol-
ume in 1 second (FEV,).'¢%!63 More recently, it was found that the
increase in FEV, in response to a 1-week course of oral steroids is
directly correlated to the increase in IL-12 mRNA-positive cells ob-
served within the bronchial mucosa.'®* IL-12 (and IL-18) may be
expected to profoundly modify the relative balance of Thl and Th2
cells because it is a potent and effective inducer of IFN-y. IEN-yin turn
has previously been shown to be a major inducer of Th1 and suppressor
of Th2 cell development. Cells expressing mRNA for IL-16, a cytokine
that is a potent chemoattractant for lymphocytes and eosinophils, are
also correlated with pulmonary function tests.'®> However, the stron-
gest correlation observed in bronchial biopsies from asthmatic patients
was the presence of IL-5 membrane-receptor mRNA-positive cells
with FEV, (1? =0.89; p <0.001).'%® Glucocorticoids are potent and
effective inhibitors of T cell activation and production of cytokines
involved in allergic inflammation, including IL-2, 1L-3, IL-4, IL-5,
IL-13, IL-16, IFN-y, GM-CSF, TNF-q, and several chemokines (see
below).'” In light of the central role of T cells in orchestrating allergic
inflammation, these are pivotal effects of glucocorticoids.

Macrophages and Monocytes. Because macrophages are the
most numerous of the inflammatory cell types found in alveolar spaces,
and they produce a spectrum of inflammatory mediators, great interest
has been focused on the role of macrophages and monocytes in allergic
diseases such as asthma. Mononuclear cells and alveolar macrophages
have been demonstrated to bear low-affinity and high-affinity receptors
for IgE; cells with these receptors are increased in numbers in allergic
patients, especially those with asthma.'3:136:168-172 Thege cells can be
activated to secrete mediators upon stimulation with antigen if they are
sensitized with antigen-specific IgE. Macrophages release a host of
mflammatory mediators, including enzymes (e.g., plasminogen activa-
tor, lysozyme, collagenase, elastase), metabolites of arachidonic acid
(€.g., leukotriene B, leukotriene C,, 5-hydroxyeicosatetraenoic acids
[HETES]), platelet activating factor (PAF) and growth factors for fibro-
blasts and other cell types, and a mucous secretagogue.'”® Steroids
inhibit the production of arachidonic acid metabolites by alveolar
macrophages, depending on the stimulus and other conditions,!74-17¢
Macrophage-derived IL-1 and TNF are capable of elevating body
lemperature through an activity on hypothalamic centers and stimulate
Synthesis of acute phase proteins (mostly in the liver).'”” IL-1 and TNF
are also necessary for lymphocyte growth, stimulate fibroblast activa-
tion and proliferation, and activate vascular endothelium to express
procoagulant activity (so-called tissue factor), as well as adhesion
molecules that are responsible for binding and recruitment of circulat-
mg 1eukocytes.l73.l77«181

Macrophages and monocytes are exquisitely sensitive to antiin-
flammatory steroids.'”® In vivo treatment with steroids reduces
Circulating monocyte numbers and reduces the percentage of FceRII-
bearing monocytes.' Steroid treatment has no effect on bronchoal-
Veolar macrophage numbers. Treatment with glucocorticoids causes a
Dyofound reduction in the MHC class II (Ia)-positive cells residing in
dirway tissues.'®> In vitro incubation of macrophages with glucocor-
licoid for 24 hours inhibits the release of enzymes, such as plasmino-
gen activator, elastase, and collagenase, but does not inhibit the release
0f lysozyme. 83184 These enzymes differ in that lysozyme is constitu-
lively released by macrophages, whereas the other enzymes require
cel! activation for release, suggesting that steroids prevent the cell
dctivation process. Although macrophage phagocytic activity appears

.
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to be resistant to steroid treatment, the intracellular killing of, for
example, Nocardia, Listeria, or Salmonella, is impaired by steroids in
vitro.'®> Treatment with steroids either in vivo (in animals) or in vitro
causes inhibition of the release of IL-1 and TNF.'#6-19° This activity of
steroids may be critical to their antipyrogenic effects, as well as in their
activity in preventing the recruitment of leukocytes to a local inflam-
matory site (see below).

Eosinophils

Eosinophils are prominent in allergic diseases, and eosinophila is
exquisitely sensitive to glucocorticoid suppression. Thus they are
likely to be an important target of the beneficial action of steroid
treatment. (See Chapter 19 for details of eosinophil biology.)

Eosinophils develop under the hematopoietic action of IL-3, IL-5,
and GM-CSE, from progenitor cells that arise in the bone marrow, and
IL-5 induces their release into the circulation. Treatment with gluco-
corticoid or anti—IL-5 profoundly inhibits this release but not the
number of eosinophils in the marrow. Although eosinophil progenitors
themselves may directly respond to glucocorticoids, in vitro studies
suggest this is not the case.'®’ More probably, steroids cause a de-
creased production of IL-5 or other trigger factors either locally in the
marrow or elsewhere, for example, the lung.'? Inhaled glucocorti-
coids can prevent eosinophil migration into the lung and can prevent
the appearance of increased eosinophil precursors in the circulation,
suggesting that the effects of steroid on the bone marrow response may,
in some part, be mediated in the lung.'”® The mechanism by which
eosinophils are bound in the marrow and subsequently released are
poorly understood. An IL-5-induced decrease in 3, integrin affinity for
very late antigen-4 (VLA-4) could be one factor.'”* Chemokines may
also be involved because eotaxin knockout mice have diminished
circulating eosinophil numbers but normal numbers in the bone mar-
row.'* Both of these mechanisms would be expected to be glucocorti-
coid sensitive because production of IL-5 or eotaxin would be inhibited
by glucocorticoids.

Once mature eosinophils are in the circulation, numerous events
mediated by adhesion molecules occur by which they migrate into an
affected tissue (see Chapters 9 and 19).

In vitro studies with glucocorticoids have shown that endothelial
adhesion molecule expression on human umbilical vein—derived cells
is not inhibited by glucocorticoid treatment.'®> On a theoretic basis,
however, one would anticipate, and the author and colleagues have
previously hypothesized,'?® that endothelial adhesion molecule ex-
pression in vivo should be inhibited by glucocorticoids because
synthesis of the major endothelial-activating cytokines, IL-1, TNF-o,
IL-4, and IL-13, is inhibited by glucocorticoids in vitro.'®” The influ-
ence of glucocorticoid treatment on expression of adhesion molecules
on endothelium after antigen challenge in human airways has not been
firmly established. However, several studies have been performed on
this subject. Steroid treatment had no effect on adhesion molecule
expression after cutaneous challenge with tuberculin.'®’ Similarly,
3-day treatment with oral glucocorticoids had no effect on expression
of E-selectin, on levels of IL-1p, or on neutrophil influx after intracu-
taneous challenge with endotoxin.!?® In contrast, a profound decrease
in soluble E-selectin levels in BAL fluid was observed 20 hours after
antigen challenge in subjects treated for 3 days with prednisone com-
pared with controls.'®® It is not established that this E-selectin directly
reflects the level of endothelial activation in the lungs, however. Pred-
nisone treatment was associated with at least a 90% reduction in
eosinophils and approximately 50% reduction in neutrophils found in
BAL fluids. In rats, indirect evidence suggests that dexamethasone
inhibits the expression of P-selectin, and perhaps other selectin mol-
ecules, in an endotoxin model in the mesentery.?’® Studies on the
expression of vascular cell adhesion molecule-1 (VCAM-1) after anti-
gen challenge in the airways of steroid-treated and control individuals
are sorely needed. Several groups have shown that glucocorticoid
treatment leads to a decrease in IL-4 and IL-13 mRNA or protein
levels, suggesting that VCAM-1 expression may be diminished.!¢0-201
In contrast, little information is available on the nonspecific endothelial
activators IL-1 and TNF-co: in antigen challenge systems. Eosinophil
transendothelial migration has been studied extensively in vitro.20>204
No significant inhibition of eosinophil transendothelial migration by
glucocorticoids was found, suggesting that, if it occurs in vivo, it may
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be indirect, by inhibition of the release of cytokines that induce the
event in vivo (M Ebisawa, BS Bochner, RP Schleimer, et al, unpub-
lished observations).

Associated with the interaction between leukocytes and endothelial
cells may be an activation of expression of inflammatory genes in the
leukocyte. Engagement of PAF receptors and P-selectin counterligand
simultaneously on the surface of monocytes leads to an activation of
the expression of chemokine and inflammatory cytokine genes.?%3
Similar activation of eosinophils by seven spanner receptor agonists
(e.g., chemokines) along with selectins may be speculated to activate
gene expression. Indeed, liganding of VLA-4 on eosinophils is known
to induce cytokine gene expression (see below). Thus, during the
process of transendothelial migration, eosinophils and other inflam-

matory cells being recruited to the airways may be activated to express -

cytokine genes involved in the inflammatory response. Although it is
reasonable to speculate that adhesion-dependent activation of cytokine
gene expression is inhibited by glucocorticoids, more information is
needed in this area.

Eosinophils have been found to migrate toward selected structures
within the airways; they are found concentrated in and around epithe-
lium, blood vessels, and nerves. Although the precise mechanism(s) by
which this occurs are unknown, several lines of evidence point toward
eosinophil-directed chemokines. To date, six C-C chemokines have
been shown to induce eosinophil migration (RANTES, MCP-3,
MCP-4, MIP-1a, eotaxin-1, and eotaxin-2). In vitro studies with hu-
man eosinophils indicate that the most potent of these are MCP-4,
RANTES, eotaxin-1 and eotaxin-2.?°® The localization of eosinophils
to epithelium and endothelium could be explained by the observation
that these cell types produce these chemokines after activation. Several
other cell types produce chemokines in airway inflammation, including
lymphocytes, smooth muscle, and, perhaps, mast cells. Glucocorti-
coids are potent inhibitors of epithelial chemokine production, sug-
gesting a mechanism for inhibition of epithelial localization of eosino-
phils.!052%7  Chemokine production by cultured umbilical vein
endothelial cells is not inhibited by glucocorticoids in vitro, how-
ever.”?® Whether the failure of cultured endothelial cells to respond to
glucocorticoids reflects the in vivo situation is unknown. Also un-
known is the relative importance of epithelial- and endothelial-derived
chemokines in inducing eosinophil transendothelial migration. These
gaps in our knowledge must be filled to better understand the impor-
tance of suppression of local chemokine production as a glucocorticoid
mechanism.

As discussed previously; several cytokines are able to induce a
prolongation of eosinophil survival in vitro. Synthesis of these cyto-
kines is inhibited by glucocorticoids. Considerable evidence has accu-
mulated suggesting that prolonged survival and priming of eosinophils
occur in vivo in asthmatic subjects. IL-3, IL-3, and GM-CSF are found
to be elevated in asthmatic airways.3%2%9-2!1 Glucocorticoids, by re-
ducing the production of eosinophil-priming cytokines, reduce the
availability of the factors necessary for eosinophil survival in the
airways. In the absence of these cytokines, eosinophils undergo apop-
tosis. Glucocorticoids may also trigger eosinophil apoptosis as a direct
effect on the eosinophil. Recent studies indicate that eosinophils them-
selves produce survival-promoting cytokines (autocrine production)
and that this autocrine production is inhibited by glucocorticoids. It is
therefore not yet clear whether the direct effects of glucocorticoids on
eosinophil survival are secondary to suppression of eosinophil cyto-
kine production or via a distinct mechanism.

Blood Vessels

Increased blood flow and increased permeability of the microvascula-
ture are both important elements of the inflammatory response because
they aid in the transport of inflammatory cells and plasma proteins to a
local tissue inflammatory site. Many mediators, such as histamine and
bradykinin, can directly stimulate increases in blood vessel diameter
and permeability.*'* Prostaglandins, such as PGE, or prostacyclin,
synergize with such mediators by further increasing vascular diam-
eter.*'® A second class of mediators, including chemotactic factors
such as leukotriene B, (LTB,), C5a, and f-Met-peptide, can increase
vascular permeability through a mechanism that requires the pres-
ence of neutrophils and cyclooxygenase metabolites of arachidonic
acid.?'32!5 In the case of chemotactic factor—induced edema, the
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adherence of leukocytes to vascular endothelium may be an important
step in the reaction. The endothelial-activating cytokines IL-1, TNF-g,
and IFN-y have been demonstrated to increase endothelial permeabil-
ity.2!® The effects of steroids on vascular permeability have been
reviewed.>'” The topical application of steroids produces marked
blanching of the skin. This is the basis of a widely used in vivo assay of
topical steroid activity (the so-called McKenzie test).?'® Although the
mechanism of this effect of steroids is unknown, one possibility is that
steroids inhibit the release of cyclooxygenase metabolites that consti-
tutively maintain patent vascular beds.”' Alternatively, steroids may
inhibit the release of endothelial-derived relaxing factor, now thought
to be nitric oxide (NO).>2%22! Steroid-induced skin blanching is
greatly reduced in steroid-resistant asthmatic subjects.?*?

Several studies have demonstrated inhibition by steroids of vascu-
lar permeability in animals induced by histamine, LTC,, PAF, and other
stimuli.??3-22% There is little information, however, on the mechanism
by which steroids decrease vascular permeability in response to these
inflammatory stimuli. This effect could result from decreased contrac-
tility of endothelial cells, decreased production of vasodilating prosta-
glandins in the local tissue site, decreased adherence of leukocytes, in
cases where the inflammatory stimulus indirectly produces a leuko-
cyte-dependent increase in vasopermeability, or other mechanisms.
Recent studies have shown that steroids can reduce neurogenic edema
in some, but not all, cases.??”-22° This is associated with steroid induc-
tion of neutral endopeptidase, an enzyme that degrades neuropeptides
and presumably lowers endogenous concentrations of the neuropep-
tides (e.g., substance P) responsible for causing the vascular leak. That
steroids reduce vascular permeability in vivo in the lungs of asth-
matic subjects is indicated by studies using macromolecular markers of
permeability.>*?

Epithelium

Airway epithelial cells have classically been thought of as barrier cells
that are involved in homeostasis and respond to a variety of environ-
mental stimuli resulting in the alteration of their cellular functions,
including ion transport and movement of airway secretions. Recent
evidence suggests that airway epithelial cells may also act as effector
cells in response to noxious endogenous or exogenous stimuli. Airway
epithelium produces and secretes several inflammatory mediators, in-
cluding lipid mediators, oxygen radicals, and a number of different
cytokines.?*! Through the production of such agents, which can medi-
ate the chemotaxis, activation, and survival of inflammatory cell types
within the airway, the epithelium is now thought to be important in the
initiation and exacerbation of airway inflammation associated with
asthma.

Human epithelial cells metabolize arachidonic acid via the cycloox-
ygenase pathway, resulting in the production of prostaglandins, includ-
ing PGE, and PGF,,,. PGE, appears to relax smooth muscle, thereby
attenuating bronchoconstriction, whereas PGF,, functions as a bron-
choconstrictor.?*> Airway epithelial cells secrete endothelin-1, a bron-
choconstrictor, in response to several cytokines, including IL-1¢t, [L-
1B, IL-2, IL-6, and TNF-0..** Airway epithelial cells also produce the
inducible form of cyclooxygenase (COX2) and the inducible nitric
oxide synthase (iNOS) in response to TNF-o..23! TNF-o, may indirectly
activate the transcription factor NF-xB, which appears to have a rolein
the up-regulation of COX2 and iNOS gene expression.”*’ Increased
nitric oxide production may cause bronchodilation and epithelial cell
damage via increased airway blood flow and plasma exudation, as w‘ell
as enhanced Th2 proliferation, which may mediate eosinophilic 11
flammation of the airways>3*; however, it should be noted that normal
NO levels may serve to protect the host from microbial infection at the
air/surface interface.?>> Glucocorticoids inhibit the synthesis of endo-
thelin-1, COX2, and iNOS>'; such inhibition may be mediated by the
interaction of GR with the transcription factors AP-1 and NF-kB.

The bronchial epithelium produces a wide variety of cytokines.
including chemotactic factors and colony-stimulating factors. Ch?mo'.
kine production may play an important role in the chemotaxis o
leukocytes into the bronchial mucosa and their subsequent activation
during an inflammatory response. The chemokine superfamily inc]l}dbS
the C-X-C subfamily, in which the first two of four conseryed cystelnes
are separated by one amino acid, and the C-C subfamily, which ¢on-
tains two adjacent cysteines. These subfamilies exhibit cell selectivity



with respect to chemoattraction; the C-X-C subfamily primarily targets
neutrophils, whereas various members of the C-C subfamily target
basophils, eosinophils, monocytes, and T lymphocytes.>*® The bron-
chial epithelium produces chiemokines in both of these subfamilies,
including IL-8, GROwq, and GROy of the C-X-C subfamily and
MCP-1, MCP-4, eotaxin, and RANTES of the C-C subfamily.?*? IL-8,
GRO@., and GROy mediate neutrophil chemotaxis and activation.?*® In
addition, IL-8 has been reported to induce chemotaxis of T cells,
cytokine-primed eosinophils, and cytokine-primed basophils, as well
as stimulate the release of histamine and sulfidopeptide leukotrienes
from primed basophils.>*®* MCP-1 mediates monocyte and basophil
chemotaxis and activation,>*® whereas RANTES induces chemotaxis
of T cells, monocytes, and eosinophils.?*” Enhanced immunostaining
of MCP-1 and RANTES has been detected in bronchial biopsies from
patients with atopic asthma.*?®

Airway epithelial cells also produce several fibrogenic growth
factors, including TGF-B,?3¢ platelet-derived growth factor (PDGF),
basic fibroblast growth factor (bFGF), and insulin-like growth factor
(IGF),%*° and cytokines that may exert pro-inflammatory effects, in-
cluding TL-1, TL-6, and TNF-01.>3¢ TGF-f3 appears to regulate bronchial
epithelial cell growth and differentiation, as well as modulate leuko-
cyte recruitment and activation.>*® PDGF, bFGF, and IGF have been
postulated to be involved in the remodelling of the airways in chronic
asthma.?*® IL-6 promotes B cell immunoglobulin production, T lym-
phocyte proliferation, and the differentiation of cytotoxic T cells, mac-
rophages, and neuronal cells.>*® Moreover, it has recently been shown
that overexpression of IL-6 in transgenic mice results in a CD4+, MHC
class [T+, B220+ lymphocytic infiltrate surrounding large and midsized
airways that does not alter basal respiratory resistance but does dimin-
ish airway reactivity to methacholine.>*° Interestingly, IL-1 and TNF-o
appear to amplify the inflammatory cascade in that IL-1f and/or
TINF-o¢ increase airway epithelial production of IL-6, IL-8, GROq,
MCP-1, RANTES, GM-CSFE, and granulocyte colony-stimulating
factor (G-CSF).23!

Glucocorticoids inhibit the production by epithelial cells of many
of the cytokines and factors described above, including IL-1, IL-6,
IL-8, IL-11, TNF-o,, GM-CSF, and RANTES?*!237; the inhibition of
epithelial cytokine production may ultimately decrease inflammatory
cell activation and recruitment and the associated generation of inflam-
matory mediators.

Glucocorticoids appear to increase the mRNA level and expression
of neutral endopeptidase in cultured airway epithelial cells while
decreasing the expression of the NK, receptor.?>! It has been reported
that neutral endopeptidase (NEP) and the angiotensin-converting
enzyme (ACE) mediate glucocorticoid inhibition of neurogenic
inflammation in rat trachea.?*! The suppressive effects of dexameth-
asone on substance P-induced extravasation were completely reversed
by simultaneously inhibiting NEP and ACE activities.>*! However,
others have reported no effect of glucocorticoids on NEP expres-
sion,**? suggesting that the inhibitory effects of glucocorticoids on
leurogenic inflammation may, in part, be due to the inhibition of the
expression of NK, receptors. The NK, receptor has an AP-1 response
element in its promoter, indicating that an activated GR may interact
With AP-1 to down-regulate transcription of this gene.>3!

The expression of adhesion molecules on airway epithelial cells
facilitates their interaction with the underlying substratum and adjacent
cells, thereby forming functional permeability barriers. To this end,
epithelial cells express various types of integrin receptors, including
0,B,, 03B, and 0B, collagen-laminin receptors and ot B, fibronectin-

brinogen receptors.>** In addition, the epithelium may also interact
With inflammatory cells through adhesion molecules such as intercel-
lular adhesion molecule-1 (ICAM-1) and VCAM-1. TNF-o and IL-1[3
tp-regulate ICAM-1 and VCAM-1 expression, which may be impor-
tant in the migration of neutrophils and eosinophils into the lumen of
the airway>*3 Expression of VCAM-1 by airway epithelial cells is
inhibited by exposure of the cells to glucocorticoids.>**24> As de-
Stribed above, TNF-ov and IL-1B activate the transcription factor
NF-kB in airway epithelial cells.>*® Recent evidence indicates that the
gluqocorticoid-mediated repression of the ICAM-1 promoter is due to
the interaction of GR with the NF-kB family member RelA.*8

Although the mechanisms by which steroids improve bronchial

Yperresponsiveness are incompletely understood (see below), airway
Epithelial activation is now implicated. The increased awareness of the
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proinflammatory effects of epithelial cells and the accessibility of
epithelial cells to inhaled steroids make the airway epithelium a promi-
nent candidate among potential steroid targets. Glucocorticoids either
directly or indirectly modulate the production, release, and/or actions
of epithelial-derived inflammatory factors, which may, in part, explain
the great efficacy of these drugs in the treatment of asthma.

TISSUE REPAIR PROCESSES

Prolonged administration of glucocorticoids in the perioperative period
leads to a delay in wound healing and an increase in local wound
complications, whereas short-term steroid treatment has little impact
on these events.>*’” Possible sites of steroid action include: (1) the
exudation and cell recruitment phase, (2) activation and proliferation
of recruited cells, (3) angiogenesis, and (4) fibroplasia and repair
processes. The effects of steroids on cell recruitment and proliferation
have already been discussed. Because many of the stimuli that are
responsible for tissue repair and new blood vessel growth arise from
macrophages (including macrophage angiogenesis factor, macro-
phage-derived growth factor, epidermal growth factor, and fibroblast
growth factor), a blunting of angiogenesis by steroids may be related to
the inhibition of growth factor production.!’*?*7 Both angiogenic and
angiostatic chemokines have been described.**® The effects of steroids
on these chemokines may ultimately influence new blood vessel
growth. Further, angiostatic effects of some glucocorticoids have been
shown to occur via a receptor distinct from the glucocorticoid recep-
tor.>49:230 Effects of steroids on fibroblast growth and fibroblast- de-
pendent repair processes are controversial, although steroids appear to
inhibit these events.>*”:>>!:252 Fibroblast generation of the cytokines
GM-CSE, IL-8, and IL-6, which may participate in tissue repair pro-
cesses, is inhibited by steroids.?>? Interestingly, the synthesis of hyal-
uronic acid is inhibited by steroids at much lower concentrations in
skin fibroblasts than in lung fibroblasts, perhaps explaining why ste-
roids do not seem to cause tissue atrophy in airways as is obseryed in
the skin.>>*

ADRENERGIC SYSTEM

It has long been known that adrenalectomized animals have reduced
or absent responses to epinephrine or norepinephrine (e.g., vascular
responses or effects on glucose metabolism and circulating eosinophil
numbers). Such adrenergic responses are restored in adrenalectomized
animals by the administration of steroids.>>>%¢ Many patients with
asthma also display significantly reduced responsiveness to adrener-
gic agents when measured in vitro (e.g., lymphocyte or neutrophil
cyclic adenosine monophosphate [cAMP] responses to isoproterenol)
or when measured in vivo (e.g., bronchodilating effects of inhaled
B agonist or increased pulse pressure with injected catechol-
amine).?>”2°! Reduced B-adrenergic responses are most often seen in
severe asthmatic patients, who are often receiving treatment with
inhaled catecholamines. Because the administration of catecholamines
produces tachyphylaxis (desensitization) to catecholamine responses,
it has been somewhat problematic to distinguish between inhaled
catecholamine-induced desensitization and a disease-related decrease
in adrenergic responses independent of therapeutic administration of
catecholamines.>®>-2%° In either case it is clear that steroid administra-
tion reverses the reduced B-adrenergic responsiveness in asthmatic
patients.>°%-22-264 In viyo administration of steroids restores the
cAMP response in lymphocytes or neutrophils from asthmatic subjects
by increasing B-receptor numbers and by increasing the efficiency of
coupling of B receptors to the adenylate cyclase.23:25* Treatment with
steroids in vivo also dramaticaily improves the response to inhaled
B-adrenergic agents in patients who are resistant to inhaled B-adrener-
gic bronchodilators.?°%22 Finally, other systemic effects of catechol-
amines, including glucose mobilization and increased pulse pressure,
are restored to normal levels by administration of steroids.2%* In vitro,
steroids increase B-adrenergic receptor mRNA twofold to a new
steady-state level, associated with a fourfold increase in transcription
rate. Several investigators have reported that glucocorticoids up- regu-
late the expression of [,-adrenoreceptors by increasing the rate of
B,-adrenoreceptor gene transcription and possibly by binding to mul-
tiple GRE sequences found within the B,-adrenoreceptor promoter.3!
This action of glucocorticoids may counteract the down-regulation of
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[3,-adrenoreceptors in response to prolonged ,-agonist treatment. De-
sensitization with isoproterenol decreases the half-life of receptor
mRNA from 12 hours to 5 hours.?°%2¢7 Desensitization of B-adrenergic
responses is dependent on the genotype of B, receptors a given indi-
vidual expresses.>®® Adrenalectomy is associated with a decrease in G
protein 3 subunits, and this effect is reversed by steroids.?®® In human
lung mast cells, steroids antagonize [-adrenergic agonist-induced
desensitization.?”°

ARACHIDONIC ACID METABOLISM

Arachidonic acid is a 20-carbon unsaturated fatty acid with four double
bonds that is stored in membrane phospholipids and neutral lipids. It
is a precursor for both leukotrienes and cyclooxygenase metabolites,
which are important inflammatory mediators. Arachidonic acid is
liberated from the sn-2 position of both 1-acyl and 1-alkyl phospho-
lipids by the action of the enzyme phospholipase A,.>’17% In some
cell types, arachidonic acid may also be liberated by the combined
action of a phospholipase C and a diglyceride lipase.>”® Once liberated,
arachidonic acid is metabolized by cyclooxygenase enzymes to pro-
duce a variety of prostaglandins, thromboxane, and prostacyclin, or by
the combined action of 5-lipoxygenase activating protein (FLAP) and
the 5-lipoxygenase to produce LTA,, the precursor to LTB,, and the
sulfidopeptide leukotrienes, LTC,, LTD,, and LTE,.>’# Other lipoxy-
genase products of arachidonic acid include mono- and diHETEs and
lipoxins. Phospholipase A, also produces the lysolipid precursor of
PAF (1-alkyl glyceryl phosphocholine), which is converted to PAF by
the action of an acetyltransferase enzyme.?”> Activities of arachidonic
acid metabolites relevant to inflammatory responses include chemo-
taxis, stimulation of mucous secretion, constriction of smooth muscle
in airways, regulation of vascular tone and permeability, activation of
leukocyte secretion, regulation of neuronal activity, and regulation of
cell proliferative events.?'%27427% Antiinflammatory steroids inhibit
the formation of arachidonic acid metabolites (and the PAF precursor,
lysoPAF) in vitro in many tissues by blocking the release of arachi-
donic acid from phospholipid stores.?!?-277-289 [n some cell systems
the apparent decrease in arachidonic acid release caused by steroids
may result from effects on protein synthesis or increased reacylation of
arachidonic acid rather than decreased release through phospholipase
inhibition.”8!?%2 In some cases, steroids can inhibit prostanoid release
by decreasing the expression or induction of the cyclooxygenase en-
zyme.>®3 Not all cell and tissue types respond to steroid treatment in
this manner. Further, in a given cell type, this effect of steroids may be
stimulus-dependent. Inhibition of the release of arachidonic acid me-
tabolites is likely to be important in the antiinflammatory actions of
steroids. Systemic steroid treatment does not consistently reduce the
levels of arachidonic acid metabolites in vivo, suggesting that inhibi-
tion of arachidonic acid release is not a universal effect of steroids.?®*

MECHANISMS OF STEROID ACTION .

IN ALLERGIC DISEASES

Rhinitis

Allergic rhinitis represents one of the most common allergic diseases
and is readily amenable to experimental study. Many double-blind
crossover studies have been performed to establish the efficacy of
treatment with topical or systemic corticosteroids. The mechanisms of
rhinitis are rapidly being elucidated because of the accessibility of the
target organ, the nose. Insofar as rhinitis and asthma are related, such
studies yield useful information relating to mechanisms of asthma. (It
has been suggested that in fact the nose is “that part of the lung
accessible to the finger.”) Because the nose represents a mucosal
surface, it is relatively easy to study mucosal cell types, as well as cell
types that enter the lumen of the nasal cavity. Furthermore, nasal lavage
allows analysis of inflammatory mediators that are released during
nasal allergen challenge.?®> Nasal mucosal tissue from allergic subjects
contains substantially higher numbers of mucosal mast cells than in
nonallergic controls.®>?#8 This is probably related to a higher number
of mast cell precursors found in the circulation of allergic subjects, and
also to local production of mast cell growth factors and chemotactic
factors in the nasal mucosal tissue.?*¢>37 Allergic individuals also have
elevated basophils in nasal secretions.”®
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Experimental antigen challenge in the nose produces symptoms of
rhinitis, including sneezing, rhinorrhea, and edema. In approximately
50% of allergic subjects challenged with 1000 PNU of an antigen to
which they are sensitive (e.g., grass or ragweed), a late phase reaction
oceurs from 4 to 12 hours after the antigen challenge.”®®2%° During the
late phase reaction, rhinorrhea, nasal stuffiness, and sneezing reoccur,
accompanied by an influx of inflammatory cells.>*?3%3 Further, a
priming phenomenon, in which the amount of antigen required for the
response is reduced by tenfold to 100-fold, is observed.>® The
relationship of this experimental priming to the priming (or increased
antigen responsiveness) seen during the later part of the allergen season
in rhinitis patients is at present unknown.>?1:292

Lavage of the nasal cavity after experimental allergen challenge in
allergic subjects reveals elevated levels of mucous glycoproteins, his-
tamine, prostaglandin D,, leukotriene C,,, kinin, mast cell tryptase, and
tosyl arginine methyl ester (TAME) esterase, a nonspecific protease
activity.”®> Nonallergic subjects challenged with the same antigen
show none of the mediators and fail to display symptoms. In chal-
lenged allergic subjects, a second wave of mediator release occurs
during the late phase in which all of the above mediators, with the
exception of tryptase and prostaglandin D,, are elevated in nasal
secretions.”®® Large numbers of eosinophils and neutrophils and sig-
nificant numbers of basophils infiltrate the nasal cavity during the late
phase reaction.>** The renewed onset of symptoms and mediators is
probably related to the cellular infiltrate that occurs. Stimuli that acti-
vate the infiltrating cells are as yet unknown. Histamine-releasing
factors have been detected in nasal lavages, as well as late phase skin
blister fluids, suggesting that release of histamine and other mediators
may be initiated during the late phase by these factors.>?*

Oral steroids are extremely effective as a treatment of rhinitis.>”
Brief oral steroid treatment is sometimes used when severe nasal
obstruction is present in rhinitis to rapidly alleviate symptoms.”’
However, the symptoms of rhinitis are seldom severe enough to justify
the sustained use of oral steroids with their concomitant systemic side
effects. Early studies demonstrated efficacy of topical treatment with
hydrocortisone or dexamethasone. However, effective treatment with
these steroids required the use of doses that produced systemic side
effects, including HPA suppression.>?®27 The safety and efficacy of
topically active synthetic steroid treatment in rhinitis has clearly beer
established.??¢:298-3%0 Topical steroid treatment is useful in reducing
symptoms and recurrence of nasal polyposis.>°" Although the efficacy
of topical nasal steroids in vasomotor rhinitis is controversial, in any
given case a trial is warranted. Medical observations indicate n
inhibition of HPA axis function or other systemic toxicity when thes¢
latest-generation topical nasal steroids are used in recommendec
dosages.?*? Although Candida colonization is a significant problen
with'inhaled steroids, it is not with topical nasal steroids.**%*

The question of the mechanism of action of glucocorticoids if
rhinitis has been addressed experimentally, revealing differences be
tween topical and oral administration of drug.??>-*° Two-day treat
ment with oral steroids preceding experimental challenge with antiger
demonstrates no inhibition of the acute phase response after challeng
and nearly complete inhibition of the late phase.?®> The oral steroic
treatment failed to inhibit the appearance of mediators, especially mas
cell mediators, such as histamine and prostaglandin D,, during th
acute phase response, whereas it completely inhibited the late phas
appearance of mediators and reduced the priming response as mea
sured by mediator release and symptoms.*®> Treatment with topica
steroids (1 week or longer) inhibits the acute phase response as mea
sured by symptoms and the appearance of mediators.??® Like ora
steroid treatment, topical steroids also inhibit the late phase symptoms
appearance of mediators, and priming. Pretreatment time as bri
as 48 hours before challenge is adequate for inhibition of thes
parameters.>?”

In contrast to antigen-induced reactions, cold dry air-induced nasa
histamine release was inhibited, whereas neither TAME esteras
release nor symptoms was affected.>*® Studies in which tissue Wa
taken from topical steroid—treated patients have demonstrated
reduction in the number of mucosal mast cells on or near the surfac
of the nasal mucosa, whereas the number of mast cells in biopsi®
(which include mostly submucosal tissues) were unaltered (€
above).?*9% Whether the ability to release histamine of mast cell
remaining in biopsies or mucosal scrapings is impaired after topicd



steroid treatment is controversial. The reduced appearance of mast cell
mediators in nasal lavage after antigen challenge in topical ste-
roid—treated subjects probably results from reduced numbers of mast
cells in the mucosa rather than reduced release of mediators from those
mast cells present.82:97-309311 Thege studies further suggest that the
critical mast cell type in the acute antigen response in experimental
rhinitis is the mast cell that resides in the mucosa, that is, the mast cell
type elevated in allergic subjects.

With regard to the cellular infiltrate, and, as discussed above, both
topical and oral steroids reduce the influx of leukocytes into the nasal
cavity.?*® The appearance of cytokine mRNA-positive T cells and
other cells expressing proinflammatory cytokines is inhibited by glu-
cocorticoid treatment before antigen challenge. Analysis of cytokine
mRNA-positive cells by in situ hybridization revealed modest eleva-
tions of IL-4—positive and IL-5—positive cells in the nasal mucosa of
grass pollen—sensitive subjects outside of the allergen season compared
with normal controls. Experimental challenge with allergen produced
typical acute responses and late phase responses characterized by a
significant (approximately threefold to fourfold) increase in IL-4— and
IL-5-positive cells. Prior treatment for 6 weeks with fluticasone propi-
onate had a modest inhibitory effect on the increase of IL-5-positive
cells and substantially reduced the IL-4—positive cells, associated with
adecrease of CD25-positive cells in the nasal mucosa. The decrease in
IL-4—positive cells correlated with a decrease in eosinophils that was
also observed.>'?

Asthma

Asthma is a serious, sometimes fatal, and often debilitating disease that
affects over 10 million Americans.'%3!4 There are many drugs that are
effective in the therapy of asthma but none so effective as the glucocor-
ticoids. In fact, were it not for their undesired side effects, the steroids
would be the only therapy used for the treatment of this disease. In the
lungs of patients who have died of asthma, there is epithelial shedding,
the normal columnar epithelium being replaced by stratified epithe-
lium, copious quantities of mucus, smooth muscle hyperplasia, and
dead and dying eosinophils and eosinophil profeins at areas of epithe-
lial destruction and in the lumen of the airway.®'> The thickened
basement membrane observed in asthma may represent subepithelial
fibrosis.*'® These changes are also seen in biopsies of the airways of
asthmatic subjects.®'” One hallmark of asthma is nonspecific hyperre-
activity of the airways to inhalation (or, in some cases, intravenous)
challenge with histamine, methacholine, adenosine, PGF,,, leukotri-
enes, and a host of other stimuli.>'® Lavage of the airways of asthmatic
patients reveals increased numbers of mast cells in the BAL fluid; the
numbers of mast cells and eosinophils and the levels of eosinophil
proteins and histamine in lavage correlate with the severity of asthma,
as indicated by either FEV, or the hyperreactivity of the airways to
inhaled histamine or methacholine.?'#>* The correlation of mast cells
in lavage and bronchial hyperreactivity is also seen in basenji grey-
hounds, a natural animal model of allergic asthma.?'® The correlation
of asthma severity and quantities of eosinophils in lavage and in blood
suggests that hyperreactivity of the airways is related to inflammation
and the local appearance (and presumably activation) of eosinophils,
mast cells, and other leukocytes.*?°?® The destruction of epithelium
and shedding of epithelial cells into the lumen of the airways result in
large part from eosinophil deposition of major basic protein in the
epithelial region.*?” Treatment with the inhaled steroid budesonide
had no effect on resting eosinophil levels in lavage fluid but did
decrease the eosinophil-derived protein eosinophil chemotactic protein
(ECP).°! Mucous secretions result from stimulation of mucous glands
and goblet cells by arachidonic acid metabolites (both pathways),
cytokines, C3a, macrophage-derived mucous secretagogue, and other
mediators, in addition to possible neuronal pathways.>29-332

Several studies have addressed the immunologic basis of asthma.
Increases of bronchial hyperreactivity are associated with an increased
frequency of eosinophil and basophil progenitors in the blood 24 hours
after antigen challenge of the airways.'®> In one study, asthmatic
subjects had elevations in circulating CD4 cells expressing the IL-2
receptor, human leukocyte antigen-DR (HLA-DR) and VLA-1 com-
pared with controls.'®" These subjects also had elevations of circulat-
ing IFN-y and soluble IL-2R. Interestingly, after several days of treat-
ment with steroids (combined with other medications), all of the aboye
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parameters returned toward normal in association with an improve-
ment of FEV . In a similar study, oral steroid treatment was found to
reduce T cells expressing CD45, HLA-DR, and CD45RO and de-
creased plasma IL-5 levels in association with a fall in peripheral blood
eosinophil counts.**3 Biopsy, combined with immunohistochemical or
in situ hybridization techniques, has also been very useful in describing
the immunologic characteristics of asthma. Although earlier studies
had suggested elevations of mucosal mast cells in asthma,3!7-334333
subsequent studies have not; however, evidence of increased mast cell
degranulation has been presented.?3®-337 Several groups have reported
elevated numbers of activated eosinophils in biopsies of asthmatic
subjects, 6336338 Tnhalation of budesonide for 4 weeks has been
shown to decrease biopsy mast cell and eosinophil numbers and de-
crease free eosinophil granules in asthmatic subjects.?!? Increased
numbers of activated lymphocytes have been observed in bronchial
biopsies of asthmatic patients; these cells are activated to a higher
degree than in normals, based on expression of the IL-2 receptor,
CD25.337-339 Correlations between lymphocytes, eosinophils, and
bronchial reactivity have been observed in biopsy studies.**73%% Evi-
dence has been obtained that airway lymphocytes produce mRNA
for several proinflammatory cytokines, including IL-4, GM-CSF, IL-5,
and IL-13 in asthmatic subjects, and for GM-CSF after antigen
cha[lenge.m’so“@'z' 1

The effects of glucocorticoids on the appearance of cytokine
mRNA and protein in the airways has been examined. An immuno-
histochemical study showed that inhaled BDP inhibits the expression
of GM-CSF and IL-8 in airway epithelium.>*® Another study found
that 6 weeks’ treatment with prednisolone significantly attenuated
bronchial hyperreactivity and reduced BAL eosinophil counts. The
steroid treatment was found to decrease the number of cells positive
for mRNA for IL-4 and IL-5, as determined by in situ hybridization.'®
Interestingly, IEN-y—positive cells increased after steroid treatment.
In a followup study, the effect of glucocorticoid treatment on the
presence of mRNA-positive cells expressing IL-12 and IL-13 was
determined.'®* Asthmatic subjects had increased basal IL-13—positive
cells and decreased basal IL-12—positive cells compared with normal
subjects. Treatment with glucocorticoids normalized both IL-13— and
IL-12—positive cells. That is to say, the number of IL-12—positive cells
increased in subjects being treated with glucocorticoids. This is notable
because IL-12 has been found to be a regulatory cytokine that turns
down Th2 responses, probably via its ability to induce expression of
IFN-y. This finding agrees nicely with the steroid-induced increase in
IFN-y-positive cells.'®® Whether the increase in IL-12—positive cells
by glucocorticoid treatment is a direct stimulation of IL-12 expression
by the steroid, or is indirect, resulting from a down-regulation of other
cytokines that suppress Thl responses, such as IL-4 or IL-13, is
unknown.

In vitro studies indicate that glucocorticoids inhibit the release of
most chemokines, including those that attract eosinophils, such as
MCP-3, MCP-4, eotaxin, and RANTES.?*” The effects of glucocor-
ticoids on eotaxin-2 are still unknown. Several studies have shown
expression of some of these chemokines in asthmatic patients or after
allergen challenge in the lungs, nose, or skin.*”>=7° Intranasal BDP
was found to inhibit the appearance of several cytokines, including
MIP-1o and RANTES, in allergen-challenged subjects.?*

Those patients with the most hyperreactive airways are generally
the patients that require treatment with corticosteroids, as a result of
having the most severe asthma symptoms. Although an individual
subject’s responsiveness to inhalation challenge testing is relatively
stable over time, in allergic asthmatic subjects such reactivity can
increase during the pollen season.**® The mechanism of bronchial
hyperreactivity in asthma is as yet undetermined; however, a substan-
tial amount of experimental clinical work has been done to address this
issue**” (see Chapter 60).

Because bronchial hyperreactivity is correlated with the severity of
asthma, and because those patients who require steroid therapy tend
to be those with the most hyperreactive airways, there is the general
impression that steroids must work by reducing the reactivity of the
airways to nonspecific stimuli.**® Although some studies report no
effect of steroid treatment on bronchial reactivity,>*°-*>3 most stud-
ies report a reduction in bronchial hyperreactivity, albeit a modest
one.>>*3%3 Prolonged, aggressive treatment with inhaled steroids has
been reported to produce a profound improvement in airways hyperre-
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activity.*** These experiments haye usually been performed using
patients that do not require steroid treatment for management of their
asthma and therefore do not have the most severe asthma or bronchial
hyperreactivity. In many of these studies, great efforts were made to
control experimentally for other effects of the steroid, such as an
increase in basal lung volume and resting FEV . Although a twofold to
fourfold improvement in bronchial reactivity is usual with inhaled
steroid, the question of whether a decrease of airways reactivity is a
major effect of steroids has yet to be resolved. It is possible that the
combination of a relatively small change in airways reactivity with
reduced appearance of bronchospastic mediators can synergize and
contribute to the profound improvement of lung function after steroid
therapy.

The efficacy of steroids or ACTH in the therapy of asthma was
recognized in the first studies.**>-*7° Improvement of pulmonary func-
tion in asthmatic patients by treatment with corticosteroids occurs
within hours or, in some cases, days of initiation of treatment; this
delay results from the requirement for protein synthesis (see above)
and the need to reverse ongoing inflammation.>”'*72 As in the skin and
the upper airways (i.e., in the nose), experimental allergen challenge by
inhalation produces a biphasic response in allergen-sensitive sub-
jects. 282373 The mast cell, presumably by release of bronchoconstric-
tors such as histamine and leukotrienes, is likely to be a key effector
cell in the acute narrowing of the airways in response to antigen
inhalation.?”* The relative roles of alveolar, intraepithelial, and subepi-
thelial mast cells in producing the acute response are unclear. Many,
but not all, studies have demonstrated that treatment with oral steroids
for days to weeks produces no effect on the acute response to antigen
inhalation challenge, while blunting or entirely eradicating the late
phase pulmonary response.>°¢375-381 In contrast, treatment for 2 to 4
weeks with a topical steroid such as budesonide or beclomethasone
dipropionate blunts both the acute and late responses.®®>3%3 Shorter
treatment times with topical steroid (i.e., less than a day) have no effect
on the acute response but still block the late phase response.*3*

Because inflammation of the airways contributes heavily to the
symptomatology of asthma, the antiinflammatory effects of steroids
are key.*® With regard to asthma, these effects can be classified into
distinct activities that include the following:

1. Inhibition of the secretion of growth factors and other media-
tors. Glucocorticoids inhibit the release of factors responsible
for the proliferation and activation of cells that play a role in
asthma including lymphocytes, eosinophils, mast cells, baso-
phils, and fibroblasts.* Factors for which inhibitory effects of
steroids on synthesis have been demonstrated include IL-1
through IL-6, IL-8, IL-13, and IL-16; GM-CSF, TGF-¢, and
FGE. Steroids also inhibit the release of preformed mediators
from macrophages (enzymes, including elastase, collagenase,
and plasminogen activator) and basophils (histamine).!3%184
They do not inhibit the release of mediators from human neutro-
phils, eosinophils, or mast cells.?!%:387-388 The effects of steroids
on platelet function are presumed to be nonexistent because
these cells do not contain a nucleus and are theoretically inca-
pable of exhibiting a glucocorticoid effect. Finally, glucocorti-
coids inhibit secretion of mucus in the airways.*® This occurs
both directly and by reducing the amount of mucous secreta-
gogues present in the airways.

. Enhancement of the production of regulatory molecules. Ste-
roids induce two cytokines in vivo that down-regulate Th2 cells:
IFN-y and IL-12. They also induce expression of the “decoy”
IL-1 receptor, IL-1RII, which can act as a “sink™ for IL-1.
Steroid treatment increases the ratio between IL-1Ra, an antago-
nist of IL-1, and IL-1B in the airways. Steroids also induce
secretory leukocyte protease inhibitor (SLPI) and PDGF, a cyto-
kine involved in wound healing.**390-39!

3. Inhibition of the release of arachidonic acid metabolites and
PAF. In addition to producing hyperreactivity, many of these
stimuli directly constrict the airways.>®2392:33 Thus inhibition
by steroids of the production of leukotrienes and bronchocon-
stricting prostaglandins can help relax the airways. Because
these mediators also produce edema, cause mucous secretion,
are active chemoattractants, and contribute to accumulation of

89}

* References 75, 186-190, 196, and 386.

000017

SRS

leukocytes, and so on, inhibition by steroids of production of
arachidonate metabolites and PAF may contribute to their anti-
asthmatic action.?”#-276-3%4 Insofar as PAF and arachidonic acid
metabolites are important in producing bronchial hyperreactiv-
ity, inhibition of their release will prevent further increases in
hyperreactivity and possibly blunt ongoing hyperreactivity.

4. Inhibition of the accumulation of leukocytes in lung tissue. As
discussed at some length above, steroids inhibit leukocyte ac-
cumulation, probably largely by reducing the release of factors
that recruit leukocytes, including IL-1, IL-4, IL-13, TNE, and
chemoattractants such as arachidonate metabolites, eosinophil-
active chemokines (RANTES, MCP-3, MCP-4, eotaxin), IL-8,
and PAE.

5. Synergism or permissive effects on adrenergic responses. The
reversal of catecholamine hyporesponsiveness by treatment
with steroids is probably of importance in the therapy of asthma
when such therapy uses B agonists and may also be important
in the efficacy of steroids alone, to the extent that endogenous
catecholamines regulate airway function.

6. Decreased vascular permeability. Reduction of the edema
associated with inflammation of the airways results from di-
rect effects on vascular permeability responses, reduced
vasopermeability-inducing factors, and reduced leukocyte
accumulation.>®

7. Inhibition of neuropeptide-mediated responses. Steroids inhibit
vascular and other responses to neuropeptides, possibly by
increasing the catabolism of these peptides via induction of
neutral endopeptidase, as well as by direct antagonism of end
organ responses.>?’-2%°

8. Alteration in the secretion of glycoconjugates and surfactanis.
Steroids can improve lung function by inhibiting mucus
glycoprotein secretion®®3°7 and stimulating the production of
major surfactant-associated proteins.>*®-4° This latter effect
may partially explain the efficacy of steroids in the respiratory
distress syndrome associated with premature delivery.

The main goal of therapy with steroids is to restore lung functions
maximally at the cost of a minimal amount of undesired side ef-
fects. #1493 Many strategies have been developed toward this goal.

Initial attempts to treat asthma with topical steroids used hydrocor-
tisone or dexamethasone. The use of these steroids topically presents
little advantage over their oral use because they are not catabolized
quickly after swallowing, resulting in the majority of bioavailable
steroid entering through the gastrointestinal tract anyway. Because
these steroids are also well absorbed from the lungs, inhalation does
not present advantages over oral administration and does not a\f.md
undesired systemic effects. With the advent of high-affinity topical
corticosteroid preparations (see Figure 46-2), which are extensively
metabolized after absorption from the gastrointestinal tract, this trea-
ment modality has become feasible as a means of reducing systemic
side effects while still maintaining adequate asthma control. The use of
topical (i.e., inhaled) steroids for asthma was initially confined to the
treatment of mild-to-moderate asthma. This was largely because of the
low doses that were delivered by the formulations available. Higher-
dose inhaled steroid regimens are now being used with good success in
more severe asthma cases or during exacerbations in some cases. % -
It has been demonstrated that for a given amount of antiasthmatic
efficacy, the development of systemic side effects (e.g., HPA supprgg;
sion) is greater with oral steroids (approximately fourfold).”'ml‘mfs‘
High-dose preparations of inhaled steroids have become more widely
available, and it is expected that this trend will continue because of
reduced side effects for comparable efficacy. Two potent inhaled glu-
cocorticoids, fluticasone propionate and budesonide, are now available
in the United States and have been successfully used to treat moderate
and severe unstable chronic asthma,*02:406-408

Although inhaled steroids, even at high doses, are superior 0 oral
steroids with respect to efficacy vs. side effects, the trend tow?rd use
of higher-dose regimens has revealed that these inhaled steroids can
produce similar side effects as caused by oral steroids. Side effects
reported for inhaled steroids include HPA suppression, suppression of
bone turnover, growth retardation, cataracts, dysphonia, and alterations
in lipid and glucose metabolism,403-405.409-413 fp adults, 1 mg/day of
BDP in four divided doses has been determined to be the threshold dos?j
above which systemic effects on HPA function or leukocyte counts
occur.>” The threshold for systemic side effects may fall as low as 500




lg/day for fluticasone propionate (FP), a particularly potent steroid
with a plasma half-life longer than average.*'* A large proportion of
patients that previously required oral steroids can be successfully
controlled on inhaled steroid treatment alone.**®415 Effectiveness of
inhaled steroids is related to the effectiveness of delivery (see Chapter
40). With many delivery systems, up to 80% of the steroid is deposited
in the oropharynx. Slow inspiratory rates during administration of
inhaled steroids and spacer units can aid in production of smaller
particles and better penetration of drug to the distal airways. Such
techniques also reduce the incidence of side effects in the oropharynx,
such as candidiasis and dysphonia.>”#164!% Oral steroids may be
necessary in patients in whom inhaled steroids have proven to be
inadequate in controlling asthma and in patients in whom practical
considerations influence the decision (i.e., cost of the drug, ability to
use the inhaler, compliance).?”

Itis not clear that the mechanism by which inhaled steroids function
in asthma is the same as the mechanism of oral steroids. To be sure,
the above listed steroid actions all must play a role in the action of
topical steroids. It is possible that by maintaining or proionging
receptor-saturating concentrations of steroids in the airways that topi-
cal steroids have effects on local cell types that are not attained by oral
steroid treatments. Thus topical steroids may reduce local synthesis of
IgE or have a much greater effect in reducing numbers of mast cells and
blood-derived leukocytes in the mucosa and in the airways. Because
the mechanism by which steroids inhibit cellular accumulation appears
to be local inhibition of the release of factors that recruit cells, topical
steroids may be more effective in reducing cellular recruitment. In the
final analysis, however, it must be acknowledged that topical steroids,
even at high doses, may not be as effective as oral steroids in control-
ling the most severe cases of asthma, possibly because the aerosol
cannot penetrate behind occluded airways, so delivery of the drug
through the circulation is required. Also, there may be actions of
steroids that are exerted systemically rather than locally that have
relevance to their action in the lung. Such effects might include modi-
fication of bone marrow production of the formed and proteinaceous
constituents of the blood, steroid modification of reflex actions in-
volved in control of airway tone or secretions, and effects of steroids on
the release of proinflammatory hormones or other mediators from sites
distant from the lung. In some patients, oral steroids alone or in some
combination with inhaled steroid are required for adequate control of
symptoms. In such patients, combined oral and inhaled steroid treat-
ment is more effective in controlling asthma than alternate-morning
prednisone for a given amount of systemic effects on endogenous
cortisol production.*?® The addition of inhaled steroid treatment
confers a major reduction in the frequency of symptoms, disability, and
risk of iatrogenic disease such as hypertension.*”

In some cases, use of oral steroids is unavoidable. Oral corticoste-
10ids should be administered to all asthmatic patients with symptoms
of sufficient severity to require hospitalization.*® Patients receiving
inhaled steroid therapy must be immediately administered systemic
steroid treatment when acute exacerbations of asthma appear. Multiple
daily oral administrations of steroids are more likely to produce sys-
temic side effects and are to be avoided if possible, in preference of
single morning doses.>®*7 Asthmatic subjects with nasal polyps, hy-
perplastic sinusitis, or associated chronic bronchitis have higher dos-
age requirements of steroids than uncomplicated asthmatic subjects.*?!
When daily or alternate-day oral steroid is not effective in controlling
asthma, the physician can choose among several therapeutic options
that include: (1) increasing the dose of steroid (e.g., prednisone) and
tescheduling to a multidose daily regimen to gain control of the
asthma, followed by a reduction in the dosing frequency to determine
the minimal frequency required to control the asthma satisfactorily;
(2) substituting a steroid such as dexamethasone, which is slowly
metabolized and given once or twice daily; and (3) substituting meth-
Y!prednisolone for prednisone to aid in identifying whether the indi-
Vidual patient is unable to adequately convert prednisone.

_ Exercise or hyperventilation can induce an acute narrowing of the
difways in many asthmatic subjects. Exercise-induced bronchocon-
Striction represents a subset of asthma because many or most individu-
dls who experience it have airway hyperreactivity and are asthmatic. 22
Some evidence suggests that exercise-induced bronchospasm may be
the result of increased osmolarity of airway secretions, resulting in
Mast cell degranulation in the airways.***%?* There may be a contribu-
tion of airway cooling to the response, and the relative influence of

__—
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these two factors has not yet been resolved.*?® Exercise-induced bron-
chospasm is relatively recalcitrant to treatment with steroids, and this
may reflect a major mast cell component in the response.*2¢-427

Although status asthmaticus, the most severe and potentially lethal
presentation of asthma, is not immediately improved by steroid treat-
ment (because the delay in steroid effects occurs during a critical
period), the prompt use of systemic steroids for treatment of acute
asthma is recommended with the following rationale:

1. Failure to do so has been correlated with sudden death during
severe asthma, and it is not possible to predict which patients
presenting with asthma may suddenly die.

2. The risks of an acute treatment with a high dose of steroids are
negligible.

3. Steroids increase arterial pulmonary oxygen tension.

4. Steroids augment the bronchodilator action of B-adrenergic
drugs, which are clearly more important in the acute treatment
of asthma.

5. Longer-term (i.e., hours to days) effects of steroid administra-
tion in reducing inflammation can aid in normalizing pulmonary
function in patients experiencing acute asthma.®=>7

Although a steroid of choice for such treatments has been parenteral
methylprednisolone or hydrocortisone (e.g., hydrocortisone 500 mg/
24 hours followed by 250 mg by injection or continuous drip every 6
hours for 24 hours),3”"#2® recent studies indicate that oral prednisone
or prednisolone may be equally effective and less costly.? The risk of
sudden severe asthma relapse is increased by premature discontinua-
tion of steroid treatment in the hospital or after discharge, or inadequate
treatment at discharge.**® Significantly lower relapse rates have been
observed in patients who receive steroid (plus bronchodilator) treat-
ment during an acute asthma attack than in patients treated with bron-
chodilators alone.*3%43! Intravenous methylprednisolone or hydrocor-
tisone every 4 to 6 hours has been used to treat the asthma or laryngeal
edema and prolonged hypotension that is associated with anaphy-
laxis.*3? Premedication with steroids has been used to lower incidence
of radiocontrast dye reactions.*33:43%

It is clear that asthma and other allergic diseases result from the
combined influence of a panoply of mediators, inflammatory cells, and
pathogenetic mechanisms. As new information is obtained regarding
these mechanisms, their relative importance will be determined in part
by the influence that steroid treatment has on them. Once these mecha-
nisms have been sorted out, it is hoped a rational strategy can be
evolved to develop drugs that exert steroidlike effects on specific
cellular/mediator targets in the absence of the side effects that result
from the global glucocorticoid actions in homeostatic processes.
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